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SUMMARY

Barry J. Campbell
THE ENDOCRINE CONTROL OF AVIAN UPPER GASTROINTESTINAL FUNCTION.

In mammals, it is recognised that the inter-related actions of the hormones gastrin and
somatostatin, and the neuropeptide gastrin-releasing peptide (GRP), play an important role
in the regulation of gastric mucosal function. In birds, unlike gastrin and somatostatin, GRP
has not been fully characterised. Furthermore, in contrast to mammals, avian GRP is
exclusively localised to endocrine cells of the acid-secreting part of the stomach (the
proventriculus), suggesting a putative hormonal role for GRP.

This study has characterised two forms of GRP in the bird, corresponding to a 27-residue
peptide and a novel C-terminal hexapeptide (GRP6). GRP27 was found to be the main
bioactive representative of GRP in the proventriculus, stimulating both pancreatic enzyme
and gastric acid secretion. Although biologically inactive, the identification of the novel C-
terminal hexapeptide GRP6, has suggested that differences may exist between avian and
mammalian biosynthetic processing mechanisms, for the GRP family. Furthermore, the work
supported evidence that endogenous GRP has a physiological role in the direct control of
avian exocrine pancreatic secretion, that occurs in response to distension of the
proventriculus with a protein meal. The data also suggests, that a reciprocal endocrine
interaction exists between GRP and gastrin, where endogenous GRP acts to release gastrin
from the antrum; gastrin then acts back on the proventriculus, to elicit gastric acid secretion.

This work has also illuminated interactions that exist between gastric endocrine cells and
the gastric environment in the control of gastric mucosal function. Long-term gastric acid
neutralisation, causes sustained high plasma levels of gastrin, which consequently evokes
trophic changes in proventiculus mucosa and acts as a putative satiety agent, regulating body
weight gain via food intake. Gastric luminal pH controls the synthesis and secretion of
somatostatin from the proventriculus, which acts as a regulator of antral gastrin gene
expression and secretion. The results from this study also suggest that GRP regulates both
synthesis and release of gastrin and somatostatin, to control acid secretion. GRP appears to
be modulated, not by gastric acid, but, by protein in the stomach lumen.

These findings indicate that changes in the gastric luminal enviroment, specifically pH and
nutrients, act to control gastric endocrine cell function, regulating both synthesis and
secretion of gastric regulatory peptides. The control of gene expression is likely to play a
significant part in the normal course of events regulating gastric mucosal function.
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Abbreviations for standard terms and units of measurement can be found in Appendix I.
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gastrin
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SS somatostatin

SS-14 tetradecapeptide of somatostatin

SS-28 octacosapeptide of somatostatin

L.-364,718 CCK-A receptor antagonist (MK 329/devazepide)

PD134308 gastrin/CCK -B receptor antagonist (CI 988)

M216140 GRP receptor antagonist



BOC t-butoxycarbonyl

BLI bombesin-like immunoreactivity

RIA radioimmunoassay
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D cell somatostatin endocrine cell

5-HT L-5-Hydroxytryptamine

cAMP cyclic adenosine monophosphate

NSB non-specific binding

B/F antibody-bound/-free label

C-terminal carboxy terminal

N-terminal amino terminal

ANOVA analysis of variance

S.E. standard error of the mean

P probability

n number of observations
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i.g. intragastric (by gavage)

subcut. subcutaneous

ECs, concentration giving half maximal inhibition
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RNA ribonucleic acid

mRNA messenger RNA
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PCR polymerase chain reaction
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CHAPTER 1 :

INTRODUCTION



1.1 THE DISCOVERY OF HORMONES.

The concept of extracellular chemical messengers was first postulated in 1902 with the
discovery of secretin by Bayliss and Starling. This substance was released by acid from the
duodenal mucosa into the blood stream and carried to the pancreas where it stimulated the
flow of pancreatic juice. Bayliss and Starling believed that secretin might be one of a family
of substances and sought a name for the group to emphasise their nature as chemical
messengers. W.B. Hardy proposed the word "hormone", a Greek term meaning 'l arouse to
activity’ and, although the property of messenger was not suggested by it, it was adopted
(Starling, 1905). This concept had broad biological implications, namely, a system of chemical
co-ordinators that provided a means whereby stimuli acting in one part of the body could
produce effects on organs at a distance. The discovery of secretin layed the foundations for
modern endocrinology and in fact, soon after the experiments of Bayliss and Starling, many
other hormones were discovered in the gastrointestinal tract and elsewhere. Thus in 1905,
Edkins described a chemical mechanism controlling gastric secretion, elicited by an active
factor in antral mucosa extracts that he called gastrin. Later Ivy and Oldberg (1928),
described a hormone which stimulated gallbladder evacuation and named it cholecystokinin

(CCK).

All gastrointestinal hormones are peptides, secreted by endocrine cells which are dispersed
throughout the gastrointestinal mucosa. Endocrine cells of the gut, are derived embryonically
from neuroectoderm*and share the capacity to take up amine precursors and decarboxylate
them (APUD cells) (Pearse, 1969). Gut endocrine cells are generally pear-shaped, with the
apex reaching the gut lumen and ending in a tuft of microvilli (open type). Some cells
however, are not in contact with the lumen and can be found in the basal parts of the glands,
often covered by other nonendocrine cells (closed type) (Fujita and Kobayashi, 1977). The
latter group include such cells as enterochromaffin-like (ECL) cells and somatostatin cells in

the acid-secreting part of the stomach. Gastric endocrine cells fall into one of two major sub-

* NB It is now generally accepted that not all members of the APUD series originate
from the same embryological source. In developing gut explants of very young chick
and quail embryos, lacking all ectoderm (and neural crest), a wide range of endocrine
cell types were distinguished, including somatostatin, gastrin, glucagon, secretin, VIP,
neurotensin and pancreatic polypeptide. These cells were shown to derive from the
endoderm, not the mesoderm or ectoderm/neural crest (Andrew el al., 1982).



groups based upon their histochemical features, demonstrated by certain silver staining
procedures, notably the Grimelius (1969) technique for staining argyrophil cells, or by
exposure to L-5-hydroxytryptophan (Hakanson, 1970; Hakanson ef al., 1970). Argentaffin
(enterochromaffin) cells, which also stain with argyrophil stains, contain 5-
hydroxytryptamine (5-HT) which accounts for their staining properties in the argentaffin
(and chromaffin) reaction; these cells prevail in the gastric mucosa. The argyrophil, non-
argentaffin cells do not contain 5-HT (or dopamine) but can be made to accumulate
dopamine (or 5-HT) after administration of L-5-hydroxytryptophan; these cells occur in all
regions of the stomach in all species studied (Hakanson, 1970). Using an immunofluoresent
technique, the first localisation of a gastrointestinal hormone to a particular cell type was
McGuigan’s demonstration in 1968, that gastrin was in the G cells of the antral mucosa; this
was later confirmed by Grieder et al, in 1972. Since then, many hormones have been localised
to specific cell types (Solcia et al., 1978). Unlike the clustered endocrine cells of the pancreas
islets, single gastrointestinal endocrine cells are dispersed in the mucosa. The distribution of
endocrine cells over a wide area of mucosa ensures that release of a hormone is regulated by
an integrated sampling of the chemical composition of mixed luminal contents rather than
by transient or focal stimuli. The peptide, released into the circulation, is carried to its target
tissue where it interacts with cell surface receptors. Actions or changes in activity of the

target tissue as a consequence of this interaction are known as the hormone response.

Two factors have facilitated the study of gastrointestinal hormones within the last 30 years.
The first was the isolation, purification and chemical characterisation of the three original
hormones secretin, gastrin and CCK (Gregory and Tracy, 1964; Mutt and Jorpes, 1968; Jorpes
and Mutt, 1970). It then became possible to inject pure hormone preparation into the
bloodstream to mimic the effect of the released substance and to study the spectrum of
biological activities. The second advancement was the development of sensitive
immunochemical methods, for example radioimmunoassay (RIA), which had the capacity to
measure minute changes in the circulating and tissue concentrations of these peptides. The

capacity to quantify peptides by RIA and to separate them chromatographically, revealed that



gastrointestinal hormones existed in multiple chemical forms in the circulation, differing in
potency of action and rate of disappearance from the circulation (e.g. gastrin). Gut peptides
frequently belong to extended structurally-related families, whose members include both
hormones and neurotransmitters. The important families are a.) the tachykinins, b.) the
VIP/secretins, c.) the opioids, d.) the bombesins, e.) gastrin/CCK, f.) neuropeptide
Y/pancreatic polypeptide and possibly g.) neurotensin/somatostatin (see Dockray, 1987).
Indeed, individual peptides of a family may themselves function as both hormones and
transmitters in the enteric nervous system (e.g. peptides such as CCK, substance P and
somatostatin occur in both gut nerves and gut endocrine cells). Comparative studies have
indicated that many of the major groups of gut peptides are derived from neuropeptides,
already established in primitive invertebrate nervous systems (Grimmelikhuijzen, 1984).
During evolution, the different members of a family can come to have functions as
neurotransmitters or hormones, or both, either in the same species or in different species.
These enteric neuropeptides, together with the well-established gut hormones, play an
important role in the control of digestive function. Many influence the release of each other
(and other endocrine substances), and in turn have their release influenced by other
hormones. An example is the control of gastrin release in feeding. In mammals, a meal in the
gastric lumen stimulates gastrin release, which evokes acid secretion. Acid in the lumen
however, inhibits gastrin release via stimulation of the hormone somatostatin which is a
strong inhibitor of gastrin. Gastrin release is also stimulated by the neuropeptide gastrin-
releasing peptide (GRP), which is released by food-evoked vagal stimulation. Many of these
gut hormones and neuropeptides also play an important role in the regulation of the growth
of a number of digestive tract tissues (Johnson, 1976). Some actions described can often be

species dependant.

Although most work has been done on mammals, studies on birds have been quick to advance
from these discoveries. Many of the antisera raised to mammalian hormones crossreact with
their avian counterparts and have been employed in structural studies on putative avian

peptide hormones. Early comparative studies suggested that birds possessed hormonal



mechanisms to control digestion, similar to those seen in mammals. Camus, in 1902,
demonstrated that pigeon intestinal extracts could stimulate pancreatic secretion in the dog,
and inversely Bayliss and Starling (1903) demonstrated that canine intestine acid extracts
could elicit avian pancreatic secretion. De Reaumur (1966) used birds as experimental animals
in the early days of physiology and later workers on avian gastric digestion include Collip

(1922), Cheney (1938), Friedman (1939) and Long (1967).

Historically, the enterochromaffin-like (ECL) cell was first avian endocrine cell to be located
in the gut (Toner, 1964; Ferreira, 1966). Later studies identified numerous types of endocrine
cell in the avian gut, with similarities in structure, frequency and regional distribution to
characterised mammalian cell types and to localisation of gastrointestinal hormones (Andrew,
1976a & b). The use of antisera that recognise mammalian peptides has shown that many of
these endocrine cells contain immunoreactive counterparts, including gastrin, somatostatin
and bombesin/GRP (Usellini et al., 1983; Timson et al., 1979; Larsson et al., 1974). This fact
is of importance since it is recognised that the inter-related actions of gastrin, somatostatin

and GRP, are thought to play an important part in the regulation of gastric mucosal function.

1.2 GASTRIN

Sequences and genes

Although conclusive physiological proof for the existence of the antral hormone gastrin was
finally found in 1948, by Grossman et al., it was not until the 1960’s that the amino acid
sequence of gastrin was determined. Through the extraction and purification of porcine antral

extracts, Gregory and Tracy (1964) showed the existence of two major forms of gastrin.



Sequence analysis revealed these to be a pair of amidated heptadecapeptides (G-17) that
differed in the presence or absence of a sulphate group on the tyrosine residue, six positions
in from the C-terminus (Kenner and Shepard, 1968). Pairs of G-17 were similarly isolated
in antral mucosa of the human, cow, sheep, cat and dog. The sequences of G-17 are
relatively well conserved with no more than one or two substitutions in the heptadecapeptides
(Gregory, 1979; Kenner et al., 1981). Likewise in the rat, two forms of G-17 are present,
however, there are substitutions at positions 2 (arginine) and 4 (proline) that distinguish this

peptide from all other mammalian forms (Reeve et al., 1981).

Yalow and Berson (1970) revealed the presence of a high molecular weight gastrin
immunoreactivity in plasma from gastrinoma patients, in addition to that characteristic of G-
17. They suggested that this big gastrin was a precursor for G-17, as trypsinisation of this
entity converted it to material with G-17 properties. Big gastrin was eventually isolated from
a gastrinoma and porcine antral mucosa by Gregory and Tracy (1972), and characterised as
pairs of tetratriacontapeptides (G-34) differing in sulphation of a single tyrosine residue. The
N-terminal region of G-34 however, is poorly conserved between species and is unlikely to
be of biological significance. The primary G-17 sequence was joined through a pair of basic
lysine residues to the remaining peptadecapeptide of big gastrin (see Table 1.1). Gregory and
Tracy (1974) also isolated a pair of minigastrins from gastrinoma extracts, corresponding to
the sulphated and unsulphated tetradecapeptides (G-14). G-14 is found in the plasma of some
species and can be produced by incubation of G-17 in plasma; therefore it may be a product
of gastrin catabolism. Smaller hexapeptide and tetrapeptide C-terminal fragments have been
identified and may be products of gastrin catabolism, but, their existence has not been
positively confirmed (Gregory et al., 1983; Rehfeld and Larsson, 1979). The C-terminal
pentapeptide sequence of gastrin is identical to that of cholecystokinin (CCK), a 33-residue
peptide isolated from porcine intestinal extracts by Mutt and Jorpes (1968) (see Table 1.I).
Although the C-terminal tetrapeptide is the minimum fragment for biological activity in both
CCK and gastrin, it has been shown that the region adjacent to the C-terminus modifies their

activity and determines their relative potencies (Jensen et al., 1982). The most important



determinant of biological activity is the position and sulphation state of the tyrosine residue

(see Table 1.I).

TABLE 1.1 Amino acid sequences of gastrin-like peptides f.

Human G-34 PRALGPAGPPHLVADPSKKQGPWLEEEEEAYGWMD F#
Porcine G-34 ;:HLGLIIGPPHLVADLAKKUGPHHEEEEEAYGHHDF#
Porcine G-17 PQGPUMEEEEEAYGWMD F#
Chicken G-36 FLPHVFAELSDRKGFVAQGNGAVEALHDHFYPDWMDF#
Porcine CCK (26-33) DYPDWMD F#

+ The amino acid sequences of mammalian and chicken gastrins indicate that regions of
homology occur mainly in the C-terminal region. Note that in mammalian gastrins there is
a tyrosine (Y) in position 6 from the C-terminus, whereas in chicken gastrin it is in position
7 (as in mammalian CCK). The C-terminal octapeptide sequence of porcine CCK33 is shown
for comarison; note that the C-terminal tetrapeptide sequence is identical to gastrin. With
respect to human G34, conserved residues are underlined in bold. Single letter amino acid
notations are in Appendix IV, #, C-terminal phenylalanine (F) residues are all amidated.



The gene that encodes gastrin has been determined using mRNA isolated from both porcine
antrum and from a human genomic DNA library (Noyes et al., 1979; Yoo et al., 1982; Wiborg
et al., 1984). G-34 was revealed by the generation of an oligonucleotide probe corresponding
to the tetrapeptide sequence Trp-Met-Glu-Glu of porcine G-17. This was used as a primer
for synthesis of the cDNA, complementary to the mRNA which encoded the porcine gastrin
(Novyes et al., 1979). Subsequent cloning and sequencing revealed that the porcine gastrin
¢DNA corresponded to a mRNA sequence of 312 nucleotides, which then encodes a peptide
of 104 amino acids. Additional nucleotides in the 5’ initiator and 3’ poly(A) tail region
produce a total mRNA of ~620 bases (Yoo et al., 1982). The sequencing of human cDNA,
from either gastrinoma or antral tissue, indicated that human mRNA is of a similar length
and encodes preprogastrin of 101 amino acids (see Fig 1.1), because of the deletion of three
amino acids at the C-terminus (Boel et al.,1983; Kato et al., 1983). The size of the human
gene is approximately 4.1 kilobases and contains two introns, one proximal to the initiator
codon and one corresponding to the aspartic acid residue in the mid-region coding for G-
34 (Ito et al., 1984; Wiborg et al., 1984). Within the mammalian gastrin precursor, the
sequence of G-34 is excised by tryptic-like cleavage at pairs of basic residues and that this
type of cleavage may generate G-17 from G-34 (see Fig. 1.1). Gly-Arg-Arg- and Gly-
extended precursors have been identified using specific antisera and Gly-extended precursors
appear to exist for both G-34 and G-17 (Sugano and Yamada, 1985; Sugano et al., 1985) and
these peptides are probably amidated by a peptidylglycyl a-amidating monooxygenase found
in both the pituitary and antrum (Dickinson and Yamada, 1991). A similar enzyme action is
known to process other biologically active peptide C-terminal amides (Bradbury et al., 1982;
Eipper et al., 1985). Post-translational processing of the gastrin precursor yields products that
include peptides phosphorylated at Ser, amidated at Phe®, and sulphated at Tyr® (or
Tyr!%, in the rat). The phosphorylation site is immediately adjacent to the processing and
amidation site that gives rise to the biologically active amidated gastrin (Dockray et al., 1987,
Varro et al., 1988). The serine residue corresponds to the start of the C-terminal flanking
peptide (Cryptic B), produced by cleavage to the C-terminus of the dibasic arginine-arginine

site, and this may be found in two forms (phosphorylated and unphosphorylated). The



mechanisms determining phoshorylation and amidation of progastrin-related peptides, has
been shown to depend on the patterns of stimulation of gastrin cells. In surgically excluded
canine antrum, increased storage and decreased release of gastrin was associated with
decreased phoshorylation and amidation of progastrin-derived peptides. In the rat,
withdrawal of food decreased tissue gastrin concentrations and depressed amidation and
phosphorylation of progastrin-derived peptides. Sulphation of G-17 was not affected by
feeding or fasting (Varro et al., 1990). Thus, gastric luminal contents appear to modulate
post-translational processing of progastrin. Phosphorylation of the serine is important in
regulating this cleavage and plays a significant role in generation of amidated gastrin

(Dockray et al., 1991b).

Early attempts to detect an avian representative of gastrin, from chicken gut extracts (Ruoff
and Sewing, 1970b; Ketterer et al., 1973), were hampered by the failure to recognise and
include the antrum, despite being described in earlier histological studies (Zietzschmann,
1908; Aitken, 1958; Gabe, 1972). The antrum, a narrow glandular zone between the gizzard
and duodenum, contains gastrin-immunoreactive endocrine cells (Larsson et al., 1974). Cells
in chicken and turkey antrum reacted with C-terminal specific antisera for human G-17 but,
failed to react with N-terminal specific antisera, suggesting just C-terminal homology
between avian and mammalian gastrin (Larsson and Rehfeld, 1977a, 1977b; Dockray 1979).
However, the recent isolation and sequence analysis of several forms of gastrin from the
chicken antrum (Dimaline et al., 1986), has made clear the earlier failures to recognise the
dissimilarity between avian and mammalian gastrin. The predominant form of avian gastrin
was a novel 36-residue peptide (see Table 1.I) and in addition two C-terminal fragments were
isolated (CG 26 and 30). Chicken gastrin shares the C-terminal tetrapeptide amide of both
mammalian gastrin and CCK (see Table 1.I). Like mammalian CCK, chicken gastrin has a
tyrosine residue seven positions from the C-terminus, rather than position six, as in
mammalian gastrin (see Table 1.I), and is almost completely sulphated. The poly-glutamic

acid sequence of mammalian G-17 is absent from chicken gastrin and the



HUMAN PREPROGASTRIN 101

NTEP |} | CTFP

G34

G17

Fig. 1.1. A diagramatic representation of human 101-amino acid preprogastrin predicted
from the cDNA structure. The sequence of G-34 is flanked at its C- and N-terminus by a
dibasic (arginine-arginine) cleavage site. A dibasic lysine-lysine processing site is also
suituated upstream of the start of the G-17 sequence. Arrows indicate probable pathways for
biosynthetic processing to biologically active forms. Single letters denote amino acids at post-
translational processing sites and the numbers below indicate sequence number of amino
acids. NTEP, N-terminal extension peptide. CTFP, C-terminal flanking peptide. Single letter

notation for amino acids can be found in Appendix IV.
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remainder of the peptide shows no resemblance to either CCK or gastrin. It is unlikely that
the large and small forms of chicken gastrin bear the same relationship as mammalian G-34
and G-17, since no dibasic cleavage sites are appropriately situated within the chicken gastrin
sequence. It is possible that the smaller avian peptides may be formed from the larger form
by three or five cycles of sequential cleavage by a dipeptidyl aminopeptidase enzyme. This
sort of biosynthetic processing is more common than hitherto supposed (see Chapter 3,
section 3.3). A partial cDNA sequence for chicken gastrin has been cloned using an "anchor"
polymerase chain reaction strategy (Wu and Dimaline, personal communication). This method
was used to amplify cDNA encoding chicken progastrin, by generating an unpublished amino
acid C-terminal extension of chicken gastrin. Sequence analysis of the cDNA in the peptide
coding region, indicates that a putative phosphorylation site is also present in the chicken
precursor, adjacent to the cleavage and amidation site. Thus, biosynthetic processing to
produce the biologically active amidated C-terminus, may be similar in birds and mammals,

whereas the nature of cleavage determining the length of N-terminal extensions, differ.

Distribution

The initial identification of gastrin-producing cells (G cells) was based on ultrastructural
identification of distinctive endocrine cells in mammalian antrum (Solcia et al., 1967). The
apical border of the G cell extends to the lumen, terminating in a mirovillus brush border
and, secretory granules are situated in the basal region of the cell. This morphology suggests
that luminal stimuli might directly influence release of gastrin into the extracellular space.
The distribution of gastrin cells in the antral glands differs among species. In human and dog,
the cells are localised in a region midway between neck and base of the glands, whereas in
the rat the gastrin cells extend to the base (Solcia et al., 1967; Hikanson et al., 1974). Studies
with region-specific antisera have shown that G-17 and G-34 are located in the same cells
in the antrum (Vaillant et al., 1979a). Cells that react to gastrin antisera have also been

localised in human small intestine and rat pancreas, duodenum and pituitary (Jonsson and
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Dockray, 1984; Vaillant et al., 1979a). The intestinal gastrin cells are seen to have marked
ultrastructual differences to those in the antrum (Buchan e al., 1979). Identification of
gastrin mRNA has shown that the gastrin gene is expressed in both porcine pituitary and
antral mucosal tissues but, not in the brain (Powell et al., 1985). The normal adult pancreas
is not a important source of gastrin but is the well known source of the Zollinger-Ellison

syndrome gastrin-producing tumours (Gregory and Tracy, 1972, 1974).

Studies have located gastrin-immunoreactive endocrine cells in the antrum of several avian
species (Yamada et al., 1980; Andrew and de Mey, 1981). The avian immunoreactive material
with chromatographic properties similar to mammalian gastrin exhibited varying
heterogeniety (Larsson et al., 1974; Dockray, 1979). Using specific antiserum raised to the
synthetic C-terminal decapeptide of chicken gastrin, it has been demonstrated that the antral
peptide occurs in concentrations similar to that of mammalian antral G-17. However, chicken
gastrin-like immunoreactivity was absent from duodenum, jejunum, proventiculus and brain
tissue (Lee et al., 1988). Authentic CCK can be found in avian brain and gut (Dockray, 1979;
Shulkes et al., 1983) and thus chicken gastrin appears to be dissimilar in its distribution. A
recent study, using C-terminal specific antisera for gastrin, sulphated CCK and common
amidated C-terminus of gastrin/CCK, examined extracts of antrum, brain and duodenum
from frog and turtle (Johnsen and Rehfeld, 1990). All extracts had high gastrin/CCK-like
activity and negligible gastrin-like activity. However, high sulphated CCK -like activity was
present in all but, the turtle antrum, suggesting the antral turtle gastrin/CCK-like peptide
may be a novel "gastrin", as seen in the chicken. Studies using C-terminal specific antisera,
showing relatively high affinity for mammalian gastrin and low affinity for CCK, have
revealed that gastrin-like immunoreactive peptides exist in antral extracts of crocodile
Crocodylus (Dimaline et al., 1982) and, in the neural ganglion of the urochordate Ciona

(Thorndyke and Dockray, 1986).

Biological activity

12



Gastrin has a wide spectrum of actions on mucosa and smooth muscle of the gastrointestinal
tract but, many of these effects require pharmacologic doses (Walsh, 1987). The most
important physiological action of gastrin is stimulation of acid secretion (Mahklouf et al.,
1965; McGuigan et al., 1971; Grossman, 1973a). G-34, G-17 and G-14 have similar acid-
stimulating potency (Eysselein et al., 1984). Gastrin release is stimulated by a meal in the
gastric lumen, by activation of nervous reflexes and a variety of potential hormone or
paracrine agents (Dockray and Gregory, 1989). Gastrin also potently stimulates the increase
in gastric mucosal blood flow and the secretion of pepsin (Gregory and Tracy, 1964; Emas
and Grossman, 1967; Walsh and Grossman, 1975). This action can be mimicked by instillation
of acid into the stomach, suggesting that the effect is secondary to the stimulation of acid
(Olbe et al., 1967: Johnson, 1973). Early studies revealed that gastrin is trophic to the gastric
mucosa. Administration of the natural gastrins and synthetic pentagastrin, increased DNA,
RNA and protein synthesis and, parietal cell numbers in acid-secreting mucosa (Crean et al.,
1969; Johnson et al., 1969; Johnson and Gutherie, 1976). A prolonged decrease in acid
secretion, using antisecretagogues, vagotomy or fundectomy, is associated with increased
serum gastrin and G cell numbers (Lehy et al., 1983). Hypergastrinaemia is also associated
with endocrine hyperplasia of ECL cells in oxyntic mucosa (Hakanson et al., 1984; Larsson
et al., 1986). Patients with gastrinomas, exhibit hyperplasia of the gastric mucosa together
with increased parietal cell numbers and rate of acid secretion (Neuburger et al., 1972;
Isenburg et al., 1973). Trophic effects of gastrin have also been observed in the small
intestine and colon but, not in the oesophagus or gastric antrum (Johnson, 1977). Other
effects of gastrin, with doses submaximal for acid secretion, include stimulation of canine
antral motility (Strunz et al., 1979) and small increases in human and dog pancreatic enzyme

secretion (Valenzuela et al., 1976, 1978).
In birds, tissue extracts with gastrin-like activity stimulated acid secretion in the duck

(Keeton et al., 1920) and these effects could be distinguished from those of histamine.

Pentagastrin stimulated acid and pepsin secretion in fistula chickens (Burhol, 1973). In
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comparison to mammals, gastrin had an unusually potent pepsigogue effect, indicating that
acid and pepsin secretion is more closely related than in mammals. Gastrin-like activity has
also been reported in proventriculus extracts of the chicken, which stimulated acid secretion
in anaesthetised rats (Olowo-Okorun and Amure, 1973). Partially purified chicken antral
extracts were suprisingly active in a radioreceptor assay specific for CCK-like rather than
gastrin-like peptides (Vigna, 1984). However, although resembling CCK in structure, in
biological activity studies, natural chicken gastrin possessed gastrin-like activity being a
potent stimulant of avian gastric acid and pepsin secretion, and inactive on pancreatic enzyme
secretion (Dimaline et al., 1986). The antral peptide was also a potent stimulant of
mammalian acid secretion but was virtually inactive in stimulating pancreatic secretion and
gallbladder contraction (Dimaline and Lee, 1990). In common with other gastrins, sulphation
of tyrosine residue in chicken gastrin has no effect on the potency of this peptide in
stimulating acid secretion (Lee, 1990). The unexpected structure-activity profile may be due
to the proline residue adjacent to the sulphated tyrosine, which could produce a steric effect
that lowers the activity of chicken gastrin on pancreas and gallbladder, by effectively moving
the tyrosine residue closer to the amidated C-terminus (Dimaline and Lee, 1990). Similarly
in other sub-mammalian species (including reptiles, amphibians and fish), peptides also occur
in pyloric antral extracts, with gastrin-like activity (Dimaline et al., 1982; Oyebola and
Elegbe, 1975; Vigna, 1979). Gastrin is also postulated to elicit acid secretion in molluscs

which produce acid as a defense mechanism (Dockray, 1977).

Gastrin-CCK receptors

The results of radioligand binding experiments indicate that the gastrin receptor (CCK-G
type) closely resembles the CCK-B (Brain type) receptor in the central nervous system, and
that both are clearly distinct from the CCK-A (Alimentary type) receptors of the pancreas
and gallbladder (Soll et al., 1984; Jensen et al., 1989) (see Table 1.1I). CCK, with a sulphated

tyrosine at position 7, has ~1000 times greater affinity for A-type receptors, than does
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gastrin and desulphated CCK. For the B-type receptor, the affinity of CCK is only 10 to 100
fold greater than gastrin, and unlike the A-type shows only a slightly lower affinity for
desulphated CCK -8 compared with the sulphated form. Gastrin and CCK have equal
affinities for the G-type receptor, which is typically found on gastric parietal cells and
gastrointestinal smooth muscle. There is also evidence for a different sub-classes of
gallbladder receptor in the guineapig (Takahashi ez al., 1987) and evidence for a further class

of receptor (C-type) on guinea pig chief cells (Cherner et al., 1988).

The gastrin-CCK receptor subtypes have also been characterised by gastrin/CCK receptor
antagonists. Some are antagonists at all three receptors, whilst others show marked specificity
for a particular type of receptor. Early CCK antagonists, such as proglumide and benzotript
(Hahne et al., 1981), were not able to selectively discriminate between peripheral, central and
gastrin type receptors. More recently developed proglumide-related peptides (e.g. CR 1409),
have shown potent selectivity for peripheral CCK receptors (Makovec et al., 1986). Other
proglumide-related compounds can discriminate between pancreas and gallbladder receptors,
suggesting the existence of A-type receptor subclasses (Jensen et al., 1986). Various peptide-
based analogues, based on the common C-terminal tetrapeptide of CCK and gastrin, act as
relatively good gastrin/CCK antagonists (e.g. des-Phe CCK-8) but, they possess low
selectivity for receptor subtypes (Spanarkel et al., 1983). Likewise, the C-terminal des-Phe
and phenethyl ester gastrin-related peptides, whilst devoid of biological activity, are able to
inhibit gastrin-induced acid secretion in vivo (Martinez and Bali, 1984; Martinez et al., 1986).
More recent however, has been the development of potent non-peptide antagonists, which
are selective for specific receptor subtypes (see Table 1.II). The first, L-364,718, was
synthesised by Evans et al. (1986) and was based upon the benzodiazepine-like structure of
asperlicin, a mold metabolite which antagonised CCK action on pancreatic acinar cells.
L364,718 was shown by Chang and Lotti (1986) to be a selective antagonist of the pancreatic
(A type) CCK receptor, that was subnanomolar in potency and orally active. The second
benzodiazepine derivative, L-365,260, was a potent gastrin antagonist, with low affinity for

peripheral CCK-A receptors (Lotti and Chang, 1989). These two antagonists have been used
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to demonstrate that both A-type and B-type receptors are localised in the brain (Hill and
Woodruff, 1990). Recently, Hughes et al. (1990) have described a new CCK-B receptor
antagonist (PD134308). This structure of this non-peptide antagonist ("peptoid") is based on
the C-terminal tetrapeptide of CCK and gastrin. However, in radioligand binding
experiments PD134308 showed approximately 1000 times higher affinity for central CCK-
B and gastrin receptors, when compared with CCK-A receptors. PD134308 was a potent
antagonist at central CCK -B sites (Hughes et al., 1990) and on canine gastric parietal and D

cell gastrin receptors (Park et al., 1990).

Table 1.II. Characterisation of the three main receptor classes of gastrin and CCK t.

Receptor Type Agonist Antagonist

A. Pancreas/gallbladder CCK >>> Gastrin L-364,718
CR 1409

B. Brain (CNS) CCK > Gastrin L-365,260
PD134308

G. Parietal cells CCK = Gastrin L-365,260
PD134308

t Each of the gastrin-CCK receptor classes can be identified by their radioligand binding
characteristics or by using selective receptor antagonists.

16



In parietal cells, the occupation of G-receptors by gastrin appears to mobilise cellular stores
of calcium, possibly associated with phospholipase C activity (Soll and Berglindh, 1987). The
population number of gastrin receptors appears to be regulated by circulating gastrin, and
up-regulated when circulating gastrin was increased by food or vagotomy (Takeuchi et al.,
1980; Speir et al., 1982). Down regulation of the receptors, with low plasma gastrin
(antrectomy) and liquid feeding, occurs over short periods of time and may be due to
internalisation. In rats, the time of weaning appears to be associated with the development
of gastrin receptors and the capacity of gastrin to stimulate acid secretion (Takeuchi et al.,

1981).

1.3 SOMATOSTATIN

Sequences and genes

Somatostatin was first isolated from extracts of ovine hypothalamus and identified as a cyclic
tetradecapeptide (Brazeau et al., 1973; Burgus ef al., 1973). An N-terminally extended form
of somatostatin 14 (SS-14), somatostatin 28 (SS-28), was subsequently isolated from porcine
duodenum (Pradayrol et al., 1980) (see Table 1.III). The predominant form of somatostatin
in gut nerves corresponds to the SS-14, whereas mucosal endocrine cells contain both SS-14
and SS-28 (Keast et al., 1984; Penman et al., 1983). Enzymatic activity in rat brain can
convert SS-28 to somatostatin (Gluschankof et al., 1984), but there is evidence that SS-14 in
pancreas may be formed directly from prosomatostatin without intermeadiate formation of
SS-28 (Patel, 1983). The tetradecapeptide sequence is highly conserved in mammals,
teleostean and elasmobranch fish (Noe et al., 1979; Andrews and Dixon, 1981; Conlon et al.,
1985). A novel 22-residue somatostatin was found in the catfish Ictalarus and occurs in

multiple glycosylated forms (Oyama et al., 1980; Andrews et al., 1984b) (see Table 1.III).
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Furthermore, the sequence of somatostatin 14 has also been conserved in birds, with pigeon
pancreas somatostatin having an identical amino acid sequence to ovine and porcine SS-14
(Spiess et al., 1979; Crim and Vigna, 1983) (see Table 1.III). A recent study on proventriculus
D-cells, using specific antisera versus SS-14 and SS-28, suggest that only somatostatin 14 is

produced (Martinez et al., 1991).

TABLE 1.III The strong sequence homology of somatostatin-related peptides f.

Porcine S5-28 SANSNPAMAPRERKAGCKNFFUKTFTS C-NH,
Porcine SS-14 AGCKNFFWKTFTSC-Ni,
Ovine Ss-14 AGCKNFFWKTEFTSC-NK,
Pigeon SS-14 AGCKNFFWKTFTSC-NH,
Catfish SS-22 DNTVTSKPLNCMNY EMKSRTIAC-NH,

t+ The tetradecapeptide somatostatin-14 corresponds to the C-terminus of somatostatin-28.
It is strongly conserved and occurs in identical form in all mammals, birds [and fish (not
shown)]. In teleost fish, a structurally related 22-residue somatostatin peptide has also been
found. In all members of the family, the cysteine (C) residues are joined by a disulphide
bridge. With respect to porcine SS-28, conserved residues are underlined in bold type and
single letter amino acid notations are given in Appendix IV.
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cDNA sequences derived from human pancreatic somatostatinoma (Shen er al., 1982: Shen
and Rutter, 1984), rat medullary carcinoma (Goodman et al., 1982) and rat liver (Montiminy
et al., 1984; Tavianini et al., 1984) indicate that both SS-14 and SS-28 arise from a single
gene. The somatostatin gene encodes a 1l6-residue preprosomatostatin that is co-
translationally processed to yield a 92-residue prosomatostatin (Goodman et al., 1983).
Subsequently, SS-14 and SS-28 are liberated post-translationally by cleavage at basic residues
(see Fig. 1.2). In contrast to mammals, at least three somatostatin precursors are present in
teleost fish. The cDNA’s encoding two of them have been cloned and sequenced from the
endocrine pancreas of the angler fish Lophius (Hobart et al., 1980; Goodman ez al., 1980).
Preprosomatostatin I (a 121-amino acid polypeptide containing somatostatin at its C-
terminus) is processed to SS-14, and preprosomatostatin II (a 125-amino acid polypeptide that
contained a somatostatin-like moeity at it’s C-terminus) is processed to SS-28, which
undergoes hydroxylation at lysine:!3 (Noe, 1981; Noe and Spiess, 1983; Andrews et al., 1984a).
Likewise, two somatostatin genes have been demonstrated in catfish Ictalurus, with the first
precursor giving rise to the tetradecapeptide (Taylor ez al., 1981; Minth et al., 1982) and the
second, encoding the 22-residue somatostatin-like peptide (Magazin et al., 1982). The reason
for the divergence between teleost and mammalian somatostatin-28 at the N-terminus is
unclear. It is not yet clear if this duplication of somatostatin genes occurs in birds, and a

cDNA sequence coding for somatostatin II in man, have as yet been undetected.

Distribution

Somatostatin-like immunoreactivity has been located in the brain, gut and pancreas of all the
major vertebrate groups (Vale et al., 1976; Falkmer et al., 1978; King and Millar, 1979). In
mammals, asidf;ﬁ?e pancreas the highest concentrations are found in the antral and fundic
mucosa of the stomach (Arimura et al., 1975;). Somatostatin has been identified in nerves of

the median eminance and the hypothalamus (Elde et al., 1978). In the gut, somatostatin-

immunoreactive nerve fibres are found surrounding ganglionic cells of the myenteric plexus
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