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Recently, we isolated a trypsin-sensitive cholecystokinin-releasing peptide (CCK-RP) from porcine
and rat intestinal mucosa. The amino acid sequence of this peptide was determined to be identical
to that of the diazepam-binding inhibitor (DBI). To test the role of DBI in pancreatic secretion and
responses to feeding, we used pancreaticobiliary and intestinal cannula to divert bile-pancreatic juice
from anesthetized rats. Within 2 hours, this treatment caused a 2-fold increase in pancreatic protein
output and a >10-fold increase in plasma CCK. Luminal DBI levels increased 4-fold. At S hours after
diversion of bile-pancreatic juice, each of these measures returned to basal levels. Intraduodenal infu-
sion of peptone evoked a 5-fold increase in the concentration of luminal DBI. In separate studies, we
demonstrated that intraduodenal administration of antiserum to a DBI peptide specifically abol-
ished pancreatic secretion and the increase in plasma CCK levels after diversion of bile-pancreatic
juice. To demonstrate that DBI mediates the postprandial rise in plasma CCK levels, we showed that
intraduodenal administration of 5% peptone induced dramatic increases in pancreatic secretion and
plasma CCK, effects that could be blocked by intraduodenal administration of anti-DBI antiserum.
Hence, DBI, a trypsin-sensitive CCK-RP secreted from the proximal small bowel, mediates the feed-

back regulation of pancreatic secretion and the postprandial release of CCK.

J. Clin. Invest. 105:351-359 (2000).

Introduction
Feedback regulation of pancreatic secretion has been
demonstrated clearly in the rat (1, 2). Intraduodenal pro-
teases such as trypsin or chymotrypsin inhibit pancreatic
secretion, whereas protease inhibitors, intact protein, or
pancreatic juice diverted from the proximal small intes-
tine stimulate pancreatic secretion. A similar feedback
control system has been shown to operate in chickens (3),
pigs (4), and in humans (5). The feedback regulation of
pancreatic secretion by trypsin is mediated by the release
of cholecystokinin (CCK) (6). Two groups of investigators
have demonstrated in rats that stimulation of pancreatic
secretion and CCK release after diversion of pancreatic
juice is induced by a trypsin-sensitive CCK-releasing pep-
tide (CCK-RP) that is secreted into the intestinal lumen (7,
8). Experimental evidence suggests that intact protein,
such as casein, acts by competing for proteolytic enzymes
that would otherwise inactivate the CCK-RP. The result-
ing increase of active CCK-RP in the intestine induces the
release of CCK and stimulates pancreatic secretion. In
contrast, peptorne, a pancreatic protease digest of protein,
can stimulate the secretion of CCK-RP (9). The concerted
action of these two mechanisms may be important in the
postprandial increase of CCK levels.

We recently isolated a trypsin-sensitive CCK-RP from
porcine and rat intestinal mucosa (10). This peptide has
a molecular weight of 9.81 kDa and is composed of 89

amino acids that are identical in sequence to the amino
acids of the diazepam-binding inhibitor (DBI). At the
same time, another group purified a luminal CCK-
releasing factor from rat intestinal secretions (11). We
hypothesized that DBI is the CCK-RP responsible for the
feedback regulation of pancreatic secretion and the post-
prandial release of CCK. To support this hypothesis we
needed to demonstrate that DBI fulfills the following
criteria: (a) intraduodenal administration of DBI should
increase pancreatic secretion and plasma CCK levels; (b)
increases in luminal DBl immunoreactivities should par-
allel changes in plasma CCK levels during diversion of
pancreatic juice and during intraduodenal peptone stim-
ulation; and (c) intraduodenal administration of DBI
antiserum should abolish pancreatic secretion and
release of CCK during diversion of bile-pancreatic juice
and during peptone stimulation.

Methods

Materials. Soybean trypsin inhibitor (SBTI), peptone
(enzymatic hydrolysate from meat, type I), casein, and
maltose were purchased from Sigma Chemical Co. (St.
Louis, Missouri, USA). L364,718 was a gift from Victor
Lotti, Merck Sharp and Dohme, West Point, Pennsyl-
vania, USA. DBIs3.50 and DBI;.g¢ were synthesized by
the University of Michigan Protein and Carbohydrate
Structure Facility (Ann Arbor, Michigan, USA).
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Animal preparation. Male Sprague-Dawley rats, weigh-
ing between 250 and 300 g, were fasted overnight and
anesthetized with a mixture of xylazine and ketamine
(13 and 87 mg/kg body weight, respectively). Supple-
mental doses were given every 1.5 hours as needed to
maintain adequate anesthesia. A polyethylene catheter
was inserted through a midline incision into the com-
mon bile pancreatic duct at the ampulla of Vater. A sec-
ond catheter was placed in the duodenum, slightly
above the sphincter of Oddi for intestinal perfusion of
pancreaticobiliary juice. The abdominal wound was
covered with saline-moistened gauze, and the animal
was maintained at 36°C with a heating pad. After a 30-
minute stabilization period, pancreaticobiliary secre-
tions were collected every 15 minutes. The volume was
measured, and an aliquot was taken and diluted with
distilled water for protein determination. The remain-
der of the undiluted bile-pancreatic juice was returned
to the intestine through the duodenal cannula during
the next collection period. Protein in the bile-pancre-
atic juice was measured spectrophotometrically using
the assay method of Bradford. Our previous studies
have confirmed that the increased levels of protein in
the bile-pancreatic juice after CCK-8 stimulation were
mainly from the pancreatic source. CCK stimulation
did not affect biliary protein levels.

Effects of DBI33.59 on plasma CCK levels and pancreatic
secretion (intraluminal DBI3;z.so dose-response studies). To
investigate the effect of intraluminal administration of
DBIs3.50 on plasma CCK levels and pancreatic secretion,
we used the anesthetized rat model with bile-pancre-
atic juice diversion as described previously (12). After a
30-minute basal period, bile-pancreatic juice was
diverted, and the duodenum was perfused with SBTI
(10 mg/kg, dissolved in 0.5 mL saline, given as a bolus)
and then with normal saline at 1 mL/h for S hours.
Pancreatic secretion was collected every 15 minutes.
After a 5-hour diversion of bile-pancreatic juice, an
intraduodenal injection of graded doses of synthetic
porcine DBI;3.50 (0.5 - 1000 pg, dissolved in saline) was
administered over 5 minutes. Pancreatic protein out-
put was monitored every 15 minutes after the injection.
CCK levels were measured in blood samples obtained
by cardiac puncture 45 minutes after the infusion of
DBI33.50, as described previously (6).

Effects of DBI33.50 on plasma CCK levels and pancreatic secre-
tion in response to a casein meal. To demonstrate that DBI
stimulates CCK release and pancreatic enzyme secretion
postprandially, we investigated the effect of DBI33.50 on
the duodenal infusion of casein, a protein that is known
to elevate plasma CCK levels and pancreatic secretion
because it inhibits trypsin activity and activation of the
feedback loop (13). Twelve percent casein was infused
into the duodenum through a cannula at a rate of 3
mL/h for 2 hours. Pancreatic secretion was collected
every 15 minutes as described previously. The study was
performed in 2 groups of rats: (a) those who received an
intraduodenal injection of DBIs3.50 (10 pg) at 1 hour
after casein infusion and (b) those pretreated with the

CCK antagonist L364,718 (0.5 mg/kg), given intra-
venously as a bolus, 10 minutes before casein infusion.
L364,718 was dissolved in 1:1 DMSO/polysorbate 80.
The solution was diluted with 0.9% saline to a final con-
centration of 4% DMSO/polysorbate 80.

Luminal secretion of DBI. To determine if DBI is released
during diversion of bile-pancreatic juice, we measured
luminal DBI immunoreactivity at different time points
after the diversion. Anesthetized rats were prepared with
pancreaticobiliary cannula. A 24-cm segment of small
intestine including the whole duodenum and the prox-
imal jejunum was isolated between 2 cannulae: one
positioned at 4 cm (PE 60; 0.76 mm inner diameter, 1.22
mm outer diameter) from the ligament of Treitz for the
infusion of saline or nutrient solution and the other at
24 cm (PE 190; 1.19 mm inner diameter, 1.7 mm outer
diameter) from the ligament of Treitz for collection of
intestinal perfusates. After a 30-minute basal period,
rats received an intraduodenal perfusion of PBS (20

—O— Saline

a
—@— DBlssso
—L1— DBlasso + L364,718
__ 600 [ BPJ diversion
O ==
[=)) - &
£ 500 _
5 400 4
_9_ o
3 300 -
= . _ Y
£ 200 7 SBTI "
= ) (10 mg/k =
o 100 "' T Ig/ gl T T T 1
0 60 120 180 240 300 360 420 48
Time (min)
b 8- —
2 61
X
[&]
O
o 47
£
(%]
S
o,
0 [ I v .
Saline DB|33_50
(50 ng)
Figure 1

Effect of intraduodenal administration of DBl33.50 (50 Hg) on pan-
creatic protein and plasma CCK levels in rats after a 5-hour diversion
of bile-pancreatic juice (BPJ). (a) Pancreatic protein outputs after
the administration of DBl33.50 (from 330 to 420 minutes) in the pres-
ence or absence of L364,718 were compared by ANOVA (total
degrees of freedom, 71; F=182.39; P < 0.01. (b) Plasma CCK levels
were compared by Student’s t test, P < 0.01. Values are means * SE
for 6 rats in each group. Administration of the CCK-A receptor
antagonist L364,718 prevented the increase in protein secretion
stimulated by DBI33.50.
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(a) Pancreatic protein output after administration of DBl33.50 at 5 hours after BPJ diversion. (ANOVA total degree of freedom, 149; F=103.59;
P <0.01). (b) Intraduodenal administration of DBl33.50 after a 5-hour diversion of BP) elicits dose-dependent increases in pancreatic protein
secretion. Values are mean * SE for 6 rats in each group. (ANOVA, total degrees of freedom, 59; F=2128.3; P < 0.01.) (c) Plasma CCK levels
in response to intraduodenal administration of DBl33.50. Values are mean + SE for 6 rats in each group. Student’s t test, P < 0.01. Note that in
b and ¢ pancreatic protein outputs and plasma CCK levels were measured at 45 minutes after the administration of DBl33.so.

mL/10 min). DBI-like immunoreactivity in the per-
fusates collected was measured to determine the lumi-
nal DBI concentrations under basal conditions. In a
separate group of rats, perfusates were obtained after a
2-hour and a 5-hour diversion of bile-pancreatic juice.
In previous studies, we used the donor-recipient rat
model to demonstrate that peptone and oleic acid stim-
ulate pancreatic protein secretion and CCK release in a
manner that parallels the changes in luminal CCK-RP
levels (9, 14). To demonstrate that nutrient stimulates
DBI secretion, 5% peptone was perfused for 1 hour after
a 5-hour diversion of bile-pancreatic juice when plasma
CCK concentrations had returned to basal levels. The
intestinal perfusates collected from the rats were filtered
with Whatman No. 54 paper (Whatman International
Ltd., Maidstone, England) to remove any large particles
and intestinal debris. The filtrate was ultrafiltered with
an Amicon membrane (YM1; Amicon, Beverly, Massa-
chusetts, USA), and the residue, which contained DBI
(mol wt > 1000), was dissolved in water and lyophilized.
DBI-like immunoreactivity in the concentrated per-
fusates was measured by RIA using an antibody against
porcine DBIs3.50 (see next section). Plasma CCK levels
were measured after a 2-hour and a 5-hour diversion of
bile-pancreatic juice and after a 1-hour infusion of 5%
peptone as described previously (6).

Generation of anti-DBI antisera. Porcine DBI33.50 (1 mg)
was dissolved in 1 mL of PBS, emulsified with 1 mL Fre-
und’s complete adjuvant, and injected subcutaneously
into 4 New Zealand rabbits (1-1.5 kg). Each animal

received 6-8 injections per week. Six weeks after the pri-
mary immunization, blood was collected and serum
was separated after each immunization to monitor the
antibody titer by 125I-DBI-binding studies. The collect-
ed sera were diluted with equal volumes of glycerol and
stored at —80°C. To increase the antibody titer, intra-
muscular injections of the same antigen dose emulsified
in Freund’s incomplete adjuvant were administered
every 2 weeks for 3 months. The final antibody titer was
1:40,000. This antibody showed complete cross-reactiv-
ity with porcine DBI;.gs and DBI33.50 but has no cross-
reactivity with secretin, CCK, vasoactive intestinal
polypeptide (VIP), or somatostatin. It has an ICso of 9
pM and 7 pM for DBI.gs and DBIs3.50, respectively.
RIA of DBI. An 100 YL of the Iyophilized intestinal per-
fusates collected from each sample was incubated with
100 YL of rabbit anti-serum for 24 hours at 4°C. After
the incubation, each sample was incubated with 100 pL
of 125]-Tyr-DBI33.50 (0.012 PCi per tube) for 24 hours at
4°C. The radiolabeled porcine DBIs3.50 was prepared by
the Bolton-Hunter method and was dissolved in physi-
ological buffer containing 0.1 M sodium phosphate (pH
7.4),0.05 M NaCl, 0.1% BSA, and 0.01% sodium azide.
The goat anti-rabbit 1 gG serum (100 PL) and normal
rabbit serum (100 PL) were then added and incubated
for 90 minutes at 24°C. All these reagents were reconsti-
tuted using the RIA buffer. Finally, 500 UL of the RIA
buffer was added and centrifuged at approximately 1700
gfor 20 minutes at 4°C. The supernatant was complete-
ly aspirated, and the radioactivity of the pellet was count-
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Figure 3

Effect of intraduodenal administration of DBI33.50 on pancreatic pro-
tein secretion and plasma CCK levels with a background intraduo-
denal infusion of 12% casein. Values are means + SE for 6 rats in each
group. Pancreatic outputs were compared using ANOVA (total
degrees of freedom, 143; F=150.60; *P < 0.07; significant difference
between casein and casein plus DBl33.50). Plasma CCK levels were
compared using Student’s t test.

354

ed in a gamma counter. The RIA has minimal detectable
concentration of 1 pM, ICsy of 7 pM for porcine DBI33.50
and 9 pM for DBI, g6, respectively. The intra-assay and
interassay variations were 5 and 12%, respectively.

Immunoneutralization of luminal DBI. To demonstrate
that DBI mediates the release of endogenous CCK, we
used 2 experimental techniques that are known to ele-
vate plasma CCK: diversion of bile-pancreatic juice
secretion and intraduodenal infusion of peptone. After
a 30-minute basal period, intraduodenal administration
of preimmune rabbit serum or the anti-DBI serum was
followed with diversion of bile-pancreatic juice or infu-
sion of peptone. The anti-DBI serum or preimmune
rabbit serum (2.5 mL) was infused over 30 minutes. Pan-
creatic protein secretion and plasma CCK levels were
monitored as described previously . To demonstrate the
specificity of anti-DBI antiserum for inhibiting endoge-
nous CCK release, a separate group of rats received an
intraduodenal infusion of maltose (300 mM; 3 mL/h),
either with or without concurrent intraduodenal
administration of anti-DBI serum. Intraduodenal malt-
ose is known to stimulate pancreatic enzyme secretion
by a CCK-independent mechanism (15).

Statistical analysis. Results were expressed as the mean +
SE. For plasma CCK levels and luminal DBl immunore-
activities in the intestinal washings, data were compared
by paired Student’s ¢ test, and significance was accepted
at the 5% level. For pancreatic protein secretion studies
the multivariate analysis of variance was used to evalu-
ate the effects of repeated measurements over time, treat-
ment effects, and the interaction between them. The Stu-
dent-Newman-Keuls multiple comparison tests were
used for post-ANOVA comparison of the means. Statis-
tical significance was accepted at 0.05.

Results

Effects of DBI33.50 on plasma CCK levels and pancreatic secre-
tion. Diversion of bile-pancreatic juice from the intes-
tine caused marked increases in plasma CCK levels and
pancreatic secretion. After a 5-hour diversion, CCK lev-
els and pancreatic secretion gradually returned to
basal levels as a result of the reduction in the concen-
tration of luminal CCK-RP (12). This period is optimal
for testing the ability of DBI to stimulate CCK secre-
tion. Five hours after diversion of bile-pancreatic juice,
the pancreatic protein output was stable, averaging
120 + 5 mg/h. Basal plasma CCK was 0.5 + 0.1 pM.
Intraduodenal administration of DBIlszs0 (S0 Hg)
induced a significant increase in pancreatic protein
output accompanied by an increase of plasma CCK to
6.4 pM. Intravenous administration of the CCK-A
receptor antagonist L364,718 completely abolished
the increase in protein secretion, suggesting that pan-
creatic protein secretion stimulated by DBIlss.so is
mediated by the secretion of CCK (Figure 1). In sepa-
rate studies, intraduodenal infusion of DBIs;3.50
induced a dose-dependent increase in pancreatic pro-
tein and plasma CCK release (Figure 2). An intraduo-
denal injection of 500 pg DBI33.50 induced the maxi-
mal response: a plasma CCK level of 8.7 pM. The
administration of L364,718 completely abolished the
increase in pancreatic secretion (Figure 2). These
observations support the hypothesis that DBI is a
CCK-RP and indicate that the pancreatic secretion
responses observed after administration of DBI are
mediated by the release of endogenous CCK.

In separate studies we showed that intraduodenal
infusion of 12% casein (3 mL/h) produced a sustained
increase in protein output. At 30 minutes after casein
infusion, the mean protein output was 216 mg/h,a 71%
increase above basal levels. The increase in protein secre-
tion was blocked by the CCK-receptor antagonist
L364,718 (Figure 3). Intraluminal infusion of 10 pg
DBI33.50 with a background duodenal infusion of casein
induced a secretion rate significantly greater than that
observed with casein alone (Figure 4). The pancreatic
protein output after DBI infusion was 320 mg/h, which
represented an additional 62% increase in protein secre-
tion. The CCK receptor antagonist L364,718 complete-
ly blocked this increase. Plasma CCK levels increased
from 6.4 pM after the casein infusion to 8.2 pM after
the DBI33.50 infusion (P < 0.03).
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Radioimmunoassay standard curve of 125I-DBl33.50. The titer of the
antiserum checked with '25]-DBl33.50 was 1:40,000. It shows com-
plete cross-reactivity with porcine DBl;.g¢ but has no cross-reactivity
with secretin, CCK-8, VIP, or somatostatin.

Luminal secretion of DBI. To perform RIA and immuno-
neutralization studies, we generated an antibody in rab-
bits directed against porcine DBI33.50. The standard
binding curve of this antibody is shown in Figure 4. The
titer of the antiserum was 1:40,000, and the ICso was 7
pg. This antibody showed complete cross-reactivity with
DBI33.50 and DBI g6 but demonstrated no cross-reactiv-
ity with secretin, CCK, VIP, or somatostatin. Using this
RIA we measured DBI immunoreactivities in the intes-
tinal washings. In vitro studies showed that the recov-
eries of porcine DBIs350 and DBI;.g¢ from intestinal
washings were 84 + 12% and 87 * 7%, respectively. To
demonstrate that DBI is released during diversion of
bile-pancreatic juice, we measured luminal DBI-
immunoreactivity at different time points after the
diversion. In our experimental conditions (12), at 2
hours after diversion of bile-pancreatic juice, there was
a maximal increase of plasma CCK to 8.4 pM. This
increase was accompanied by an increase in luminal
DBI immunoreactivity from a basal level of 1.8 ng/h to
8 ng/h. At 5 hours after bile-pancreatic juice diversion,
plasma CCK returned to basal levels and luminal DBI

—— Somatostatin
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to 6.8 pM. Luminal DBI immunoreactivity
appeared to parallel changes in plasma CCK
levels during diversion of bile-pancreatic
juice and during intraduodenal administra-
tion of peptone.

Immunoneutralization studies. To demon-
strate that DBI is responsible for the release
of endogenous CCK, we used 2 experimen-
tal techniques that are known to elevate
plasma CCK levels: diversion of bile-pancre-
atic juice secretion and intraduodenal pep-
tone infusion. Rabbit anti-DBI antiserum or preimmune
serum (2.5 mL over 30 minutes) was administered
intraduodenally 15 minutes before diversion of
bile-pancreatic juice or nutrient stimulation. Figure 6
shows that diversion of bile-pancreatic juice from the
duodenum resulted in a rapid and sustained increase in
protein output. At 60 minutes after diversion of
bile-pancreatic juice, the mean protein output was 270
mg/h, which represented a 2-fold increase above basal
levels. The plasma CCK level was 8.8 pM. Administration
of anti-DBI antiserum (2.5 mL over 30 minutes), but not
preimmune rabbit serum, completely abolished protein
secretion and CCK release in response to the diversion of
bile-pancreatic juice. This response suggests that DBI is
involved in mediating endogenous CCK release during
bile-pancreatic juice diversion.

In separate experiments we showed that duodenal
infusion of peptone produced a 2-fold increase of pro-
tein secretion over basal levels and increased plasma
CCK levels to 7.8 pM. Intraduodenal administration of
rabbit anti-DBI antiserum (2.5 mL over 30 minutes) sig-
nificantly inhibited protein secretion and plasma CCK
responses to peptone stimulation (Figure 7), indicating
that DBI mediates the release of CCK in response to
peptone stimulation. In addition, we showed that
intraduodenal administration of rabbit anti-DBI anti-
serum abolished protein secretion and plasma CCK
responses to stimulation by intraduodenal administra-
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Effect of rabbit anti-DBl33.50 antiserum on pancreatic secretion and
plasma CCK stimulated by diversion of BPJ. Values are means + SE
for 6 rats in each group. Pancreatic protein outputs were compared
using ANOVA (total degrees of freedom, 71; F=314.06; *P < 0.01).
Plasma CCK levels were compared using Student’s ¢ test, *P < 0.01.
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tion of 200 ng of porcine DBI,.g¢ synthesized as report-
ed previously (10). This suggests that the anti-DBI anti-
serum used in our study is capable of recognizing the
full DBI molecule. To demonstrate the specificity of the
anti-DBI antiserum to inhibit CCK-mediated pancreat-
ic secretion, we showed that intraduodenal infusion of
300 mM maltose (3 mL/h) evoked a 2-fold increase of
pancreatic protein output, but did not stimulate plas-
ma CCK levels (15). Pretreatment with intraduodenal
administration of anti-DBI antiserum had no effect on
maltose-induced pancreatic secretion (Figure 8).

Discussion

CCK is one of the most important hormonal regulators
of the digestive process. CCK is produced primarily by
endocrine cells in the mucosa of the proximal small
intestine, and it is secreted into the circulation in
response to protein (16) and fats (14). The manner by
which food affects the secretion of CCK is largely
unknown. The apical surface of the CCK cell is orient-
ed toward the lumen of the gut, and the secretory gran-

ules that contain CCK are concentrated basolaterally
(17). This structure enables nutrients and other factors
within the intestinal lumen to interact with the
microvillus-like processes of the CCK cell, which, in
turn, stimulates the secretion of CCK from the basal
surface. Although recent studies indicate that pheny-
lalanine may stimulate CCK secretion from STC-1 cells
(18), it is not apparent if nutrients can directly stimu-
late CCK secretion from cells in the intestine that con-
tain CCK. Experimental evidence suggests that CCK
secretion may be mediated by a trypsin-sensitive CCK-
RP that is secreted into the intestinal lumen. At least 3
luminally secreted peptides have been shown to stimu-
late CCK release when administered intraduodenally:
monitor peptide purified from rat pancreatic juice,
luminal CCK-releasing factor obtained from perfusion
of the rat intestine after prolonged (6 days) diversion of
bile-pancreatic juice, and CCK-RP purified from
porcine and rat intestinal mucosa. It is not known,
however, if one or more of these luminally secreted pep-
tides are responsible for feedback regulation of pan-
creatic secretion and postprandial CCK release.

Diversion of bile-pancreatic juice establishes a critical
experimental condition in that it prevents pancreatic
proteases from entering the intestine; thus, infused pro-
tease-sensitive peptides are not rapidly inactivated. The
removal of proteases from the rat proximal intestine also
induces CCK release, resulting in a high background
level of plasma CCK and pancreatic protein secretion.
This hampers the detection of changes in pancreatic pro-
tein output and plasma CCK levels in response to intes-
tinal infusion of putative CCK-RPs. Some investigators
have used taurocholate to lower the high plasma CCK
levels after diversion of bile-pancreatic juice to test the
activity of putative CCK-RPs (19) because taurocholate
inhibits “spontaneous” CCK release and pancreatic pro-
tein secretion. However, a previous study has clearly
shown that bile induced a negative feedback regulation
of CCK release and inhibited postprandial CCK secre-
tion (20). Furthermore, we have shown that the inhibito-
ry action of bile is mediated by inhibiting the ability of
CCK-RP (DBI) to release CCK (20). Therefore, it is inap-
propriate to test the activity of CCK-RP after intraduo-
denal infusion of taurocholate in the rat with bile-pan-
creatic juice diversion. We have shown previously that
diversion of bile-pancreatic juice from the intestine
resulted in a marked increase in plasma CCK levels and
pancreatic secretion (12). These increases gradually
returned to basal levels after a 5-hour diversion as a
result of a reduction in luminal CCK-RP (12).

For practical reasons, we used DBI;3.50 to investigate
the ability of a luminal CCK-RP to release CCK. DBI;.
g6 synthesis is expensive and thus impractical for whole
animal studies. DBI3.50 is a product of tryptic digestion
of the DBI peptide. It has been detected as a naturally
occurring peptide in rat brain homogenates (21) and
intestinal mucosa (22). This peptide is capable of elic-
iting proconflict response in rats (23), but it is 100
times less potent compared with the full peptide in
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Effect of rabbit anti-DBl33.50 antiserum on pancreatic secretion and plasma CCK stimulated by duodenal infusion of peptone. Values
are means + SE for 6 rats in each group. Pancreatic protein outputs were compared using ANOVA (total degrees of freedom, 71; F =
267.03; *P < 0.01). Plasma CCK levels were compared using Student’s ¢ test, *P < 0.01.

stimulating CCK release (10). Trypsin cleaves the inter-
nal bonds at the lysine or arginine residues. Therefore,
even though DBIlsss0 no longer contains a lysine
residue, it is still sensitive to trypsin because it contains
arginine-proline residues.

In the presence of active proteases such as trypsin,
CCK-RP is cleaved and inactivated. However, dietary
protein in the intestine competes for trypsin and pre-
vents protease-induced feedback inhibition of CCK
release. The resulting increase of active CCK-RP induces
the release of CCK and stimulates pancreatic enzyme
secretion, which has been proposed to be the major
mechanism by which intact proteins stimulate CCK
release in rats (9). To further evaluate if proteins such as
casein in the intestine could prevent the inactivation of
DBIz3.50 by proteases, we investigated the action of
DBIs3.50 in the presence of casein in a rat model without
bile-pancreatic juice diversion. Our studies demon-
strated that under this experimental condition,
intraduodenal infusion of DBI33.50 induced a significant
increase in plasma CCK levels. These observations sug-
gest that that DBI can stimulate the release of CCK
postprandially, even in the presence of bile-pancreatic
juice in the intestine, providing there is sufficient pro-
tein to bind proteolytic enzymes in the lumen.

Another criterion to support the role of DBI as a phys-
iologic regulator of CCK secretion is evidence that lumi-
nal DBI concentrations parallel plasma CCK levels under
various physiologic conditions. We used an antibody
against the porcine DBl33.50 fragment for a RIA to quan-
tify the luminal DBI concentration. The 18-amino acid
peptide fragment (octadecaneuropeptide) is present in
DBI molecules of all species (21) and has been shown to
displace labeled DBI-like ligand from specific binding
sites (21, 23). Furthermore, we demonstrated that the
antiserum generated against DBIz3.50 has complete cross-
reactivity with porcine DBI; gs and DBIs3.50. Therefore, it
is reasonable to use an antiserum generated against
DBIs3.50 to perform RIA and immunoneutralization
studies. We detected low concentrations of DBI in the
gut lumen under basal conditions. Two hours after
diversion of bile-pancreatic juice, a 4-fold increase in
DBI immunoreactivity was observed. This was accom-

panied by an increase in plasma CCK levels from 0.7 to
8.4 pM. The level of luminal DBI immunoreactivities
after a 2-hour diversion of bile pancreatic juice could be
reproduced by intraduodenal infusion of 50-100 pg of
DBI33.50, which in turn stimulated an increase of plasma
CCK levels to 6-8 pM (unpublished data). The sponta-
neous secretion of DBI under basal conditions appears
to be mediated by a cholinergic pathway (7). However,
the luminal concentration of DBI is low because of
trypsin inactivation. Diversion of bile-pancreatic juice
permits accumulation of luminal DBI, which produces
an increase of circulating CCK. Because DBI exists in
more than one molecular form, it is important to char-
acterize the molecular form(s) that is secreted into the
intestine. Our preliminary studies indicated that the
majority of the DBl immunoreactivities in the intestin-
al washings were found in fractions representing molec-
ular weights between 7,500 and 10,000. This suggests
that the main molecular form of DBI secreted into the
lumen is likely to be DBI,g6.

Previously, we have used a donor-recipient rat intes-
tine perfusion model to quantify CCK-RP secretion
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Effect of rabbit anti-DBl33.50 antiserum on pancreatic secretion and
plasma CCK stimulated by duodenal infusion of maltose. Values are
means + SE for 6 rats in each group. Administration of anti-DBl33.s0
antiserum did not alter the pancreatic response to maltose. (ANOVA,

total degrees of freedom, 71; F=280.70).
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and have shown that after a S-hour diversion of
bile-pancreatic juice, the intestinal perfusates collect-
ed from the donor rat did not contain significant
amounts of CCK-RP (9). This is consistent with our
current observation: after a S-hour diversion of
bile-pancreatic juice, luminal DBI immunoreactivity
fell to basal levels and plasma CCK fell to 0.6 pM. This
lowering of luminal DBI concentrations and plasma
CCK levels may be mediated by the release of somato-
statin stimulated by increased plasma CCK secretion
during bile-pancreatic juice diversion, which in turn
inhibits CCK-RP secretion (12). Furthermore, luminal
nutrients, such as peptone-stimulated luminal DBI
secretion. After a 5-hour diversion of bile-pancreatic
juice, infusion of peptone resulted in a 5-fold increase
in luminal DBI immunoreactivity. These data are con-
sistent with our previous observation that peptone in
the duodenum acts by stimulating the luminal secre-
tion of CCK-RP, which in turn stimulates CCK release
(9, 14). DBl immunostaining and in situ hybridization
studies in the rat confirmed that it is widely distributed
in the villi of the upper intestine (22). The location of
CCK cells in the intestinal mucosa (17, 24), with their
apical surfaces exposed to the lumen of the gut, pro-
vides an opportunity for DBI to interact directly with
the CCK cell to stimulate hormone secretion. We
recently demonstrated that DBIs3.50 acted directly on a
murine tumor cell line, STC-1, that contains CCK elic-
iting Ca?* oscillations through the voltage-dependent
L-type Ca?* channel and inducing CCK secretion (25).

To provide conclusive evidence that DBI mediates
CCK secretion during diversion of bile-pancreatic juice
and postprandial secretion in the rat, we performed
immunoneutralization studies using an antibody
developed against DBI3;3.50. Our studies showed that
intraduodenal administration of anti-DBI antiserum,
but not preimmune serum, abolished the physiologic
responses of CCK release and pancreatic secretion dur-
ing bile-pancreatic juice diversion and during
intraduodenal peptone stimulation. In contrast, intra-
venous infusion of anti-DBI antibody did not affect
these physiologic responses (data not shown). We also
demonstrated that intraduodenal infusion of the anti-
DBI antiserum prevented the increase in protein secre-
tion and plasma CCK levels stimulated by DBI,_gg, indi-
cating that the antiserum used in this study was
capable of recognizing the gut DBI peptide. The action
of anti-DBI antiserum is specific for inhibiting CCK-
mediated pancreatic secretion, as shown by the lack of
effect of anti-DBI antiserum on pancreatic secretion
evoked by intraduodenal administration of maltose,
which stimulates pancreatic secretion independent of
CCK (15) but is mediated by serotonin (5-HT) sensory
vagal afferent pathways (26, 27). These observations
further support the hypothesis that luminally released
DBI mediates the feedback regulation of pancreatic
secretion and the postprandial release of CCK.

The physiological control of pancreatic enzyme
secretion and CCK release may differ between anes-

thetized and conscious rats. To confirm that luminal
DBI also mediates CCK release in the conscious state,
we performed bile-pancreatic juice diversion studies
in conscious rats as described previously (28). Our pre-
liminary studies indicated that similar to the observa-
tion made in anesthetized rats, diversion of bile pan-
creatic juice resulted in a significant increase in plasma
CCK levels, from a basal level of 1.9 £ 0.4 pM to 8.9 +
2.3 pM. Intraduodenal administration of rabbit anti-
DBI serum (2.5 mL/30 min) abolished the increase in
plasma CCK levels after diversion of bile pancreatic
juice (unpublished data). This suggests that luminal
DBI also plays a key role in the mediation of CCK
release in conscious rats.

Apart from DBI, there are a number of luminally
secreted peptides that have been shown to stimulate
CCK release when administered intraduodenally. The
pancreatic monitor peptide is found exclusively in
zymogen granules of pancreatic acinar cells (29) and is
acid stable, heat resistant, and has a molecular weight
of approximately 6.50 kDa. This peptide has a partial
sequence homology to epidermal growth factor and
has been shown to stimulate CCK release (30) and
pancreatic enzyme secretion (31) when administered
into the rat proximal intestine by an atropine-insensi-
tive mechanism (31). The physiologic function of this
peptide is not certain; it is only present in pancreatic
juice, which proves that it is not involved in the feed-
back regulation of pancreatic secretion as first report-
ed by Green and Lyman (2). Spannagel and colleagues
(11) recently purified another luminal CCK-releasing
factor from the duodenal secretion of rats. Partially
purified fractions of this peptide increased the release
of CCK and stimulated pancreatic secretion of fluid
and protein. Amino acid sequencing and mass spectral
analysis revealed that this peptide is composed of
70-75 amino acids with no homology to DBI. Cut-
rently, its physiologic function remains unclear. Our
preliminary studies demonstrated that although
intraduodenal administration of antiserum directed
against DBIs3.50 abolished pancreatic secretion in
response to diversion of bile-pancreatic juice or pep-
tone stimulation, it had no effect on pancreatic secre-
tion stimulated by this novel luminal CCK-releasing
factor (unpublished data). Our studies, however, do
not rule out the participation of this peptide in the
mediation of the feedback regulation of pancreatic
secretion or the postprandial release of CCK.

In summary, we have demonstrated the following: (a)
intraduodenal administration of DBI33.50 dose-depend-
ently increased pancreatic secretion and plasma CCK
levels; (b) DBI immunoreactivities in the intestinal
lumen paralleled changes in plasma CCK levels during
diversion of bile-pancreatic juice and during intraduo-
denal peptone stimulation; and (c) intraduodenal
administration of anti-DBI antisera abolished pancre-
atic secretion and release of CCK during bile-pancre-
atic juice diversion and peptone stimulation. These
observations strongly support the hypothesis that DBI
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is the physiologic CCK-releasing peptide responsible
for the feedback regulation of pancreatic secretion and
the postprandial release of CCK in the rat.
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