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Abstract
The high frequency of gastric ulcers in horses and the lack of information about the 
mechanisms that regulate gastric acid secretion form the basis for this thesis. The research 
work was undertaken to characterise horse gastrin and to study the secretions of gastrin and 
acid in horses.

The amino acid sequence of horse gastrin G 17 and G 34 differs from other species in 
several respects. In particular, horse gastrin contains a lysin instead of a glutamic add in 
the acidic stretch of amino adds preceding the bioactive C-tenninal portion of the molecu­
le, which makes the molecule less addic than in gastrins of other species. Determination 
of the cDNA indicates that horse preprogastrin contains three more amino adds than pre­
progastrins from other spedes. Horses do not express sulphated gastrins and probably lack 
the required enzyme system. In comparison with other species a relatively large amount of 
G 34 is found in the horse antrum. Horse gastrins do not bind well to antibodies produced 
against human gastrin.

Gastrin release in horses seems to be little influenced by nervous excitation. Following 
local stimulation of the gastric antrum by a meal, a significant rise of the plasma gastrin 
concentration is found. A grain meal produces a more prolonged gastrin release than a hay 
meal, possible due to the prolonged emptying of the grain meal from the stomach.

The synthesised horse gastrin 17 effectively stimulates the gastric acid output in hor­
ses, dogs and rats. Horses are extremely sensitive to histamine stimulation. Thus, dogs 
require 4-8 times more and rats 250-500 times more of histamine to produce maximal add 
secretion.

Nervous stimulation by teasing evokes a minute add response in horses. Insulin- 
induced hypoglycaemia in contrast to most other spedes reduces the basal add output in 
the horse which is in contrast to the effed seen in other species. Basal horse gastric add 
secretion is stimulated by cholinergic stimulation.
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Om en människa kunde korsas med en katt 
skulle det förbättra människan men försämra katten

Mark Twain



Abstract

Sandin, A. Studies of gastrin and gastric secretion in the horse.
Doctor's dissertation.
ISSN 1401-6257, ISBN 91-576-5908-7

The high frequency of gastric ulcers in horses and the lack of information about the 
mechanisms that regulate gastric acid secretion form the basis for this thesis. The research 
work was undertaken to characterise horse gastrin and to study the secretions of gastrin and 
acid in horses.

The amino acid sequence of horse gastrin G 17 and G 34 differs from other species in 
several respects. In particular, horse gastrin contains a lysin instead of a glutamic acid in 
the acidic stretch of amino acids preceding the bioactive C-terminal portion of the molecu­
le, which makes the molecule less acidic than in gastrins of other species. Determination 
of the cDNA indicates that horse preprogastrin contains three more amino acids than pre­
progastrins from other species. Horses do not express sulphated gastrins and probably lack 
the required enzyme system. In comparison with other species a relatively large amount of 
G 34 is found in the horse antrum. Horse gastrins do not bind well to antibodies produced 
against human gastrin.

Gastrin release in horses seems to be little influenced by nervous excitation. Following 
local stimulation of the gastric antrum by a meal, a significant rise of the plasma gastrin 
concentration is found. A grain meal produces a more prolonged gastrin release than a hay 
meal, possible due to the prolonged emptying of the grain meal from the stomach.

The synthesised horse gastrin 17 effectively stimulates the gastric acid output in hor­
ses, dogs and rats. Horses are extremely sensitive to histamine stimulation. Thus, dogs 
require 4-8 times more and rats 250-500 times more of histamine to produce maximal acid 
secretion.

Nervous stimulation by teasing evokes a minute acid response in horses. Insulin- 
induced hypoglycaemia in contrast to most other species reduces the basal acid output in 
the horse which is in contrast to the effect seen in other species. Basal horse gastric add 
secretion is stimulated by cholinergic stimulation.

Keywords: Atropine, bethanechol, cortisol, equine, gastric acid secretion, gastric cannula, 
gastrin, histamine, insulin, teasing, volume secretion,
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IV. Sandin A., Andrews F.M., Nadeau J.A. and Nilsson G. 2000.
Effect of nervous excitation on acid secretion in horses. Acta Physiol 
Scand. In press.

Offprints are published by kind permission of the journals.



Abbreviations
The following abbreviations are used in this thesis:

Ab antibody
Ala alanine
bwt body-weight
bp base pair
cAMP cyclic adenosine monophosphate
CCK cholecystokinin
CCK-PZ cholecystokinin-pancreozymin
CGRP calcitonin gene-related peptide
cDNA complementary deoxyribonucleic acid
DNA deoxyribonucleic acid
ECL cell entero-chromaffin-like cell
FPLC fluid-pressure liquid chromatography
G 17 gastrin 17
G 34 gastrin 34
Glu glutamic acid
GRP gastrin releasing peptide
HoG17 horse gastrin 17
HPLC high-pressure liquid chromatography
HuG17 human gastrin 17
Lys lysine
Met methionine
PACAP pituitary adenylate-cyclase activating peptide
PCR polymerase chain reaction
RNA ribonucleic acid
TAO total acid output
Tyr tyrosine
VIP vasoactive intestinal polypeptide



Introduction
Background
Ulcer disease in the upper gastrointestinal tract of man is well documented. 
However, gastric ulcers have also been found in rats (Singer, 1913), guinea 
pigs and cats (Bolton, 1915-1916), rabbits (Rosenow, 1923), foxes (Shillinger, 
1929), dogs (Volini, Widenhom & Defoe, 1938), sheep (Hutyra, Marek & 
Manninger, 1941), cattle (Bartlett & Fincher, 1956), monkeys (Brady, 1958), 
mink (Gorham & Farell, 1958), pigs (Kowalczyk et al., 1960), pinnipeds 
(Sweeney, 1974), ferrets (Andrews, Ulman & Wynne, 1976), dolphins 
(Greenwood, Taylor & Wild, 1978), killer whales (Ridgway, 1979), llamas 
(Fowler, 1989; Johnson, 1989), elephants (Van Aswegen et al., 1994), and 
horses (Rooney, 1964; Hammond, Mason & Watkins, 1986). Studies per­
formed on a Swedish necropsy material (Sandin et al., 1999; 2000) show that 
gastric ulcer disease in several breeds of horses has been common in Sweden 
during the last 75 years of this century.

The principal factor causing gastric ulceration seems to be the presence of 
acid in the stomach, although mucosal infections with microorganisms, such as 
Helicobacter pylori (Warren & Marshall, 1983), may also contribute to the 
development of ulcers. Different forms of Helicobacter bacteria have been 
isolated from the gastrointestinal tract of man, a non-human primate, cheetah, 
dog, cat, ferret, mouse, pig, bird, rat and hamster (Skirrow, 1994; Wesley, 
1996). However, no reports of Helicobacter-related gastric ulcer disease in the 
horse have so far appeared in the literature.

Our knowledge about mechanisms regulating gastric acid secretion mainly 
originates from studies on dogs, cats, rats and man, but also from investigations 
on isolated tissues from the gastric mucosa of rabbits and other species. Such 
studies have revealed several differences between species. Only a few studies 
have been performed on the mechanisms regulating acid secretion in horses 
(Campbell-Thompson, 1994; Campbell-Thompson & Merritt, 1990; Kitchen, 
1997; Kitchen, Merritt & Burrow, 1998).

Discovery and purification of gastrin
Edkins (1905; 1906) originally suggested that pig gastric antrum contained a 
factor that stimulated acid secretion and he named it gastrin. The gastrin hy­
pothesis was later doubted by several researchers (Dale & Laidlaw, 1910; 
Zeljony & Savich, 1911; Popielski, 1912) and the stimulatory effect of the 
antral extracts was instead ascribed to histamine (Sacks et al., 1932). However, 
at the end of the 1930s, Komarov (1938) demonstrated that histamine-free 
extracts prepared from the antral mucosa still effectively stimulated acid secre­
tion. He also showed that their stimulatory effects were abolished when the 
extracts were treated with a protein-digesting enzyme, indicating that the 
stimulatory factor was protein in nature.
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In 1964, Gregory & Tracy finally purified and sequenced gastrin obtained 
from pigs. It was found to be a heptadecapeptide (G 17) and to be present in 
the antral mucosa in two forms, with (G 17 I) and without (G 17 II) sulphate 
on the tyrosine residue.

Using antibodies directed towards gastrin, Yalow & Berson (1970) later de­
tected an immunoreactive material of larger molecular size than G 17 in the 
antrum. It was found to be a molecular extension of the heptadecapeptide, 
having 34 amino acids (G 34) and it was also present in two forms - with and 
without tyrosine sulphation (Gregory & Tracy, 1972; Yalow & Berson, 1972).

Further gastrin radioimmunoassay work revealed the existence of gastrins 
that were smaller than G 17. Thus, G 14, also called minigastrin, was found in a 
human gastrinoma (Gregory et al., 1979), G 6 in pig antrum (Gregory et al., 
1983), G 5 in muscle and brain from dogs (Shively et al., 1987) and G 4, 
called tetrin, in gastrointestinal tissues from monkeys and pigs (Rehfeld & 
Larsson, 1979; Larsson & Rehfeld, 1979). Yalow & Wu (1973) found gastrin­
like immunoreactivity in plasma from humans, pigs and dogs which indicated 
the existence of a gastrin peptide larger than G 34. It was named "big big gas­
trin". Rehfeld & co-workers (1974) also found such immunoreactivity' in hu­
man serum and named it Component I.

Most of the different gastrin forms present in the antrum have also been 
demonstrated in plasma. In addition, an N-terminal form of gastrin, lacking 
the last 4 C-terminal amino acids, has been demonstrated in pigs (Gregory et 
al., 1964; Dockray & Walsh, 1975).

Following the final purification of gastrin from pigs, the hormone has been 
extracted from several species and structural variations have been documented. 
Table I illustrates the structures of heptadecapeptides isolated from 13 species.

Inter-species differences have also been found regarding the degree of sul­
phation. In dogs, 24 % of the antral gastrin is sulphated (Andersen, 1985), in 
humans 50 % (Larners et al., 1982) and in kangaroos as much as 95 % 
(Johnsen & Schulkes, 1993).

The human gastrin gene is 4100 bp long and it is located on chromosome 
17. It contains two introns, one proximal to the initiator codon and one in the 
region coding for G 34 (Ito et al., 1984).

All the gastrin peptides having an intact C-terminal portion stimulate acid 
secretion. G 17 and G 34 have the same stimulatory potency (Eysselein et al., 
1984), although the secretion caused by G 34 is of somewhat longer duration. 
The longer duration may be explained by the somewhat longer plasma half­
life of the G 34 peptide. In humans, the half-lives of G 17 and G 34 have been 
found to be 6 and 24-36 min, respectively (Eysselein et al., 1984). The corre­
sponding values for dogs are 3 and 9-15 min (Straus & Yalow, 1974). The 
presence or absence of sulphate on the tyrosine residue does not seem to in­
fluence the ability of the gastrin molecule to stimulate acid secretion (Gregory, 
1979).
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Table I. Amino acid sequences of gastrin from thirteen species

Underlinings indicate differences from horse gastrin. The references of pig, cow, dog and rat have been obtained from their cDNA and/or gene struc­
ture, whereas the rest have been identified by their amino acid sequences. *** indicate that gastrin from these species only have 16 amino acids.

ANIMAL AMINO ACID SEQUENCE REFERENCE

Horse Gln-Gly-Pro-Trp-Leu-Glu-Lys-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Johnsen et al. 1998

Man Gln-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe Bentley et al. 1966

Monkey Gln-Gly-Pro-Trp-Met-Glu-Glu-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Yue/ al. 1991

Pig Gln-Gly-Pro-Trp-Met-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe Noo et al. 1982

Cow Gln-Gly-Pro-Trp-Val-Glu-Glu-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Lund et al. 1989

Sheep Gln-Gly-Pro-Trp-Val-Glu-Glu-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Kenner & Sheppard 1973

Goat Gln-Gly-Pro-Trp-Val-Glu-Glu-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Bonato et al. 1986a

Dog Gln-Gly-Pro-Trp-Met-Glu-Glu-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Gantz et al. 1990

Cat Gln-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Kenner & Sheppard 1973

Rat Gln-Arg-Pro-Pro-Met-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe Fuller et al. 1987

Rabbit Gln-Gly-Pro-Trp-Leu-Gln-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe Jiang et al. 1988

Guinea pig Gln-Gly-Pro-Trp-Ala- * * * -Glu-Glu-Glu-Ala-Aia-Tyr-Gly-Trp-Met-Asp-Phe Bonato et al. 1986/>

Chinchilla Gln-Gly-Pro-Trp-Ala- * * * -Glu-Glu-Glu-Ala-Ala-Tyr-Gly-Trp-Met-Asp-Phe Shinomura et al. 1987



Tissue distribution of gastrin
The highest concentrations of gastrin are found in the antral mucosa 
(McGuigan, 1968; Greider, Steinberg & McGuigan, 1972; Nilsson, Yalow & 
Berson, 1973). In the antrum of most species, the G 17 forms dominate over 
the G 34 forms. In the intestine, the gastrin concentrations gradually decrease 
(Nilsson, Yalow & Berson, 1973). The highest concentrations of extra-antral 
gastrins are found in the proximal portion of the duodenum. The distribution 
of the different molecular forms of gastrin in the duodenum differs somewhat 
from that in the antrum, showing a higher percentage of G 34 than of G 17 
(Berson & Yalow, 1971).

Certain other extra-gastric sources of gastrin have been demonstrated, in­
cluding the major part of the remaining portion of the gastrointestinal tract 
(Nilsson, 1980£>), the pancreas (Blair et al., 1969; Nilsson, Yalow & Berson, 
1973; Bardram, Hilsted & Rehfeld, 1990), the central nervous system (Rehfeld, 
1978Z>; Rehfeld et al., 1984), the heart (Gersl, Goiny & Uvnäs-Wallensten, 
1981) and the peripheral nerves (Uvnäs-Wallensten et al., 1977; Lundberg et 
al., 1978). It has also been shown that gastrin mRNA can be expressed in hu­
man spermatozoa (Schalling et al., 1990).

Factors affecting the release of gastrin
Gastrin is released into the blood stream following nervous stimulation in­
duced by various means. Thus, vagal excitation following sham feeding 
(Nilsson et al., 1972), teasing (Feldman & Richardson, 1986), electrical 
stimulation of the vagal nerves (Uvnäs, 1942; Uvnäs, Uvnäs-Wallensten & 
Nilsson, 1975) and insulin-induced hypoglycaemia (Jaffe, 1970) releases gas­
trin. The vagal release is considered to be mediated by neurons releasing ace­
tylcholine (Csendes, Walsh & Grossman, 1972) and GRP (McDonald et al., 
1978; Ekblad et al., 1985).

When food has entered the stomach, distention of its antral portion (Pevsner 
& Grossman, 1955; Debas et al., 1974) and chemical stimulation of the gastrin 
cells (Elwin, 1974; Lichtenberger, 1982; Strunz, Walsh & Grossman, 1978) 
further stimulate to the release of gastrin. How this release is mediated has not 
yet been clarified, but is facilitated by an antral pH higher than 3.

Certain mechanisms inhibit or suppress gastrin release. For example, when 
the antral pH is decreased (Woodward et al., 1954; Nilsson et al., 1972), gas­
trin release is reduced. Reduction of the antral pH will also cause the release of 
somatostatin from the antral D-cells which inhibits the gastrin cells in a parac­
rine way (Larsson et al., 1979). There are also indications that the vagal nerves 
exert an inhibitory effect on the release of gastrin (Feldman et al., 1979).
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Figure 1. Factors causing stimulation (hatched arrows) and inhibition (open arrows) of
gastrin secretion.
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Effects exerted by gastrin and gastrin receptors

It is well established that gastrin stimulates gastric acid secretion. The released 
gastrin will bind to receptors on the ECL and parietal cells in the acid-secreting 
mucosa. In the ECL cells, the enzyme histidine decarboxylase will be activated 
by gastrin, which leads to the production of histamine (Håkanson et al., 1974). 
Gastrin also stimulates the release of histamine (Thunberg, 1967; Ehinger et 
al., 1968; Håkanson et al., 1976; Håkanson et al., 1986) together with cholin­
ergic vagal excitation (Bergqvist et al., 1980) and PACAP (Lindström et al., 
1997). The stimulatory effect of gastrin on the parietal cells, as demonstrated 
in in vitro experiments, is relatively weak compared to the effect of histamine 
(Berglindh, Helander & Öbrink. 1976; Soil, 1978).

Gastrin also exerts a trophic effect on the acid secreting mucosa (Johnson, 
Aures & Yuen, 1969). This trophic effect of gastrin probably facilitates heal­
ing of gastric ulcers.

Larger amounts of gastrin inhibit the acid secretion (Gillespie & Grossman, 
1963) and such inhibition seems to be mediated by somatostatin (Bengtsson, 
Lundqvist & Nilsson, 1989) from D-cells located close to the parietal cells 
(Larsson et al., 1979). No specific gastrin receptor mediating such inhibition 
has yet been identified. Instead, there are two variants of CCK-receptors. The 
CCK-A receptor, cloned from rat pancreas, has an approximately 1000-fold 
higher affinity for CCK than for gastrin (Wank et al., 1992). The CCK-B re­
ceptor, or the gastrin receptor, on the other hand, seems to have the same af­
finity for both peptides, Kd being 3.6xlO'10 (Soil et al., 1984). The amino acid 
sequence of the gastrin receptor has been deduced after expression cloning of 
a canine parietal cell cDNA library by Kopin et al. (1992) and it has the typi­
cal features of a G-protein-binding 7-transmembrane receptor. Activation of 
this receptor produces an increase in intracellular Ca2+ and inositol triphos­
phate concentrations.

Mechanisms stimulating acid secretion
Gastric acid secretion is regulated by a number of factors that act in a stimu­
latory or inhibitory manner. Under normal conditions, these factors balance 
each other.

The parietal cells are believed to be activated by direct cholinergic, hista­
mine and gastrin stimulation. Gastrin will reach the parietal cells via the vascu­
lar system, whereas histamine stimulates them in a paracrine way.

Several animals, including horses (Campbell-Thompson & Merritt, 1986) 
rats, ferrets (Pfeiffer & Peters, 1969) and hens (Friedman, 1939) have a con­
tinuous basal secretion of acid. In other species, for example man and dogs, 
basal secretion may be absent or is intermittent of varying amount. To our 
knowledge, there are no reported studies elucidating the specific mechanisms 
responsible for this continuous basal gastric acid secretion. However, it has
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Figure 2. Mechanisms stimulating (hatched arrows) and inhibiting (open arrow) the 
secretion of hydrogen ions from the parietal cells.
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been shown that basal gastric acid secretion is inhibited by anticholinergic 
drugs in rats (Pendleton, Miller & Ridley, 1980) and hens (Friedman, 1939; 
Long, 1967). Furthermore, H2-receptor antagonists, such as ranitidine and 
famotidine, inhibit basal acid secretion in rats (Seensalu et al., 1990; Okabe et 
al., 1990) and horses (Campbell-Thompson & Merritt, 1987; Murray & 
Grodinsky, 1992). It has also been demonstrated that the basal acid secretion 
in rats may be inhibited by a novel CCK-B/gastrin receptor antagonist 
(Amagase, Ikeda & Okabe, 1999). Thus it seems that the mechanisms consid­
ered to activate gastric secretion during a meal also cause the continuous gas­
tric acid secretion between the meals.

The stimulation of acid secretion is traditionally divided into three phases. 
During the cephalic phase, vagal excitation induced by the smell, sight or taste 
of the food starts the secretion. When the food reaches the stomach, the gastric 
phase starts and the acid output will increase further, due to the elevated gastrin 
release and the mechanical stimulation of the acid-secreting portion of the 
stomach. It has been claimed that some stimulation of acid secretion also 
originates from the intestine (Gregory & Ivy, 1941; Sircus, 1953). The mag­
nitude of this intestinal phase is difficult to determine, but it has been estimated 
to be 5-10 %. The mechanism behind this intestinal stimulation is not well 
understood.

Intracellular activation of the parietal cell
Histologically, the resting parietal cell differs in appearance from the activated 
cell. Following stimulation, the canaliculi of the resting cell are converted into 
secretory units with tubulovesicles located in the wall of the canaliculi. These 
tubulovesicles contain the H7K+-ATPase. Following activation of the H2- 
receptors on the parietal cell surface, the intracellular cyclic AMP system is 
stimulated. When gastrin stimulates the cell, an intracellular release of inositol 
triphosphate and Ca2+ takes place. The cholinergic activation of the cell alters 
the permeability of the cell membrane to ionised calcium and the calmodulin 
regulated Ca2+ pump extrudes Ca2+ from the cell. The final event in the stimu­
lation process includes an activation of the HTK'-ATPase enzyme, which re­
sults in the secretion of hydrogen ions into the secretory canaliculi. The re­
lated events are illustrated in figure 2.

Mechanisms inhibiting gastric acid secretion
During a meal, when the gastric content becomes more acidic or if acid secre­
tion occurs between meals, a number of inhibitory mechanisms will be acti­
vated. Lowering of the intra-antral pH reduces the secretion of gastrin, which 
will decrease the stimulation of the ECL and parietal cells. When the gastric 
acid content enters the first portion of the duodenum, another pH-sensitive 
inhibitory mechanism is activated, which seems to interfere with the acid secre­
tion at the parietal cell level by releasing a putative hormone, bulbogastrone 
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(Nilsson, 1980a). In addition, fatty acids in contact with the duodenal mucosa 
evoke acid inhibition (Kosaka & Lim, 1930), possibly mediated by CCK-PZ 
released from the duodenal and jejunal mucosa (Gillespie & Grossman, 1964). 
Whether the related inhibitory mechanisms operate in horses has not been 
demonstrated so far.

Aims of the thesis
The high frequency of gastric ulcer disease in horses and the lack of informa­
tion about the mechanisms that regulate gastric acid secretion in this species 
form the basis for this study.

The research work was carried out in order to

1) determine the cDNA for horse gastrin

2) isolate and determine the amino acid structure of two horse gastrins, G 17 
and G 34

3) determine the degree of sulphation of gastrin

4) study the quantitative distribution of different molecular forms of gastrin in 
the antrum

5) investigate the release of gastrin during fasting, under different feeding 
conditions and during exercise on a treadmill

6) synthesise the horse G 17 and

7) determine its biological activity on gastric acid and volume secretion in the 
horse and compare these effects with those of pentagastrin and histamine

8) compare the same effects of HoG17 with those of human gastrin, pentagas­
trin and histamine in the dog and rat and

9) study the effect of nervous excitation and the cholinergic influence on the 
gastric acid output and the volume secretion in horses.
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Materials and Methods
Analytical and preparative studies on horse gastric tissue 
(Paper I)
Antral mucosae from healthy Standardbreds (Equus caballus) were obtained 
from a local slaughterhouse. Following dissection, the mucosae were frozen on 
solid CO2 and stored at -80°C.

Analytical investigations of antral tissues
Extracted pieces of frozen antrum were sectioned into small pieces and then 
placed in boiling water (10 ml water/g tissue) for 20 min. The pieces were then 
homogenised using an Ultra-turrax blender, and centrifuged for 10 min at 
10000 g. The precipitate was re-extracted with ice-cold 0.5 M acetic acid 
(10ml/g tissue). The supernatants obtained from die two extractions were 
analysed separately by gel chromatography, using 1 cm x 100 cm columns 
packed with Sephadex G-50 Superfine (Pharmacia). The samples were eluted 
in 1.1 ml fractions at a rate of 4.0 ml/h at 4°C with 20 mM barbital (pH 8.4), 
containing 0.1 % bovine serum albumin. Calibration was performed using 
125I-albumin (Fo) and 22NaCl (F/). The elution constants (Kf) of peaks eluting 
at Ve were calculated as K^=(Ve-Vo)/Vf-Vo).

Anion-exchange chromatography was performed on an FPLC system 
(Pharmacia) using a 5 mm x 50 mm MonoQ column (Pharmacia). The col­
umn was eluted (1 ml/min) at 20°C with a gradient ranging from 0-450 mM 
NaCl for 60 min in a buffer containing 50 mM Tris/HCl, pH 8.2, and 10 % 
acetonitrile. One ml fractions were collected.

Preparative investigations of antral extracts
In all, 80 g from three different antra were used. The tissue was ground in a 
mortar at -20°C and the powder obtained was then extracted twice in boiling 
water (5 ml/g tissue), after which the three supernatants were pooled.

Before sequencing of the horse gastrins, the pooled supernatants were sub­
jected to a series of purification steps carried out on various columns. First, the 
frozen water extracts were thawed and centrifuged and then loaded onto a 
preparative SepPak C8 cartridge (10 g in a 35 ml syringe) at 10 ml/min. The 
immunoreactivity was contained in tire last eluate and the volume was then 
reduced in a rotavapor and the concentrate was diluted with an equal volume 
of 0.1 % trifluoroacetic acid before pumping onto a 4.6 mm x 250 mm C4 
reverse-phase column (Vydac). Following equilibration with a 10 % solvent of 
0.1 % trifluoroacetic acid in acetonitrile, the column was eluted with a gradient 
from 10 % to 50 % of this solvent for 40 min.

Before the next purification step, the pH of the fractions containing gastrin 
immunoreactivity was adjusted to 8.0 and subjected to anion-exchange chro­
matography, using a MonoQ column on an FPLC-system. The peptides were 
further purified in three reverse phase HPLC steps. Details are given in Paper I.
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Determination of gastrin in antral extracts
Gastrin in antral extracts was determined by a radioimmunological method 
described elsewhere (Rehfeld, Stadil & Rubin, 1972). Antibodies directed to­
wards different parts of the gastrin molecule and with different abilities to de­
tect sulphated and non-sulphated gastrins were used.

Antibodies 2604, 2605 and 2609 were made against synthetic non­
sulphated HuG17 (Rehfeld, Stadil & Rubin, 1972). The Ab 2609 is specific 
for the carboxyamidated C-terminal tetrapeptide which is common for both 
gastrin and CCK. This Ab does not discriminate well between the two hor­
mones (Rehfeld, 1978a). Antibodies 2604 and 2605 are specific for gastrin, 
having a very low (<1 %) cross-reactivity with CCK. Ab 2604 binds sulphated 
and non-sulphated gastrins equally well, whereas Ab 2605 has only a low 
(5 %) cross-reactivity with sulphated gastrin. Ab 92128 is specific for sul­
phated CCK (Rehfeld, 1998) and Ab 8017 is directed against the N-terminus 
of HuG17 (Bardram & Rehfeld, 1988). Gly-extended gastrin was measured 
with Ab 7270 and the total of Gly-extended and precursors extended further 
at the C-tertninus was measured with the same antiserum after cleavage with 
trypsin and carboxypeptidase B (Hilsted & Rehfeld, 1986).

Mass spectrometry and sequence analysis
After final purification, the peptides were analysed in a matrix-assisted laser- 
desorption/ionization time-of-flight mass spectrometer (Biflex) in the linear 
mode. All samples were analysed in both the negative and positive modes and 
the spectra were recorded for 20-100 laser shots.

Before sequencing, pyroglutamate aminopeptidase was added to the sample 
to split the pyroglutamate residue. The amino acid sequences were then deter­
mined using an automatic protein sequencer (model 494A, Perkin Elmer 
ABD) equipped with an on-line HPLC-system for detection of the amino acid 
phenylthiohydantoin derivatives.

Rapid amplification of cDNA ends (RACE) PCR
For methodological details, see Paper I. Oligonucleotides for PCR were pro­
duced using an Applied Biosystems 392 DNA/RNA synthesiser. Messenger 
RNA was isolated from horse antral mucosae using the QuickPrep Micro pro­
cedure (Pharmacia).

cDNA cloning and sequencing
The RACE PCR products were subjected to electrophoresis on a 1 % agarose 
gel. The DNA bands were liberated from the gel using the Sephaglas Band- 
Prep procedure (Pharmacia) and cloned directly into the pMOSBZwe T-vector 
(Amersham). Thereafter, the recombinant horse cDNA fragments were se­
quenced using the ABI Prism Dye Terminator Cycle Sequencing Ready reac­
tion system (Perkin Elmer) and the reactions resolved on an ABI Prism 377 
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DNA sequencer (Perkin Elmer). Both strands of the PCR clones were se­
quenced to confirm the sequence data.

Expression of equine gastrin in HIT cells
Full-length horse gastrin cDNA was amplified by PCR from cDNA and the 
PCR product was digested with Hind III and EcoRI. The cDNA was ligated 
into the corresponding sites of the pcDNA3.1/Zeo(+) vector (Invitrogen) to 
generate an expression vector. The cloned cDNA was sequenced and the plas­
mid DNA was purified before culture and transfection on HIT cells according 
to a method described by Bundgaard et al. (1996). Two days after transfec­
tion, the cells were harvested and the peptides were extracted in boiling water 
for 30 min. The samples were thereafter analysed by anion-exchange chro­
matography and by radioimmunoassays as described above. There was no 
background contamination, since untransfected HIT cells do not express de­
tectable gastrin levels.

Plasma gastrin concentrations in relation to feeding and exercise 
in horses (Paper II)

Animals
Six clinically healthy Standardbreds (weight 447-526 kg) were used. Two 
weeks before the study, the horses were taken in from pasture and put on a diet 
consisting of hay and oats.

Feeding experiments
In these experiments, three differently composed meals were given. At one 
meal horses were allowed to eat an unlimited amount of hay, approximately 
8-9 kg during 12.5 hours. The second meal consisted of a restricted amount 
of hay (0.6 kg /100 kg bwt), together with oats (0.2 kg/100 kg bwt) fed twice 
with a six hour interval. The third meal consisted of oats (0.2 kg/100kg bwt) 
only and it was also given twice with a 6 h interval. Water and trace mineralised 
salt were provided free choice for the experimental period. The animals were 
allowed a one-week recovery period between the experiments.

Treadmill experiments
In order to determine the effect of exercise on plasma gastrin concentrations, 
horses were subjected to running tests on a horizontal treadmill (Sikob, 
Sollentuna, Sweden). In one series of experiments, an incremental speed test 
was performed. After 2 min of walking on the treadmill, horses started to trot 
at a speed of 5 m/s. The velocity was increased by 1 m/s every 2 min up to 
9 m/s. In another series of experiments, the horses ran at a constant speed 
(4-6 m/s) for 30 min. The speed was set to maintain a heart rate of 160-180 
beats per min, using a Minogram 410 System (Siemens Elema, Sweden).
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Determinations of gastrin and cortisol concentrations in plasma
Blood samples for determination of gastrin, cortisol and glucose were collected 
in heparinised tubes. Samples intended for gastrin and cortisol determinations 
were kept on ice before centrifugation. The collected plasma was then frozen 
and stored at -20°C until assayed. Whole blood glucose concentrations were 
determined immediately after collection of the blood.

Plasma gastrin concentrations were analysed using a radioimmunoassay 
method previously described by Nilsson (1975). Ab 4562, generously donated 
by Professor Jens Rehfeld, was used. This antibody recognises G 17 and G 34 
to a similar extent, as well as sulphated and non-sulphated gastrins (Rehfeld, 
1981). There is only a small 0.9-2.6 % cross-reactivity to CCK peptides. When 
postprandial plasma gastrin concentrations were superimposed on the standard 
curve, only small variations in parallelism were obtained. Plasma samples were 
assayed in duplicate.

Plasma concentrations of cortisol were measured with a commercial ra­
dioimmunoassay kit (TKCO5, Diagnostic Products Corp., Los Angeles, CA, 
USA). This kit has previously been validated for use in horses (Young & 
Smyth, 1988) and has been shown to have a low cross-reactivity with other 
steroid hormones present in the blood.

Acid secretion studies (Papers III and IV)
Animals (Papers III and IV)
Gastric acid secretion tests were carried out in conscious horses, dogs and rats. 
Horse experiments were carried out on five female mixed-breed horses, eight 
years of age and weighing 344-470 kg. At 4-6 months of age, they were pro­
vided with a gastric cannula according to a method described by Campbell- 
Thompson & Merritt (1986).

In dog experiments, four female and two male adult mongrel dogs weigh­
ing 24-29 kg and provided with a gastric cannula were used. The animals were 
kindly placed at our disposal by Astra Hassle AB in Gothenburg, Sweden 
where the experiments were performed.

In experiments on rats, six male Sprague-Dawley (B&K Universal AB, 
Sollentuna, Sweden) rats weighing approximately 600 g and fitted with a gas­
tric cannula were used.

All animals were well adapted to handling before the start of the experi­
ments and trained to stand with gentle restraints during the acid secretion ex­
periments. All experimental studies in this thesis were approved by the Univer­
sity of Tennessee Animal Care and Concerns Committee (horses) and the 
Swedish Ethical Committees in Uppsala (horses and rats) and Gothenburg 
(dogs).
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Acid secretion determinations (Papers III and IV)
Before the start of the gastric secretion experiments, animals were fasted for 
18-22 hours, during which time they were allowed to drink water. Fourty-five 
minutes before the experiments were initiated, the gastric cannula stylet was 
removed to drain residual gastric contents. Basal gastric fluid was collected 
every 15 min for 45-60 min prior to the start of the stimulation tests. Gastric 
juice was collected every 15 min from horses and dogs and every 60 min from 
rats. After each collection, the gastric juice volume and pH were determined. 
The gastric juice acidity was measured by electrometric endpoint (pH 7.0) 
titration with 0.1 N NaOH in dogs and horses and 0.01 N NaOH in rats, using 
an automatic titrator (ABU 80, Radiometer, Copenhagen, Denmark). Total acid 
output was calculated for each sample by multiplying the gastric juice volume 
by the acidity. All measurements of acid parameters were performed in dupli­
cate or triplicate.

In acid secretion experiments in horses using bethanechol as a stimulant, a 
copious amount of saliva was obtained that mixed with the collected gastric 
juice. Therefore, saliva was collected from the mouth. Its pH and buffering 
capacity were determined using a micro electrode (pHG200, Radiometer, Co­
penhagen, Denmark) and by estimating the amount of 0.01 N HC1 required to 
lower the saliva pH to 3.1.

Determinations of bile acids in gastric juice (Paper III)
In order to obtain information about the magnitude of liquid reflux from the 
duodenum during acid secretion experiments, the amount of 3a-hydroxy bile 
acids was determined in the collected gastric juice, using an Enzabile®test kit 
(Nycomed, Oslo, Norway).

Determinations of glucose concentrations in -whole blood (Paper IV)
Blood glucose concentrations were measured before and after insulin admini­
stration, using a digital glucose meter (Precision QID, Medisense Inc., Bedford, 
MA 01730, USA).

Synthesis of horse gastrin (Paper III)
The sequence of HoG17, Pyr-GPWLEKEEAAYGWMDF-NH2, was synthesised 
using a solid phase peptide synthesiser. The synthesised molecule had a mo­
lecular weight of 2039.3 Da. The accuracy of the mass spectrometric analysis 
was 0.1 %.

Substances used to influence acid secretion (Papers III and IV)
Insulin (Humulin®Regular, Eli Lilly, Sweden) was given to induce hypogly­
caemia, which is known to induce central-mediated vagal excitation (Roholm, 
1930). Bethanechol chloride (5.15 mg/ml; Urecholine, Merck, West Point, PA, 
USA) is a cholinergic agonist that has been shown to stimulate acid secretion 
in most species. Atropine sulphate (15 mg/ml; Amvet Scientific Products, 
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Yaphank, NY 11980), an antagonist of muscarinic receptors, has been demon­
strated to inhibit gastric acid secretion in several species.

The pentapeptide of gastrin (Peptavlon®, Zeneca, Sweden), HuG17 
(Bachem, Bubendorf, Switzerland), synthesised HoG17 and histamine dihy­
drochloride (Sigma, Sweden), were also used to stimulate gastric acid secretion. 
In horses, the Hj-receptor antagonist pyrilamine maleate (Histavet-P, Schering- 
Plough, NJ, USA) was administered to prevent the circulatory and respiratory 
side effects seen during histamine administration.

Gastrin and histamine stimulation of acid secretion (Paper III)
Doses of HoG17, pentagastrin and histamine ranging from liminal to maximal 
were infused into all animals. In addition, HuG17 was given in dogs and rats. 
The horses received 1-16 pg/kg bwt/h of pentagastrin, 0.15-2.4 pg/kg bwt/h of 
HoG17 or 4-32 pg/kg bwt/h of histamine. The dogs were given 1-32 pg/kg 
bwt/h of pentagastrin, 0.15-4.8 pg/kg bwt/h of HoG17 or HuG17 or 
8-256 pg/kg bwt/h of histamine. Corresponding doses in rats were 2-32 pg/kg 
bwt/h of pentagastrin, 0.3-4.8 pg/kg bwt/h of HoG17 or HuG17 or 250-4000 
pg/kg bwt/h of histamine.

In dogs and horses, each stimulant was infused intravenously for 45 min 
and the dose was then doubled. In rats, each stimulant was infused subcutane­
ously for 60 min before doubling the dose. In horses, the H^receptor antago­
nist (0.1 mg/kg bwt/h) was infused continuously throughout the histamine 
experiment.

Vagal effects on acid secretion in horses (Paper IV)
Different modes of stimulation were used in order to determine the effect of 
nervous stimulation on gastric acid secretion. In one series of experiments, 
insulin hypoglycaemia was induced by the intravenous administration of insu­
lin (0.15 lU/kg bwt). Before and during these 3.5 hour experiments, blood 
samples were collected every 15 min for determination of whole blood glucose 
concentrations.

In other experiments, the effects of the cholinergic agonist bethanechol 
(0.025 mg/kg bwt) on acid secretion were investigated. In still other investiga­
tions, the cholinergic antagonist atropine (0.06 mg/kg bwt) was given to de­
termine its effect on the continuous basal acid secretion in the horse.

Horses were also stimulated by teasing, which means that the animals were 
allowed to smell and see, but not to taste, a grain mixture during a 15 min ex­
posure period.
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Results and Discussion
The high prevalence of gastric ulcers in horses and the limited knowledge 
about the physiological processes controlling gastric acid and gastrin secre­
tions, constitute the main purpose of this study.

Following the pioneering work of Gregory & Tracy (1964) in sequencing 
the two porcine peptides G 17 and G 34, gastrin was isolated and its structure 
was determined in a large number of species (Table 1). The inter-species dif­
ferences in structure have been reviewed in more detail by Johnsen & Rehfeld 
(1993).

Structural studies on horse gastrin (Paper I)
In the present work, two equine gastrin molecules were isolated and their 
structures were determined. A high degree of similarity with other mammalian 
gastrins was found. However, instead of a highly acidic stretch of amino acids 
preceding the bioactive carboxyamidated C-terminal heptapeptide, equine 
gastrin contains a remarkable substitution of Lys for Glu. In other mammalian 
species, this region exhibits a stretch of acidic residues, varying from three 
amino acids in the kangaroo (Johnsen & Shulkes, 1993), guinea pig (Bonato 
et al., 19866) and chinchilla (Shinomura, Eng & Yalow, 1987) to five amino 
acids in man (Bentley, Kenner & Sheppard, 1966). Horse gastrins are thus less 
acidic than gastrins from most other species. In all, two amino acid substitu­
tions were found in two different locations in the horse G 17 molecule when 
compared with human G 17. Three more substitutions were seen when the 
G 34 sequences in the two species were compared.

Following separation of the antral extracts, a large battery of antisera was 
used. These antisera have been developed using human gastrin as antigen 
(Rehfeld, Stadil & Rubin, 1972) and they all bound horse gastrin poorly. The 
differences in structure between the human and horse gastrins probably ex­
plains the poor binding of horse gastrin to the antibodies used.

Lack of sulphated gastrins in horses (Paper I)
Studies in other species show that the degree of gastrin sulphation varies 
widely, from 24 % in the dog antrum (Andersen, 1985) to more than 95 % in 
the kangaroo (Johnsen & Shulkes, 1993). The present results show that horse 
gastrin is essentially not sulphated.

According to a consensus rule for sulphation, an acidic residue is required 
immediately N-terminal to Tyr (Huttner & Baeuerle, 1988). The Ala residues 
N-terminal to Tyr in horse gastrin seem to be an exception to this rule, possi­
bly compensated for by the preceding stretch of Glu:s. In horses, the net acid­
ity of this particular region is lower than that in other mammalian species and 
this might therefore help to explain why no sulphated gastrin was observed.
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To investigate if the absence of sulphation was due to the peptide structure 
or to the cellular feature, the horse gastrin cDNA was expressed in HIT-cells. 
In this cell system, a large amount of sulphated gastrin was expressed, compa­
rable to the amounts obtained from human gastrin. The lack of sulphation in 
equine gastrin cells may therefore be due to the presence of another cell-type 
in horses, not expressing the same enzyme distribution as the human gastrin 
cells. Our results seem to be in conflict with those of Young & Smyth (1990), 
who reported the existence of sulphated gastrin in the horse. When separating 
G 34 by anion exchange chromatography, they found two peaks, which they 
interpreted as showing the presence of sulphated and non-sulphated gastrins. 
However, artefactual oxidation of Met (to the sulphoxide) represents a possible 
pitfall, since peptides containing met-sulphoxide elute significantly earlier in 
anion exchange chromatography than its reduced counterparts. In addition, 
horse gastrin in their experiments was not measured with antibodies that could 
distinguish between sulphated and non-sulphated gastrins. Thus, Young & 
Smyth did not have the opportunity to get immunological support for their 
observation.

Molecular forms of horse gastrin (Paper I)
It is a common feature in all species that gastrin in tissues, as well as in blood, 
appears in several molecular forms. Of those molecules, G 17 and G 34 are 
present in the highest concentrations. However, the quantitative distribution of 
the two molecules varies within the same animal depending on whether the 
gastrin has been extracted from the antrum or from the duodenum. The distri­
bution also varies between species. In pig antral tissue the relation between 
G 17 and G 34 is 91:9. In human antral extracts as much as 60 % of the total 
gastrin immunoreactivity has been shown to be G 34 (Berson & Yalow, 1971). 
Similarly, in horses a relatively high proportion of G 34 was found in the an­
tral tissue. Young & Smyth (1990) found even higher proportions of G 34 
(32-88 %). Their observation of wide variations in G 34 concentrations in the 
horse antrum compares favourably with other observations of ours (Sandin & 
Nilsson, to be published). The relatively high proportion of G 34 indicates a 
decreased processing at the dibasic cleavage site, Lys77-Lys78, in horses. This 
may be due to the dependence of the processing enzyme on the structure that 
is located C-terminally to the cleavage point and possibly also to the sul­
phation status.

In some species, for example pig and man, gastrin-like immunoreactivity 
indicating molecules of larger molecular size than G 34 has been demon­
strated (Rehfeld, Stadil & Vikelsoe, 1974; Yalow & Wu, 1973; Rehfeld & 
Johnsen, 1993). In the present study no gastrin-like immunoreactivity indi­
cating larger gastrin molecules was found in the horse. Considering the low 
affinity between the antibodies used and horse gastrin, the lack of immunore­
activity is not surprising. However, in other gastrin studies in our laboratory 
(Sandin & Nilsson, to be published) the presence of a larger gastrin molecule 
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has been indicated. The molecular size of such a molecule can only be specu­
lated upon. Hypothetically, there are three monobasic cleavage sites where 
such a molecule having a free C-terminal end could be separated. Monobasic 
sites have previously been demonstrated as possible cleavage sites (Schwartz, 
1986). Of these monobasic sites, a cleavage at the arginine site seems most 
likely, as previously demonstrated in humans (Rehfeld & Johnsen, 1993).

Molecular size and cDNA sequence of horse gastrin (Paper I)
Both the calculated and the measured molecular masses of G 17 were found to 
be 2039 dalton, whereas the corresponding values for the G 34 molecule were 
3812 and 3814 dalton, respectively.

In other investigations, horse gastrin cDNA was determined, which permit­
ted the deduction of a preprogastrin sequence containing 107 amino acids. 
This sequence contains three more amino acids than are usually found in other 
species (Walsh, 1994).

Release of gastrin following meal stimulation (Paper II)
It has been shown in other species that, during a meal, gastrin is first released 
by nervous excitation and when the food enters the stomach the release is fur­
ther increased (Nilsson et al., 1972) by mechanical (Debas et al., 1974) and 
chemical (Elwin, 1974) stimulation of the gastric antrum.

In horses, very little is known about the physiological mechanisms regulat­
ing gastrin release. The present study was undertaken in an attempt to eluci­
date the mechanisms responsible for such release. It should be emphasised that 
demonstration of nervous release of gastrin would require sham feeding ex­
periments on horses provided with a fistulated transplanted oesophagus, as has 
previously been done in dogs (Nilsson et al., 1972). In the absence of horses 
prepared in this way, gastrin release has therefore been studied following 
feeding of different sorts of meals. Stimulation was carried out with three types 
of meal, differing in composition and volume.

In one experiment, the horses were given an unlimited amount of hay (8-9 
kg per horse). In another experiment, hay (0.6 kg/100 kg bwt) was given in 
combination with grain (0.2 kg/100 kg bwt) and in a third experiment, a small 
meal consisting of grain (0.2 kg/100 kg bwt) was fed.

Following feeding with grain alone, no immediate release of gastrin was 
noted. However, there was a gradual increase in gastrin levels, which remained 
elevated for a long period of time. In dogs, nervous excitation by sham feed­
ing initiates an immediate increase in the plasma gastrin concentration, which 
becomes further pronounced when the food enters the stomach (Nilsson et al., 
1972). The grain meal was eaten fast and the horses had a great appetite. It is 
therefore reasonable to assume that it caused a strong stimulation of the senso- 
ric senses that are involved in the nervous excitation in other species. The lack 
of an initial and rapid gastrin response following the small grain meal may 
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therefore mean that nervous excitation is of minor importance in causing gas­
trin release in the horse.

When the horses were given a more voluminous hay meal, gastrin release 
was more rapid than with the small grain meals. In our view, this rapid increase 
in plasma gastrin concentrations may be due to local gastric stimulation ex­
erted by antral distention. That such stimulation was not seen in the grain ex­
periments may possibly be ascribed to the small volume of the grain meal. The 
role of mechanical stimulation in causing gastrin release has been shown in 
another study. Schusser & Obermayer-Pietsch (1992) found increased plasma 
gastrin concentrations in horses presented for colic (abdominal pain). They 
also found a significant correlation between the degree of gastric distention 
and the plasma level of gastrin in these horses.

The duration of the gastrin response varied with the different feeding mod­
els. Thus, hay ad libitum produced a high and sustained plasma gastrin con­
centration. When a smaller amount of hay was combined with grain, plasma 
gastrin concentrations returned to the prestimulation level after approximately 
four hours. Grain alone seemed to produce a somewhat longer increase in the 
plasma gastrin concentrations than did the combination with hay. This differ­
ence may be explained by the fact that gastric emptying occurs faster when the 
horses are fed hay than following a grain meal (Meyer, Ahiswede & Pfer- 
dekamp, 1980). Grain remaining in the stomach may therefore have caused a 
more sustained gastrin stimulation by chemical excitation of the gastrin cell. 
When stimulation of gastrin release was repeated 6 hours after the first stimu­
lation a similar release pattern was observed.

Gastrin release following stimulation with hay, grain or a mixture of hay 
and grain has been reported previously (Smyth, Young & Hammond, 1988). 
The purpose of that study was to compare the effects on insulin and gastrin 
secretions produced by various feeds and following feeding for different peri­
ods of time, rather than to study the mechanisms behind gastrin release. In that 
study (Smyth, Young & Hammond, 1988), pellets, but not hay, significantly 
increased plasma gastrin concentrations. The lack of stimulation following hay 
feeding in their study is difficult to explain.

In summary, the present results suggest that nervous stimulation of gastrin 
release may play a minor role in horses, whereas both mechanical and chemi­
cal stimulation of gastrin secretion seem to occur in the horse.

Gastrin and cortisol release under supposed stress conditions 
(Paper II)
In man, there are indications that gastrin may act as a stress hormone. Thus, 
considerable increases in plasma gastrin concentrations have been observed in 
association with painful venepunctures (Nilsson, personal communication). 
Elevated plasma gastrin concentrations have also been reported in man fol­
lowing exhausting exercise (MacLaren et al., 1995).
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In the present study, no significant effects on plasma gastrin concentrations 
were seen in association with the insertion of an intravenous jugular catheter, 
even when the horses seemed to experience pain.

The horses were also subjected to a 24 hour fasting period and to two dif­
ferent treadmill tests to simulate stressful situations. It should, however, be em­
phasised that it may be difficult to determine whether an animal in a certain 
situation experiences stress in the sense of something unpleasant.

However, no increases in plasma gastrin concentrations were noted follow­
ing fasting, although the animals presented strong evidences of being in an 
irritated and stressful condition. In rats (Lichtenberger, Lechago & Johnson, 
1975; Johnson & Guthrie, 1983) and humans (Uvnäs-Wallensten & Palmblad, 
1980) prolonged fasting has lowered the plasma gastrin concentrations. In the 
present experiments, plasma cortisol concentrations remained at a significantly 
higher level in fasting animals than in animals that had free access to hay.

As in fasting experiments, plasma gastrin concentrations were not increased 
following exercise. This is in contrast to the previous reported data, finding 
increased plasma gastrin concentrations in man (MacLaren et al., 1995). Even 
if the intensity of the exercise may have been similar in the two studies, it 
should be emphasised that the exercise in horses was performed during 30 
min, whereas the participants in the human study ran for 90 min. Thus, exer­
cise length may play an important part in order to increase the plasma gastrin 
concentrations.

Plasma cortisol concentrations, on the other hand, increased significantly in 
particular when the horses ran for a longer period of time (30 min). However, 
increased plasma cortisol concentrations seen in fasting as well as in exercise 
experiments, may not necessarily reflect stress in the sense of something un­
pleasant, but may rather be an elevation related to physiological adaptation to 
a situation where the animals enter a catabolic state.

Pitfalls in studying gastric secretion in cannulated animals 
(Papers in and IV)
Studies on acid secretion in animals with a gastric cannula are associated with 
certain pitfalls. The collected gastric juice may be contaminated with regurgi­
tated alkaline duodenal fluid which artefactually increase gastric juice pH and 
decrease titrated acidity. In horse experiments, an attempt was made to estimate 
the amount of material regurgitated from the duodenum by measuring the 
amount of 3a-hydroxy bile acids in the horse gastric juice under basal condi­
tions and following stimulation by different means. A certain amount of bile 
acids was found in the basal gastric juice. However, the amount decreased 
dramatically when gastric secretion was stimulated. Therefore, in our view, 
contamination with regurgitated juice from the duodenum did not signifi­
cantly influence the results in this study.

Swallowed saliva may also disturb the determination of the acid output, in 
particular when the stimulation used also activates the secretion of saliva. In 
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addition, losses of gastric juice through the pylorus may also influence the 
results. A more optimal design of gastric secretion studies in horses would 
therefore require isolated gastric pouches of the Heidenhain or Pavlov type.

Effects of HoG17, HuG17, pentagastrin and histamine on acid 
secretion in horses, dogs and rats (Paper III)
These studies were undertaken to study the rate of basal acid secretion and to 
elucidate the influence of gastrin and histamine on horses provided with a 
gastric cannula. Following isolation and determination of the structure of 
horse G 17 and G 34, the heptadecapeptide gastrin was synthesised. Its bio­
logical effect was then determined in horses by infusing increasing doses of 
gastrin every 45 min. For comparison, horses were also stimulated with penta­
gastrin and histamine in a similar way. For additional comparison, HoG17, 
HuG17, pentagastrin and histamine were also given to dogs and rats, which 
were similarly provided with a gastric cannula for collection of the gastric 
juice.

In the horse and dog experiments, HoG17 produced a maximal acid secre­
tion of similar magnitude to that produced by pentagastrin. The maximal acid 
secretion produced by histamine was somewhat lower in horses but somewhat 
higher in dogs compared to the other stimulants. HuG17 was slightly more 
effective than HoG17 in stimulating maximal acid secretion in dogs. In rats, 
HoG17 and histamine produced similar maximal acid outputs, whereas the 
maximal secretions stimulated by HuG17 and pentagastrin were somewhat (20 
%) higher.

The results related above indicate that the synthetic horse gastrin was quite 
effective in stimulating gastric acid secretion in all three species investigated. 
The somewhat lower maximal acid output in rats in comparison with secretion 
induced by human G 17 may be due to the feet that rat gastrin differs from 
horse gastrin by 5 amino acids, whereas human gastrin differs from rat gastrin 
by only 3 amino acids.

In horses, TAO was somewhat lower following histamine stimulation than 
the responses produced by horse gastrin and pentagastrin. The lower hista- 
mine-stimulated acid secretion could be due to the concomitant infusion of an 
Hj-receptor antagonist, given in order to protect the horses from vascular and 
respiratory side effects that may be caused by higher doses of histamine 
(Aguilera-Tejéro, Pascoe & Woliner, 1993). A low'er maximal acid response in 
horses has also been reported elsewhere, when an Hj-receptor antagonist was 
administered together with pentagastrin (Kitchen, 1997; Kitchen, Merritt & 
Burrow, 1998).

However, the most striking difference between the species was found when 
the doses of histamine needed to cause maximal acid stimulation were com­
pared. Thus, maximal secretion in horses only required 16 pg/kg bwt/h of his­
tamine, a dose that hardly produces any secretion in the rat. The dose needed 
to produce maximal effect in dogs was 64 pg/kg bwt/h and that in rats as much
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as 4000 pg/kg bwt/h was needed. Horses thus required 250-500 times less his­
tamine than the rats to produce maximal acid secretion. The sensitivity to his­
tamine stimulation seems to be related to the number of ECL-cells present in 
the acid secreting portion of the stomach. Thus, plenty of ECL cells can be 
found in the rat stomach (Håkanson et al., 1986), whereas fewer cells are seen 
in dogs (Håkanson et al., 1986) and horses (Sundler1, personal communica­
tion).

1 Professor at the Department of Physiological Sciences at Lund University, Sweden

Effects of nervous excitation on acid secretion in horses (Paper 
IV)
As mentioned in the introduction, nervous excitation of gastric acid secretion 
may be produced by different means. In the present study nervous activation 
was induced by insulin hypoglycaemia, a cholinergic agonist and teasing. In 
addition, animals were given atropine, which in lower doses counteracts the 
muscarinic effect at the parietal cell level.

Insulin-induced hypoglycaemia is an established way to stimulate secretion 
of acid from the stomach and its effect has been demonstrated in several spe­
cies. The stimulation of the parietal cells is supposed to be mediated by 
cholinergic fibres in the vagal nerves (La Barre & Cespedes, 1931). In man, 
insulin-induced hypoglycaemia and determination of the gastric acid output 
has been a tool in determining whether a surgical vagotomy has been complete 
or not (Hollander, 1946; Bachrach, 1962).

When insulin hypoglycaemia was induced in the horses, inhibition of acid 
secretion and reduction of the secreted volume were found instead of stimula­
tion. Such an effect has not been demonstrated previously in mammals, but in 
hens (Ruoff & Sewing, 1972), which also have a basal gastric secretion. In 
animals in which the secretion of acid has been stimulated, on the other hand, 
different modes of nervous stimulation have been shown to inhibit gastric acid 
secretion. Thus, insulin-induced hypoglycaemia and 2-deoxy-D-glucose 
(Spencer & Grossman, 1971) and sham feeding (Sjödin, 1975; Sjödin & 
Andersson, 1977) inhibit pentagastrin-induced acid secretion in dogs, whereas 
secretion stimulated with histamine is less influenced.

Since the horse and the hen have a basal secretion of acid, their secretion 
could be considered to be stimulated, even if the mechanisms responsible for 
such stimulation are unknown. If such an assumption is made, the inhibitory 
effect of insulin-induced hypoglycaemia in the present experiments is not too 
surprising. However, it remains to be explained how this inhibition is accom­
plished. Hypothetically, the inhibition may be mediated by vagal fibres acting 
directly on the parietal cells or indirectly via the enteric nervous system or via 
the endocrine cells in the corpus portion of the stomach. Such endocrine cells 
may act in a paracriiie way on the parietal cells. Inhibition may also be exerted 
by nervous release of humoral substances acting in an endocrine mode.
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At present, the inhibition induced by insulin hypoglycaemia in this study 
cannot be ascribed to any particular mechanism. A number of substances that 
inhibit gastric acid secretion have been demonstrated in vagal fibres. For ex­
ample, immunoreactivity of somatostatin (Lundberg et al., 1978; Uvnäs- 
Wallensten, Efendic & Luft, 1978), VIP (Said & Rosenberg, 1976), gas- 
trin/CCK (Uvnäs-Wallensten et al., 1977; Lundberg et al., 1978) and CGRP 
(Clague, Stemini & Brecha, 1985) are present in vagal nerves. In addition, it 
has been shown that somatostatin (Konturek et al., 1976), CGRP (Taché, Ray- 
bould & Wei, 1991), Gastrin/CCK (Gillespie & Grossman, 1963) and VIP 
(Villar et al., 1976) inhibit gastric acid secretion. A common feature of VIP 
(Chiba et al., 1980), CCK-like peptides (Bengtsson, Lundqvist & Nilsson, 
1989) and CGRP is that they may all cause release of somatostatin from D­
cells in the gastric mucosa. Hypothetically, vagal stimulation may also release 
peptides inhibiting acid secretion. For example, it has been demonstrated that 
the intestinal hormones secretin and CCK (Gillespie & Grossman, 1964) and 
the putative inhibitor bulbogastrone (Andersson & Uvnäs, 1961; Nilsson, 
1980a) from the bulbar mucosa inhibit gastric acid secretion.

However, there may also be another explanation for the inhibition follow­
ing insulin-induced hypoglycaemia. As a consequence of the hypoglycaemia, 
impulses will arise in the brain that causes release of epinephrine from the 
adrenals. Epinephrine reduces gastric acid secretion in dogs (Hovendal et al., 
1981) but increases it in rats (Canfield & Price, 1984). The effect of epineph­
rine on gastric acid secretion in horses is not known and, in particular, it is not 
known whether the amounts of epinephrine released in association with insu­
lin-induced hypoglycaemia are sufficient to influence the gastric acid output.

In order to find out whether gastric acid secretion is under cholinergic in­
fluence, two series of experiments were carried out. In one series, the horses 
were given a muscarinic receptor agonist, bethanechol, and in another atro­
pine.

Stimulation with bethanechol produced a considerable increase in the vol­
ume collected from the gastric cannula, but also a considerable reduction of its 
acidity. The increase in pH was most likely due to swallowed saliva, since the 
bethanechol also produced a copious salivary secretion. Attempts were there­
fore made to estimate the buffering capacity of saliva collected from the 
mouth and the amounts of saliva necessary to raise the pH during basal acid 
secretion (3.1) to the pH determined after stimulation. According to these 
calculations, the collected volume of 1060 ml following stimulation required 
125 ml of saliva to raise the pH to the observed level in that sample. Such an 
amount of saliva was no doubt swallowed by the horse during a 15 min period. 
It therefore seems reasonable to assume that bethanechol stimulated the secre­
tion of acid from the stomach, but that this secretion was neutralised by the 
swallowed saliva.

When the horses were given the cholinergic antagonist atropine, basal acid 
secretion was abolished. The results from the present study together with re­
sults from in vitro experiments with isolated parietal cells (Campbell- 

33



Thompson, 1994) demonstrating increased aminopyrine uptake following 
carbachol stimulation, thus support the concept that cholinergic stimulation 
also takes part in the activation of the parietal cells in horses.

Sham feeding evokes nervous stimulation of both gastrin and acid secretion 
(Nilsson et al., 1972; Feldman & Richardson, 1986). Teasing constitutes a 
considerably weaker form of such stimulation which results in lower secretory 
responses of gastrin (Feldman & Richardson, 1986) and acid (Schapiro et al., 
1967). In the present study, horses were exposed to a bucket of grain for 15 
min. This exposure resulted in a certain (31 %), but not statistically significant, 
increase in the acid output.

Effects of nervous excitation, HoG17, HuG17, pentagastrin and 
histamine on gastric juice volume (Papers in and IV)
As mentioned earlier, there is a continuous basal secretion of gastric juice in 
the horse. When atropine was administered to the horses, gastric secretion was 
inhibited, indicating a cholinergic stimulation of the basal secretion. Insulin- 
induced hypoglycaemia also significantly reduced the basal secretion. To­
gether, these observations suggest that basal secretion of gastric juice in the 
horse is under vagal influences and that the cholinergic impulses contribute to 
its stimulation.

The two heptadecapeptide gastrins and pentagastrin increased the gastric 
juice volume in a dose-dependent manner in all species tested. In the histamine 
experiments, an Hj-receptor antagonist, pyrilamine maleate, was administered 
together with histamine in order to reduce the side effects produced by hista­
mine. Hypothetically, the secreted gastric juice volume may have been reduced 
in these experiments, since histamine may be a less potent stimulant of volume 
secretion than gastrin. Another explanation might be that H]-receptors play a 
role in the stimulation of volume secretion in the stomach, and administration 
of an Hj-receptor antagonist causes a reduction in secretion. A further possi­
bility is that the Hj -receptor antagonist may have a certain cross-reactivity with 
the H2-receptor, resulting in decreased gastric acid secretion. The results in this 
study are similar to a previous report by Kitchen (1997). In that study 
pyrilamine maleate given together with pentagastrin caused a reduction in 
gastric acid output. The authors postulated that the lower volume collected 
may have been caused by a reduction in stomach blood flow.

In rats and dogs, pentagastrin and HuG17 produced similar maximal vol­
umes, while HoG17 evoked maximal volumes that were somewhat lower. His­
tamine was most potent in stimulating the volume secretion in dogs, whereas 
the histamine-stimulated secretion in rats essentially equalled that produced by 
pentagastrin and HuG17.
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Conclusions
1. Determination of the cDNA indicates that horse preprogastrin contains three 
amino acids more than preprogastrins from other species.

2. The amino acid sequences of horse gastrin G 17 and G 34 differ from those 
of other species in several respects. In particular, horse gastrin contains a Lys 
instead of a Glu in the acidic stretch of amino acids preceding the bioactive C- 
terminal portion of the molecule, which renders the molecule less acidic than 
gastrins of other species. This may explain why horse gastrins do not bind well 
to antibodies produced with human gastrin as antigen.

3. Horses do not express sulphated gastrins and probably lack the required 
enzyme system.

4. In comparison with other species, a relatively large amount of G 34 is found 
in the horse antrum.

5. Nervous excitation seems to play a minor role in stimulating gastrin release 
in horses. Following local stimulation of the gastric antrum by a meal, a sig­
nificant increase in the plasma gastrin concentration is found. A grain meal 
produces a more prolonged gastrin release than a hay meal, possible due to the 
prolonged emptying of the grain meal from the stomach.

6. The synthesised horse gastrin 17 effectively stimulates gastric acid output in 
horses, dogs and rats.

7. Horses are extremely sensitive to histamine stimulation. Thus, dogs require 
4-8 times more and rats 250-500 times more histamine to produce maximal 
acid secretion.

8. Nervous stimulation by teasing evokes a small and short lasting but not sta­
tistically significant acid stimulation in horses.

9. Insulin-induced hypoglycaemia reduces the basal acid output in the horse, 
which is in contrast to the effect seen in most other species.

10. Cholinergic excitation takes part in the basal acid and volume secretion in 
the horse, since atropinization results in total inhibition of the basal output.
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Svensk sammanfattning
Undersökningar från senare år visar att hästar mycket ofta har magsår. Lågt 
pH i magsäcken anses vara en av de främsta anledningarna bakom uppkom­
sten av sår. Mycket litet är känt om de mekanismer som styr magsäckens sek­
retion av syra hos hästen. Den föreliggande avhandlingen avser därför studier 
av gastrin- och syrasekretionen hos häst.

Från antral vävnad insamlad på slakthus, har två av hästens gastriner, G 17 
och G 34, med 17 respektive 34 aminosyror renats och strukturbestämts. Vi­
dare har cDNA-sekvensen för gastrinets prepropeptid bestämts. Hästgastrinet 
skiljer sig i ett flertal avseenden från andra arters gastrin, främst genom att den 
vanligen förekommande långa glutaminsyrasekvensen hos hästens gastrin är 
avbruten med en basisk aminosyra (lysin). Härigenom blir hästgastrinet min­
dre surt till sin karaktär. Som enda hittills kända djurart saknar hästen sulfat­
erat gastrin. Detta beror på att hästens gastrinceller saknar förmåga till sul­
fatering.

Med radioimmunologisk teknik har gastrinfrisättningen studerats hos hästar 
vid utfodring med kraftfoder, hö eller en kombination av dessa två foder. De 
olika utfodringsförsöken ger upphov till sekretionskurvor, vilka ger anledning 
till följande tolkning: Nervös stimulering, som hos exempelvis hund synes 
spela en stor roll för frisättningen av gastrin, förefaller vara av mindre bety­
delse hos hästen. Huvudparten av gastrinfrisättningen sker i stället genom att 
födan lokalt aktiverar magsäckens gastrinfrisättande mekanismer. Detta kan 
ske genom mekanisk eller kemisk inverkan på antrumslemhinnan.

Undersökningar har även utförts i syfte att klarlägga om gastrinet fungerar 
som ett stresshormon hos hästen i samband med smärta, fasta och fysisk an­
strängning. Det undersöktes bland annat hur löpning på rullmatta påverkar 
plasmakoncentrationen av gastrin och cortisol. Ingen stegring av gastrinkon- 
centrationen noterades, men en viss ökning av koncentrationen av cortisol. 
Cortisolstegringen antas bero på en metabolisk omställning orsakad av det 
fysiska arbetet snarare än av stress.

Syrasekretionsförsöken i detta arbete har utförts på djur försedda med en 
ventrikelkanyl. Efter syntes av hästens G 17-peptid har peptidens effekter 
studerats på hästens syrasekretion och effekterna jämförts med den stimuler­
ande effekten av gastrinets pentapeptid (Peptavlon®) och av histamin. Som 
jämförelse har den syrastimulerande effekten också studerats på hund och 
råtta. På de två senare arterna har även humant G 17 använts. Resultaten visar 
att den syntetiserade gastrinpeptiden effektivt stimulerar såväl sekretionen av 
syra som volymflödet från magsäcken hos samtliga tre arter. Hos hund 
stimulerar hästpeptiden syrasekretionen lika effektivt som humanpeptiden 
medan sekretionen hos råtta blir något lägre av hästpeptiden. Den senare skill­
naden kan bero på att det förekommer större strukturella skillnader mellan 
råttans och hästens gastrin än mellan råttans och människans. Hos hästen är 
histaminet ett svagare stimulus av magsäckens volymssekretion.
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Försök har även gjorts att studera nervösa faktorers inverkan på hästens 
syrasekretion. Försöken har utförts på hästar försedda med en magsäckskanyl. 
Sekretionen har påverkats genom
1. teasing, varvid djuren får se och känna lukten av födan men inte äta den
2. insulin-inducerad hypoglykemi
3. en kolinergisk agonist, bethanechol, och
4. ett antikolmergikum, atropinsulfat

Teasing gav upphov till en obetydlig sekretionsökning medan insulinhypo- 
glykemin, till skillnad från vad som brukar vara fallet hos de flesta andra arter, 
hämmade hästens basala syrasekretion. Analys av sekretionssvaret efter 
bethanecholtillförseln försvårades av den kraftiga salivsekretion som uppstod, 
vilken delvis svaldes av hästen och blandades med magsafts sekretionen, vari­
genom pH höjdes kraftigt. En efterföljande analys talade emellertid för att 
bethanechol framkallat en stimulering av syrasekretionen. Atropinisering 
hämmade helt hästens basala syrasekretion.

Resultaten talar för att nervös kolinergisk stimulering aktiverar den basala 
syrasekretionen hos hästen. Det föreslås att insulinhypoglykemin aktiverar 
nervösa mekanismer som verkar hämmande på syrasekretionen genom en 
direkt effekt på parietalcellema, indirekt via det enteriska nervsystemet eller via 
parakrina eller endokiina mekanismer.
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