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Background & Aims: Amylin, a peptide that displays
50% homology with calcitonin gene-related peptide
(CGRP), is colocalized with somatostatin in endocrine
cells of the gastric fundus. The present study was de-
signed to determine the mechanism of action of amylin
on gastric exocrine and endocrine secretion. Methods:
Acid secretion was measured in the isolated mouse
stomach by titration. Somatostatin and histamine secre-
tion were measured in rat fundic segments by radioim-
munoassay. Results: In isolated mouse stomach, amylin
caused a concentration-dependent decrease in acid se-
cretion. In rat fundic segments, amylin and CGRP each
caused a concentration-dependent increase in soma-
tostatin and a decrease in histamine secretion. Changes
in histamine secretion induced by amylin reflected
changes in somatostatin secretion and could be abol-
ished by addition of somatostatin antibody. Both the
somatostatin and the histamine responses to amylin
were abolished by the selective amylin antagonist
AC187 but were unaffected by the CGRP antagonist
CGRP8-37. In contrast, the responses to CGRP were
abolished by CGRP8-37 but were unaffected by AC187.
AC187 alone decreased somatostatin and increased
histamine in fundic segments and increased acid secre-
tion in isolated stomach, indicating that endogenous
amylin participates in the regulation of gastric endocrine
(somatostatin and histamine) and exocrine (acid) secre-
tion. Conclusions: In gastric fundus, release of amylin
from somatostatin cells interacts with distinct amylin
receptors to enhance somatostatin secretion via an au-
tocrine pathway that leads to inhibition of histamine and
acid secretion.

mylin, also known as isler amyloid polypeptide, was

first isolated from the pancreas of patients with
non—insulin-dependent diabetes mellitus! and insuli-
noma.? Subsequently, it was localized to pancreatic in-
sulin and somatostatin cells by in situ hybridization and
immunohistochemistry.?4 Amylin, released in response
to ingestion of a meal, inhibits glucose-stimulated insu-

lin release,> stimulates pancreatic digestive enzyme se-
cretion,® and retards gastric emptying.” More recently,
amylin has been detected in several extrapancreatic sites
including brain, lung, and stomach, with highest con-
centrations in gastric mucosa.%?

Amylin consists of 37 amino acids and is structurally
related to the calcitonin family of peptides that includes
calcitonin, adrenomedullin, and calcitonin gene-related
peptide (CGRP). Amylin displays about 25% sequence
homology with calcitonin and adrenomedullin and 50%
homology with CGRP.!® CGRP receptors have been
divided into 2 subtypes, CGRP; and CGRP,, based
primarily on the differential antagonist affinities of
CGRP8-37, a potent and selective CGRP; antago-
nist.'12 Recently, molecular cloning techniques have
revealed 2 distinct receptors for CGRP: one belonging to
the rhodopsin family and the other to the calcitonin
receptor-like (CRLR) family.'> The CRLR, a 7-trans-
membrane-domain receptor, can function as either a
CGRP receptor or an adrenomedullin receptor, depend-
ing on which members of a family of single-transmem-
brane-domain proteins, called recepror-activity-modifying
proteins, or RAMPs, are expressed. When CRLR and
RAMP1 were cotransfected into Xenopus oocytes, a
CGRP pharmacological response was acquired, whereas
cotransfection of CRLR and RAMP2 or RAMP?3 resulted
in an adrenomedullin receptor.'4-16

In many tissues, CGRP and amylin activate adenosine
3',5"-cyclic monophosphate (cAMP)-signaling pathways
and produce similar biological effects.’1%17-1° The struc-
tural and functional similarities suggest that both pep-
tides may interact with the same receptor. Supporting

Abbreviations used in this paper: CGRP, calcitonin gene-related
peptide; CRLR, calcitonin receptor-like receptor; EDsg, 50% of maxi-
mal response; RAMP, receptor-activity-modifying proteins.
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this notion, CGRP8-37 inhibits arterial vasodilation in-
duced by either CGRP or amylin in mesenteric and renal
blood vessels.!7-2° However, there is also ample evidence
that these 2 peptides can mediate their actions through
different receptors. In the Chinese hamster ovary cell line
CHO-K1, CGRP is ~100 times less potent than amylin
in activating adenylate cyclase activity, and the effect of
CGRP, but not that of amylin, is blocked by CGRPS8-
37.2! Similarly, the inhibition of twitch contractions in
rat vas deferens induced by CGRP, but not that induced
by amylin, is blocked by CGRP8-37.22 In rat soleus
muscle, the effect of amylin on glycogenolysis is blocked
by the selective amylin antagonist AC187 but not by
CGRP8-37.23 Therefore, the current literature suggests
that, depending on the tissue and species, amylin can
interact either with CGRP receptors or distinct amylin
receptors.

In the stomach, CGRP is present in extrinsic sensory
neurons®* and is capable of stimulating somatostatin and
inhibiting gastrin and acid secretion.?>27 Although
amylin messenger RNA (mRNA) and immunoreactivity
have recently been localized to endocrine cells in the
fundus and antrum of rat stomach, the majority of which
are somatostatin cells,®? little is known concerning the
role of amylin in the regulation of gastric exocrine and
endocrine secretion. In conscious rats equipped with
gastric fistula, intravenous infusions of amylin and
CGRP inhibit acid secretion.?%:2? Because amylin recep-
tors are present in the brain,>® in vivo preparations
cannot discriminate between central and peripheral ef-
fects of the peptide.

In the present study, we have used the isolated, lumi-
nally perfused mouse stomach to examine the effect of
amylin on acid secretion and superfused rat fundic seg-
ments to examine the effect of amylin on somatostatin
and histamine secretion; both preparations retain intact
paracrine pathways but eliminate central nervous system
and hormonal (e.g., gastrin) influences.>® The results
indicate that amylin, released from fundic somatostatin
cells, enhances somatostatin secretion via an autocrine
pathway that leads to inhibition of histamine and acid
secretion.

Materials and Methods
Materials

Rat amylin, CGRP, and the CGRP antagonist
hCGRP8-37'? were purchased from Bachem (Torrance, CA).
The well-characterized amylin antagonist AC187%33%33 was a
gift from Dr. Andrew Young (Amylin Pharmaceutical Inc.,
San Diego, CA). Tetrodotoxin was purchased from Sigma
Chemical Company (St. Louis, MO).
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Animals

Albino mice, weighing 25—-40 g, and Sprague-Dawley
rats, weighing 250-400 g, were deprived of food overnight
but allowed free access to water containing 10% glucose. The
animals were anesthetized with 20% urethane (0.25 mL/50 g
body weight), and injected intraperitoneally. The protocols
were approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee.

Isolation and Luminal Perfusion of
Stomach

Mouse stomachs were isolated according to the meth-
ods of Bunce and Parsons®® as detailed previously.>! The
stomach was cannulated at the esophageal and pyloric ends
with polyethylene tubes (PE 160) then immersed in 20 mL of
serosal solution with the following composition (in mmol/L):
NaCl 115.4, NaHCO; 24.3, KCI 4.5, MgSO, 2.4, CaCl, 1.3,
and dextrose 31. The lumen was perfused at the rate of 1
mL/min with a solution of the following composition (in
mmol/L): NaCl 140, KCI 4.5, MgSO, 2.4, CaCl, 1.3, and
dextrose 31. The serosal solution was gassed with 95% O,.5%
CO,; and the luminal solution with 100% O,. Drugs were
added to the serosal solution.

Superfusion of Fundic Segments

The serosa and muscle layers were partly stripped off
the proximal portion of rat stomach to improve drug delivery
to the mucosa, and a segment, about 1 cm?, was obtained from
the fundic region as previously described.?> Each piece of tissue
(average weight 122 * 7 mg) was cut into 6—8 segments,
washed with saline, and placed on a porous grid separating the
2 halves of a minichamber (Swinnex 25; 1.4 mL volume;
Millipore Corp., Bedford, MA). Krebs bicarbonate solution
containing 0.2% bovine serum albumin, 4% dextran, and 4.5
mmol/L glucose was perfused into the bottom of the chamber
at the rate of 1 mL/min and the effluent collected via a catheter
leading from a small aperture at the top of the chamber. The
perfusate was gassed with 95% O, and 5% CO,. Drugs were
delivered at the rate of 0.1 mL/min via a side arm close to the
inlet. The entire preparation was contained within a chamber
maintained at 37°C.

Experimental Design

For both mouse stomach and rat fundus, a 30-minute
equilibration period was followed by an 80-minute sampling
period. For isolated mouse stomach, the sampling period con-
sisted of a 30-minute control basal period; a 20-minute period
during which amylin (1 pmol/L to 1 wmol/L), the amylin
antagonist AC187 (1 mol/L), the CGRP antagonist
CGRP8-37 (1 wmol/L), or a combination of ACI87 (1
pmol/L) and CGRP9-37 (1 pmol/L) was added to the serosal
solution; and a final 30-minute control period.

For rat fundic segments, the sampling period consisted of a
30-minute control basal period, a 20-minute period during
which amylin or CGRP was superfused at various concentra-
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tions (0.1 pmol/L to 0.1 pmol/L), and a final 30-minute
control period. In some experiments, the selective amylin
antagonist AC187 (10 nmol/L), the selective CGRP antagonist
CGRPS8-37 (10 nmol/L), or the axonal blocker tetrodotoxin
was superfused for 20 minutes before superfusion with either
amylin (1 nmol/L) or CGRP (1 nmol/L).

One-milliliter samples of the luminal effluent were ob-
tained at S-minute intervals from the isolated mouse stom-
ach for immediate measurement of acid concentration by
titration to pH 7.4 with 0.01 N NaOH using an automatic
titrator (Radiometer, Copenhagen, Denmark). One-millili-
ter samples of the superfusate were obtained at 5-minute
intervals from rat fundic segments and stored in 0.5-mL
aliquots at —20°C for subsequent measurement of soma-
tostatin and histamine concentrations by radioimmunoas-
say.

Radioimmunoassay

Somatostatin concentration was measured in duplicate
by radioimmunoassay as described in detail previously.3¢ So-
matostatin antibody 1001 (final dilution 1:66,000) was a gift
from Dr. Tadataka Yamada and Dr. John DelValle, University
of Michigan (Ann Arbor, MI). {1®°I }-Somatostatin was pur-
chased from New England Nuclear (Boston, MA). The limit of
detection was 4 pmol/L somatostatin, and the ICs, was 58 *
10 pmol/L of sample (mean = SD; n =
and intra-assay coefficients of variability were 12% and 8%,

7 assays). Interassay

respectively.

Histamine concentration was measured in duplicate using a
commercial radioimmunoassay kit (Amac, Westbrook, ME) as
previously described.” The kit includes tubes coated with
monoclonal antibody against acylated histamine, acylating
agent, and '®I-histamine as tracer. The limit of detection was
0.1 nmol/L histamine, and the IC5, was 8 = 1 nmol/L of
sample (mean * SD; n = 8 assays). Interassay and intra-assay
coefficients of variability were 11% and 5%, respectively.

Data Analysis

Acid, somatostatin, and histamine secretions were ex-
pressed as the mean increase or decrease, in moles per minute
or as percentage change, from the preceding basal level during
the 5 minutes immediately preceding the experimental period.
Changes in secretion were tested for significance using Student
¢ test for unpaired values. All values are given as means * SE
of n experiments on different animals. Concentrations eliciting
50% of maximal response (EDs() were calculated using linear
regression analysis.

Results

Basal Acid, Somatostatin, and Histamine
Secretion

Mean basal acid secretion in the isolated mouse
stomach and mean basal somatostatin and histamine
secretion in rat fundic segments were reproducible be-
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Figure 1. Effect of amylin (1 pmol/L-1 wmol/L) on basal acid secre-
tion in isolated mouse stomach. Data are means = SE of 6-8
experiments each. Asterisks denote significant difference from basal
levels at P < 0.01.

tween animals and reverted to initial control levels at the
end of the experimental period (isolated stomach: acid
secretion, 81 £ 3 and 77 £ 3 nmol/min; fundic seg-
ments: somatostatin, 78.0 = 6 and 85 * 6 fmol/min;
histamine, 427 * 45 and 531 * 55 nmol/min).

Effect of Amylin, Amylin Antagonist, and
CGRP Antagonist on Acid Secretion From
Isolated Mouse Stomach

Addition of amylin, in the range of 1 pmol/L to
1 wmol/L, to the serosal solution of the isolated mouse
stomach caused a prompt, reversible, and concentra-
tion-dependent decrease in acid secretion (Figure 1).
The ECs, value was 9 X 10~ !!. Maximal inhibition of
acid secretion, expressed as the integrated 20-minute
response, was obtained at a concentration of 1 pmol/L
(24% =~ 3% below basal level, P < 0.001, n = 6).
Addition of the amylin antagonist AC187 (1 wmol/L)
had an opposite effect and caused a prompt and re-
versible increase in acid secretion (9% * 1% above
basal level, P < 0.001, n = 5; Figure 2). The effect of
the antagonist implies that endogenous amylin inhib-
its acid secretion.

The CGRP antagonist CGRP8-37 (1 wmol/L) also
caused a prompt and reversible increase in acid secre-
tion (6% * 2% above basal level, P < 0.05, n = 5;
Figure 2), implying that endogenous CGRP also ex-
erts a tonic restraint on acid secretion. A combination
of AC187 and CGRP8-37 increased acid secretion by
14% *= 1% (P < 0.001; n = 5), which was signifi-
cantly greater than that achieved with each antagonist
individually (P < 0.01 for the difference between the
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Figure 2. Time course for the effect of the amylin antagonist AC187
(1 wmol/L; @), the CGRP antagonist CGRP8-37 (1 umol/L; #), or a
combination of AC187 and CGRP (1 wmol/L each; m) on basal acid
secretion in isolated mouse stomach. Data are means = SE of 5
experiments each.

combination and either AC187 or CGRP8-37 alone;
(Figure 2). The additive effects of the antagonists are
consistent with the existence of distinct amylin and
CGRP receptors that regulate acid secretion.

Effect of Amylin on Somatostatin and
Histamine Secretion From Rat Fundic
Segments

Superfusion of rat fundic segments for 20 min-
utes with amylin, in the range of 0.1 pmol/L to 0.1
pmol/L, caused a prompt, reversible, and concentra-
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tion-dependent increase in somatostatin and decrease
in histamine secretion (Figure 3). The ECs, value for
stimulation of somatostatin secretion was 4 X 107!}
and for inhibition of histamine secretion was 5 X
107!, Maximal stimulation of somatostatin secretion
(79% = 9% above basal level, P < 0.001, n = 6) and
inhibition of histamine secretion (32% * 6% below
basal level, P < 0.01, n = 6), expressed as the
integrated 20-minute response, was obtained at a con-
centration of 10 nmol/L. The responses were not sig-
nificantly affected by the axonal blocker tetrodotoxin
(5 pmol/L; n = 5).

To determine whether the effect of amylin on his-
tamine secretion was mediated by changes in soma-
tostatin secretion, experiments were performed under
conditions in which the effect of somatostatin was
precluded. Superfusion with somatostatin antibody
alone (final dilution 1:200) for 30 minutes caused an
increase in histamine secretion (23% =+ 2% above
basal level, P << 0.001, n = 6; Figure 4), confirming
previous studies showing that endogenous somatosta-
tin exerts an inhibitory paracrine influence on hista-
mine secretion.?® In the presence of somatostatin an-
tibody, the decrease in histamine secretion induced by
amylin was abolished, implying that the effects were
mediated by changes in somatostatin (Figure 4).
Thirty minutes after cessation of superfusion with
somatostatin antibody, histamine secretion remained
slightly above basal control levels (Figure 4). This
most likely represents a residual effect of the antibody
as has been observed in prior studies.??
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Figure 4. Time course for the effect of amylin (1 nmol/L) on hista-
mine secretion induced by superfusion with somatostatin antibody
(final dilution 1:200) in rat fundic segments. Dashed line indicates
level of basal secretion. Data are means = SE of 6 experiments each.

Effect of CGRP on Somatostatin and
Histamine Secretion From Rat Fundic
Segments

Superfusion of rat fundic mucosal segments for 20
minutes with CGRP, in the range of 0.1 pmol/L to 0.1
pmol/L, also caused a prompt, reversible, and concentra-
tion-dependent increase in somatostatin and decrease in
histamine secretion (Figure 3). The ECs, value for stim-
ulation of somatostatin secretion was 1 X 107! and for
inhibition of histamine secretion was 2 X 107!, Maxi-

AC187 (10 nM]
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mal stimulation of somatostatin secretion (69% * 7%
above basal level, P << 0.001, n = 5) and inhibition of
histamine secretion (25% =+ 2% below basal level, P <
0.001, n =
nmol/L.

5) was obtained at a concentration of 10

Effect of Amylin Antagonist on
Somatostatin and Histamine Secretion
From Rat Fundic Segments

Superfusion with the amylin antagonist AC187
(10 nmol/L) for 20 minutes caused a decrease in soma-
tostatin secretion and, thus, an increase in histamine
secretion, implying that endogenous amylin exerts a
regulatory influence on somatostatin and histamine se-
cretion (Figure 5). The mean decrease in somatostatin
secretion for the 20-minute period was 21% £ 2%
below basal level (P < 0.001, n = 12), and the mean
increase in histamine secretion was 21% * 5% above
basal (P < 0.01, n = 12; Figures 5 and 6).

AC187 (10 nmol/L) abolished the somatostatin and
histamine responses to amylin (I nmol/L) but had no
significant effect on the responses to CGRP (1 nmol/L;
Figures 5 and 6). The somatostatin and histamine re-
sponses to CGRP alone and in combination with AC187,
respectively, were as follows: somatostatin, 67% * 9%
vs. 87% £ 12% above basal level (NS for the difference
between the 2 responses, n = 6 each); histamine, 23% *
3% vs. 30% * 4% below basal level (NS for the differ-
ence between the 2 responses, n = 6 each; Figure 6). The
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Figure 5. (A) Time course for
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Figure 6. (A) Mean somatostatin and histamine responses during
20-minute period of superfusion of rat fundic segments with the
amylin antagonist AC187, or with amylin alone and in combination
with AC187 or the CGRP antagonist CGRP8-37. Asterisks denote
significant difference basal levels at P < 0.01. (B) Mean somatostatin
and histamine responses during 20-minute period of superfusion of
rat fundic segments with the CGRP antagonist CGRP8-37, or with
CGRP alone and in combination with CGRP8-37 or the amylin antag-
onist AC187. Asterisks denote significant difference from basal levels
at P < 0.01.

divergent effects of the amylin antagonist on amylin- and
CGRP-stimulated somatostatin secretion imply that the
peptides interact with separate receptors.

Effect of CGRP Antagonist on Somatostatin
and Histamine Secretion From Rat Fundic
Segments

Superfusion with the CGRP antagonist CGRP8-37
(10 nmol/L) for 20 minutes also caused a decrease in soma-
tostatin and increase in histamine secretion, implying that
endogenous CGRP, like endogenous amylin, exerts a reg-
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ulatory influence on somatostatin and histamine secretion
(Figures 6 and 7). The mean decrease in somatostatin se-
cretion for the 20-minute period was 18% = 2% below
basal level (P << 0.001, n = 12) and the mean increase in
histamine secretion was 17% % 5% above basal (P < 0.01,
n = 12; Figure 7).

CGRPS8-37 (10 nmol/L) abolished the somatostatin
and histamine responses to CGRP (1 nmol/L) but had no
significant effect on the responses to amylin (1 nmol/L;
Figures 6 and 7). The somatostatin and histamine re-
sponses to amylin alone and in combination with
CGRP8-37, respectively, were as follows: somatostatin,
71% * 4% vs. 86% £ 10% above basal level (NS for the
difference between the 2 responses, n = 6 each); hista-
mine, 29% * 7% vs. 24% * 3% below basal level (NS
for the difference between the 2 responses, n = 6 each).
The fact that the CGRP antagonist blocked the effect of
CGRP but not that of amylin further implies that the
effects of the peptides are mediated via separate recep-
tors.

Discussion

The present study examined the role of amylin,
which is present in gastric endocrine (mainly somatosta-
tin) cells in the regulation of somatostatin, histamine,
and acid secretion in the fundus of the stomach. The
results show, for the first time, a physiological role for
fundic amylin in the regulation of gastric endocrine and
exocrine secretion: endogenous amylin, acting via specific
amylin receptors, stimulates somatostatin secretion via
an autocrine pathway that acts to attenuate histamine
and acid secretion. The evidence on which this conclu-
sion is based can be summarized as follows.

First, in isolated mouse stomach, a preparation that
retains intact paracrine pathways but eliminates the in-
fluence of gastrin, the amylin antagonist AC187 stimu-
lated acid secretion, implying that endogenous amylin
inhibits acid secretion. Consistent with this notion, amy-
lin caused a concentration-dependent decrease in acid
secretion.

Second, in segments obtained from rat gastric fundus,
amylin and CGRP each caused a concentration-depen-
dent increase in somatostatin and a decrease in histamine
secretion. The changes in histamine secretion during
addition of amylin reflected changes in somatostatin
secretion. This was evident in experiments in which the
influence of somatostatin was eliminated by addition of
somatostatin antibody. Under these conditions, amylin
did not alter histamine secretion. Somatostatin antibody
by itself increased histamine secretion, consistent with
previous studies showing that endogenous somatostatin
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exerts a tonic inhibitory influence on the secretion of
histamine.38-4041

Third, the somatostatin and histamine responses to
amylin in fundic segments were abolished by addition of
the selective amylin antagonist AC187 but unaffected by
addition of the CGRP antagonist CGRP8-37. In con-
trast, the responses to CGRP were abolished by
CGRP8-37 but unaffected by AC187. The results imply
that amylin and CGRP interact with distinct receptors to
stimulate fundic somatostatin secretion. Consistent with
this notion, AC187 and CGRP8-37 each stimulated acid
secretion in isolated mouse stomach, and their effects
were additive.

Fourth, the amylin antagonist AC187 alone decreased
somatostatin and increased histamine secretion in fundic
segments, implying that endogenous amylin exerts a
tonic stimulatory influence on somatostatin secretion
that acts to attenuate histamine secretion.

Although amylin and CGRP share similar structures
and, in many tissues, similar actions,’»!'%!7-20 in the
stomach, their localization is quite different. CGRP is
present exclusively in extrinsic sensory neurons that
project into cell bodies in the dorsal root ganglia of the
spinal cord and into the gastric mucosa.?442 Studies in
rat, dog, and human indicate that CGRP stimulates
somatostatin and inhibits acid secretion.®>=%> In those
studies, the precise source of somatostatin could not be
distinguished because somatostatin cells are present in
both fundic and antral mucosa, and changes in soma-

tostatin secretion detected in peripheral blood reflect net
secretion from both regions. Using rat antral segments,
Ren et al.%47 report that the CGRP antagonist
CGRP8-37 inhibits somatostatin and stimulates gastrin
secretion, implying that endogenous CGRP exerts a
tonic stimulatory influence on antral somatostatin secre-
tion. Stimulation of antral somatostatin and thus inhi-
bition of gastrin secretion may represent one mechanism
by which antral CGRP inhibits acid secretion. The
present study suggests that CGRP, released from the
fundus of the stomach, inhibits acid secretion by stim-
ulating fundic somatostatin secretion. This is supported
by the finding that the CGRP receptor antagonist
CGRP8-37 alone inhibited somatostatin and stimulated
histamine secretion, whereas exogenous CGRP had the
opposite effect. The effect of the CGRP antagonist im-
plies that endogenous CGRP contributes to ambient
somatostatin secretion in the fundus of the stomach.

In the stomach, amylin is present in endocrine cells.®
In mouse and rat fundus, the amylin-containing cells are
located in the basal half of the mucosal glands, have
cytoplasmic processes, and display somatostatin-like im-
munoreactivity; such colocalization suggests that amylin
may function in an autocrine fashion. In support of this
notion, (1) the amylin antagonist AC187 inhibited fun-
dic somatostatin and thus stimulated histamine and acid
secretion, and (2) the stimulatory effect of amylin on
somatostatin secretion was unaffected by the axonal
blocker tetrodotoxin.
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The inhibitory effects of amylin on acid secretion and
the stimulatory effects on somatostatin secretion are con-
sistent with and extend beyond those obtained by Ros-
sowski et al.?$2% in conscious rats equipped with gastric
fistula. These investigators showed that (1) intravenous
infusions of amylin inhibited basal, pentagastrin-, and
2-deoxy-D-glucose-stimulated acid secretion, and (2) the
effect of amylin on pentagastrin-stimulated acid secre-
tion was inhibited by infusion of a selective somatostatin
subtype 2 receptor antagonist. Studies in conscious ani-
mals, in which agonists and antagonists are administered
systemically in vivo, cannot distinguish between periph-
eral and central actions of amylin and somatostatin®® and
do not necessarily reflect the action of amylin in the
stomach. The present study indicates that endogenous
amylin, released from the fundus of the stomach, acts in
an autocrine fashion to stimulate fundic somatostatin and
thus inhibit histamine and acid secretion.

There had been some debate as to whether amylin and
CGRP act via a common CGRP receptor or whether
some tissues have an additional high-affinity amylin
receptor. Although the greater potency of amylin in
some systems suggests the existence of separate amylin
receptors, definitive proof awaited the development of
the selective amylin antagonist AC187.32 There is now
abundant evidence, derived both from physiologic and
radioligand binding studies using selective CGRP and
amylin antagonists and, more recently, from molecular
biological studies in which rabbit aortic endothelial cells
containing a calcitonin receptor were cotransfected with
RAMP1 and RAMP3 that, in some tissues, amylin and
CGRP interact with distinct receptors.?!-234950 In the
present study, although amylin and CGRP both stimu-
lated somatostatin and thus inhibited histamine secre-
tion with similar efficacy and potency, the responses to
amylin were abolished by AC187 but unaffected by
CGRP8-37, whereas the responses to CGRP were abol-
ished by CGRP8-37 but unaffected by AC187. Further-
more, the effects of the antagonists on acid secretion were
additive. Thus, the results strongly indicate that amylin
and CGRP interact with distinct receptors to stimulate
somatostatin secretion from the fundus of the stomach.

In conclusion, the present study shows, for the first
time, a physiologic role for amylin in the regulation of
gastric endocrine and exocrine secretion. The results
show that release of endogenous amylin from somatosta-
tin cells in the fundus of the stomach enhances soma-
tostatin secretion via an autocrine pathway that leads to
inhibition of histamine and acid secretion. Stimulation of
somatostatin secretion occurs via high-affinity amylin
receptors that are distinct from CGRP receptors.

10.

11.

12.

13.

14.

15.

16.

17.

GASTROENTEROLOGY Vol. 123, No. 1

References

. Cooper GJS, Willis AC, Clark A, Turner RC, Sim RB, Reed KBM.

Purification and characterization of a peptide from amyloid and
pancreas in type 2 diabetic patients. Proc Natl Acad Sci U S A
1987;84:8628-8632.

. Westermark P, Wernstedt C, Wilander E, Hayden DW, O’Brien TD,

Johnson KH. Amyloid fibrils in human insulinoma and islets of
langerhans of the diabetic cat are derived from a neuropeptide-
like protein also present in normal islet cells. Proc Natl Acad Sci
U S A 1987;84:3881-3885.

. Leffart JD, Newgard CB, Okamoto H, Milburn JL, Luskey K. Rat

amylin cloning and tissue specific expression in pancreatic islets.
Proc Natl Acad Sci U S A 1989;86:3127-3130.

. Mulder H, Lindh AC, Sundler F. Islet amyloid polypeptide gene

expression in the endocrine pancreas of the rat. A combined in
situ hybridization and immunocytochemical study. Cell Tissue
Res 1993;274:467-474.

. Young DA, Deems RO, Deacon RW, Mcintoch RH, Foley JE. Ef-

fects of amylin on glucose metabolism and glycogenolysis in vivo
and in vitro. Am J Physiol Endocrinol Metab 1990;259:E457—
E561.

. Huang Y, Fischer JE, Balasubramaniam A. Amylin mobilizes

[Ca2™]; and stimulates the release of pancreatic digestive en-
zymes from rat acinar AR42J cells: evidence for an exclusive
receptor system of amylin. Peptides 1996;17:497-502.

. Samsom M, Sszarka LA, Camilleri M, Vella A, Zinsmeister R,

Rizza RA. Pramlintide, an amylin analog, selectively delays gastric
emptying: potential role of vagal inhibition. Am J Physiol Gastroi-
ntest Liver Physiol 2002;278:G946-G951.

. Mulder H, Lindh A, Ekblad E, Westermark P, Sundler F. Islet

amyloid polypeptide is expressed in endocrine cells of the gastric
mucosa in the rat and mouse. Gastroenterology 1994;107:712—
719.

. Tingstedt JE, Edlund H, Madsen OD, Larsson LI. Gastric amylin

expression: cellular identity and lack of requirement for the ho-
meobox protein PDX-1. A study in normal and PBX-1-deficient
animals with a cautionary note on antiserum evaluation. J Histo-
chem Cytochem 1999;47:973-980.

Pittner RA, Albrandt K, Beaumont K, Gaeta LSL, Koda JE, Moore
CX, Rittenhouse J, Rink TJ. Molecular physiology of amylin. J Cell
Biochem 1994;55(Suppl):19-28.

Quirion R, Van Rossum D, Dumont Y, St-Pierre S, Fournier A.
Characterization of CGRP, and CGRP, receptor subtypes. Ann N
Y Acad Sci 1992;657:88-105.

Dennis T, Fournier A, Cadieux A, Pomerleau F, Jolicoeur FB, Pierre
S, Quirion R. hCGRPg_37, a calcitonin gene-related peptide antag-
onist revealing CGRP receptor heterogeneity in brain and periph-
ery. J Pharmacol Exp Ther 1990;254:123-128.

Pisegna JR, Kresse H, Cole M, Lyu R-M, Germano PM, Taché Y.
Cloning and characterization of the rat calcitonin gene related
peptide (rCGRP). Gastroenterology 2001;120:A511.

Muff R, Born W, Fischer JA. Receptors for calcitonin, calcitonin
gene related peptide, amylin, and adrenomedullin. Can J Physiol
Pharmacol 1995;73:963-967.

Martinez A, Kapas S, Miller MJ, Ward Y, Cuttitta F. Coexpression
of receptors for adrenomedullin, calcitonin gene-related peptide,
and amylin in pancreatic B-cells. Endocrinology 2000;141:406—
411.

McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson
N, Solari R, Lee MG, Foord SM. RAMPs regulate the transport and
ligand specificity of the calcitonin-receptor-like receptor. Nature
1998;393:333-339.

Westfall TC, Curfman-Falvey M. Amylin-induced relaxation of the
perfused mesenteric arterial bed: mediation by calcitonin gene-
related peptide receptors. J Cardiovasc Pharmacol 1995;26:
932-936.



July 2002

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bong S, Frontoni S, Rossetti L. Mechanism by which calcitonin
gene-related peptide antagonizes insulin action in vivo. Am J
Physiol Endocrinol Metab 1991;260:E321-E325.

Cooper GJS. Amylin compared with calcitonin gene-related pep-
tide: structure, biology, and relevance to metabolic disease.
Endocr Rev 1994;15:163-201.

Chin SY, Hall JM, Brain SD, Morton IKM. Vasodilator responses
to calcitonin gene-related peptide (CGRP) and amylin in the rat
isolated perfused kidney are mediated via CGRP, receptors.
J Pharmacol Exp Ther 1994;269:989-992.

D’Santos CS, Gatti A, Poyner DR, Hanley MR. Stimulation of
adenylate cyclase by amylin in CHO-K1 cells. Mol Pharmacol
1992;41:894-899.

Giuliani S, Wimalawansa SJ, Maggi CA. Involvement of multiple
receptors in the biological effects of calcitonin gene-related pep-
tide and amylin in rat and guinea-pig preparations. Br J Pharmacol
1992;107:510-514.

Beaumont K, Pittner RA, Moore CX, Wolfe-Lopez D, Prickett KS,
Young AA, Rink TJ. Regulation of muscle glycogen metabolism by
CGRP and amylin: CGRP receptors not involved. Br J Pharmacol
1995;115:713-716.

Sternini C, Reeve JR Jr, Brecha N. Distribution and characteriza-
tion of calcitonin gene-related peptide immunoreactivity in the
digestive system of normal and capsaicin-treated rats. Gastroen-
terology 1987;93:852-862.

Manela FD, Ren J, Gao J, McGuigan JE, Harty RF. Calcitonin
gene-related peptide modulates acid-mediated regulation of so-
matostatin and gastrin release from rat antrum. Gastroenterol-
ogy 1995;109:701-706.

Ren JY, Dunn ST, Tang YF, Wang YP, Gao JS, Brewer K, Harty RF.
Effects of calcitonin gene-related peptide on somatostatin and
gastrin gene expression in rat antrum. Regul Pept 1998;73:75—
82.

Taché Y, Pappas T, Lauffenburger M, Goto Y, Walsh JH, Debas H.
Calcitonin gene-related peptide: potent peripheral inhibitor of
gastric acid secretion in rat and dog. Gastroenterology 1984;87:
334-349.

Rossowski WJ, Jiang NY, Coy DH. Adrenomedullin, amylin, calci-
tonin gene-related peptide and their fragments are potent inhib-
itors of gastric acid secretion in rats. Eur J Pharmacol 1997;336:
51-63.

Rossowski WJ, Cheng BL, Jiang NY, Coy DH. Examination of
somatostatin involvement in the inhibitory action of GIP, GLP-1,
amylin and adrenomedullin on gastric acid release using a new SRIF
antagonist analogue. Br J Pharmacol 1998;125:1081-1087.
Beaumont K, Kenny MA, Young AA, Rink TJ. High affinity amylin
binding sites in rat brain. Mol Pharmacol 1993;44:493-497.
Schubert ML, Edwards NF, Makhlouf GM. Regulation of gastric
somatostatin secretion in the mouse by luminal acid: a local
feedback mechanism. Gastroenterology 1988;94:317-322.
Young AA, Gedulin B, Gaeta LSL, Prickett KS, Beaumont K,
Larson E, Rink TJ. Selective amylin antagonist suppresses rise in
plasma lactate after intravenous glucose in the rat. FEBS Lett
1994;343:237-241.

Beaumont K, Moore CX, Pittner RA, Prickett KS, Gaeta LSL, Rink
TJ, Young AA. Differential antagonism of amylin’s metabolic and
vascular actions with amylin receptor antagonists. Can J Physiol
Pharmacol 1995;73:1025-1029.

Bunce KT, Parsons ME. A quantitative study of metiamide, a
histamine Horeceptor antagonist, on the isolated whole rat stom-
ach. J Physiol (London) 1976;258:453-465.

Schubert ML, Saffouri B, Makhlouf GM. ldentical patterns of
somatostatin secretion from isolated antrum and fundus of rat
stomach. Am J Physiol Gastrointest Liver Physiol 1988;254:
G20-G24.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

AMYLIN AND GASTRIC SECRETION 255

Schubert ML, Bitar KN, Makhlouf GM. Regulation of gastrin and
somatostatin secretion by cholinergic and noncholinergic intra-
mural neurons. Am J Physiol Gastrointest Liver Physiol 1982;
243:G442-G447.

Vuyyuru L, Schubert ML, Harrington L, Arimura A, Makhlouf GM.
Dual inhibitory pathways link antral somatostatin and histamine
secretion in human, dog, and rat stomach. Gastroenterology
1995;109:1566-1574.

Vuyyuru L, Harrington L, Arimura A, Schubert ML. Reciprocal
inhibitory paracrine pathways link histamine and somatostatin
secretion in the fundus of the stomach. Am J Physiol Gastrointest
Liver Physiol 1997;273:G106-G111.

Vuyyuru L, Schubert ML. Histamine, acting via Hs receptors,
inhibits somatostatin and stimulates acid secretion in isolated
mouse stomach. Gastroenterology 1997;113:1545-1552.
Sandvik AK, Holst JJ, Waldum HL. The effect of gastrin-releasing
peptide on acid secretion and the release of gastrin, somatosta-
tin, and histamine in the totally isolated, vascularly perfused rat
stomach. Scand J Gastroenterol 1989;24:9-15.

Chuang C-N, Tanner M, Lloyd KCK, Wong H, Soll AH. Endogenous
somatostatin inhibits histamine release from canine gastric mu-
cosal cells in primary culture. Am J Physiol Gastrointest Liver
Physiol 1993;265:G521-G525.

Green T, Dockray GJ. Calcitonin gene-related peptide and sub-
stance P in afferents to the upper gastrointestinal tract in rats.
Neurosci Lett 1987;76:151-156.

Kato K, Martinez V, St. Pierre S, Taché Y. CGRP antagonists
enhance gastric acid secretion in 2-h pylorus-ligated rats. Pep-
tides 1995;16:1257-1262.

Kraenzlin ME, Ching JL, Mulderry PK, Ghatei MA, Bloom SR.
Infusion of a novel peptide, calcitonin gene-related peptide
(CGRP) in man. Pharmacokinetics and effects on gastric acid
secretion and on gastrointestinal hormones. Regul Pept 1985;
10:189-197.

Helton WS, Mulholland MH, Bunnett NW, Debas HT. Inhibition of
gastric and pancreatic secretion in dogs by CGRP: role of soma-
tostatin. Am J Physiol Gastrointest Liver Physiol 1989;256:
G715-G720.

Ren J, Young RL, Lassiter DC, Rings MC, Harty RF. Calcitonin
gene-related peptide: mechanisms of modulation of antral endo-
crine cells and cholinergic neurons. Am J Physiol Gastrointest
Liver Physiol 1992;262:G732-G739.

Ren J, Young RL, Lassiter DC, Harty RF. Calcitonin gene-related
peptide mediates capsaicin-induced neuroendocrine responses
in rat antrum. Gastroenterology 1993;104:485-491.
Guidobono F, Coluzzi M, Pagani F, Pacile A, Netti C. Amylin given
by central and peripheral routes inhibits acid gastric secretion.
Peptides 1994;15:699-7020.01.

Muff R, BUihlmann N, Fischer JA, Born W. Amylin receptor is
revealed following co-transfection of a calcitonin receptor with
receptor activity modifying proteins-1 or -3. Endocrinology 1999;
140:2924-2927.

Dang K, Disa J, Gout B, Aiyar N. Comparative affinities of ad-
renomedullin (AM) and calcitonin gene-related peptide (CGRP) for
[1251JAM and [1251 JCGRP specific binding sites in porcine tissues.
J Recept Signal Transduct Res 1999;19:803-817.

Received January 18, 2002. Accepted April 8, 2002.

Address requests for reprints to: Mitchell L. Schubert, M.D., McGuire
VAMC, Division of Gastroenterology, Code 111N, 1201 Broad Rock
Blvd., Richmond, Virginia 23249. e-mail: mitchell.schubert@med.
va.gov; fax: (804) 675-5816.

Supported by grants from the Veterans Administration Medical Re-
search Fund and Glaxo Wellcome Institute for Digestive Health (to L.V.).



