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ABSTRACT 

Gastrin secretion was studied in vitro and in vivo in response to 

pharmaco logical agents and chemicals ,  as we l l  as abomasal parasites and 

microbial products. The causes and effects of hypergastrinaemia, along with 

bacte rial numbers and the presence of a gastrin secretion inhibitor in the 

abomasal contents of sheep infected with Ostertagia circumcincta were studied. 

The pharmacology of the gastrin secretion f rom the unparasitised antrum 

was shown to be similar to that in  monogastric animals. In vitro gastrin 

secretion by ovine antral segments was stimulated by Gastrin Releasing 

Peptide, carbachol and n icot ine, but not adrenaline.  Basal gastrin re lease was 

unaffected by somatostatin or Vasoactive Intestinal Polypeptide, but these 

reduced the gastrin response to stimu lants . Gastrin secretion was also 

stimulated by amino acids, ammonia and acetate. 

Hypergastri naemia during 0. circumcincta i nfection did not co rrelate wel l  

with decreased food intake or appear to affect parietal cel l  recove ry. Serum 

gastrin concentrations correlated wel l  with abomasal pH fol lowing adult 0. 
circumcincta transplant, but poorly after larval infections. This suggests that 

other factors, such as inflam mation and tissue damage, also affect gastrin 

secretion during abomasal parasitism . Anaerobic bacterial numbers in  

abomasal contents increased to near ru men levels when abomasal pH was 3 .5 

and above, but this did not affect serum gastr in concentrations. An inhibitor of 

in vitro gastrin secretion also started to appear in abomasal contents of pH3.5 

and over, but d id  not have significant effects on in vitro gastrin secretion un less 

contents we re pH4.5 and over. However, gastrin i nhibitory activity in  abomasal 

contents and serum gastrin levels were positively correlated , suggesting 

abomasal gastrin i nhibitory activity has l ittle effect on gastri n secretion in vivo. 

Three competing factors were present in rumen f lu id and rumen 

incubates: an inhibitor and a stimu lant of secretion and an e l im ination factor. 

The stimu lant was resistant to acid degradation, had a molecular weight be low 

3000 Mr and was hydrophi l ic. Both the e l imination factor and the inhibitor were 

sensitive to acid ity and hydrophobic and are l ikely to be proteinaceous. 
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P REFACE 

Gastrin is a hormone secreted by the antrum of the stomach in 

monogastrics or the abomasum in ruminants. The classical action of gastrin is 

the control of acid secretion , for which it is the integration point for many 

stimu lants and inh ib itors .  Gastrin has additional ro les, notably the maintenance 

of gastric gland architecture and regulation of gastrointestinal mot i l ity. 

Hypergastrinaemia has been extensively studied in gastric d iseases, 

part icularly in humans with Helicobacter pylori infection , duodenal u lcers and 

pern icious anaemia. I n  duodenal u lcer patients, hypergastrinaemia is 

associated with the hypersecretion of acid .  Wh i le most studies of gastrin 

secretion have been conducted in monogastric animals, the ruminant 

abomasum has s imi lar arch itectu re and functional cel ls to the stomach in other 

mammals (Mu rray et al. , 1 970; Gurnsey et al. , 1 985; Wathuta et al. ,  1 986) and 

its secretions also appear to be control led by s imi lar mechanisms (Lawton , 

1 995) . 

There is sti l l  debate regarding the causes and roles of hypergastrinaemia 

during abomasal nematode infection in ruminants. Fox et al. ( 1 989a, b ;  1 993) 

have shown that in calves infected with Ostertagia ostertagi, hypergastrinaemia 

is very closely related to abomasal hypoacidity and a reduction in food intake . 

In  fact , hypergastrinaemia is so closely correlated with the pathology of 

abomasal infection that it has been proposed as a d iagnostic marker for 

parasit ism. However, in sheep infected with 0. circumcincta, 

hypergastrinaemia is not as closely related to abomasal hypoacid ity. Notably, 

Lawton et al. ( 1 996) observed that although hypergastrinaemia and abomasal 

hypoacid ity develop in tandem , hypergastrinaemia persists when abomasal pH 

returns to normal levels. Thus, questions remain concerning the importance of 

other factors in stimu lating gastrin secretion in  the parasitised abomasum . 

A particularly unusual observation in some parasitised sheep was a 

reversal of the hypergastrinaemia when abomasal pH exceeded pH5.5 .  This 

was suggested to be due to abomasal m icrobes inh ib it ing gastrin secretion . 

M icrobial involvement in gastrin secretion during parasitism was supported by 

stud ies in vitro, in which a potent inhibitor of gastrin secretion was produced 
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when abomasal m icrobes were incubated aerobically (Haag , 1 995; Lawton, 

1 995) . This effect appears to be novel, as simi lar effects have not been 

reported in the numerous studies of H. pylori infections. The principal inh ibitor 

of gastrin secretion in all species studied is somatostat in .  Lawton ( 1 995) 

suggested that the microbial inhib itor of gastrin secretion may be a 

somatostatin- l ike substance, however, the inh ibitor reduced basal gastrin 

secretion in the in vitro antral  preparation,  un like endogenous somatostatin 

released by pharmacological agents . Thus, it seems likely that the microbial 

factor which inh ib ited gastrin release appeared to act via a novel mechan ism .  

The primary objective was to determine the characterist ics of the 

microbial inh ibitor of gastrin secretion and whether it affected gastrin secretion 

during abomasal parasitism . To examine this ,  gastrin secretion was studied in 

vitro using tissue cultures and in vivo in sheep parasitised with 0. circumcincta. 

In vivo stud ies were also used to exam ine the abomasal bacterial numbers and 

hypergastrinaem ia during abomasal parasit ism, as wel l  as possible effects of 

hypergastrinaemia. In vitro experiments were also used to determine properties 

of the microbial inhibitory activity, and whether it was present in abomasal and 

rumen contents. In vitro and in vivo studies were combined to determine 

whether the microbial  inh ibitor of gastrin secretion affects gastrin levels during 

abomasal paraSit ism. 
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CHAPTER 1 

LITERATURE REVIEW 

The study of gastrin has a long h istory ( reviewed by Dockray and 

G regory, 1 989) , beginn ing in  1 905 when Edkins fi rst proposed that a pyloric 

hormone control led gastric secretion . This was proven by G rossman et al. 

( 1 948) and the f irst gastrin peptide was isolated by Gregory and Tracy ( 1 964) .  

Sequencing of the d ifferent molecular forms of gastrin in  many species, 

inc lud ing sheep (Agarwal et al. ,  1 968) , rapidly fol lowed. 

The development of rad ioimmunoassays for gastrin (McGuigan , 1 968; 

Hansky and Cain ,  1 969; Yalow and Berson,  1 971 ) al lowed the specific assay of 

secreted gastri n .  During the 1 970s, most experiments on gastrin were 

conducted in vivo and focused on the role of gastrin in  the control of acid 

secretion ( reviewed by Walsh and Grossman , 1 975a, b ;  Dockray and G regory, 

1 989) . Saffou ri et al. ( 1 979, 1 980) f irst reported the functional l ink between 

antral gastrin and somatostat in secret ion ,  beginn ing a period of experiments 

using in vitro methods which have helped clarify the control of gastrin secretion 

by hormones, nerves and chemicals ( reviewed by Schubert, 1 994, 1 997, 1 998) .  

The connection between Helicobacter pylori, hypergastrinaemia and duodenal 

u lcers (Levi et al. ,  1 988) has led to studies on the effects of inflammation on 

gastrin secretion . 

I n  paral le l ,  the development of region-specific antisera al lowed the 

b iosynthesis of gastrin to be determined ( reviewed by Dockray et al. ,  1 996; 

D ickinson et al. ,  1 997; Dockray, 1 999) . The secretion and bioactivity of the 

glycine-extended precursors of amidated gastrins have also been stud ied using 

specific antisera .  Once thought to be inactive, these peptides have been 

shown to have sign ificant trophic actions. Recently, molecular biological 

techniques and transgen ic m ice have been used to explore cell s ignal l ing 

pathways , the activity of gastrin receptors and the physiological ro les of gastrin 

( reviewed by Dockray, 1 999; H inkle and Samuelson ,  1 999) . 

The control of gastrin secretion is d iscussed in  th is chapter which is 

d ivided into two parts . I n  the f irst , the mechanisms control l ing gastrin secretion 
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are d iscussed . In  the second,  gastrin secretion during abomasal parasitism is 

reviewed .  The concentration of gastrin in the c i rculation is dependent upon 

both the rates of gastrin secretion and degradation after secretion . Gastrin 

release is itself control led by the number of G cells in t issue, the production of 

gastrin in these cel ls and the secretion of gastrin from these cel ls . This review 

focuses particularly on the control of antral G cell numbers,  their  production and 

release of gastrin ,  the post-secretory metabol ism of gastrin and the 

mechanisms regulat ing antral gastrin secretion . 

1 . 1 Gastrin : 

secretion 

bioactivity, 

1 . 1 . 1 Bioactivity of gastrins 

location, synthesis and 

The classical effects of amidated gastrins are the stimulation of acid 

secret ion and fundic mucosal growth (Schubert ,  1 994) . In monogastric 

animals, gastrin also stimu lates gall bladder contraction (Gregory and Tracy, 

1 964 ; Valenzuela et al. ,  1 976) , gastrointestinal moti l ity (G regory and Tracy, 

1 964; Strunz et al. ,  1 979) and pancreatic secretion (Valenzuela et al. ,  1 976) . In  

ruminants, gastrin slows reticuloruminal contractions (Carr et  al. ,  1 970; 

Ruckebusch et al. ,  1 971 ; N icholson et al. ,  1 982; McLeay and Wong, 1 989) , 

omasal emptying (Onapito et al. ,  1 978) and abomasal emptying (Ruckebusch , 

1 971 ; Bel l  et al. , 1 975, 1 977) , but stimu lates abomasal contractions (McLeay 

and Wong, 1 989) .  Although some of these actions of gastrin were 

demonstrated with supra-physiological doses, they may sti l l  occur  in vivo when 

combined with other effectors (G rossman, 1 970) . Gastrin has been reported to 

have cytoprotective effects on the gastric mucosa (Bacha et al. ,  1 997; Mercer 

et al. , 1 998) . 

I n  some cases, gastrin and cholecystokin in have overlapping b ioactivity. 

For example, both gastrin and cholecystokin in stimu late pepsinogen secret ion, 

although gastrin is less potent than cholecystokinin in this action (Hersey et al. , 

1 983; Kleveland et al. ,  1 987; Cherner et al. , 1 988; Un et al. , 1 992; Lanas et al. , 

1 994; Bland izzi et al. ,  1 999) . S imi larly, both cholecystokin in and gastrin reduce 
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food intake . Many studies have shown cholecystokin in to reduce appetite 

( reviewed by Fink et al. ,  1 998; R itter  et al. ,  1 999) ; gastrin also inhib its food 

intake via a central mechanism in neonatal ch icks (Furuse et al. ,  1 999) , and 

hypergastrinaemia is associated with decreased food intake in cattle (Fox et al. , 

1 989a; Fox, 1 997). I n  addit ion, gastrin stimulates the production and secretion 

of leptin from adipose tissue (Attoub et al. , 1 999) . leptin is thought to be 

involved in mediation of long term appetite , but can also interact with 

cholecystokinin to suppress short term food intake (Barrach ina et al. , 1 997) . 

The active site of both gastrin and cholecystokinin peptides is the same 

amidated C-term inal pentapeptide sequence . Otherwise, gastr in and 

cholecystokin in have different amino acid sequences, a critical d ifference being 

the posit ion of the C-terminal tyrosyl residue and its level of su lphation 

(Rehfe ld ,  1 98 1 ) .  

The bioactivities of the amidated gastrins, g lycine-extended gastrins (G­

G ly) and cholecystokin in are determined by their affin ity for the d ifferent 

cholecystokin in/gastrin receptors. Amidated gastrins act on CCKs/gastrin 

(CCKs) receptors only, whereas cholecystokin in binds to both the CCKA and 

CCKs receptors (DelValle et al. ,  1 993; Zavros et al. ,  1 997) . Blockade of CCKA 

receptors converts cholecystokinin from a partial to a fu l l  gastrin- l ike agonist of 

acid secretion (Konturek and Konturek, 1 993; Schmidt et al. , 1 994) .  A 

sequence of 5 amino acids in the CCKs receptor is essential for gastrin binding 

(S i lvente-Poirot and Wank, 1 996), but only the amidated C-terminal 

pentapeptide sequence of gastrin and cholecystokin in is essential for gastrin 

receptor activation (Walsh and Grossman , 1 975a) . G-Gly act via novel 

CCKlgastrin receptors (Baldwin ,  1 994; Seva et al., 1 994; Singh et al. ,  1 995; 

Hol lande et al. ,  1 997) and whi le able to bind to the CCKs receptor, G-Gly 

peptides are 1 00 t imes less potent agon ists than amidated gastrins (Matsumoto 

et al., 1 987; Sandvik and Dockray, 1 999) . 

1 . 1 . 1 . 1 Amidated gastrins 

Amidated gastrins stimulate acid secretion by binding to CCKs receptors.  

I n  the stomach , these are present on parietal cel ls and fundic 

enterochromaffrin- l ike (ECl) cel ls (Song et al. ,  1 996; Kinoshita et al. ,  1 998) , as 

wel l  as antral 0 cel ls (Song et al. , 1 996; Helander et al. , 1 997; Kinosh ita et al. ,  



4 

1 998) and fundic D cel ls (DelValle et al. ,  1 993; Song et al. ,  1 996; Helander et 

al. , 1 997; Zavros et al. ,  1 997, 1 998) . Gastrin stimu lates acid secretion mainly 

by stimu lat ing fundic h istamine release and production (Hocker et al. ,  1 998), 

but also has d i rect effects on the parietal cel l .  Somatostat in ,  re lease of which is 

stimu lated by gastrin ,  inh ibits both gastrin and acid secretion and thus forms a 

'negative feedback loop' with gastrin (Schubert, 1 997) .  Amidated gastrin and 

the CCKB receptor are also essential for the matu ration of the parietal ce l l .  

Deletion of either the gastrin or CCKB receptor gene in transgenic m ice 

e l im inates basal acid secretion and renders the parietal cel l  unresponsive to its 

classical stimu lants (Nagata et al. ,  1 996; Koh et al. ,  1 997; langhans et al. ,  

1 997; Fri is-Hansen et  al. ,  1 998) . 

Amidated gastrin is a trophic factor for the fundus, increasing mucosal 

th ickness and stimu lat ing parietal cell d ifferentiation and ECl cell prol iferation 

( reviewed by Dockray, 1 999) . As the ECl cel l is self-repl icat ing, the trophic 

effects of gastrin are probably d i rect (Tielemans et al. ,  1 989; Fukui et al. ,  1 998; 

Kinosh ita et al. ,  1 998) .  In contrast, parietal cel ls must be affected by gastrin 

ind i rectly, as mature parietal cel ls cannot divide (Karam , 1 993) whi le their 

precu rsors, which can d ivide, do not express the CCKB receptor (Fukui et al. ,  

1 998) . The Reg 1 -a protein  has been suggested to  mediate the trophic effects 

of gastrin on the parietal cel l ,  because it is produced by both ECl cel ls and 

chief cells in humans (Asahara et al. ,  1 996; H igham et al. ,  1 999) and is 

upregu lated by hypergastrinaemia (Fukui et al. , 1 998; H igham et al. ,  1 999) . 

The troph ic effects of gastrin on epithelial cel ls may also in part be mediated by 

increased expression of amphi regul in and other epidermal growth factor (EGF) 

peptides, such as heparin binding EGF-l ike growth factor (Tsutsu i  et al. , 1 997; 

Miyazaki et al. , 1 999) . Amidated gastrin also appears to have trophic effects on 

the colon (Wang et al. ,  1 996). 

Long term hypergastrinaemia has almost opposite results to short term 

hypergastrinaemia, causing increased epithel ial growth, gradual parietal cel l  

loss and gastric atrophy (Wang et al. , 1 999) . Increased levels of EGF-related 

peptides may be responsible for the effects of long-term hypergastrinaemia 

(Dockray, 1 999) . 
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1 . 1 . 1 .2 Glycine-extended gastrins 

G lycine-extended gastrins typically act via mechanisms separate from 

CCKs receptor b ind ing.  G-Gly upregulates expression of the H+/K+ ATPase a­

subunit in canine parietal cel ls via a novel receptor (Kaise et al. ,  1 995) . In  rats, 

G-Gly potent iated stimu latory effects of amidated gastrins on acid secretion 

(Dickinson et al. ,  1 990a; Higashide et al. ,  1 996) but no such effect is noted in 

humans (H i lsted et al. ,  1 988b; Hansen et al. , 1 996c) . Thus, the importance of 

G-Gly in contro l l ing acid secretion varies between species. 

G lycine-extended gastrins have been shown to have trophic effects. 

Some of the previously reported trophic effects of amidated gastrin are now 

bel ieved to be due to G-Gly (Dickinson et al. , 1 997) . I n  the colon , G-Gly 

stimu lates mucosal growth (Dickinson , 1 995; Wang et al. ,  1 996; Koh et al. , 

1 999) , and may be partly responsible for the increased risk of colorectal 

carcinoma associated with hypergastrinaemia (Thorburn et al. ,  1 998) . 

Carcinoma cel l l ines have been identified in which G-Gly stimu lates growth 

(Koh et al. ,  1 996) , DNA synthesis (Seva et al. , 1 994) and , in some cell l ines, 

may have an autocrine function (Watson et al. , 1 99 1 ; Iwata et al. ,  1 996) . In 

pancreatic and kidney cel l l ines which respond to G-Gly stimulation and also 

contain CCKs receptors,  G-Gly acts independently of, and is complementary to, 

CCKs mediated effects (Todisco et al. ,  1 995; Stepan et al. , 1 999) . 

1 . 1 .2 Gastri n secreting tissues 

I n  healthy adult mammals, the most abundant sou rce of gastrin is the 

antrum of the stomach (Creutzfeldt et al. ,  1 971 ; N i lsson et al. ,  1 973; Malmstrom 

et al. ,  1 976; Vai l lant et al. ,  1 979; Jonsson and Dockray, 1 984 ; Lundel l  et al. ,  

1 987; DelValle et al. ,  1 989) , or the abomasum in ruminants (Reynolds et al. ,  

1 984, 1 99 1 ) .  Gastrin is not present in the gastric fundus (Voil lemot et al. ,  1 978; 

Reynolds et al. ,  1 984) .  The duodenum also contains gastrin in monogastrics 

(N i lsson et al. , 1 973 ; Lundel l  et al. ,  1 987; Simpson et al. , 1 994) and in sheep 

(Reynolds et al. ,  1 984 ; Simpson et al. , 1 993) . Gastrin immunoreactivity has also 

been detected in the vagal nerve (Uvnas-Wal:enstein et al., 1 977) and pituitary 

g land ( Rehfeld ,  1 978) .  
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The pancreas is a transient source of amidated gastrin ,  with production 

observed in foetal and neonatal rats (Brand and Ful ler, 1 988) , dogs, cats, 

humans, pigs (Bardram et al., 1 990) and sheep (Read and Shu lkes, 1 993) . In  

rats, the pancreas is  a sign ificant source of gastrin before antral gastrin 

expression (Larsson et al. ,  1 976) . In humans, gastrin expression appears in the 

duodenum before the antrum ,  and is the major source of gastrin unti l after birth , 

when antral  levels increase (Track et al. , 1 979) .  The colon also produces small 

amounts of gastrin in foetal sheep (Ciccotosto and Shulkes, 1 996) . 

Gastrin-producing tumours develop rarely in the stomach but more 

common ly in the pancreas (Kariya et al. ,  1 986) or colon (Ciccotosto et al. ,  

1 995) . 

1 . 1 .2 . 1  The antral G cell 

Antral G cells are generally observed to be most numerous near the 

pylorus,  with decreasing density towards the fundus (Cowley et al. ,  1 975 ; Stave 

and Brandtzaeg , 1 976, 1 978; Royston et al. , 1 978; Voi l lemot et al. ,  1 978; 

Takahashi et al. , 1 979) . In  sheep, however, G cell density was described as 

un iform in the antrum (Bunnett, 1 984) .  The circumferential d istribution of G cells 

in the antrum varies between studies. A greater density of G cel ls is reported 

along the lesser curvature in cats (Cowley et al. ,  1 975) and along the greater 

cu rvature in dogs (Takehashi et al. ,  1 979) and humans (Stave and Brandtzaeg, 

1 978) , whi le un iform d istribution in humans has also been reported (Stave and 

Brandtzaeg ,  1 976; Royston et al. , 1 978) .  Depending upon the species, G cel ls 

may be located predominantly in the upper, middle or lower part of the antral 

gland (Polak, 1 986) . In sheep, G cel ls are reported to be present either 

throughout the th ickness of the gland (Bunnett, 1 984) or more numerous 

towards the base (Scott et al. , 1 998a) . Studies in sheep (Bunnett , 1 984) and 

h umans (Creutzfeldt et al. ,  1 971 ) revealed that some G cel ls  have a tuft of 

microvi l l i  on their apical border projecting into the lumen, wh ich may be 

sensitive to l uminal factors. 

G cel ls orig inate from progenitor cel ls in the pyloric gland proliferative 

zone and are also bel ieved to be self-replicating (Lehy and Wil lems, 1 976; 

Bertrand and Wi l lems, 1 980) , although self-repl ication was not supported by a 

study in hamsters (Fuj imoto et al. ,  1 980). G cel ls take five to six days to mature 
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(Bertrand and Wil lems, 1 980; Fuj imoto et a/. , 1 980) and have a half-l ife of 1 0-

1 5  days in hamsters (Fujimoto et a/. , 1 980) and 40 days in m ice (Lehy and 

Wi l lems, 1 976) . 

1 . 1 .3 G cel l numbers 

The antral G cel l  popu lation increases in gastrin hypersecretory states, 

such as after re-feeding fasted rats (Bertrand and Wi l lems, 1 980) ,  vagotomy 

(Del ince et a/. ,  1 978) , or fundectomy (Alumets et a/. , 1 980; Magal lanes et a/. , 

1 982; Fabri et a/., 1 989) . Conversely, G cel l numbers are decreased in paral lel 

with the mucosal atrophy caused by food deprivation (Bertrand and Wi l lems, 

1 980) .  Some reports of G cell hyperplasia during gastrin hypersecretion may 

be due to increased detection of exist ing G cel ls ,  because of their increased 

gastrin content, rather than hyperplasia. Truncal vagotomy induced 

hyperplasia is reported to be via activation of existing G cells and the rapid 

matu ration of progenitor cel ls (Shimoda et a/. , 1 990) . 

Antral G cel l numbers are control led by somatostat in-secreting 0 cel ls, 

which are in turn controlled by gastric acidity. I t  has been shown that 

hypoacid ity induced by truncal and fundic vagotomy coincided with G cel l 

hyperplasia (Arnold et a/. , 1 982; Magallanes et a/. , 1 982; Blair et a/. ,  1 986). 

Fundic vagotomy (Arnold et a/. ,  1 982) and omeprazole treatment (Alien et a/., 

1 986; Larsson et a/. ,  1 988) increase the G :D  cell ratio. The reverse effect was 

observed with hyperacidity (Arnold et a/. ,  1 982). G ce" hyperplasia is also being 

reversed by 0 cel l hyperplasia during corticosterone treatment (Xynos et a/. ,  

1 987) . Thus ,  0 ce l l  numbers seem to have negative effects on G ce l l  numbers .  

Arnold et al. ( 1 984) proposed that hypoacid ity alone does not increase G cel l 

numbers ,  and reported that acid inhib ition decreased G cell density. However, 

these f ind ings are at variance with the majority of studies, which show that 

hypoacid ity induces G cell hyperplasia. 

Gastrin Releasing Peptide (GRP) may be troph ic for G cel ls . In studies 

in rats, oral admin istration of bombesin caused G cell hyperplasia (Lehy et a/. , 

1 983) .  Furthermore,  hypergastrinaemia and G cel l hyperplasia coincided with 

increased G R P  release after truncal vagotomy (Sh imoda et a/. , 1 995) . EGF 

peptides have also been impl icated in the pro l !feration of  G ce l ls (Vinter-Jensen 
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et al., 1 995} . The EGF receptor is expressed by G cells (Ford et al. ,  1 997) and 

responds to Transforming Growth Factor Alpha (TGFa) also, which is a potent 

mitogen for gastric progen itor cells (Sharp et al. , 1 995) and is expressed in the 

gastric antrum (Beauchamp et al., 1 989) . 

1 . 1 .4 Gastrin biosynthesis 

Gastrin biosynthesis determines the quantity and the molecular forms of  

gastrin that can be secreted by the G cell in  response to stimu lation . Gastrin 

biosynthesis can be regulated at the level of transcription and peptide post­

translational processing. Transcription ultimately controls the amount of gastrin 

available for secretion and regulates the long-term activity state of the secreting 

cel l .  Post-translational processing determ ines which forms of gastrin are 

secreted by the G cell .  

There is  developmental regulation of both post-translational processing 

and transcription of gastrin .  Both amidation and enzymatic cleavages are 

upregulated in the antrum during foetal growth , after birth and after weaning 

(Marino et al. ,  1 988; Wang et al. ,  1 995) . 

1 .1 .4.1 Transcription of the gastrin gene 

Gastrin gene transcription varies according to the secretory state of the 

cell and the ontogeny of the tissue. Developmental expression causes different 

tissues to secrete gastrin in foetal ,  neonatal ,  suckling and mature animals 

(Larsson et al. ,  1 976; Brand and Ful ler, 1 988; Bardram et al., 1 990; Read and 

Shulkes, 1 993) . In the mature animal, transcription is regulated largely by 

factors control l ing secretion such as gastric pH and interstitial somatostatin 

concentration (Brand and Stone, 1 988; Karnik et al. ,  1 989; Dockray et al. ,  1 99 1 ; 

Purewal et al., 1 997) and also may be stimulated by inflammation 

(Lichtenberger et al., 1 995; Dial et al., 1 996) .  

The 5' and 3' sequences control l ing gastrin gene transcription are wel l  

conserved between species (Ful ler et al. , 1 987) . The 5' promoter sequence 

contains sites control l ing the developmental expression of gastrin and 

responses to external stimul i .  The specific sites of control for gastrin gene 

transcription vary between tissues (Wang and Brand, 1 990) . The CACC site, 
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Figure 1 . 1 .  Gastrin biosynthesis in the antral G cel l .  Shown is the production of 
gastrin from the earliest peptide precursor, preprogastr in ,  to final amidated and 
glycine extended end products. Processing enzymes are labelled in blue and their 
sites of action in are the red parts of the gastrin sequence, with peptide names 
given in grey shaded areas. Abbreviations are explained ·in the List of 
Abbreviations, pages XX and XXI .  
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for example, is bel ieved to be involved in the developmental regu lation of 

gastrin gene transcription in the pancreas (Til lotson et al. ,  1 994) . The CACC 

site is activated by a 70kDa protein in foetal tissue (Til lotson et al. , 1 994) and 

inh ib ited by a zinc finger protein (Til lotson , 1 999) . 

Other sites on the promoter regu late transcription in response to 

production and secretion stimu l i .  A region of the gastrin promoter cal led 

"gastrin EGF response element" (gERE) controls EGF-st imu lated transcription 

(Merchant et al. , 1 99 1 , 1 995, 1 996) and is active in can ine G cells (Ford et al. ,  

1 997). The gERE site is weakly responsive to stimulation by Tumour Necrosis 

Factor Alpha (TNFa) (Ford et al. ,  1 997) and phorbol esters (Merchant et al. ,  

1 99 1 ) . I n  addition to  gERE,  there are cis-acting cycl ic adenosine 

monophosphate (cAMP) inducible elements in the gastrin gene (Sh iotani and 

Merchant, 1 994, 1 995) .  

As wel l  as stimulating activity at gERE, EGF also activates immediate 

early response genes such as cfas (Dockray et al. ,  1 996; Ford et al. , 1 997) . 

The product of cfos, fos, binds other DNA proteins to upregulate transcription 

(Chiu et al. ,  1 988) . The fos protein alone cannot stimulate the gastrin promoter, 

but fos is a factor required for EGF stimulation of gastrin transcription and its 

production is regu lated by many factors, such as cytokines (Marks et al. ,  1 996). 

Mu lt ip le stimul i  are probably requ i red for maximum transcription activity. 

Stimu lation of gastrin gene expression and gastrin secretion are two 

d iscretely regulated processes. In general ,  specific stimu lants of gastrin 

secretion are poor stimu lants of gastrin gene transcription (Ford et al. ,  1 997) . 

Hypersecretion of gastrin is ,  however, associated with upregu lation of gastrin 

gene expression (Brand and Ful ler, 1 988; Wu et al. ,  1 990; Dockray et al. ,  

1 99 1 ) .  Thus, there is  some l inkage between gastrin gene transcription and 

secretory levels, though the precise mechanisms are unknown.  

1 . 1 .4.2 Post-translational processing 

Post-translational processing is outl ined in Figure 1 . 1 ,  wh ich shows 

sequential cleavage, sulphation , phosphorylation and amidation steps involved 

in the formation of amidated gastrin .  Sequence homology at the cleavage sites 

and the active C-terminal of the final peptide are well conserved between 

species (Fu l ler  et al. ,  1 987) . However, there are differences in the sequences 
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of the extensions (Jonsson and Oockray, 1 984; Ful ler et al. ,  1 987) , wh ich may 

alter the secondary structure of progastrin and thus alter post-translational 

processing (Fu l ler et al. ,  1 987) . 

1 .  1 . 4.2. 1 Ribosomes and Endoplasmic reticulum 

Gastrin m RNA is translated in  the ribosome to preprogastrin (F igure 

1 . 1 A) .  P reprogastrin then enters the endoplasmic reticulum where the signal 

peptide is cleaved ,  forming progastrin (Figure 1 . 1 B). This peptide is then 

packaged in vesicles and transported into the Golgi complex for peptide 

mod ification . 

1 .  1 . 4.2.2 The Golgi Complex 

Both su lphation and phosphorylation of the peptide occur  in the Golgi 

Complex (Varro et al. ,  1 993, 1 994 , Figure 1 . 1 C), but neither appears to be vital 

to biological activity of amidated gastrin (O ickinson et al. ,  1 997) . 

Su lphation occurs prior to phosphorylation (Varro et al. ,  1 994) , is 

incomplete , and the rate may d iffer between t issues (Brand and Ful le r, 1 988) . 

Su lphation of the amidated peptides is around 50-66% in most species, notable 

exceptions being dogs with 24% and sheep with 80% sulphation (Andersen, 

1 985) . There is some debate concerning the role of gastrin su lphation in fu rther 

peptide processing. Su lphation has been reported to have no effect on further 

processing of gastrin (H i lsted and Rehfeld ,  1 987) and is not affected by feeding 

in  rat stud ies (Varro et al. ,  1 990b) . In  an endocrine cel l l ine, however, 

sulphation increased endoproteolytic cleavage of the progastrin peptide 

(Bundagaard et al. ,  1 995) . 

Phosphorylation at Ser-96 occurs immediately prior to c leavage of 

progastrin at Arg94-Arg95 (Varro et al. ,  1 994) and may be l inked to this event 

(Oockray et al. ,  1 987; Varro et al. ,  1 988) . In insu l inoma cel ls ,  which have 

s imi lar processing pathways to G cel ls, phosphorylation and d ibasic cleavage 

rates are inversely proportional (Bishop et al. , 1 998) . Opposite results were 

reported in rat antral G cel ls, where decreased phosphorylation was associated 

with decreased cel lu lar turnover of gastrin ,  due to reduction of either synthesis 

or secretion (Oimal ine et al. ,  1 99 1 ; Varro et al. ,  1 990a, b ,  c) .  I t  is therefore 

proposed that phosphorylation is only one of several factors control l ing 
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progastrin cleavage (Bishop et al. , 1 998) . There are also species differences in 

the level of progastrin phosphorylat ion, probably due to the d iffering properties 

of enzymes involved (Desmond et al. ,  1 989) . 

1 .  1 . 4.2.3  The secretory vesicles 

Progastrin is cleaved to form active gastrin in the secretory vesicles 

(D ickinson et al. , 1 993; Dockray et al. ,  1 996; Figure 1 . 1 D) .  Stain ing for G34 and 

G 1 7  occurs only in the secretory vesicle of G cells (Rahier et al. ,  1 987) . 

P rogastrin is converted to G34-Gly by cleavage at the C-terminus of the 

Arg57-Arg-58 and Arg94-Arg-95 dibasic sites by prohormone convertase (PC) 

1 /3 and removal of the Arg94-Arg95 by carboxypeptidase H (Dickinson et al. ,  

1 995) . The amino-terminal glutamine residue of G34-Gly then undergoes pyrole 

ring formation , which increases the resistance of the peptide to degradation in 

the blood (Dickinson et al. ,  1 997) . 

Studies in rats show that G34-G ly is the substrate for amidation (Varro et 

al. ,  1 995) . G 1 7-G ly appears to be a d istinct end product ,  as it is not amidated 

but is stored and secreted with G 1 7  (Varro et al. ,  1 995) . Studies on the 

amidating enzymes of the pitu itary and antrum revealed two peptidylg lycyl 

amidat ing mono-oxygenase (PAM) enzymes, PAM-A and PAM-B, which requ i re 

ascorbate (Sugano et al. ,  1 987b) ,  catalase and copper for activity (Dickinson et 

al. ,  1 990a; Dickinson and Yamada, 1 99 1 ) .  

Only after the G34 cleavages have occurred can G 1 7  be  formed 

(D ickinson et al. ,  1 992; Bishop et al. ,  1 998) . The G 1 7  molecule is formed by 

cleavage of G34 by the PC2 enzyme (Dickinson et al. , 1 995) , not PC1 /3 

(Marino et al. ,  1 99 1 ; D ickinson et al., 1 995) , and is the slowest of the progastrin 

c leavages (Varro et al. "  1 995) . Whether cells secrete G34 or G 1 7  therefore 

depends upon whether they express the PC2 enzyme (Dickinson et al. ,  1 995) . 

These prohormone convertase enzymes are l ikely to be responsible for gastrin 

production in the antral G cel l ,  as both PC1 /3 and PC2 have been identified in 

the rat antrum in high concentrations (Macro et al. ,  1 996) . 

The N-terminal 1 - 1 7  fragment of G34 has a short half l ife (around 2 .5 

minutes) and has no known biological activity (Pauwels et al. , 1 984) .  The C 

terminal  extensions of progastrin are not effective in stimu lating h istamine 
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release (Sandvik and Dockray, 1 999) and, therefore ,  are probably not 

biolog ically active. 

1 . 1 .5 Secretion, metabol ism and blood levels 

Gastrin secretion from tissues and subsequent metabol ism determ ine 

gastrin levels in blood . There are discrepancies between the proportions of the 

d ifferent forms of gastrin in tissue and those in the circu lation and reports on 

the clearance of gastrin have been inconsistent between species. The 

secretion of G 1 7, G34, and the glycine extended gastrins from the antrum ,  and 

the concentrations, proportions and clearance from circu lation of these forms of 

gastri n are d iscussed in the following sections. 

1 . 1 .5.1 Antral secretion of amidated gastrins 

The gastrin content of the antra of ten species, including humans, pigs, 

dogs, cats , rats, m ice, rabbits, gu inea pigs, sheep and catt le, is approximately 

95% G 1 7  and 5% G34 (Andersen,  1 985) G34 is sl ightly h igher in foetal lamb 

tissues (Shulkes and Hardy, 1 982b) . G34 accounts for a greater percentage of 

gastrin in blood than in antral tissue in humans (Calam et al. , 1 980) , pigs 

(Christiansen et al. ,  1 978) , dogs (Dockray et al. ,  1 982) and sheep (Simpson et 

aI. ,  1 993) . In  humans, more G34 is present in the circu lation than G 1 7  (Yalow 

and Berson ,  1 970; Rehfe ld ,  1 972; Lamers et al. ,  1 982) . Lamers et a/. ( 1 982) 

proposed that the high G34 content in human blood is due to a large proportion 

of gastrin originating from the d uodenum,  which produces mainly G34 

(Malmstrom et al. ,  1 976; Calam et al. ,  1 980) . In  pigs (Simpson et al. , 1 994) or 

sheep (Simpson et al. ,  1 993) , however, the gastrin content of the duodenum 

was much less than in the antrum and G 1 7  was general ly the major form of 

gastrin present in the duodenum,  although G34 became more prominent in 

d istal portions where gastrin concentration was low.  

In  dogs, gastrin in the antral vein after feed ing consists of  20% G34 and 

component I ,  despite a much h igher proportion of G 1 7  in antral t issue (Rehfeld 

and Uvnas-Wallenste in ,  1 978) . Sim i lar proportions were observed in sheep 

(Simpson et al. ,  1 993) . The G34 content in the antral vein is considered to be 

sufficient to account for the h igher proportion of G34 in blood (Rehfeld and 

Uvnas-Wal lenste in ,  1 978) . 
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Scott et al. ( 1 998a) suggested that the increased proport ion of G34 in 

serum may be due to preferential secretion of G34 over G 1 7. Gastrin secretion 

occurs via secretory granule exocytosis (Mortensen et al. ,  1 979; Oomori et al. ,  

1 997) in common with other peptides (Burgess and Kelly, 1 987; Rothman and 

Orc i ,  1 992) . Amidated gastrin is secreted by the "regulated secretory pathway," 

in G H3 transfected cel ls at least, and thus secretion is coupled to an 

extracel lu lar  stimu lus (Varro et al. ,  1 996) . Both G 1 7  and G34 are present in the 

same popu lation of secretory vesicles, in which G34 is cleaved to G 1 7  (Varro et 

al. ,  1 993, 1 994 , 1 995, 1 996). Gastrin-containing vesicles vary from small 

immature granu les containing progastrin and G34 close to the Golgi complex, 

to large granu les, which contain G 1 7  (Alumets et al. ,  1 979, 1 980; Hakanson et 

al. ,  1 982; Varndel l  et al. , 1 983; Rahier et al. ,  1 987) , with the electron density of 

granu les dependent upon fixation conditions (Mortensen et al. ,  1 977) . Thus, 

preferential G34 secretion would requ i re preferential release of immatu re 

vesicles. Although only one population of vesicles exists , recent research has 

shown that there are mult iple pathways in "regulated secretion" of 

neuroendocrine cel ls. 

I n  some endocrine cel ls ,  newly synthesised proteins normal ly part of the 

regulated secretory pathway, can be released by a "constitutive-l ike pathway" 

(Arvan et al. ,  1 99 1 ; Kul iawat and Arvan, 1 992; Ogawa et al. ,  1 999) , although 

th is route involves only a small amount of the total secreted protein , making it 

an un l ikely cause of increased G34 in blood . However, i t has been shown that 

some neuroendocrine cel ls preferentially re lease immatu re vesicles under 

conditions of low stimu lation (Arvan and Castle, 1 998). I f  this were the case for 

G cel ls ,  preferential secretion of G34 could occur, but th is is not proven as yet. 

The increased concentration of G34 in antral blood may also be partly 

due to post-secretory enzymatic cleavage of G 1 7. There is evidence of such 

cleavage as up to 1 1  % of gastrin in the gastroepiploic vein in sheep is G 1 4  

(S impson et al. ,  1 993) . Gastrin peptides smal ler than G 1 7  account for 30-50% 

of antral vein immunoreactivity in pigs (Ch ristiansen et al. , 1 978; Power et al. , 

1 986) and nearly 80% of antral vein immunoreactivity in dogs (Dockray et al. ,  

1 982) .  Endopeptidase 24. 1 1 ,  o r  an  enzyme with simi lar activity, i s  present i n  

the antrum ,  and i s  at least partly responsible for the post-secretory cleavage of 
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G 1 7  (Power et al. , 1 987, 1 988; Bunnett et al. ,  1 988; Deschodt-Lanckman et al. ,  

1 988) , though other enzymes may also exist (Bunnett et al. , 1 988) . I nfusion of 

phosphoramidon , an Endopeptidase 24 . 1 1 inh ibitor, reduced G 1 7  degradation 

in the pig antrum,  such that G 1 7  accounted for >80% of antral vein gastrin 

immunoreactivity (Power et al. ,  1 987) . Sulphated G 1 7  is more resistant to post­

secretory cleavage than unsu lphated G 1 7  (Power et al. ,  1 986) . Human and 

porcine G 1 7  are cleaved by Endopeptidase 24. 1 1 at Asp 1 6-Phe 1 7, G ly1 3-

Trp 1 4 and Ala1 1 -Tyr1 2 ,  with human G 1 7  also cleaved at Trp4-Leu5 and Trp 1 4-

Met 1 5  (Bunnett et al. ,  1 988). Of these cleavages, both the Asp 1 6-Phe1 7 and 

the Gly1 3-Trp 1 4  cleavages are rapid with human G 1 7, forming G 1 - 1 6 , G 1 - 1 3  

and G4 (Deschodt-Lanckman et al. ,  1 988) . G4 is identical to CCK4, which is 

biologically active, but is rapidly metabol ised in plasma (Koul ischer et al. , 1 982) . 

Whether  the products of G 1 7  cleavage could be detected by the gastrin 

antibodies in studies where increased concentrations of G34 were reported in 

the antral vein (Uvnas-Wal lenstein and Rehfeld . ,  1 978; Simpson et al. ,  1 993) is 

unknown . It would be expected that G4 and G 1 - 1 6  would not be detected by 

an amidated-gastrin-specific antiserum.  

1 . 1 .5.2 Antral secretion of glycine-extended gastrins 

As for G34, the relative proportion of G-Gly to G 1 7  is increased in blood 

when compared with tissue. Most results suggest G-Gly account for less than 

1 0% of total tissue gastrin (H i lsted, 1 99 1 ) .  When compared with t issues, h igher 

ratios of G-Gly to amidated gastrins are observed in the circu lation of pigs 

(H i lsted et al. ,  1 988a; Hansen et al. , 1 996a) , humans (H i lsted et al. ,  1 988b) , 

sheep (Ciccotosto and Shu lkes, 1 992) and other species (H i lsted ,  1 99 1 ) .  

The re is n o  evidence of conversion of G 1 7Gly to G 1 7  in  the c irculation in  pigs 

(Hansen et al. ,  1 996b), perhaps suggesting preferential secretion of G 1 7Gly. 

G lycine extended gastrins would be present in immature secretory granules as 

substrates for amidation , and also in matu re granu les, as G 1 7  and G 1 7Gly 

occur  in the same vesicles (Varro et al. ,  1 995) . G lycine extended and amidated 

gastrins are co-secreted into the antral vein in response to a meal in pigs 

(H i lsted et al. , 1 988a) and in response to bombesin from both isolated canine 

antral G cel ls (Sugano et al. , 1 987b) and rat antral t issue (Azuma et al. ,  1 987) . 

A concentration of glycine extended gastrin in general c irculation could be due 
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to preferential secretion of immature vesicles containing more g lycine extended 

gastrin than amidated gastrin ,  as with G34, or slower post secretory b reakdown 

of g lycine extended forms. 

In humans, amidated gastrins become more prominent in blood after a 

meal (Hansen et al. , 1 996c) , possibly due to a change in the amidation levels in  

the G cells (Varro et  al. , 1 990a, b) .  When the amidation rate is  decreased i n  

rats, g lycine extended forms of gastrin in tissue and serum increase, but 

amidated forms in  serum remain the same (Dickinson et al. , 1 990a) . These 

results suggest that secretion of gastrin from G cells is regu lated according to 

the level of amidated gastrin in  the circulation and that G-Gly are co-released 

with amidated forms. 

1 .1 .5.3 Tissue metabol ism of gastrin 

When injected into the general circulation , the half-life of human G 1 7  is 

4-1 0 minutes in humans, 3.5 minutes in  dogs (80niface et al., 1 976) , and even 

less in cats (80niface et al. , 1 976; Rehfeld and Uvnas-Wallenstein,  1 978) . The 

half-l ife of G34 is about five times longer than unsulphated G 1 7  in  humans 

(Walsh et al. , 1 976) , dogs (Walsh et al., 1 974) and cats (Rehfeld and Uvnas­

Wallenstein, 1 978) but 1 2  t imes longer than that of human G 1 7  in grower pigs 

(Xu and Cranwell ,  1 992) . Clearance of the sulphated molecule is three to five 

times slower than that of the non-sulphated molecule (Pauwels et al., 1 987). Of 

the smaller amidated forms, human G 1 7  and G 1 4  appear to have simi lar 

el imination characteristics in dogs (Carter et al. , 1 979) . 

Clearance rates for G 1 7  are h igher in the foetal lamb (Shulkes and 

Hardy, 1 982a) and the neonatal pig (Xu and Cranwell ,  1 992) than in  older 

animals, possibly due to increased relative organ weights in  young animals. 

Conversely, clearance rates of G34 are decreased in neonatal pigs, due to 

decreased G34 clearance by organs (Xu and Cranwell ,  1 992) .  

Gastrin clearance across both organs and vascular beds has produced 

varied results between species. In general ,  the brain, gut and kidney el iminate 

G 1 7, as shown in sheep (Ciccotosto and Shulkes, 1 992) ,  pigs (Hansen et al. , 

1 996b) and dogs (Becker et al. , 1 973b; Strunz et ai:, 1 978a) .  The h indleg was 

also a significant site of gastrin clearance in studies in dogs (Strunz et al., 

1 978a) and pigs (Hansen et al. , 1 996b) . More specific studies of the gut in 
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dogs have shown the fundus to el iminate gastrin (Evans et al. ,  1 974 ; Alumets et 

al. ,  1 980) . C iccotosto and Shulkes ( 1 992) reported the lungs to be the most 

important site of gastrin clearance in sheep,  but this was not the case in pigs 

(Hansen et al. , 1 996b) . 

Clearance of gastrin across the l iver has been frequently shown to vary 

between species. I n  rats (Ooyle et al. , 1 984) and dogs (Strunz et al. ,  1 978b), 

the l iver removed most fragments of less than eight amino acids long in the 

fi rst pass, but 90-95% of larger fragments pass through intact (Ooyle et al. ,  

1 984) .  Thus ,  any peptides smaller than eight amino acids are un l ikely to have 

any physiological function . In pigs, 50% of whole body el imination of amidated 

gastrin occurs across the l iver (Christiansen et al. ,  1 982; Hansen et al. ,  1 996b), 

with G 1 4  almost completely removed (Ch ristiansen et al. ,  1 978) and G 1 7  and 

G34 also partially metabolised (Christiansen , 1 984; Xu and Cranwel l ,  1 992). 

Removal of gastrin by the l iver is proportional to its c i rcu lat ing concentration , 

obeying fi rst order kinetics, thus endocrine responses are sti l l  possible 

(Ch ristiansen et al. ,  1 982; Hansen et al. ,  1 996b) . Hansen et al. ( 1 996a, b) 

suggested d isparity between studies on gastrin clearance by the l iver may be 

due to the form of G 1 7  used. 

The clearance rate of G 1 7  and G 1 7G ly is simi lar in sheep (Ciccotosto 

and Shulkes, 1 992) , pigs (Hansen et al. , 1 996b) and humans (Hi lsted et al. , 

1 988b) , with a half-l ife of 4-22 minutes in  humans (Hansen et al. ,  1 996c) . 

C learance sites for G 1 7G ly and G 1 7  are the same in sheep, but G 1 7Gly is not 

removed by the l iver or kidney in pigs (Hansen et al. ,  1 996a, 1 999) . The kidney 

e l im inates N H2-terminal progastrin as wel l  as amidated gastrin (Ciccotosto et 

al. ,  1 996; Hansen et al. , 1 999) . 

1 . 1 .6 Integrated physiological control of gastrin release 

Regulation of gastrin secretion in monogastric an imals principally 

revolves around feeding and the presence of food in the gastrointestinal t ract . 

Gastrin secretion has classically been divided into a cephal ic, a gastric and an 

intest inal phase. The mechanisms through which gastrin secretion is control led 

i nvolve neura l ,  hormonal and chemical components (outl ined in  F igure 1 .2 ) .  
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1 . 1 .6.1 The cephalic phase 

The cephal ic phase of gastrin secretion involves neural pathways 

activated by the sight, smel l and taste of food and is t ransmitted to the stomach 

by the vagus nerve (reviewed by Dockray and G regory, 1 989) . 

The effects of the vagus nerve on gastrin secretion have been studied 

extensively, using selective and truncal vagotomy. Such procedures have led 

to a confusing diversity of resu lts. Probably the most serious compl ication in 

these studies has been the fai lure to control gastric pH, as vagotomy removes 

vagal stimu lation of the parietal cell (Stadi l ,  1 972) ,  e levating gastric pH ,  which in 

turn stimu lates gastrin release. In fact, in one experiment in rats, gastrin 

secretion was unaffected by vagotomy except when acid secretion was 

decreased (Magellanes et al. ,  1 982) . A further complexity in vagotomy 

experiments is how soon after the vagotomy the experiments were conducted , 

as response patterns change with in a week of the operation (Hol l inshead et al. ,  

1 985) . 

There are vagal pathways which stimulate gastrin re lease (H i rschowitz et 

al. ,  1 979; Alumets et al., 1 980), via Gastrin Releasing Peptide (G RP)-ergic and 

chol inergic mechanisms (Weigert et al. ,  1 993). The cephalic phase of gastrin 

secretion involves vagal stimu lation of gastrin re/ease , shown in dogs in 

response to feeding (Dockray and Tracy, 1 980b) and sham feeding 

(H i rschowitz and Fong, 1 990) , and occurs via stimulation of the non-chol inergic 

(probably G R Perg ic) pathway (Dockray and Tracy, 1 980a, b) . 

There are also inhibitory vagal pathways that inh ibit gastrin release 

which cannot be explained by acid secretion (Debas et al. ,  1 976 , Debas and 

Carvajal , 1 994; Hughes and Hernandez, 1 976; Feldman et al. ,  1 979; 

H i rschowitz et al. ,  1 979) . I t  is unclear when these reflexes are important, but 

they do not appear to be involved in the cephalic phase of gastrin secretion . 

1 .  1 .6. 1 .  1 The cephalic phase in ruminants 

The gastrin response to feeding may be reduced or absent in ruminants 

on a high level of food intake (Reynolds, 1 982; Perry et al. ,  1 988; Reynolds et 

al. ,  1 99 1 ) .  Thus, the cephalic phase of gastrin secretion is un l ikely to be 

obvious in a pasture or ad libitum fed ruminant and may even be d imin ished . 

However, sheep on restricted feeding regimens exhibit more extreme 
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fluctuations in gastrin secretion , with peak responses coincid ing with feeding 

t imes (Reynolds, 1 982; Lawton et al. , 1 996). These gastrin responses to 

feeding are l ikely to be simi lar to abomasal secretion and have a cephalic 

component (McLeay and Titchen , 1 970) . Stimu lation of the anterior and 

posterior  vagal trunks in  sheep increased serum gastrin levels (Bladin et al. ,  

1 983) , though the changes observed were minute. Gastrin re lease has also 

been reported in response to vagal stimu lation in calves (Adrian et al. ,  1 983) . 

These results imply that vagal control pathways do exist in sheep, but may not 

be prominent in  ruminants on pastu re which are feeding ad libitum. 

1 . 1 .6.2 The gastric phase 

The gastric phase of gastrin secretion has trad itionally been regarded as 

i nvolving both neural and chemical factors. However, many of the luminal 

chemical factors, such as acid and polypeptides, have been shown to act 

through neural pathways and thus may not stimu late the G and 0 cel ls d i rectly. 

The presence of food in the lumen in contact with the gastric m ucosa 

appears necessary to maintain gastrin production and secretion . The passage 

of food through the antrum is necessary for G cel l hyperplasia in fundectomised 

rats (Alumets et al. ,  1 980) . Studies in rats showed fasting for 48 hours (Track 

et al. ,  1 978) or four  days (Lichtenberger et al. ,  1 975) markedly reduced serum 

and tissue gastrin concentrations. Simi lar results are also reported for rats fed 

a non-nutrit ious d iet, suggesting certain chemical constituents of the diet are 

necessary for maintenance of gastrin levels (Lichtenberger et al. ,  1 975) . 

1 .  1 . 6.2. 1 Proteins, polypeptides and amino acids 

Foods containing amino acids are potent stimu lants of gastrin release , 

whereas fats and carbohydrates are not (Richardson et al. ,  1 976) . In  humans, 

gastric insti l lation of an amino acid solut ion, but not an albumin solution ,  

stimu lated gastrin and acid secretion (Richardson et al. ,  1 976) ,  with observed 

increases in circu lating gastrin levels sufficient to account for all of the acid 

secretion stimu lated by amino acids (Feldman et al. , 1 978) . B lood gastrin 

concentrations increase in response to a peptone meal in dogs (Oockray et al. ,  

1 980b; Varner et  al. ,  1 98 1 ; Fung and Greenberg ,  1 997) , humans (Konturek et 

al. ,  1 974; Walsh et al. , 1 976) , in the isolated perfused rat stomach (Saffouri et 
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al. ,  1 984b; Schubert et al. , 1 992) and with casein hydrolysate i rrigation of antral 

pouches in dogs (Gabrys-Pomykala et al. ,  1 977) . In  sheep, gastric secretion is 

increased by intra-abomasal infusion of products of protein d igestion (van 

Bruchem and van T'Klooster, 1 980). A mixture of polypeptides and amino 

acids is  more potent in stimulating gastrin release than each of these on its own 

(Walsh et al. ,  1 976) . 

Stimu lation of gastrin re lease by polypeptides is mediated by intramural 

reflexes and can be abol ished by tetrodotoxin (Schubert et al. ,  1 992) . Simi larly, 

in rats, the acid response to peptone infusion, mediated by gastrin ,  is  inhibited 

by capsaicin (Ramos et al. , 1 992) . 

I n  contrast to polypeptides, amino acids are thought to act d i rectly on the 

G cel l to stimu late gastrin release . The effects of amino acids are thought to 

be receptor mediated (OelValle and Yamada, 1 990) . It has been reported that 

in humans, chol inergic nerves stimulate gastrin release in response to amino 

acid meals (Schi l ler et al. ,  1 982), though this effect may be due to the presence 

of peptides. Hydrophobic amino acids, particularly t ryptophan and 

phenylalan ine,  seem to be most effective in stimu lating gastrin release in dogs 

(Konturek et al. ,  1 977a) , humans (Taylor et al. ,  1 982) and rats (Lichtenberger et 

al. ,  1 982b; Dial et al. , 1 99 1 ) .  Amino acid stimu lation of gastrin release, like that 

by polypeptides, is dependent upon gastric acid ity and is reduced at low gastric 

pH (Walsh et al. ,  1 976). 

Oietary amines also stimu late gastrin release (Lichtenberger et al. , 

1 982a) via a non-specific, non-receptor action (OelValle and Yamada, 1 990) .  

Amines stimulate gastrin release by diffusing into the G cel l  and alkalin ise the 

interior of gastrin secretory granu les, stimu lating exocytosis (OelValle and 

Yamada, 1 990; Dial et al. ,  1 99 1 ) .  Whi le decarboxylation of amino acids 

enhances their abi l ity to stimu late gastrin secretion (Lichtenberger et al. ,  1 982b ;  

Dial et  al. ,  1 986, 1 99 1 ) ,  amino acids do not stimulate gastrin release by being 

converted to amines. Inh ibition of endocrine cell decarboxylases, which convert 

amino acids to amines, d id not affect the stimu lation of gastrin by amino acids 

(OelValle and Yamada, 1 990) . However, inh ibition of monoamine oxidase , 

which metabol ises amines, does enhance meal-stimulated gastrin release (Oial 

et al. ,  1 986) .  Thus, amines in food do stimu late gastrin re lease but amino acids 
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are not converted to amines by tissue. Mclntosh et al. ( 1 984) reported that 

cystamine- induced gastrin secretion cou ld be reduced by Gastric Inh ibitory 

Polypeptide (G I P)-induced somatostatin , but OelValle and Yamada ( 1 990) 

reported somatostatin had no effect. Thus amines and amino acids seem to 

stimulate gastrin re lease by different mechan isms. 

1. 1 . 6.2.2 Gastric Acidity 

Acid ity of the stomach or abomasum plays a central role in control l ing 

gastrin release. Gastrin secretion and gastric acid ity are reciprocal ly l inked, 

with the fundamental action of gastrin being regu lation of acid secretion . 

There is less buffering of juxtamucosal pH by mucus in the antrum than 

in the fundus (Quigley and Turnberg ,  1 987) . This may faci l itate antra l ,  and 

therefore G cell sensitivity, to gastric pH. Elevation of antral juxtamucosal pH 

has been proposed as the cause of hypergastrinaemia in H. pylori positive 

patients (Kel ly et al. ,  1 993) . 

Increased gastric pH increases b lood gastrin levels .  Th is has been 

shown in experiments in which antral pH has been elevated by infusion of h igh 

pH solutions (Becker et al. ,  1 973a; Smith et al. , 1 975) , fundectomy (Alumets et 

al. ,  1 979, 1 980; Hakanson et al. ,  1 982) , antral exclusion (Alumets et al. ,  1 980; 

Varro et al. ,  1 990a) , or inhib it ion of acid release by omeprazole (Alien et al. ,  

1 986; Brand and Ful ler, 1 988; Larsson et al. ,  1 988; Dimaline et al. ,  1 99 1 ; 

Oockray et al. ,  1 99 1 , 1 993; Takehara et al. , 1 996) . Elevation of gastric pH also 

increases the gastrin response to a meal (Oockray and Tracy, 1 980a) . 

Conversely, lowering gastric pH reverses the elevation in gastrin secretion in 

response to hypoacidity (Becker et al. ,  1 973a;  Oockray et al. ,  1 993) and 

decreases gastrin re lease in response to neural stimu lation (H i rschowitz et al. ,  

1 979) and a meal (Konturek et al. ,  1 995) . Simi larly, gastric acid secretion 

decreases as antral pH decreases (Anti none et al. , 1 967) an effect probably 

med iated by gastrin .  Omeprazole infusion is also effective in reducing acid 

secretion and increasing blood gastrin concentrations in sheep (Shulkes and 

Hardy, 1 982a) . Syndromes reducing acid secretion also tend to involve a 

hypergastrinaemia as in 5 and 1 0  week old obese mice (Morton et al. ,  1 985) . 

Most evidence therefore suggests that increased gastric pH increases gastrin 
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secretion from the antrum ,  and that low gastric pH  reduces the sensitivity of the 

G cel l  to stimu lat ion. 

There are reports from studies in humans that do not support stimu lation 

of gastr in secretion due to increased gastric pH alone. These studies suggest 

that other stimulants are necessary to increase gastrin secretion in response to 

h igh gastric pH (Arnold et al. ,  1 984) . No increase in blood gastrin concentration 

was observed in studies where gastric pH was elevated using H2 receptor 

antagon ists (Mohammed et al. , 1 983; Arnold et al. , 1 984; Fabri et al. ,  1 989), 

antacids (Arnold et al. ,  1 984) or omeprazole (Fabri et al. ,  1 989) in humans. 

Fu rthermore,  it has been proposed that a fundic inh ib itor wh ich is a neural 

mechanism , not acid secretion , is responsible for inh ibition of gastrin secretion 

(Penston and Wormsley, 1 987; Magee, 1 996) . In genera l ,  however, acid 

secretion is accepted as a central  component in the control of antral gastrin 

secretion . 

Somatostat in has been shown to be the inh ibitory effector through which 

lum inal acid ity controls gastrin levels. Decreasing gastric pH is associated with 

an increase in somatostatin release in the perfused mouse stomach (Schubert 

et al. ,  1 988) and in pigs (Hoist et al. ,  1 983) . In  mice (Schubert et al. ,  1 988) and 

dogs (G reenberg et al. ,  1 993) , the effect of luminal acid ity is d i rectly on the 0 
cel l  (Schubert et al. ,  1 988) . In rats, however, the effects of gastric acid ity on 

gastrin secretion are med iated by chol inergic and nonchol inergic neurons 

(Saffou ri et al. ,  1 984b) . The increased gastrin secretion in rats in response to 

omeprazole� induced hypoacid ity is stimu lated by G RP neurons (Takehara et 
al. ,  1 996) , wh i le the somatostatin  response to acid ity is mediated by Calcitonin  

Gene Related Peptide (CG RP) contain ing neurons (Manela et  al. , 1 995; Ren et 

al. ,  1 992) . 

1 . 1 . 6.2.3 Ionic effects 

I n  humans, magnesium,  alumin ium (Peterson et al., 1 986a) and calcium 

(Behar et al. ,  1 977) stimu lated gastrin re lease. I n  dogs, however, calc ium, 

magnesium and sodium ions stimulated acid ,  but not gastrin ,  secretion 

(McLaughl in et al. , 1 978) . In  cats, phosphate , bicarbonate and hydroxide ions 

stim u lated gastrin secretion (Uvnas-Wallenste in ,  1 978) , possib ly due to 

buffering effects . The variation in resu lts observed may be due to species 
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d ifferences, contact t ime and concentration of ions. Gastrin cel ls contain 

calcium sensing receptors which stimu late gastrin ,  so luminal ions may be able 

to affect gastrin secretion (Ray et al. ,  1 997a;  Squires et al. ,  1 999) . 

1 . 1 . 6.2.4  Gastric distension 

Distension has been shown to stimulate both acid and gastrin secret ion. 

However, stud ies have produced a wide range of resu lts, both with in and 

between species, possibly due to different degrees of d istension and d ifferent 

neural pathways between species. 

In dogs, gastrin secretion is increased more by d istension of vagally 

innervated isolated antral pouches (Gabrys-Pomkala et al. , 1 977) than by 

denervated pouches (Konturek et al. ,  1 977a) , suggesting the presence of 

d istension-sensing neurons in the antrum .  Such neurons are probably also 

present in the fundus, as d istension of the fundic region in dogs also stimulated 

gastrin re lease (Debas et al. ,  1 975) . 

I n  humans, d istension of the stomach may increase acid  secretion via 

pathways not involving gastrin .  Distension in humans stimu lates acid secretion 

(Richardson et al. ,  1 976; Soares et al. ,  1 977) , but either none (Richardson et 

al. ,  1 976) or only small amounts of gastrin are released and only at h igh 

pressures (Soares et al. , 1 977; Schi l ler et al. , 1 980; Peters et al. ,  1 982) .  Gastrin 

induced d istension is not via chol inergic mechanisms (Sch i l ler et al. , 1 980; 

Peters et al. , 1 982) but v ia a �-adrenergic mechan ism (Peters et al. ,  1 982) . 

Results from rats are the most contradictory. Schubert and Makhlouf 

( 1 993) reported that low grade distension inh ibited gastrin re lease via 

somatostat in ,  whi le increased d istension stimu lated gastrin via chol inergic 

neurons in the perfused rat stomach. In contrast , Weigert et al. ( 1 997) reported 

that intrinsic G RP neurons were responsible for stimu latory effects of d istension 

in vivo in rats, whi le in the isolated rat stomach d istension inh ibited gastrin 

secret ion via chol inergic and other unknown mechan isms. H igham et al. ( 1 997) 

reported almost opposite effects to those of Weigert et al. ( 1 997) , which 

suggested that antral innervation inh ibits G cel l responses to d istension . These 

different resu lts may be due to differing degrees and methods of denervation, 

or d iffering levels of d istension .  
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1 . 1 .6.3 Intestinal phase 
The intestinal phase is mediated by hormonal feedback, stimu lated by 

acidity and the components of the digesta in the duodenu m .  D u ring the 

intestinal phase both gastrin and acid secretion are reduced . Many of the 

intestinal hormones affecting gastric secretion ,  enterogastrones, appear to be 

more effective on acid secretion than on gastrin .  

Duodenal acidity has a n  inh ibitory feedback on both gastrin and acid 

secretion from the stomach, possibly via secretin (Kontu rek et al., 1 977b) . I n  

addition,  infusion of intraduodenal fat, but not casein or g lucose, caused a 

p rompt increase in antral somatostatin release i n  dogs, an effect suggested to 

be mediated by either secretin or cholecystokin in  (Schudziarra et al. , 1 978) . 

Although secretin (Kontu rek et al. , 1 977b) and cholecystokin in  (Kontu rek et al. , 

1 995) are released by high acidity in the duodenu m ,  the actions of both on 

gastrin secretion are debatable. There is  evidence both for (Chey et al. , 1 98 1 ; 

Kim et al. , 1 981 ) and against (Kleibeuker et al. , 1 984; You and Chey,  1 987) the 

inh ibition of gastrin by secretin at physiological levels. However, secreti n  can 

inhibit acid secretion,  even if it does not affect gastrin secretion (Sandvik et al., 

1 987; You and Chey, 1 987) . I n  humans, cholecystokin in inh ibits gastric acid 

secretion and sometimes also gastrin (Konturek and Kontu rek, 1 993; Konturek 

et al. , 1 993) . CCKA receptor antagonists increase blood gastrin concentration 

in response to various stimul i  (Beglinger et al. , 1 992; Katsch inski et al., 1 992; 

Konturek et al. , 1 992 ; Schmidt et al. , 1 994) . However, Lloyd et al. ( 1 992) noted 

i ntestinal lipids and CCKA blockade had no effect on gastrin release stimulated 

by a peptone meal , but inhibited acid secretion . Konturek ( 1 992) proposed that 

these results could have been due to an i nadequate dose of the receptor 

antagon ist. In rats, however, CCKA receptor blockade d id  not affect basal o r  

meal stimulated acid secretion (Varga et al. , 1 993) . 

Other hormones released by the intestine also affect gastric secretion . 

Neurotensin ,  Peptide YY (PYY) and Glucagon Like Peptide 1 (GLP 1 ) are 

considered enterogastrones, as they are intestinal hormones which inhibit acid 

secretion (Schubert, 1 998) . While both PYY and GLP1  inhibit acid secretion ,  

neither affects gastrin secretion (Lloyd et al. , 1 997a; Fung et al. , 1 998). 

Therefore, enterogastrones may not affect acid secretion via gastrin .  
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1 . 1 .7 Cel l u lar control of gastrin secretion 

The principal cel lu lar mechanisms control l ing gastrin secretion are 

shown in Figure 1 .3 .  At the cellu lar leve l ,  gastrin secretion by the antral G cel l 

is regulated by effector molecules acting either d i rectly on the G cel l ,  or by 

reducing somatostatin release from the antral 0 cel l ,  which inh ibits gastrin 

re lease . Secretion from both G cells and 0 cells is regulated by 

neurotransmitters from the local intramural network, notably G RP ,  

acetylchol ine,  Vasoactive Intestinal Polypeptide (VI P) ,  noradrenal ine and 

CGRP,  and possibly others,  such as the tachykin ins,  y-amino butyric acid 

(GABA) , adenosine and Peptide Histidine Isoleucine (PH I ) .  Antral G and 0 

cel ls may be also regu lated by hormones such as secretin and cholecystokin in 

and possibly also insul in and catecholamines. Final ly, the G and 0 cel ls are 

inf luenced by paracrine mechanisms such as inflammatory med iators , which 

a re d iscussed in detai l  in  Section 1 .2 . 1 .2 .  

1 . 1 .7.1 Somatostatin and inhibition of gastrin secretion 

Antral somatostatin is the primary inh ibitor of antral gastrin secret ion. 

The 0 cel l  is the integration point at which many of the factors that inh ibit 

gastrin release exert their effect . Some inh ibitors of gastrin secretion may also 

act d i rectly on the G cell ,  though reports of such effects are rare. 

Somatostatin inh ib its gastrin release by di rect action on the G cell 

(Campos et al. ,  1 990) . The somatostatin receptor subtype SST2 is responsible 

for inh ibit ing gastrin release in humans, dogs and rats (Zaki et al. ,  1 996; Fung 

and Greenberg ,  1 997; L loyd et al. ,  1 997b) . The SST2 receptor has three 

separate isoforms, all with the same pharmacological actions, but of which one 

form predominates in gastrin control (Sandvik et al. ,  1 995) . Harty et al. ( 1 985) 

also noted post-receptor actions of somatostatin and suggested that it may be 

internal ised in a simi lar fashion to insu l in .  

Saffouri et al. ( 1 979, 1 980) fi rst reported that somatostatin exerted a 

cont inuous restraint on basal gastrin secretion . Somatostatin also alters gastrin 

mRNA levels ,  and thus affects gastrin production as wel l  as secretion (Karnik et 

al. ,  1 989) . Immunoblockade of somatostatin stimu lates gastrin release in pigs 

(Hoist et al. , 1 992) , perfused rat stomachs (Saffouri et al. , 1 979; Short et al. , 
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1 985a) and rat antral tissue (Ch iba et al. ,  1 98 1 ; Wolfe et al. , 1 986; Zaki et al. ,  

1 996) , humans (Zaki et  al. ,  1 996) and dogs (Zaki et  al. ,  1 996) . 

Somatostat in is bel ieved to have a maximal level of restraint on gastrin 

secretion (Saffouri et al. ,  1 984a) . The basal level of somatostatin restraint on 

gastrin secretion varies between species. Somatostat in inhib ited basal gastrin 

secretion from human, rat and can ine antral mucosal t issue fragments (Zaki et 

al. ,  1 996) , and porcine antral mucosa (Hoist et al. ,  1 992) inh ibited basal gastrin 

secretion . Thus, basal restraint of gastrin by somatostatin is not maximal in 

these species . However, other studies using human antral G cells (Campos et 

al. ,  1 990) and rat antral mucosa (Hayes et al. 1 975) somatostatin d id not affect 

basal gastrin secretion . Likewise, Lawton ( 1 995) reported that increased 

somatostatin secretion induced by V IP and G I P  did not affect basal gastrin 

secretion by sheep antral fragments. These variable results may be an effect 

of differing tissue preparations. 

In rats, humans and baboons, somatostat in-secreting antral 0 cel ls are 

located adjacent, or c lose to , G cel ls (Larsson et al. ,  1 979a; Buchan et al. ,  

1 985) and have basal extensions which are present close to  the basal portions 

of the G cel l  (Larsson et al. ,  1 979a; Buchan et al. ,  1 985; Polak, 1 986) . Some 0 

cel ls also make contact with the lumen (Polak, 1 986; Hoist et al. ,  1 993) and 

may thus be under d i rect control from dietary constituents. 

The effect of somatostat in on gastrin secret ion is generally accepted to 

be paracrine .  This is supported by: the close proximity of 0 cel ls to G cel ls ;  the 

inabi l ity to inh ibit basal or meal stimu lated gastrin secretion by infusion of 

somatostatin to produce postprandial peripheral concentrations (Colturi et al. ,  

1 984 ; Fung and Greenberg, 1 997) ; and in some studies, the necessity for 

somatostatin antiserum to be present at the site of secretion to create an 

effective blockade of activity (Ch iba et al. ,  1 981 ; Mclntosh ,  et al. ,  1 99 1 ) .  

Furthermore,  studies i n  sheep show peripheral somatostatin concentration is 

much lower than antral or fundic concentrations. Even after stimu lation of 

somatostat in release using either gastrin or cholecystokin in ,  jugular vein  

concentrations of somatostat in were half those present in the antral vein prior to 

st imu lation (Zavros et al. ,  1 998) . Thus, c ircu lat ing somatostatin levels ,  which 

are much lower  than antral tissue levels, are unlikely to affect gastrin secretion.  
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That the effect of somatostat in on gastrin secretion is  paracrine is 

important , as the fundus also contains 0 cel ls , which have been widely reported 

to inh ib it acid release (reviewed by Oockray and Gregory, 1 989;  Schubert ,  

1 994 , 1 997, 1 998) .  Antral and fundic sornatostatin release are control led 

d ifferently (Schubert et al. ,  1 99 1 ; Zavros et al. , 1 998, 1 999) . This suggests that 

somatostatin from the antrum and the fundus have d ifferent functions, antral 

somatostatin control l ing gastrin secretion and fundic somatostatin control l ing 

acid secret ion .  In  sheep, more somatostatin is re leased from the fundus than 

from the antrum ,  and peripheral somatostat in best reflects fundic somatostatin 

secretion (Zavros et al. ,  1 998). 

Somatostat in infusion in vivo has produced varied results , which may be 

due to its inh ibit ion of both the G cel l and acid secretion, producing competing 

effects on gastrin secretion . Intravenous infusion of somatostatin has been 

variously reported to decrease circulat ing gastrin in rats (Kondo et al. ,  1 993) 

and sheep (Shulkes and Hardy, 1 982a) , to have no effect in dogs (Gomez et 

al., 1 997) or to increase gastrin secretion in sheep (Barry et al. ,  1 985; Reynolds 

et al. ,  1 99 1 ) .  

The role o f  somatostatin in restraining both gastrin and acid secretion 

and in the regu lation of gastrin by acid ity, has been questioned. Westbrook et 

al. ( 1 998) reported that chronic immun isation of sheep against somatostat in 

affected neither gastrin nor acid secret ion. The su itabil ity of chronic 

immun isation in the assessment of the paracrine actions of somatostatin was 

questioned by Schubert ( 1 998) .  Further, the partit ioning of fundic and antral 

somatostatin into separate paracrine effects was questioned by Zavros et al. 

( 1 999) . These authors reported that fundic, not antral somatostatin release 

was responsible the inh ibition of a gastrin response to G RP in sheep in vivo. It 

was proposed that th is action may be via an endocrine or a local fund ic-antral  

portal connection (Zavros et al. ,  1 999) .  It is possible that these results were 

influenced by anaesthesia of the subject an imals, which markedly stim ulated 

basal somatostat in secretion . Examination of the results obtained also showed 

abomasal pH was increased during experiments, also due to anaesthesia 

(Reynolds GW and Carr OH,  unpubl ished results) , which may in turn have 

affected the responses obtained . 
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Somatostat in re lease, and subsequent inh ibition of gastrin secretion , is 

stimu lated by hormones, particu larly of intestinal origin ,  and neuropeptides 

present in the intramural neurons of the antrum.  Many peptides have been 

shown to affect gastrin and somatostat in secretion . The stimulants of 

somatostatin secretion , d iscussed below, are released in response to vagal 

stim ulation or gastric acid ity, and thus may have a physiological role in 

regu lat ing antral somatostat in and gastrin secretion . Other neurotransmitters, 

such as adenosine (Kwok et al. ,  1 990; Schepp et al. , 1 990) , have been shown 

to stimu late gastrin and somatostatin secretion,  but their biological role is 

unknown . In  addition to neural and hormonal regu lation ,  antral somatostatin 

secretion is regu lated by feedback loops with gastrin and h istamine.  These 

feedback loops occur as local h istamine and gastrin concentrations regulate the 

secretion of somatostat in ,  whi le somatostat in in turn regulates the secretion of 

both local h istamine and gastrin .  

1 . 1 .7. 1 . 1 . 1  Vasoactive Intestinal Polypeptide (VIP) 

V IP  is re leased by vagal stimulation in pigs, increasing somatostatin 

secretion via a d i rect action , and may also inhibit gastrin secretion by a di rect 

act ion (Hoist et al. ,  1 993). Further, in rats, increased V IP levels correlated with 

increased somatostat in and decreased gastrin at low levels of d istension in the 

rat stomach (Schubert and Makhlouf, 1 993) .  Thus, VIP may be an important 

neuropeptide in the regu lation of antral somatostatin secretion. 

VIP is a neuropeptide located throughout the gut (Larsson et al. , 1 979) , 

i ncluding the abomasum in calves (Bloom et al. ,  1 979) and sheep (Reid et al. , 

1 988) and the pig stomach (Hoist et al. ,  1 992). I n  rats,  V IP immunostain ing is 

evident in peptidergic nerves in al l layers of the stomach wal l  and in neuronal 

cel l  bod ies (Al ien et al. ,  1 986) . 

Most evidence suggests that V IP  decreases gastrin secretion by 

stimu lat ing somatostat in release . In the perfused rat stomach , V IP  infusion at 

1 0-8- 1 0-6M increased somatostatin and decreased gastrin secretion (Chiba et 

al. ,  1 980a) , but at more physiological doses only increased somatostatin 

secretion (Saffouri et al. ,  1 984a). 
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1 . 1 .7 . 1 . 1 .2 Peptide h istid ine isoleucine (PHI) 

In  pigs, vagal stimulation releases both PH I  and V IP ,  and both peptides 

have been shown to stimu late antral somatostatin release (Hoist et al. ,  1 993) . 

PH I  is a peptide of the secretin/G IP  fami ly (Wolfe , 1 989) and is also present in 

peptidergic nerves in al l  layers if the stomach wall and in neuronal cel l  bodies 

(Al ien et al. ,  1 986) . In  rat antral t issue, 1 0-9- 1  0-7M PH I  inh ibited both gastrin 

secretion and mRNA levels, but these effects were only consistent in the 

presence of carbachol (Wolfe, 1 989) . 

1 . 1 .7 . 1 . 1 .3 Tachykinins 

In  pigs, tachykinins are released during vagal st imu lation (Hoist et al. ,  

1 993) . The tachykin in peptides Neuropeptide Y (NY) and Substance P (SP) 

are observed in neurons in al l  layers of the stomach wall in rats (Al ien et al. ,  

1 986) , with tachykin inergic nerves observed close to  G cel ls in pigs (Schmidt et 

al. , 1 996) . Various tachykinin peptides have been shown to inh ibit gastrin and 

stimu late somatostatin secretion in rats (Kwok et al. ,  1 985, 1 988; Mclntosh et 

al. ,  1 987) , dogs (Campos et al. , 1 989) and pigs (Hoist et al. ,  1 987a, 1 993; 

Schmidt et al. ,  1 996) . 

SP is reported to oppose the action of G RP .  SP decreased G RP- and 

vagal-st imu lated gastrin secretion in the isolated pig stomach (Hoist et al. ,  

1 987a) and modestly decreased bombesin-st imu lated gastrin release from 

can ine G cel ls (Campos et al. ,  1 989). SP stimu lated basal can ine G cel l 

response (Campos et al. ,  1 989) but did not affect serum gastrin in dogs when 

infused (Modl in et al. , 1 98 1 ) .  Hoist et al ( 1 993) postulated that tachykinins 

stimu late somatostat in re lease from the antrum in pigs, and may also inh ibit 

gastrin re lease by a d i rect action . In pig antrum both Neurokin in  A and SP 

inh ib it gastrin d i rectly as wel l  as stimulating somatostatin release, though S P  is 

more potent in st imu lating somatostatin (Schmidt et al. ,  1 996) . The actions of 

SP on somatostatin  are not n icotinic, muscarin ic, opiate (Kwok et al. ,  1 985) or 

h istamine (H 1 and H2) mediated (Mcl ntosh et al. , 1 987) , but are thought to be 

via substance P-K or neurokin in-2 receptors (Kwok et al. ,  1 988) . 
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1 . 1 .7 . 1 . 1 .4 Calcitonin gene related peptide (CG RP) 

It has been proposed that CGRP neurons regu late somatostat in 

secretion in response to gastric acidity. In  rats, stimu lation of somatostat in 

release by antral acidity is via CGRP neuron stimulation of the D cel l  ( Ren et 

al. ,  1 992; Manela et al. ,  1 995) . D cells in a rat gastric endocrine cel l cu lture 

respond to CGRP (Zeng et al. ,  1 996) , which also modulates somatostatin 

mRNA expression (Ren et al. ,  1 998) . CGRP is abundant in the pig antrum ,  but 

has l ittle effect on somatostat in secretion (Hoist et al. , 1 993) : Thus ,  CGRP may 

not mediate acid stimulation of somatostat in release in al l  species. 

1 . 1 . 7. 1 . 1 .5 Intestinal hormones 

The enterogastrones cholecystokin in ,  secretin  and G I P  may inh ibit 

gastrin secretion . These hormones all act by stimulating somatostatin secretion 

(secret in :  Ch iba et al. , 1 980b; Saffouri et al. , 1 984a; Buchan et al. ,  1 993; G IP :  

Hoist et  al. ,  1 983; Mclntosh et  al. ,  1 984; Wolfe et  al. , 1 986; cholecystokin in :  

Buchan et al. ,  1 990; 1 993; Konturek et al. , 1 993, 1 995; Schmidt et al. ,  1 994; 

Zavros and Shulkes, 1 997; Zavros et al. , 1 998; Zeng et al. , 1 996) and in many 

stud ies also inh ibit gastrin secretion. Somatostatin stimulation and gastrin 

inh ibit ion are l inked in some studies (secret in :  Wolfe et al. , 1 983; G IP :  Wolfe et 

al. ,  1 986; cholecystokin in :  Zavros and Shu lkes, 1 997) . Secretin may also have 

d i rect effects on the G cel l ,  but this is observed only when high concentrations 

are used (Saffouri et al. ,  1 984a) . 

1 . 1 .7 . 1 . 1 .6 Feedback loops: gastrin and somatostatin 

Gastrin itself may be a stimulus to somatostat in release and thus form a 

feedback loop, inh ibiting further gastrin release. Gastrin stimulated 

somatostatin release in the rat antrum (Schubert et al. , 1 99 1 ) and from 

dispersed endocrine cells (Zeng et al. ,  1 996) , including antral and fundic D cel ls 

wh ich have CCKB receptors in rats (Song et al. ,  1 996) and dogs (He lander et 

al. ,  1 997) . I n  sheep, G 1 7  stimu lated antral , fundic (Zavros et al. , 1 998) and 

peripheral (Zavros and Shu lkes, 1 997; Zavros et al. ,  1 998) somatostatin levels. 

Inh ibition of acid secretion by omeprazole also increased antral (Read et al. , 

1 992) , but not peripheral (Shu lkes and Read , 1 99 1 ; Read et al. ,  1 992; 

Westbrook et al. ,  1 998) somatostatin levels in  sheep,  possibly due to increased 
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gastrin secret ion . Zavros et al. ( 1 998) reported that whi le gastrin was able to 

stimu late antral somatostatin secretion this effect cou ld not be reversed by 

CCKB receptor blockade.  An alternative mechanism by which gastr in cou ld 

stimu late antral somatostatin secretion was not clear, and it was suggested that 

a low concentration of CCKB receptors and a high concentration of gastrin may 

have rendered the CCKB receptor antagonist ineffective. 

Gastrin does not stimulate antral somatostatin release in all species. In  

pigs, gastrin does not stimu late somatostat in secretion (Hoist et al. ,  1 987b) ,  and 

vagal stimulation of gastrin is not enhanced by somatostat in immunoblockade 

(Hoist et al. ,  1 992) . Instead , somatostatin seems to be stimu lated by an 

autocrine control loop (Hoist et al. ,  1 993) ,  luminal acid (Hoist et al. ,  1 983) ,  and 

have neural and hormonal control (Hoist et al. ,  1 993) . Gastrin was simi larly 

unable to stimu late somatostat in release from human antral D cel ls (Buchan et 

al. ,  1 990) . 

1 . 1 .7 . 1 . 1 .7 Feedback loops : h istamine and somatostatin 

H istamine secretion has been suggested to form a negative feedback 

loop with somatostatin secretion , which ampl ifies any changes in somatostatin 

secretion. H istamine inh ib its somatostatin release in both the antrum and the 

fundus (Schubert and Makh louf, 1 996) via the H3 receptor (Bado et al. ,  1 994; 

Vuyyuru et al. ,  1 995, 1 997) . A dual negative inhibitory loop , where histamine 

inh ibits somatostatin secretion and somatostatin inh ibits somatostatin secretion,  

exists in human , dog and rat antral tissue (Vuyyuru et al. ,  1 995) and in the 

fundus (Vuyyu ru et al. ,  1 997) . These authors suggest that the dual inh ibitory 

pathway acts to ampl ify changes in somatostatin secretion (Vuyyu ru et al. ,  1 995 

and 1 997) . In sheep, however, G rabau et al. ( 1 999) reported that h istamine 

stimu lated somatostatin release , an effect that was inh ib ited by ran itid ine,  but 

unaffected by omeprazole. As this experiment was conducted in vivo and 

somatostatin was measu red in peripheral circulation , the sou rce of 

somatostatin and the exact site of h istamine action are unclear. 

1 . 1 .7.2 Stimulants of gastrin secretion 

Stimu lation of gastrin re lease is principally via neural mechanisms. 

Extensive stud ies have shown that G RP and acetylchol ine stimu late gastrin 
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secretion by d i rect, receptor mediated actions o n  the G cel l .  Adrenergic 

receptors have also been demonstrated on G cel ls and these may also play a 

role in stimu lating gastrin re lease . There is also stimu lation of the G cel l  via 

chemical mechan isms, notably amino acids (discussed in 1 . 1 .6 .2 . 1 )  and 

inflammatory mediators (discussed in 1 .2 .3 .2) .  

1 .  1 . 7.2. 1 Gastrin Releasing Peptide (GRP) IBombesin 

G RP/bombesin is the main neuronal stimu lant of gastr in secretion .  

Bombesin- l ike immunoreactivity is rich in the stomach of rats (Dockray et al. ,  

1 979), i n  the antral glands of rats and guinea pigs where G ,  0 and 

Enteroch romaffrin (EC) cells are located (Buffa et al. ,  1 982) ,  in antral mucosal ,  

submucosal and myenteric nerve fibres (Hoist et al. ,  1 987a) and in nerves close 

to 0 cel ls (Hoist et al. ,  1 987b) in pigs. 

Gastrin release by electrical vagal stimu lation is atropine-resistant in 

dogs (Smith et al. ,  1 975) , rats (N ishi et al. , 1 987) and pigs (HOist et al. , 1 987b) 

and in response to sham feed ing in dogs (Oockray and Tracy, 1 980a, b) . I n  

dogs, bombesin produced simi lar gastrin stimu latory effects to  vagal stimu lation 

(H i rschowitz et al. ,  1 979) . In pigs, G RP released by vagal stimu lation caused a 

dose dependent, atropine-resistant increase in gastrin secretion from the 

perfused stomach or antrum (Hoist et al. ,  1 987a, b ,  1 993) . Field stimu lation of 

gastrin re lease is primari ly via G RP i n  the perfused rat stomach (Schubert et 

al. ,  1 985) ,  with vagal stimu lation at 1 0Hz releasing gastrin by G R Pergic 

mechanisms (Weigert et al. , 1 993) . Vagal stimulation of gastrin by G RP is via 

d i rect stimulation of the G cel l and also partially by inh ibit ion of the 0 cel l 

(Debas and Carvajal ,  1 994) .  

I nfusion of bombesin stimu lated gastrin release in dogs (Bertaccin i  et  al. ,  

1 974; Modl in et al. ,  1 98 1 ) ,  with larger molecular forms of GRP being more 

potent, possibly due to slower clearance (Bunnett et al. ,  1 985) . S im i lar effects 

are observed in humans with bombesin (Varner et al. ,  1 980) or G RP infusion 

(Lundel l  et al. ,  1 987; Konturek et al. ,  1 992) and are unaffected or slightly 

enhanced by atropine (Fletcher et al. ,  1 983) . I n  the rat stomach ,  bombesin 

stimu lation of gastrin is insensitive to n icot in ic and muscarinic blockade 

(Martin dale et al. ,  1 982) and st imu lates gastrin even when there is  low gastric 

acid ity (Matsuno et al. ,  1 997) . Peptone meal stimu lation of gastrin secretion is 
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partly mediated though GRP (Schubert et al. ,  1 992; H igham et al. ,  1 997) . 

Thus ,  G R P  is a neurotransmitter in both local and vagal gastrin stimu lating 

mechan isms. Bombesin stimulates gastrin release from human antral G cel ls 

by activation of G RP receptor subtype-1 (G RPR1 ) receptors (Squires et al. ,  

1 999) . 

G RP/bombesin is also reported to stimu late somatostatin secretion . In  

the perfused rat stomach there are varying reports on how th is  occu rs .  

Stimu lation o f  somatostatin by  GRP is  reported to  be  inh ibited by  both 

hexamethonium and atropine (Martindale et al. , 1 982) , part ial ly inh ibited by 

atropine (Schubert et al. 1 99 1 ) ,  or atropine insensitive (Duval et al. ,  1 98 1 ; 

Azuma et al. ,  1 987; Gou et al. ,  1 987) . Variation between resu lts cou ld be due 

to a number of factors. Firstly, the sou rce of somatostatin is unclear in the 

perfused rat stomach . In  rats, antral and fundic somatostat in are differential ly 

regu lated , but GRP stimu lates fundic as wel l  as antral somatostatin release 

(Schubert et al. , 1 99 1 ) .  Secondly, chol inergic effects can stimu late acid 

secret ion , which decreases gastrin secretion in response to bombesin (Modl in 

et al. ,  1 980) .  I n  the rat antrum ,  GRP stimu lated somatostat in response via 

gastrin release (Schubert et al. ,  1 99 1 ) .  In contrast, bombesin had no effect on 

somatostatin  secretion at 1 0-1 0- 1 0-6M concentrations, but stim u lated gastrin 

re lease in rat antral gland preparation (R ichelson et al. , 1 983). G RP receptors 

are present on 0 cel ls as well as G cel ls in a rat endocrine cel l  preparation 

(Zeng et al. , 1 996) , but the 0 cells could be fundic.  

In  pigs, bombesin d i rectly stimu lated somatostatin release , not via 

chol inergic effects or gastrin re lease (Hoist et al. ,  1 987b, 1 993) . Bombesin over 

a range of 1 0-1 0- 1 0-6M caused a dose-dependent stimu lation of gastrin ,  but had 

no effect on somatostat in secretion from human antropyloric glands (Richelson 

et al. ,  1 983) , or antral G and 0 cel ls in culture (Campos et al. ,  1 989, 1 990),  nor 

did bombesin stimu late antral 0 cel ls in cultu re (Buchan et al. ,  1 990) . 

Bombesin receptors are not present on can ine antral 0 cel ls (Vigna et al. ,  

1 990) . Thus i t  seems that whi le G RP releases somatostat in in pigs, th is i s  not 

the case in humans, dogs nor, probably, in rats (Campos et al. , 1 990). 

In calves, infusion of G RP caused no sign ificant change in serum gastrin 

concentration (Bloom et al. , 1 983) . In sheep, GRP ,  bombesin or ranatensin 
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infusion had no effect on gastrin secretion (Shu lkes and Hardy, 1 980; 

McDonald et al. ,  1 988; Shu lkes et al. ,  1 994; Zavros et al. ,  1 999) or a variable 

effect (McLeay et al. ,  1 989) un less animals were actively immun ised against 

somatostat in (Shulkes et al. , 1 994; Zavros et al. ,  1 999) . Somatostatin 

antiserum also increased the gastrin response to bombesin in  the perfused rat 

stomach (Duval et al. , 1 981 ) .  Thus, somatostatin may be responsible for 

variable GRP resu lts in other species also (Shu lkes et al. ,  1 994). GRP 

stimu lated the integrated fundic somatostatin response, but decreased the 

antral response in sheep in vivo, with the fundic response said to dominate and 

inh ibit gastrin secret ion (Zavros et al. ,  1 999) . Sheep antral tissue fragments 

showed a response to h igh doses of porcine GRP and bombesin ,  though 

bombesin was less effective (Lawton ,  1 995) . Thus, whi le somatostatin 

responses to infused GRP/bombesin may differ s l ightly in sheep from 

monogastrics, the major neuronal stimu lator of gastrin secretion is sti l l  GRP,  as 

i n  other species. 

1 .  1 . 7.2.2 Acetylcholine 

Responses to chol inergic agonists and antagon ists revealed both 

stimu latory and inh ibitory effects in vivo. However, the majority of in vitro 

experiments suggest chol inergic effects on the G ce" are stimulatory.  

P i renzipine inh ibited chol inergic stimu lation of gastrin re lease in  the 

perfused rat stomach (Sue et al. , 1 985) and rat antral tissue fragments (Harty et 

al. ,  1 988) suggesting gastrin re lease is via an M1 receptor. Later studies 

suggest that M3 receptors mediate carbachol stimu lated gastrin re lease from 

can ine antral G cel ls (Yokotani et al. ,  1 995) and acetylchol ine stimu lated gastrin  

release i n  the rat stomach (Matsuno et al. , 1 997) . These confl icting results 

could be due to p irenzipine acting on M3 receptors (Yokotan i et al. ,  1 995) . 

Chol inergic stimu lation of gastrin release may be part ial ly med iated 

through GABA. GABA is particularly concentrated in the antral  mucosa and 

subm ucosa in rats, in neurons, in  D cells (Harty et al. ,  1 99 1 ) and G cells 

(Davanger et al., 1 994) . Harty et al. ( 1 983 , 1 986, 1 99 1 ) report that GABA 

stimu lated gastrin and inh ibited somatostatin release i n  rat antral mucosal 

fragments apparently th rough postgangl ionic chol inergic mechanisms. Weigert 

et al. ( 1 998) reported inh ib ition of somatostatin secret ion by GABA was via 
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chol inergic mechanisms, though mechanisms by wh ich GABA stimu lated 

gastrin secretion were unclear. 

There are chol inergic pathways which stimu late gastrin release which 

are activated by the vagus. Stimu latory chol inergic pathways were revealed in 

dogs in vivo by the inhibit ion of stimulated gastrin secretion by high doses of 

atropine (Oebas et al. ,  1 976; H i rschowitz et al. ,  1 979, 1 98 1 ; Oockray and Tracy, 

1 980b; Eysselein et al. ,  1 985) and the stimu lation of gastrin by bethanechol 

infusion (H i rschowitz and Gibson,  1 978) , but are masked by the inh ib it ion of 

acid secretion with low doses, less than 25/-lg/kg , of atropine (Konturek et al. ,  

1 974 ; Impicciatore et  al. ,  1 977; Oockray and Tracy, 1 980a, b ;  Katsch inski et  al. ,  

1 992) . I n  t he  perfused rat stomach ,  vagal stimu lation at 2Hz released gastrin 

via a chol inergic pathway (Weigert et al. ,  1 993). There are also vagal pathways 

which inh ibit gastrin secretion (Oebas and Carvajal , 1 994) ,  though whether 

these act through chol inergic mechanisms is unclear. 

Chol inergic pathways which stimu late gastrin release relate to luminal , 

not cephal ic ,  pathways (Oockray and Tracy, 1 980a , b) .  Gastrin responses to 

lumen cond itions in rats are mediated, at least in part, by chol inergic neurons. 

Peptone meal stimu lation of gastrin secretion is partly mediated by chol inergic 

neurons (Saffou ri et al. ,  1 984b; Schubert et al. ,  1 992). Bi le salts also stimu late 

gastrin via a chol inergic mechanism activated by capsaicin sens it ive neurons 

(M iyata et al. ,  1 995) . 

In  some species, chol inergic neurons stimulate gastrin re lease both 

d i rectly and via inh ib ition of somatostat in release. In rat tissue in vitro, 

chol inergic agon ists stimu late gastrin secretion (Harty and McGuigan , 1 980) 

and also inh ibit somatostatin secretion from perfused stomachs (Saffouri et al. ,  

1 980; Ouval et  al. ,  1 98 1 ; Sch ubert et  al. , 1 982 , 1 985; Schubert and Makhlouf, 

1 982) ,  antral  t issue (Richelson et al. , 1 983; Wolfe et al. ,  1 983; Sue et a/. ,  1 985; 

Schubert et al. ,  1 987) and endocrine cel l cu ltu re (Zeng et al. , 1 996) . Increased 

somatostat in levels inh ibit carbachol-stimu lated gastrin release (OeSchryver­

Kecskmeti et al. ,  1 98 1 ; Wolfe et al. , 1 983), suggesting chol inergic stimu lation of 

gastrin is at least partly via inh ibition of somatostatin . I n  sheep, bethanechol 

infusion decreased antral and fundic somatostatin and increased antral gastrin 

levels in vivo (Zavros et al. ,  1 999) . This was not the case with sheep antral 
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tissue fragments however, in which carbachol stimulated gastrin release , but 

had no effect on somatostatin secretion ,  wh i le bethanecho l  infusion had n o  

effect (Lawton ,  1 995) . I n  human G cel l  culture,  muscarin ic agon ists d i d  not 

stimu late gastrin secretion,  but stim ulated somatostat in secretion (Koop et al., 
1 997) . I n  contrast, carbachol stimu lated gastrin release from h uman 

antropyloric glands (Richelson et al., 1 983) . 

A less widely accepted view, postulated in a review by M agee ( 1 996), is 

that fund ic-pyloric and pyloric-fundic reflexes exist, which are chol inergic.  These 

chol inergic pathways were suggested by Magee (1 996) to account for 

anomalies observed in various in vivo tests concerning the effects of atropine 

on the stomach . These reflexes are postulated to communicate between the 

antral G cel l  and the fundic parietal  cel l ,  d ictating parietal cel l sensitivity to 

gastrin wh ich in turn controls gastrin secretion. 

1 .  1 . 7.2.3 Catecholamines 

There is evidence that gastrin secret ion is partly mediated by adrenergic 

effects, with �-adrenergic agon ists stimu lating, and a-adrenerg ic agonists 

inhibiting,  gastrin re lease. Early reports suggested that catecholamines 

stimu lated gastrin re lease in humans (Hayes et al. ,  1 972; Brandsborg et al. ,  
1 975, 1 978) and dogs (Hayes et al., 1 978) , but these studies d id not account 

for acid secretion ,  which is inh ibited via somatostatin by catecholamines (Koop 

et al., 1 980) . Later studies show stimulatory J3-adrenergic and possibly 

inh ibitory a-adrenerg ic effects on G cells in humans (Peters et al. ,  1 982) and 

rats (Hayes et al., 1 978, DeSchryver-Kecskemeti et al., 1 981 ; S hort et al., 
1 985b; Harty et al. ,  1 988; ) .  

In  human antral G cel ls, �2-adrenergic agonists are responsible for 

stimulating gastrin release and have synergistic effects with bombesin (Buchan , 

1 99 1 ) . The �3-ad renergic receptors h ave been characterised o n  rat 0 cel ls and 

G cel ls, but this does not ru le out the presence of �2-receptors (Levasseur et 
al., 1 997) . I n  dogs, a2-adrenoreceptor agonists decreased gastrin secretion 

a lso ( Nakamura et al., 1 997) . 
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36 

1.1.7.3 Signa l l i ng pathways 

All signals received from mem brane receptors , both st imu lants and 

i nhibitors, are integrated in the second messenger pathways in the G cell 

(F igure 1 .4) .  Two second messenger pathways control the secretion of gastri n :  

t he  adenylate cyc lase pathway and the phospholipase C pathway. Evidence for 

the activity of these pathways has been extensively studied. The activity of the 

adenylate cyclase pathways in control l ing gastrin release is  shown by the 

stimu lation of gastrin secretion with cAMP (Gabrys-Pomykala et al. ,  1 977; 

Schebal i n  et al. , 1 977; DeSch ryver-Kesckemeti et al. ,  1 977 and 1 98 1 ; G i raud et 

al. ,  1 987; Sandvik et al. ,  1 987; Sugano et al. , 1 987a; Campos et al. ,  1 990; 

Sh iotan i and Merchant, 1 994) , but not cG MP (Schebalin et al. , 1 977) . 

Activation of Protein  Kinase C and increased intracel l u lar calcium cause 

gastrin release in can ine (G iraud , 1 987) and human (Campos et al. ,  1 990) 

antral G cells. 

Bombesin-stimu lated gastrin release is via Protein Kinase C in human 

antral G cel ls (Buchan et al. , 1 994) and by calcium influx in human antral  G 

cel ls (Buchan et al. , 1 994) , can ine antral G cel ls (Sugano et al. , 1 987a ; 

Seensalu et al. ,  1 997) and the perfused rat stomach (Gou et al. ,  1 988) , but not 

via cAMP (Sugano et al. ,  1 987a) . Both activities were necessary for maximal 

effect in  human antral G cel ls (Buchan et al. ,  1 994) , but on ly calcium channels 

we re activated in  can ine G cel ls (Seensa lu et al. ,  1 997) . The adenylate cyclase 

pathway also activates ca lcium channels. p-adrenerg ic st imu lated gastrin  

re lease is  med iated by L-type voltage dependent calcium channels in human 

antral G cel ls (Ray et al. ,  1 997b) ,  proposed to be activated by cAM P  

dependent Protein Kinase A (Schubert, 1 998). Peptide release by intracel lu lar 

calcium in  neurons is  divided into a fast and a slow component (Kasai et al. , 

1 996; Gi l  et al. ,  1 998; Rupnik et al. ,  2000) . This may be true fo r G cel ls also. 

As wel l  as stimu lating gastrin secretion,  both cAM P  (Shiotani and 

Merchant, 1 995) and Protein Kinase C (Merchant et al. ,  1 99 1 ) st imu late gastrin 

mRNA production, at least in pitu itary cel ls .  
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1 .2 Gastrin secretion d u ring abomasal parasitism 

The pathology of nematode infection of the abomasum includes marked 

alteration in the morphology and secretions of the abomasal mucosa, especially 

in previously un infected animals. The mucosal pathology in response to 0. 

circumcincta infection in sheep was described in detail by Armour et al. ( 1 966) , 

with the principle findings confirmed in other studies of 0. circumcincta 

(Sommervil le, 1 954; McLeay et al. ,  1 973; Anderson et al. ,  1 976a; Durham and 

El l iot , 1 976; El l iot and Durham , 1 976; Coop et ai , 1 977; Scott et al. ,  1 998b), 

Haemonchus contortus (Hunter and MacKenzie, 1 982) infection in sheep, and 

0. ostertagi infection in cattle (Jenn ings et al. ,  1 966; Mu rray et al. ,  1 970). 

Typically, the normal secretory cel ls of the fundic gland are replaced by a 

hyperplastic population of cel ls of either min imal d ifferentiation or a mucous cel l 

phenotype . The pathology of abomasal nematode infection is commonly 

associated with the fundus (Armour et al. ,  1 966; Durham and El l iot, 1 976; E l l iot 

and Durham , 1 976) . However, Armour et al. ( 1 966) reported lesions in the 

pylorus late in infection,  Sommervil le ( 1 954) observed the infection was 

predominantly in the pylorus, wh i le Durham and El l iot ( 1 975) reported lesions 

could be primari ly in either site . 

Disruption of normal abomasal function by abomasal parasitism is 

apparent in three parameters :  acid secretion,  serum gastrin and serum 

pepsinogen . Other features of abomasal dysfunction include loss of sod ium 

ions (McLeay et al. ,  1 973) and albumin into the lumen along with serum 

hypoalbuminaemia, hypocalcaemia and hypophosphataemia ( reviewed by 

Holmes, 1 993; McKellar, 1 993) . Gut moti l ity is also decreased (reviewed by 

Fox, 1 997) . Hypergastrinaemia is thought to play a central role in the host 

response , causing anorexia (Fox et al. ,  1 989a; Fox, 1 997) , decreased gut 

motil ity (Fox, 1 997) , increased pepsinogen secretion (Fox et al. ,  1 989a) and 

later aiding the recovery of acid secretion (Scott et al. ,  1 998a) . 

Hypergastrinaemia occurs in sheep infected with 0. circumcincta 

(Anderson et al. , 1 976b, 1 98 1 , 1 985, 1 988; Blanchard and Westcott, 1 985; 

Lawton et al. ,  1 996; Scott et al. , 1 998a, 2000) or H. contortus (B lanchard and 

Westcott , 1 985; N ichol ls et al. ,  1 988; Simpson et al. , 1 997) and 0. ostertagi 

infection in calves (Fox et al. , 1 987, 1 9896., b ,  1 993; Snider et al. ,  1 988; 
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Purewal et a/. ,  1 997) . Antrectomy abolished the gastrin response to infection , 

suggesting the antrum is the sou rce of increased gastrin secretion (Anderson et 

a/. ,  1 98 1 ) .  

Hypergastrinaemia has been proposed as a d iagnostic tool for 

Ostertagiasis in catt le ,  along with pepsinogen (Hi lderson et al. ,  1 992; Berghen 

et a/. ,  1 993) . Wh i le serum pepsinogen has routinely been used to d iagnose 

abomasal parasitism, some sheep secrete very l ittle pepsinogen and show poor 

pepsinogen responses to infection (Lawton et al. , 1 996; Scott et al. , 1 998c) . 

Therefore , as serum pepsinogen alone may not be rel iable for the d iagnosis of 

abomasal parasitism , hypergastrinaemia could be used as an additional 

indicator. Hypergastrinaemia could be an accurate indicator of parasit ism in 

catt le ,  in which a strong correlation between serum gastrin and abomasal pH 

has been demonstrated (Fox et a/. , 1 993) . 

Pathological cond it ions in the stomach inducing hypergastrinaemia have 

been extensively studied in humans, as have the effects of omeprazole-induced 

hypoacid ity on gastrin secretion in rats.  Most condit ions which induce gastric 

pathology in humans, including pernicious anaemia, duodenal u lceration and H. 

pylori i nfection , induce hypergastrinaemia. There may be s imi larities between 

hypergastrinaemia in these d iseases and the hypergastrinaemia observed 

during abomasal parasitism in ruminants. Omeprazole- induced 

hypergastrinaemia in rats is also a useful model for examination of gastrin 

under hypoacidity, as is induced by abomasal parasitism in ruminants. 

1 .2 .1  Effects of hypergastrinaemia 

1 .2. 1 . 1 Anorexia 

Anorexia is probably the most serious detrimental effect of abomasal 

parasitism (Symons, 1 985; Coop and Kyriaza!<is, 1 999) and may be related to 

hypergastrinaemia ( reviewed by Fox, 1 997) . Decreased food intake has been 

frequently reported in sheep infected with 0. circumcincta (Parkins et al. ,  1 973; 

Anderson et al. ,  1 976a; Sykes and Coop , 1 977) or H. contortus (Abbot et a/. ,  

1 986a, b )  and i n  catt le infected with 0. ostertagi (Fox et a/. ,  1 989a) . Both 

cholecystokinin (Symons, 1 985) and gastrin (Fox et a/. ,  1 989a; Fox, 1 997) have 
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been proposed as causative agents in the development of anorexia during 

gastrointestinal parasitism . Hypergastrinaemia has been associated with 

reduced weight gain in 0. ostertagi infected calves (Fox et al. ,  1 989b, H i lderson 

et al. ,  1 992) . This is supported by experiments using omeprazole treatment in 

calves, which resulted in similar serum gastrin concentrations to those observed 

in calves during 0. ostertagi infections, and were accompanied by a 40% 

reduction in food intake (Fox et al. ,  1 989a, Fox, 1 997). S imi larly, chickens 

treated with omeprazole exh ib ited anorexia, which reversed after treatment with 

a gastrin antagon ist (Campbel l  et al. , 1 99 1 ) ,  showing hypergastrinaemia is 

responsible for red uced food intake during omeprazole t reatment. How 

hypergastrinaemia affects appetite is not clear. CCKA receptors, not CCKs 

receptors, i n  the central nervous system are responsible for cholecystokinin 

mediated inh ib it ion of food intake (reviewed by Fink et al., 1 998; Ritter et al. , 

1 999). Central blockade of CCKA has been shown to increase food intake in 

Trichostrongylus colubriformis infected lambs (Dynes et al. ,  1 998) , suggesting 

th is receptor is involved in anorexia induced by parasitism . It is not clear 

whether gastrin cou ld affect food intake by binding to central CCKA receptors 

as, typically, gastrin has poor aff in ity for CCKA receptors. Another mechan ism 

by which gastrin may inh ibit food intake in ruminants is via inhib ition of 

ret iculoruminal mot i l ity, which could in turn result in stasis of d igesta in the 

abomasum and rumen,  causing reduced food intake (Fox et al. , 1 989a) . 

1 .2 . 1 .2 Hyperpepsinogenaemia 

Gastrin may also stimulate increased pepsinogen secretion du ring 

abomasal infection .  Hyperpepsinogenaemia accompan ies 0. circumcincta 

infection in  sheep (McLeay et al. ,  1 973; Coop et al. ,  1 977; Lawton et al. ,  1 996; 

Scott et al. ,  1 998b) and 0. ostertagi infection in cattle (Anderson et al. ,  1 966; 

Jennings et al. ,  1 966; Murray et ai ,  1 970; Fox et al. ,  1 987) . Gastrin has been 

shown to stimu late gastrin re lease in monogastrics (Hersey et al. ,  1 983; 

Kleveland et al., 1 987; Cherner et al. , 1 988; Un et al. ,  1 992; Lanas et al. ,  1 994; 

B land izzi et al. , 1 999) , and hyperpepsinogenaemia correlates with 

hypergastrinaemia after omeprazole treatment in cattle (Fox et al. , 1 989a) . 

Hypergastrinaemia may contribute to hyperpepsinogenaemia during periods of 

markedly elevated abomasal pH in the presence of adu lt parasites (Armour et 
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al. ,  1 966; Jennings et al. ,  1 966; Anderson et al. , 1 985; McKellar et al. ,  1 986, 

1 987a; Lawton et al. , 1 996) . However, there are small increases in  serum 

pepsinogen prior to (Lawton et al., 1 996) or even without (McKel lar et al. , 
1 987a) increased abomasal pH .  The increase in  pepsinogen secretion in 

response to hypergastrinaemia induced by omeprazole treatment is less than 

that observed during parasitism (Fox et al. ,  1 989a) .  These results suggest that 

hypergastrinaemia is not solely responsible for hyperpepsinogenaemia (Fox et 

al. , 1 989a) . Other proposed causes of hyperpepsinogenaemia are :  increased 

leakage through more permeable mucosa and decreased conversion to pepsin 

(Jennings et al. , 1 966; Mu rray et al. , 1 970) ; stimulation of release by parasite 

secret ions (McKellar et al. , 1 990b) ;  a hypersensit ive response in previously 

infected animals (Berghen et al. ,  1 993; Scott and McKel lar, 1 998) . 

1 .2 .1 .3 Hyperplasia 

The hypergastrinaemia during abomasal parasitism has been suggested 

to have positive trophic effects on the abomasal mucosa, aid ing parietal cel l  

recovery (Scott et al. ,  1 998a) . Hypergastrinaemia has also been associated 

with the fundic hyperplasia and increase in mucosal weight during O. 

circumcincta in sheep (Anderson et al., 1 988) . In  parasite free calves, 

omeprazole-induced hypergastrinaemia resu lts in hyperplasia, supporting the 

hypothesis that gastrin may by partly responsible for fundic hyperplasia during 

abomasal nematode infection (Fox, 1 997) .  However, changes in  the mucosal 

cell populations during parasitism are more l ike those observed with 

overexpression of EGF peptides than the typical t rophic actions of gastrin 

( reviewed by Simpson , 2000) . 

1 .2.2 Gastri n  biosynthesis, tissue gastri n and blood gastrin 

d uring hypersecretion 

Prolonged hypergastrinaemia typically results in a proportionate increase 

in processing intermediates in the antral t issue, along with an upregu lation of 

transcription and post-translational processing. Although hypergastrinaemia 

has been related to changes in abomasal pH during the course of a parasite 

infection , the effects of continued hypergastrinaemia on G cel l  function du ring 
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parasitism have not been extensively stud ied . However, the responses of  the 

G cel l to continued stimulation induced by gastric hypoacidity in  rats are well 

studied,  and are probably simi lar in response to all stimul i .  The overall 

response of the G cell to cont inued stimulation by achlorhydria is graded : fi rstly, 

there is an increase in gastrin secretion ; then translation of gastrin m RNA and 

post translational processing increases; followed by an increase gastrin m RNA 

transcription ; finally, G cel l  numbers increase. 

Hypergastrinaemia during abomasal helminth infections may have 

simi larities to the hypergastrinaemia induced by H. pylori infection in h umans, 

which has been intensively studied. In contrast to helminth infections in 

rum inants ,  H. pylori infection may increase acid secretion depending upon the 

site of infection (McColI et al. ,  1 997) . However, the cause of hypergastrinaemia 

induced by H. pylori infection may be simi lar to that occurring with abomasal 

helm inth infections of ruminants . H. pylori i nfection increases antral 

juxtamucosal pH (Kel ly et al. ,  1 993) , which may induce hypergastrinaemia. In  

addition , the hypergastrinaemia produced by antral H. pylori infection is also 

associated with gastric damage and inflammation (Sankey et al. ,  1 990) . Both 

hypoacid ity and inflammation may contribute to the hypergastrinaemia with 

abomasal helminth infection.  Thus, effects observed on G cel ls with H. pylori 

infection also relate to hypergastrinaemic cells during Ostertagia i nfection . 

1 .2.2.1 G and D cel l  numbers 

In general ,  prolonged hypergastrinaemia is associated with an increase 

in G cel l  numbers ,  a decrease in D cell numbers ,  or both , leading to a reduction 

in  the G : D  cel l  ratio .  A 14 day omeprazole treatment resu lted in increased G 

cel l numbers (Dockray et al. , 1 99 1 ) ,  while 1 0  week (Alien et al. , 1 986) or 20 

week (Larrson et al. , 1 988) treatment with omeprazole increased G cell 

numbers ,  G : D  cell rat io and decreased D cell numbers.  In duodenal u lcer 

patents , increased G cell numbers (Polak et al. ,  1 978) and increased G : D  cell 

ratios have been reported (Polak et al. ,  1 978; Kish imoto et al. ,  1 985; Sumi i  et 

al. ,  1 994; Annibale et al. ,  1 996) , as have typical G cell numbers (Creutzfeldt et 

al. ,  1 976; Arnold et al. ,  1 982; G raham et al. ,  1 993) , typical G : D  cel l  ratios 

(Arnold et al. ,  1 982; G raham et al. , 1 993), and even decreased G :D  cell ratios 

(Chamouard et al. ,  1 997) . These varied results may partly be due to the 
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degree of gastrit is ,  as severe gastritis resu lts in a reduction in  G cel l  numbers,  

possibly due to tissue damage (Sankey et al. ,  1 990) or  reduced vis ibi l ity of G 

cel ls due to hypersecretion (Marotta et al. ,  1 990). 

In both sheep infected with 0. circumcincta (Scott et al., 1 998a) and 

calves infected with 0. ostertagi (Pu rewal et al. ,  1 997) , hypergastrinaemia is 

accompanied by a reduction in G cell numbers ,  not G cell hyperplasia. The 

absence of hyperplasia could be a result of the period of hyperplasia being too 

short .  The shortest reported period omeprazole treatment in rats which induced 

G cel l hyperplasia appears to be 1 4  days by Dockray et al. ( 1 99 1 ) .  Although 

increased G cell numbers have been reported with in two days of t runcal 

vagotomy, this was due to increased gastrin production and stain ing,  not 

hyperplasia (Shimoda et al. ,  1 990) .  On the other hand red uced G cell 

numbers may be due to weak staining of G cel ls due to hypersecretion (Marotta 

et al. ,  1 990; Fox et al. , 1 993) . 

1 .2.2.2 Transcription and post translational processing 

The t iming of increased transcription and post translational processing of 

gastrin has been extensively studied in rats, but has not been stud ied in detail 

in ruminants with parasite- induced hypergastrinaemia. I t  seems l ikely that 

increased transcription and rate of post-translational processing responses of 

the G cel l  to prolonged hypergastrinaemia are very s imi lar  regard less of the 

stimu lus,  whether induced by hypoacidity due to omeprazole t reatment or 

parasitism. 

Gastrin production increases to accommodate increased secretion. 

I n it ial ly, there is an increase in gastrin secretion, fol lowed within 24 hours by an 

increase in gastrin m RNA translation (Bate et al. ,  1 996) , then after about two 

days an increased m RNA transcription (Macro et al. , 1 997) . Reversal of 

increased synthesis also lags behind reversal of hypergastrinaemia (Dockray et 

al. ,  1 993) .  The t iming of gastrin m RNA increases in response to omeprazole 

t reatment appear to be s imi lar in sheep, where increases in gastrin m RNA lag 

behind increased gastrin secretion by at least 24 hours (Read et al. ,  1 993) . 

Gastrin m RNA levels were increased in  response to 0. ostertagi infection in 

cattle after several days of hypergastrinaemia (Purewal et al. ,  1 997) . Thus, 
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increased gastrin production in response to hypergastrinaemia induced by 

parasitism appears to be simi lar to that reported with hypoacid ity in  rats. 

In  rats, the rate of post translational processing of gastrin is  also 

increased in response to increased gastrin secretion . Phosphorylation and 

amidation are key reactions in the processing of the gastrin peptides, control l ing 

progastrin and amidated gastrin formation (see 1 . 1 .4.2) . Both phosphorylation 

and amidation rates are reduced with decreased gastrin synthesis in fasted rats 

(Varro et al. ,  1 990b, c; Oimal ine et al. , 1 99 1 ) and with decreased secretion rats 

with antral  exclusion in dogs (Varro et al. ,  1 990a) . However, pulse-chase 

experiments showed that pre-treatment of rats with omeprazole d id not 

increase the rate of gastrin amidation nor cleavage at the Arg57-Arg58 or the 

Arg94-Arg95 sites (Macro et al. ,  1 997) . Thus, amidation and cleavage or 

progastrin appear not to be upregu lated during hypersecretion. 

Pulse-chase experiments in  rat antral G cel ls showed the t iming of post 

translational events using rad iolabelled peptides (Varro et al. ,  1 995) . P rogastrin 

was f irst observed after 30 minutes, with G34Gly, then G34 appearing at 60 

minutes with G 1 7  forms becoming apparent after 1 20 minutes (Varro et al. ,  

1 995) . Turnover of  cel lu lar content is estimated to occur  once every fou r  hours ,  

suggest ing about half of G 1 7's residency t ime in the ce l l  is  during its formation 

(Oockray et al. ,  1 996) . 

As conversion of G34 to G 1 7  is the slowest of the processing steps, its 

upregu lation is critical in hypersecretory states, where residency time of gastrin 

peptides in G cel ls is reduced.  Omeprazole treatment in rats resu lts in an 

increase in the cleavage of G34 to G 1 7  (Macro et al. , 1 997) , probably via 

upregulation of PC2 . There is also an increase in PC1 /3 and PC2 mRNA after 

five day omeprazole treatment (Macro et al. , 1 996) ,  showing that gastrin 

processing enzymes are also upregulated during hypersecret ion. A 24 hour 

t reatment with omeprazole in rats caused an increased rate of conversion of 

G34 to G 1 7  and G34G ly to G 1 7G ly, possibly regu lating hypergastrinaemia by 

reducing amounts of G34 (Macro et al. ,  1 997) . This upregulation of d ibasic 

cleavage may also be due to increased processing rates to match levels of 

secret ion. 

P rocessing may also be affected by external factors , such as gastric 

luminal constituents. Cleavage of G34 to G 1 7  is dependent on the acidity of 
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the secretory vesicle (Voronina et al. ,  1 997), wh ich may be affected by luminal 

factors. Dietary amines as wel l  as biogenic amines, raise the vesicle pH and 

inh ib it G34 cleavage to G 1 7  (Hussain et al. ,  1 999) . Whether th is can become a 

sign ificant factor during gastrin hypersecretion is unknown . 

Despite faster processing of gastrin peptide, hypersecretion results in 

lower residency t ime of peptides in the G cel l ,  result ing in less complete peptide 

processing before secretion and thus,  processing intermediates becoming more 

abundant in  blood and account for g reater proportions of the gastrin peptides in 

the G cel l .  Hypersecretion of gastrin in  sheep after 24 hours omeprazole 

infusion resu lted in an increased proportion of G34 compared to G 1 7  in blood , 

a sl ight decrease in G 1 7  in the antrum ,  and s imi lar proportions of G-Gly and 

amidated gastrins in  both blood and antral  t issue (Read et al., 1 993) . I n  

humans, continued gastrin hypersecretion was also characterised by increased 

amounts of G34, component I and G-G ly in serum,  accompanied in the tissue 

by an increased concentration of G-Gly, but no change in the ratio of G 1 7  and 

G34 (Jensen et al. ,  1 989) . Similar results were obseNed in both sheep (Scott et 

al. ,  1 998a) and calves (Fox et al. , 1 993; Purewal et al. ,  1 997) parasitised with 

Ostertagia, in which increased serum gastrin comprised mostly of G34, whi le 

G 1 7  predominated in control animals, but the ratio of G 1 7  to G 34 was 

unchanged in antral  t issue. In calves, the increased serum gastrin 

concentration was shown to be due to increased gastrin synthesis (Purewal et 

al. ,  1 997) . This is also true in omeprazole treated rats, in which increased 

secretion contributes more to increased serum gastrin levels than increased 

tissue gastrin content (Dockray et al. ,  1 99 1 ) .  

I n  both sheep infected with 0. circumcincta (Scott et al. ,  1 998a) and 

calves infected with 0. ostertagi (Purewal et al. ,  1 997) and subject to 

hypergastrinaemia, t issue gastrin concentration was reduced . These results 

were not consistent with results in omeprazole-treated,  hypergastrinaemic rats,  

i n  which tissue gastrin ,  particu larly G-G ly, were increased (Dockray et al. , 

1 99 1 ) .  This may relate to the period of elevation of pH ,  in that t issue gastrin 

levels were est imated after some seven to eight days of hypergastrinaemia in 

the studies of both Scott et al. ( 1 998a) and Purewal et al. ( 1 997) , whi le those of 

Dockray et al. ( 1 99 1 ) were conducted after 1 4  days of hypoacid ity and 
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presumably hypergastrinaemia. Thus, increased gastrin synthesis and 

processing may take some t ime to compensate for an in it ial red uction in tissue 

gastrin as a result of hypersecretion. 

Both Scott et al. ( 1 998a) and Purewal et al. ( 1 997) suggest the increased 

p roportions of G34 in blood could be due to the longer half-l ife of G34, and its 

preferential release from G cel ls. Scott et al. ( 1 998a) suggest that increased 

proportions of G34 in the gastroepiploic vein of un infected sheep support its 

preferential re lease . Whi le preferential secretion of immature vesicles in 

response to stimulation does occur with some peptides, general ly preferential 

secretion does not occur in response to secretion stimu lants (Arvan and Castle ,  

1 998) . P referential secretion of immatu re vesicles has not been observed in 

most stud ies of gastrin hypersecretion . There is a greater proportion of 

immature vesicles, contain ing both G34 and G 1 7, in the G cel l  du ring 

hypersecretory states (Alumets et al. ,  1 979, 1 980; Hakanson et al. , 1 982) , and 

after feeding (Track et al. , 1 978) suggesting shorter residence t ime for vesicles 

in G cel ls ,  with no evidence of storage vesicles or preferential secretion of 

immature vesicles. Whi le tissue proportions of G 1 7  and G34 do not change 

du ring gastrin hypersecretion (Jensen et al. ,  1 989; Purewal et al. ,  1 997; Scott et 

al. ,  1 998a) th is could be due to increased conversion of G34 to G 1 7  during 

hypersecretion (Macro et al. ,  1 997) . The increased proportion of G34 in  the 

gastroepiploic vein could be due to postsecretory metabol ism of G 1 7  (see 

1 . 1 .5 . 1 ) . If the endopeptidases responsible for postsecretory c leavage obey 

M ichael is-Menten kinetics, and basal gastrin levels are below the M ichael is 

constant for these enzymes, it is possible that their activity increases as gastrin 

secretion increases accounting for the h igher proport ions of G34 in c i rculation .  

1 .2.3 Causes of hypergastrinaemia 

1 .2 .3 .1  Abomasal hypoacidity 

Hypoacid ity during abomasal nematode infection is l ikely to be the 

primary cause of hypergastrinaemia. In  calves there is very good correlation 

between hypoacid ity and hypergastrinaemia (Fox et al. ,  1 993) . In sheep, the 
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relat ionship between hypoacidity and hypergastrinaemia appeared weaker, but 

both increase together, in it ial ly at least (Lawton et al. ,  1 996) . 

Lawton et al. ( 1 996) reported that gastrin secretion increased with 

abomasal pH with in 24 hours of transplant of adult O. circumcincta into sheep. 

Although gastrin responses to cephalic stimulation occur with in  minutes in rats 

(Track et al. ,  1 979) and dogs (Oockray et al. , 1 980b) , induction of increased 

gastrin re lease by gastric hypoacid ity takes up to one hour to develop (Kl ine et 

al. ,  1 975; Shulkes and Hardy, 1 982a) . 

Hypoacid ity is commonly observed with abomasal parasitism by 0. 

circumcincta (Armour et a/. ,  1 966; McLeay et al. ,  1 973; Anderson et al. ,  1 976a, 

b, 1 98 1 , 1 985, 1 988; Titchen and Anderson , 1 977; Lawton et a/. ,  1 996; Scott et 

al. ,  1 998a, b) , H. contortus (Christie et al. , 1 970; N ichol ls et al. ,  1 987, 1 988; 

S impson et al. ,  1 997) and cattle with 0. ostertagi (Jenn ings et al. ,  1 966; Fox et 

al. ,  1 993) . E levated abomasal pH may be necessary for nematode survival ,  as 

worms suspended in the normal abomasum (McKel lar, 1 993; Simpson et al. ,  

1 999) or in acidic medium in vitro (Haag , 1 995) , d ie  rapidly. On the other  hand, 

the strong buffering capacity of the gastric mucus (Schreiber and Scheid ,  1 997) 

may be suffic ient to protect worms from gastric luminal acidity. 

I n  calves, hypergastrinaemia and abomasal hypoacid ity are observed 

with 0. ostertagi infection after emergence of adult worms, with 

hypergastrinaemia strongly correlated to increased abomasal pH (Fox et al. , 

1 993) . Furthermore ,  omeprazole infusion in unparasitised calves produces 

hypergastrinaemia simi lar to abomasal parasitism (Fox et a/. , 1 989a) . This is in 

keeping with the commonly accepted model , that gastric acid ity controls antral 

gastrin secret ion, described in Section 1 . 1 .6 .2 2. In  sheep, however, Anderson 

et al. ( 1 976b, 1 98 1 , 1 985) claimed p lasma gastrin was e levated before 

abomasal pH increased in sheep infected with 0. circumcincta. This 

interpretation was dependent on the threshold of hypoacidity being pH4. This 

threshold was considered too conservative by Lawton et al. ( 1 996) . I nstead 

Lawton et al. ( 1 996) defined hypoacid ity as any value two standard deviations 

above the mean pH for pre-infection values. Using this def in it ion,  Lawton et al. 

( 1 996) observed that serum gastrin and abomasal pH increased in  un ison,  but, 

when abomasal pH increased beyond pH5.5, serum gastrin levels retu rned to 
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near basal levels, only to increase again when abomasal pH decl ined. This 

latter feature was also noted in some animals by Anderson et at. ( 1 985) .  It 

seems fluctuations in abomasal pH alone cannot explain gastr in secretion in 

sheep during 0. circumcincta infection. 

Abomasal hypoacid ity coincides with the loss of d ifferentiated epithel ial 

cells in the fundus, which is symptomatic of abomasal Ostertagiosis 

(Somme rvi l le ,  1 954; Armour et al. ,  1 966). Parietal cel l loss occurs in two 

patterns depending upon the maturity of the Ostertagia worm . The L3 larvae 

cause local epithel ial cel l hyperplasia and parietal cel l loss early in the infection 

when they invade the mucosa (Sommervil le ,  1 957; Armour et al. ,  1 966) , but, 

general ly, cause l ittle change in  abomasal pH. Adult worms cause more g lobal 

epithel ial damage, resu lting in the most severe increase in abomasal pH and 

parietal cell loss after completion of the th i rd ecdysis (Armour et al. , 1 966; 

Oenham , 1 969) and emerging from the mucosa (Sommervi l le, 1 954, 1 963) .  

The pattern of parietal cell loss i s  simi lar i n  cattle infected with 0. ostertagi, 

although the emergence of adu lts occurs much later, between days 1 7-2 1 

(Murray et al. ,  1 970) . Abomasal pH begins to decrease again with the 

expulsion of adult worms ,  which occurs at a similar t ime to when gravid females 

and patency are reported (Oenham, 1 969; McLeay et al. , 1 973; Lawton et al. ,  

1 996) . 

It was previously suggested that larval invasion of and emergence from 

the mucosa are the ch ief causes of pathophysiology and abomasal hypoacid ity 

(Armour et al. ,  1 966; Jenn ings et al. ,  1 966; Murray et al. ,  1 970) .  More recent 

studies, however, suggest that the presence, not the emergence, of adu lt 

worms causes the most significant changes in abomasal secretion (Lawton et 

al. ,  1 996; Simpson et al. ,  1 997; Scott et al. , 1 998a, b) . Transplant of adu lt 0. 

circumcincta has consistently been demonstrated to elevate abomasal pH and 

serum gastrin ,  as qu ickly as within 24 hours,  to levels equivalent to those 

observed with adu lt emergence with larval infections (Anderson et al. ,  1 985; 

Lawton et al. ,  1 996; Scott et al. ,  2000) . Adult Ostertagia are not associated 

with tissue invasion , suggesting that a chemical interplay is central to inh ib ition 

of acid secret ion.  
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Reduced abomasal acid ity, which may resu lt i n  hypergastrinaemia, could 

be due to a reduction in parietal cel l  activity and reduced parietal cel l numbers .  

Parietal cel ls with u ltrastructure ind icating reduced activity were observed in  

cattle infected with 0. ostertag; (Murray et  al. ,  1 970) and sheep infected with 

0. circumcincta (Mcleay et al. ,  1 973; Scott et al. , 2000) .  Reduced parietal cel ls 

numbers are also reported after larval 0. ostertagi infection in  cattle (Mu rray et 

al. ,  1 970) and after both larval and adult 0. circumcincta infection in sheep 

(Scott et al. ,  1 998b, 2000) . 

The actual cause of reduced parietal cel l  activity is unknown . 

Hypergastrinaemia often coincides with hypoacidity, which suggests that 

stimu lation of gastrin secretion is being blocked , either at the level of the 

parietal cel l or the Eel cell (Hertzberg et al. ,  2000) . There are two cand idates 

for this effect, parasite secretions or inflammatory effects. The role of 

inf lammation is supported by the coincidence of decreased parietal cel l 

numbers and abomasal hypoacid ity with the accumu lation of eosinophi ls and 

neutroph i ls  during 0. circumcincta infection in sheep (Scott et al. ,  1 998b, 2000) .  

Scott et al. ( 1 998b) suggest that the host growth factors , such as TGFa, or 

chemicals released by adult parasites may be the cause of acid inhibition .  

Wh ile there is no publ ished evidence connecting growth factor levels du ring 

parasitism and acid inh ibition ,  worm secretions and homogenates have been 

studied.  McKellar et al. ( 1 990a) reported 0. ostertagi secretions had no effect 

on acid secretion from d ispersed bovine fundic cells, but 0. ostertagi 

homogenate inh ibited acid secretion when injected in rats (McKellar, 1 993) . 

However, ammonia secretion from 0. circumcincta in vitro inh ib ited acid 

secretion in dispersed rabbit fundic glands (Scott , Merkelbach and Simpson , 

unpubl ished resu lts). Interestingly, in rat stomachs, topical administration of 

ammonia increases EGF production and secretion (Brzozowski et al., 1 996; 

Konturek, 1 997), which in turn inh ibits parietal cel l function and stimu late the 

growth of epithelial su rface cel ls (Dockray, 1 999) . 

1 .2.3.2 Inflammation, inflammatory mediators and gastrin secretion 

Although hypoacidity appears to be the major stimu lant of 

hypergastrinaemia induced by abomasal nematode parasitism in  sheep, 

inflammation of the mucosa may also be a contributing factor. There is a 
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g reater increase in serum gastrin levels during abomasal parasitism than is  

observed during infusion of bicarbonate, or rumen contents into the abomasum 

increasing pH (Reynolds et al. , 1 99 1 ) .  This suggests that another factor, in 

addit ion to elevated abomasal pH,  is involved in parasite- induced 

hypergastrinaemia. I ntestinal parasitism has been reported to induce gastrin 

hypergastrinaemia in rats (Castro et al. ,  1 976) ,  possib ly via inflammation .  An 

inflammatory response, involving migration of eosinophi ls and neutrophi ls to the 

. mucosa, was observed during 0. circumcincta infection when the larvae f irst 

infected the mucosa and progressed throughout infection (Armour et al. ,  1 966) . 

Scott et al. ( 1 998b, 2000) observed that migration of eosinophi ls to tissue 

coincided with abomasal hypoacidity. G lobular leukocytes are also noted in the 

mucosa later in infection (Armour et al. ,  1 966) , and are associated with 

rejection of worms. Whi le Hertzberg et al. ( 1 995) reported immunosuppression 

in sheep previously exposed to parasites had no effect on gastrin levels, the 

possible acute effects of inflammatory cytokines on gastrin secretion in 

parasitised sheep have not been studied in detai l .  

There are no d i rect studies on the effects of inflammatory mediators on 

gastrin secretion in sheep, or  during abomasal parasit ism, though the role  of 

such mediators has been studied in relation to H. pylori i nfection . H. pylori 

infection increases the release of inflammatory cytokines, which may stimu late 

prostaglandin release , activate inflammatory cel ls and stimulate gastrin release 

(Lehmann and Salder, 1 998) . Several cytokines have been shown to stimu late 

G cells in various species. Rabbit antra l  G cel ls are stimulated by I nterleukin 

1 � ( IL 1 �) and TNFa (Weigert et al. ,  1 996) . Canine antral  G cel ls are stim ulated 

by monocyte and mononuclear cell secretions, and by TNFa, I nterferon-y, and 

I L2 ,  but not I L  1 � , and not at the concentrations secreted by 

monocyte/mononuclear cell incubation (Lehmann et al. , 1 996) . In contrast , 

Beales et al. ( 1 997) reported canine antral G cel ls were stimulated by IL8 ,  but 

not by TNFa. H. pylori son icates potentiated gastrin re lease by I L8 ,  wh ich 

stimu lates gastrin secretion via a receptor, an effect wh ich cou ld be inh ib ited by 

somatostat in (Seales et al. , 1 997) . Increased amounts of IL6 and TNFa are 

secreted in cultu re by the antral mucosa of H. pylori infected gastritis patients 

(Crabtree et al. ,  1 99 1 ) .  With H. pylori positive and negative human antral 
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fragments, TNFa increased gastrin stimu lation by bombesin and decreased 

gastrin inhibition by cholecystokinin (Beales and Calam, 1 997) . 

G cel ls may be stimulated or inhibited by prostaglandins. Gastrin 

secretion was inh ibited by prostaglandin E2 (PGE2) in perfused rat stomach 

(Saffou ri et al. ,  1 980) and by enprosti l in humans (Mahachai et al. ,  1 985; Tari et 

al. ,  1 997) . Inhibition may be via somatostatin release in the perfused rat 

stomach (Saffou ri et al. ,  1 980) . This is not the case with canine antral cel l 

cu lture ,  where enprosti l  inhibited and PGE2 both stimulated and inhibited 

gastrin secretion,  independent of somatostatin (Schepp et al. ,  1 994) . 

Prostaglandins also inhibit the release of inflammatory mediators from mast 

ce l ls (Hogaboam et al. , 1 993) as wel l  as acid secretion (Konturek et al., 1 980; 

Mahachai et al. ,  1 985) , both of which may affect gastrin secretion.  The 

reported effects of prostaglandin analogues may be pharmacological rather 

than physiological however, as gastric damage induced by indomethacin did 

not affect gastrin or acid secretion in humans (Rademaker et al. ,  1 995) . 

1 .2.3.3 G cel l sensitivity 

I ncreased G ce" sensitivity may contribute to hypergastrinaemia during 

abomasal parasite infection in similar fashion to H. pylori infection in humans, 

which appears to alter the physiological control of gastrin .  In  H. pylori infected 

duodenal u lcer patients , the G cell is more sensitive to st imulation by 

bombesin/G RP (G raham et al. , 1 99 1 ; Beardshall et al. , 1 992; G ibbons et al. ,  

1 997) and gastric alkal insation (E l  Nujumi et  al. , 1 998; Jensen et  al. ,  1 987), but 

less sensitive to acidification (Jensen et al. ,  1 987) . H. pylori infection increases 

basal gastrin levels (Ohkusa et al. ,  1 997) with decreased somatostatin levels 

(Gibbons et al. ,  1 997) . The increased sensitivity of the G cell may be due to 

reduction of the somatostatin inhibitory feedback effect. H. pylori infected 

duodenal u lcer patients also exhibit increased gastrin and somatostatin m RNA 

production in response to G RP ,  probably due to abnormal ities in the 

somatostatin feedback on gastrin (G ibbons et al. , 1 997) . I nh ibition of gastrin 

and acid secretion by cholecystokin in ,  which (;I,cts via somatostat in ,  is defective 

in duodenal u lcer pat ients, as blockade of cholecystokinin receptors had no 

effect on gastrin or even acid secretion (Konturek et al. ,  1 995) .  Jensen et al. 

( 1 987) also questioned the inhibitory effect of somatostatin on gastrin release in 
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d uodenal u lcer patients ,  as somatostatin  levels in the right gastroepiploic vein  

were unaffected by altered gastric pH .  A s imi lar effect may occu r  in 0. 

circumcincta as hypergastrinaemia coincides with a reduction in  the number of 

D cel ls (Scott et al. ,  1 998a) . 

1 .2.3.4 Nematode excretory/secretory products and gastrin secretion 

I t  has also been suggested that excretorylsecretory products (EIS) of 

Ostertagia stimu late gastrin secretion (McLeay et al. ,  1 973; McKel lar et al. ,  

1 987a) , as in some infection studies, hypergastrinaemia occurs without 

hypoacid ity. However, Lawton ( 1 995) and Haag ( 1 995) both reported EIS 

products from Ostertagia cu ltured in vitro had no effects on gastrin secretion 

from ovine antral fragments. 

It is possible that the both the hypoacidic and hypergastrinaemic 

response to a nematode infection involves ammonia. O. circumcincta releases 

ammonia at concentrations sufficient to inh ibit parietal cel ls (Scott , Merkelbach, 

S impson , unpubl ished resu lts) . Ammonia,  produced by u rease activity, is 

thought to contribute to H. pylori induced hypergastrinaemia (Levi et al. ,  1 989) . 

Ammonia production al lows H. pylori to function in low pH media (Rektorshek et 

al. ,  1 998) . Ammonia may be responsible for the observed increase in antral 

juxtamucosal pH ,  which may impair the inh ibitory feedback of acid on gastrin 

secretion (Kelly et al. ,  1 993) . Neither urea infusion (Ch ittajal lu et al. ,  1 99 1  a; 

G raham et al. ,  1 99 1 ) , nor urease inh ib ition (E l  Nujumi  et al. ,  1 99 1 )  nor red uced 

u rease activity (Ch ittajal lu et al. ,  1 99 1  b) affected gastrin levels in H. pylori 

posit ive duodenal u lcer pat ients though .  In  contrast , long-term d ietary 

ammonium load ing in rats increased mucosal th ickness, t issue and serum 

gastrin levels ,  gastrin mRNA levels and serum gastrin response to a meal 

(Litchtenberger et al. ,  1 995; Dial et al. , 1 996) and gastrin sensit ivity to ammonia 

in food (Dial  et al. ,  1 996) . Some of these effects at least may be due to gastric 

inj u ry and inflammation (Lichtenberger et al., 1 995) . Mononuclear phagocytes 

and cytokine production are also stimu lated by H. pylori u rease (Harris et al. , 

1 996) . 

Various products isolated in parasite EIS products have been isolated 

wh ich may affect gastrin secretion.  Hertzberg et al. ( 1 999) observed an 

elevation in  serum gastrin after anthelmintic t reatment in trickle infected sheep, 
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possibly produced by dying worms releasing antigens. In catt le, the size of the 

adu lt worm is thought to have an effect on the level of gastrin secretion 

(Berghen et a/. ,  1 993) . This may relate to either a secretory capacity of the 

worm or  the anti genic response of the host . Acetylcholinesterase activity has 

been isolated in many studies of nematode parasites, including in the infective 

larvae of 0. circumcincta (Sutherland and Lee , 1 993) , and from the EIS of T. 
colubriformis (Griffiths and Prichard ,  1 994) . Ostertagia worms have also been 

shown to release a bombesin l ike peptide (Huntington et a/. , 1 999) . Both of 

these may affect gastrin secretion d i rectly. Other effects of parasite EIS 

products are reported also . For example, 0. osteragi secrete an eosinophi l  

chemotactic factor (Klesius et a/. ,  1 986) , 0. ostertagi homogenate (McKel lar, 

1 993) and 0. circumcincta EIS (Scott, Merkelbach and Simpson , unpubl ished 

resu lts) inh ib it acid secretion, whi le Teladorsagia circumcincta EIS stimu lates 

HT29-04 cel l  prol iferation (Huby et a/. , 1 995) . Such effects could affect gastrin 

secretion ind i rectly. 

1 .2.3.5 Abomasal m icrobes 

A novel suggestion , put forward by Lawton et al. ( 1 996) is that abomasal 

bacteria present in the hypoacidic abomasum during parasite infection may 

affect gastrin secretion . Both Lawton ( 1 995) and Haag ( 1 995) reported that 

when incubation cu ltu res of 0. circumcincta were contaminated with abomasal 

bacteria , an inh ib itory effect on in vitro gastrin secretion was observed. This 

factor may also be present in  the hypoacidic abomasum of parasitised sheep, 

wh ich contains increased bacterial numbers .  Jenn ings et al. ( 1 966) reported 

increased aerobic bacterial numbers in the abomasa of calves infected with 0. 

ostertagi, and proposed that thei r  survival may be the cause of the diarrhoea. It 

is  expected however, that aerobic bacteria are only a smal l  percentage of the 

bacterial population in the abomasum, as they are in  the rumen.  N ichol ls et al. 

( 1 987) showed greatly increased numbers of anaerobic bacteria in the 

abomasum during H. contortus infection in sheep. Increased anaerobe survival 

coincided with increased abomasal pH and decreased p02 in the abomasum . 

These stud ies provide some support for the statement by Lawton et al. 

( 1 996) , that an overgrowth of bacteria at h igh abomasal pH could inte rfere with 

gastrin secretion. It is has been extensively mported that H. pylori i nfection in 
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h umans affects gastrin secretion, such infection stim ulates gastrin secretion . 

Lawton et al. ( 1 996) proposed that m icrobes surviving in the abomasum during 

0. circumcincta infection were inh ibiting gastrin secretion , based in vitro 

observations. These observations show a novel effect of bacteria on gastrin 

secretion from the antrum .  

1 .3 Summary and aims 

The control of gastrin release in the monogastric is wel l  defined,  even in 

disease states .  I n  contrast , there are relatively few studies on the control of 

gastrin secretion in ruminants . In  particular, there appears to be on ly one 

reported study of gastrin secretion by rum inant abomasal tissue in vitro, that of 

Lawton ( 1 995) .  Further, 
'
experiments relating to gastrin secretion in rum inants 

may have been affected by abomasal parasitism . In this thesis, experiments 

are reported which examine the control of gastrin secretion from unparasitised 

antral tissue,  with particular emphasis on the inh ibition of gastrin secretion by 

somatostat in and the stimulation of gastrin re lease by luminal chemicals 

(Chapter 2) .  

In rum inants, the study of gastrin  secretion is centred around 

hypergastrinaemia during abomasal parasitism . Although abomasal 

pathophysiology during abomasal parasite infection is wel l  described , the 

factors affecting gastrin release and the effects of gastrin hypersecretion are 

st i l l  debated. The experiments reported in Chapter 3 and 4 were designed to 

investigate further the role of abomasal hypoacidity as the primary cause of 

increased serum gastrin concentrations and to examine the effects of 

hypergastrinaemia in 0. circumcincta-infected sheep, in particu lar on food 

intake . The presence of abomasal m icrobes and their effects on gastrin 

secretion were examined (Chapter 3) , as was the presence and effects of an 

inh ib itor of in vitro gastrin secretion in abomasal contents (Chapter 4). The 

orig in ,  basic properties and probable nature of the m icrobial product which 

inh ib its in vitro gastrin secretion were also examined (Chapters 5 and 6) .  
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PHARMACOLOGY OF THE UN PARASITISED OVINE 

ANTRAL G CELL 

2.1  Introd uction 
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Regu lation of gastrin secretion by the ruminant antrum appears to 

involve mechanisms sim i lar to those reported in monogastric species, which 

have been extensively studied . The complex regulation of this hormone by 

neura l ,  chemical and paracrine factors has been reviewed in  Chapter 1 .  

Cephalic stimulation of gastrin release is mediated by the vagus 

(Dockray and Tracy, 1 980a, b ;  H i rschowitz and Fong ,  1 990) , main ly via a d i rect 

effect of G RP on the G cel l (Schubert et al. ,  1 985; Weigert et al. ,  1 993; Debas 

and Carvajal ,  1 994) , but also through reduced somatostatin secretion via 

inh ib itory chol inergic neurons (Debas and Carvajal , 1 994) . Chemical 

stimulation of gastrin re lease by gastric peptones is also mediated through G RP 

and chol inergic neurons (Saffouri et al. ,  1 984b ;  Schubert et al. ,  1 992) . 

Conversely, amino acids and dietary amines act d i rectly on the G cel l  to 

st imulate gastrin re lease (Lichtenberger et al. , 1 982a, b ;  Dial et al. , 1 986, 1 991 ; 

DelValle and Yamada, 1 990) . 

Somatostat in ,  a wel l  establ ished inh ibitor of gastrin release , plays a key 

role in regu lating the activity of the G cel l .  The inh ibitory effect of gastric acid 

feedback is  mediated by increased somatostat in release (Schudziarra et al. ,  

1 978; Schubert et  al. ,  1 988; G reenberg et  al., 1 993) in response to  stimu lation 

by nerves contain ing CGRP (Ren et al. ,  1 992; Manela et al. ,  1 995) . In rats, the 

effects of d istension on gastrin secretion vary according to magnitude: gastrin 

secretion is reduced by VIP-st imulated somatostatin release during mi ld  

d istension , whereas chol inergic neurons stimulate gastrin release during 

moderate d istension (Schubert and Makh louf, 1 993) . I n  humans, d istension 

causes gastrin release by a �-adrenergic mechanism (Peters et al. , 1 982). 

Both positive and negative somatostatin responses are ampl if ied by a negative 

feedback loop between somatostatin and h istamine in the antrum of rats 
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(Vuyyu ru et al. , 1 995) . Other chemicals and inflammatory mediators are 

postulated to have effects on gastrin release , though their precise role is 

uncertain .  

In vivo studies on rum inants have suggested that GRP nerves may be 

less important in stimu lating release of gastrin than in monogastrics and that 

somatostatin restraint of basal gastrin release was particularly h igh .  I nfusion of 

G R P  or bombesin was ineffective in stimu lating gastrin re lease in calves (Bloom 

et al. ,  1 983) and sheep (Shulkes and Hardy, 1 980; McDonald et al., 1 988) , 

un less sheep were immunised against somatostatin (Shulkes et al. ,  1 994; 

Zavros et al. , 1 999) . Infusion of somatostatin into sheep increased (Barry et al. ,  

1 985; Reynolds et  al. ,  1 99 1 ) or decreased (Shu lkes and Hardy,  1 982a) basal 

plasma gastrin levels, whereas omeprazole-induced hypergastrinaemia was not 

associated with a change in plasma somatostatin (Read et al. ,  1 992) . The 

d iscrepancies between studies may have partly arisen due to concu rrent effects 

on acid secretion. 

Lawton ( 1 995) deve loped an in vitro method to study gastrin secretion by 

ovine tissue .  Results obtained were ,  in general terms, s imi lar to those reported 

for monogastric tissues: GRP ,  but not bombesin was the most potent stimu lant 

of gastrin re lease , whereas carbachol weakly stimu lated gastrin re lease . 

Somatostatin secretion was elevated by V IP  and G IP ,  but this e levated 

somatostatin secretion did not affect basal gastrin release . This latter result 

was attributed to basal somatostatin levels exert ing maximal inh ibit ion on basal 

gastrin secretion . However, it is unclear from these experiments whether 

somatostatin played any role in  control l ing gastrin secretion. 

One factor not control led in the in vitro studies of Lawton ( 1 995) was 

whether the antral tissue was taken from an abomasum subject to parasit ism. 

Gastritis due to ammonia (Dial et al. , 1 996) or H. pylori infection (Graham et al. ,  

1 99 1 ; Beardshal l  et  al. ,  1 992; Annibale et  al. ,  1 996; G ibbons et  al. ,  1 997) in  

monogastric animals enhances the sensitivity of the G cel l to  stimu lation . 

Abomasal parasitism may cause a simi lar increase in G cel l  sens itivity, as 

parasitised abomasal tissue often exh ibits inflammation (Armour et al. ,  1 966; 

McLeay et al. ,  1 973; Stear et al. ,  1 996; Scott et al. ,  2000). 

Experiments described in this chapter examined the sensitivity of G cells 
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from unparasitised tissue to stimulants, the role of somatostatin  in  control l ing 

gastrin re lease and the sensitivity of ovine G cel ls to chemical stim ulation by 

amino acids. 

2.2 Methods 

2.2.1  In vitro i ncubation method 

Gastrin and/or somatostatin responses to pharmacological agents were 

determined from the ratio of peptide released in the presence of the agent to 

that previously released in control medium.  Each tissue piece thus acted as its 

own control and removed variation due to the size of the tissue or its overall 

gastrin or somatostatin content. 

2.2. 1 . 1  Incubation medium 

The basal incubation medium was Hank's Balanced Salt Solution (HBSS) 

without NaHC03 (G IBCO BRL, Life Technoiogies Inc . , USA) , to which was 

added 0 .35g.L-1 NaHC03, 0 .25% Bovine Serum Albumin (Fraktion V, 

Boehringer Mannheim GmbH,  Deutsch land) ,  0 . 1 % D-glucose (Sigma Chemical 

Co . ,  USA) and 1 0m M  HEPES (G IBCO BRL, Life Technologies Inc . , USA), 

adjusted to pH 7 .40±0 .02 and 320-340mOsm.L-1 . 

Gassing solutions with oxygen or carbogen (95% oxygen ,  5% CO2) prior 

to d ispensing for incubation did not resu lt in an increase in oxygen 

concentrations above atmospheric levels at the t ime of incubation.  Gassing 

solutions with carbogen resu lted in a reduction in basal gastrin secret ion, 

probably due to a reduction in medium pH. Continuous gassing of solutions 

du ring incubation was impractica l .  Therefore solutions were not gassed prior to 

incubation , as gassing with oxygen was ineffectual and gassing with carbogen 

was detrimental to basal gastrin secretion . 

For each test (treatment plate) , eight pieces of mucosa were incubated 

at 3JOC, f irst for 30 minutes (3x1 0 minute incubations) in control medium (A 

solut ion) fo l lowed by 30 minutes (3x1 0 minute incubations) in the test solution 

(8 solution) .  The calculated secretory response to the test solution was adjusted 

for the slow decl ine in secretion of control tissue by using the s imultaneous 
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incubation of 24 or 32 reference tissue pieces in control med ium for the whole 

60 minutes (control p lates) . 

2.2. 1 .2 Tissue 

All sheep from which tissue was taken were removed from pasture ,  oral ly 

dosed with 0 .2mg.kg-1 Ivermectin (Merial ,  New Zealand Ltd . )  seven days prior to 

the experiment, then housed indoors and fed on a l ucerne chaff diet. Sheep 

were euthanased with either 1 0mL Pentobarb 500 (Chemstock Animal  Health , 

Christchu rch ,  NZ) or stunned by captive bolt and exsanguinated .  The 

abomasum was immed iately removed, the mucosa was washed gently with 

control medium, separated from underlying tissue by blunt dissection and cut 

into segments 3-4mm square .  Eight pieces were placed on pins and mounted 

on a polystyrene strip,  spaced so that each piece could be suspended in the 

centre of a wel l  along one side of a 48 mU lti-wel l  plate (Costar Corporation, 

USA) . 

2.2. 1 .3 Assay procedure 

After a 30 minute equi l ibration period in control medium in a 3rC room, 

the tissues were transferred to the test plates and moved at 1 0  m inute intervals 

through the six rows of wel ls ;  the fi rst three contained 1 mL of control medium 

and the second three contained control f lu id with or without the test agent . At 

the completion of the incubation,  the plates were kept for two to fou r  hours at 

4°C unt i l  the three incubates for each solution were aspirated and pooled for 

gastrin assay; a 1 mL subsample was placed into tubes containing 1 0f.l1 of 

Trasylol (8ayer, Germany) for somatostatin assay. All samples and 

subsamples were stored at -20°C until assayed. The treatment response was 

then calcu lated by dividing the ratio of [8 solution] / [A solution] for the 

treatment plate by the average [8 solution] / [A solution] ratio for the control 

plates, then expressing the overal l  response as a percentage change versus 

control secretion. 
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2.2.2 Pharmacological agents 

The fol lowing pharmacological agents were tested at the concentrations 

stated (n= the number of experiments) . 

Porcine GRP-28 (pGRP ,  G 1 649 , Sigma Co. , USA) 1 0-6M and 1 0-7M (n=6) . 

Human G RP (hGRP,  G8022 , Sigma Co. St . ,  USA) 1 0-6M and 1 0-7M (n=4) . 

Vasoactive I ntestinal Peptide (VI P,  V3628 Sigma Chemical Co. St . ,  USA) at 

1 0-6M (n=2) . 

Gastric I nh ibitory Polypeptide (G I P , G55 1 2  Sigma Chem ical Co. St . ,  USA) at 

1 0-6M and 1 0-7M (n=6) . 

N icotine (free base , N3876 , Sigma Chemical Co . ,  USA) from 5x1 0-4M to 1 0-6M 

(n=5) . 

Somatostatin- 1 4  (S9 1 29,  Sigma Chemical Co. ,  USA) from 1 0-6M to 1 0-9M 

(n=3) .  

Histamine (H7250, Sigma Chem ical Co. , USA) from 1 0-3 to 1 0-9M (n=3) . 

Carbachol (C4382, Sigma Chemical Co . ,  USA) from 1 0-2 to 1 0-4M (n=4) . 

Atropine (A0257, Sigma Chemical Co. , USA) at 1 0-6M (n=2) . 

Adrenal ine (David Bul l  Laboratories, NZ) from 1 0-4M to 1 0-8M (n=3) . 

L-G lycine (G71 26, Sigma Chemical Co. , USA) from 1 0-2M to 1 0-4M (n=2). 

L-Phenylalanine (P2 1 26 Sigma Chem ical Co. , USA) from 1 0-2M to 1 0-4M (n=3) . 

L-Tryptophan (T0254 Sigma Chem ical Co. , USA) 5x1 0-3M to 1 0-4M (n=3) . 

V IP  at 1 0-6M i n  combination with 1 0-6M porcine G RP (n=2) . 

G IP  at 1 0-6M in combination with 1 0-6M or 1 0-7M GRP (n=6) . 

N icotine at 5x1 0-4 to 1 0-6M in combination with 1 0-6M somatostatin (n=3) . 

2.2.3 Statistical analyses 

All data are presented as the mean±standard-error of the mean (SEM) 

for a s ing le experimental plate (eight pieces of  tissue) un less otherwise 

ind icated.  Positive values indicate a stimu lation of secretion over control  levels, 

wh ile negative values represent an inh ibition of secretion , prod ucing results 

below basal secretion ; "n" is the number of experiments in  wh ich each drug or 

drug combination was tested. 
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Experiment Basal level s  Agent Effect 

(pM) 
1 445± 94 G R P  No effect 

308±1 7 VIP 44% sti mulation* 

3 1 7±1 1 9  G R PNIP 2 1  % stimulation* 

2 428±72 G R P  N o  effect 

396±64 G R PNIP 1 6% stimu lation 

3 459±47 5xl O·3N 53% stimulation 

406±91 5x1 0·4M to No effect 

1 x 1 0·6M N 

396± 1 38 hGRP 36% stimulation 

4 51 8±41 5xl O·3N 28% inhibition 

362±56 5xl O·4N No effect 

376± 1 0  1 x 1  0·4N 32% i nh ibition 

329± 1 4  1 x 1 0·5N 28% inhibition 

289± 1 8  1 x 1 0·6N No effect 

289±25 hGRP 1 8% inhibition 

5 4024±1 235 GRP No effect 

4474±1 06 1  G I P  N o  effect 

4345±1 1 80 G R P/G IP No effect 

6 2371 ±51 2 G R P  N o  effect 

3654±1 028 G I P  N o  effect 

488 1 ± 1 384 G R P/G IP No effect 

7 1 1 08±307 1 0·3M C No effect 

8 541 ±1 45 1 0·3M to No effect 

1 0·BM H 

9 202±97 1 0·3M H to No effect 

1 0·BM H 
369±222 1 0·3M C No effect 

1 0  438±53 1 0·1 M H No effect 

672±59 1 0.2 to 30-40% inhibition 

1 O.6M H 
683±72 1 0·4M C 40% inhibition 

552±1 1 3  1 O.2M 1 O.3M 

1 O.
6

M C • 

No effect 

1 1  443±93 5x1 0.4_ 1  0·6M N No effect 

1 2  362±41 5x1 0·4- 1 0·6M N No effect 

Table 2.1 . Somatostatin secretion (mean±SO) for plates in 1 2  ind ividual 
pharmacology experiments, prior to the action of the pharmacological agent. 
Pharmacological agents are G RP = G RP 1 0·6M ,  G I P  = G I P  1 0-6M ,  VI P = VI P 
1 0-6M ,  N = N icot ine,  C = Carbacho l ,  H = Histamine. Only sign ificant (p<O .05) 
effects are shown . 
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Fig ure 2.2. Effects of human (hGRP) and porcine (pG RP) at 1 0-6M concentration 
on somatostatin  secretion . Data expressed as mean±SEM. 
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Al l  results were analysed using SPSS version 9 .0 ,  using Un ivariate 

Analysis of Variance (UN IANOVA) , which considered treatment (for example, 

the dosage of d rug used) and experimental date (experiments on different days 

used different tissues) as sou rces of variation . Al l  data were exam ined for 

normal ity using the Shapiro-Wi lks test when groups contained fewer than 50 

values, and the Kolmogorov-Smirnov test when groups contained more than 50 

values. Data sets in comparisons were further tested for equal ity of variance 

using Levene's Homogeneity of Variation test. Post hoc comparisons of data 

groups were conducted using Tukey's HSD test for comparisons of all g roups 

or  Dunnett's test when compared with contro l  alone, and variances were equal .  

When variances were unequal , Tamhane's T2 post hoc test was used . In  

cases where only two groups were compared,  data were s imi larly analysed for 

normal ity and equal ity of variance and independent samples t-tests were 

conducted.  When the data were not normally d istributed , Kruskal Wal l is 

analysis in  G raphpad Prism version 2.0 1 , with Dunn's post hoc test were used. 

2.3 Resu lts 

Gastrin concentrations in  A solutions were between 1 00pM and 400pM . 

The decl ine in  gastrin concentrat ions in  B contro l ,  solutions compared to A 

solutions was between 1 0% and 40%, but was mostly around 25%. The 

average concentration of somatostatin in  A solutions is shown in Table 2 . 1 . 

2.3. 1 GRP 

Both pGRP (n=6) and hGRP (n=4) stimulated gastrin secretion at 1 0-6M 

(p<0.0 1 ) , but had no Sign ificant effect (p>0.05) at 1 0-7M (Figure 2 . 1 ) . The 

responses to 1 0-6M pGRP and hGRP ranged from 28±4% to 82±6% and 1 ±7% 

to 63± 1 2% respectively. In general ,  the responses to porcine or h uman G R P  

forms were not d ifferent (p>0 .05) .  Responses did vary between experiments 

(p<0 .000 1 )  for both types of GRP ,  suggesting that the tissues varied in  the 

sensitivity to G RP .  
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Neither  pGRP (n=4) nor hGRP (n=2) at 1 0-6M affected somatostatin 

secretion (p>0.05) when results from individual experiments were pooled 

(F igure 2.2) .  Somatostatin responses to 1 0-6M pGRP in ind ividual  experiments 

ran ged from 6±6% to -24±1 0%, none of which were significant (p>0 .05) . 

However, the two experiments which tested the somatostatin response to 

hGRP 1 0-6M ,  an 1 8±3% inhibition (p<0.05) in one experiment and 36±1 4% 

stimu lation (p<0.05) in the other. I n  the experiment in which h G R P  1 0-6M 

inhibited somatostatin secretion , the gastrin response was greater (p<0.05) 

than in the experiment in wh ich 1 0-6M hGRP stimulated somatostatin release. 

The re was significant variation (p<0.001 )  between experiments in  somatostatin 

responses to porcine or human G RP .  

2.3.2 VIP with GRP 

V I P  a t  1 0-6M (n=2) had no effect (p>0.05) on basal gastrin release 

(Figure 2 .3) ,  but stimulated (p<0 .0 1 ) somatostatin release by 45± 1 0% ( Figure 

2 .4) .  I n  both experiments, 1 0-6M V IP  decreased 1 0-6M pG R P-st imulated gastrin  

release (p<0 .0 1 ) .  Somatostatin secretion was significantly e levated (p<0.05) by 

20±2% above control levels in the presence of both 1 0-6M V I P  and 1 0-6M 

pGRP .  However, this response was not sign ificantly d ifferent (p>0.05) from the 

somatostatin responses to 1 0-6M G RP or 1 0-6M VIP alone. Somatostatin 

responses to 1 0-6M VIP were simi lar in both experiments (p>0.05) . 

2.3.3 G IP  with GRP 

The overal l  gastrin response to  1 0-6M G I P  (n=6) of 29±1 0% was not 

significant (p>0.05, Figure 2 .5) ,  nor was somatostatin secretion affected by 

1 0-6M G I P  (p>0 .05, Figure 2.6) . 

G I P at 1 0-6M (n=6) d id  not affect (p>0.05) 1 0-6M pG RP-stimulated gastrin 

secretion ,  and did not alter (p>0.05) somatostatin levels when combined with 

1 0-6M pGRP (Figure 2.6) .  There was sign ificant variation (p<0 .00 1 ) in gastrin 

secretion between experiments, due to the variable gastrin response to pGRP 
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(+28±4% to +82±6%) and G I P  (-25±9% to +38±1 3%) . There was no variation 

in the somatostat in response to G RP or G I P  between experiments (p>O.05) . 

2.3.4 Nicoti ne 

N icotine (n=5) caused a dose-dependent increase in gastrin re lease 

(F igure 2 .7) , but had no sign ificant effect (p>O .05) on somatostatin levels 

(Figure 2 .8) .  On two occasions, hGRP and n icot ine were used to stimu late 

gastrin re lease with tissue from the same animal .  In both experiments, the 

stimu lation of gastrin secretion in response to the highest n icot ine 

concentrations (5x 1 0·3M and 5x1 0-4M) was greater than the stimu lation of 

gastrin secretion induced by hGRP at 1 0-6M (p<O.0 1 ) . There was no sign ificant 

d ifference (p>O .05) in the gastrin response to n icotine in fou r  of the five 

experiments conducted. In  one experiment, however, the gastrin response to 

al l  concentrations of n icotine was lower (p<O.05) than in  the other fou r  

experiments. 

The somatostat in response to n icot ine was variable (p<O.001 ) between 

the four experiments in which it was tested . Somatostat in secretion was not 

examined in the experiment during which consistently lower gastrin responses 

to n icotine were observed , when compared with the other fou r  experiments in 

which gastrin response to n icotine was tested .  In one experiment, n icotine 

inh ib ited (p<O.05) somatostat in secretion at concentrations of 5x1 0-3M ,  1 0-4M 

and 1 0-5M concentrations. In  another experiment, 5x1 0-3M n icotine stimu lated 

somatostat in release (p<O.05) . These two experiments were the same 

experiments as those described in Section 2.3 . 1 , in which variable somatostat in 

responses to hGRP 1 0-6M were observed. As with the hGRP-st imulated 

responses, gastrin secretion was higher (p<O.05) in the experiment in which 

somatostatin secretion was inh ib ited by n icot ine than in the experiment in wh ich 

somatostatin was stimu lated . No significant effects were observed (p>O.05) in 

the other two experiments in wh ich the effect of n icot ine on somatostat in 

secretion was tested .  
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2.3.5 Somatostatin with Nicotine 

I nclusion of somatostatin in the basal · incubation medium at 

concentrations from 1 0-6M to 1 0-gM had no overall effect on basal gastri n  

release (p>0.05) (n==3) , although there was variation in  results between 

experiments (p<0 .001 ) .  In one experiment, 1 0-7M somatostatin caused a 

40±4% reduction (p<0.05) in  gastrin secretion,  but no  other  significant effects 

were observed. 

Three experiments tested the effect of 1 0-6M somatostatin on n icotine­

stimu lated gastrin release. I n  two experiments for which the combined results 

are shown (Figure 2 .9) ,  somatostat in caused a reduction in  gastrin secretion 

stimu lated by n icotine only at 1 0-4M .  The gastrin secretion responses to 

n icot ine and somatostatin were not (p>0.05) different between these two 

experiments. In the other experiment (Figure 2 . 1 0) ,
· 

only the h ighest 

concentration of 5x1 0-4M n icotine stimulated a s ignificant increase in gastrin 

secretion of 39±9%, compared with nearly 1 00% increase in the other  two 

experiments. Consistent with the other  two experiments where it was tested , 

somatostatin did not affect the gastrin response at the 5x1 0-4M concentration .  

2.3.6 Carbachol 

Carbachol (n==4) had weak effects on gastrin release, stimu lating  

secretion only at 1 0-3M (Figure 2 . 1 1 ) . The gastrin responses to  1 0-3M 

carbachol varied between experiments (p<O.05) from 1 6±1 3% to 5 1 ±5%. 

Atropine (n=2) decreased 1 0-3M carbachol-st imulated gastrin secretion ,  from 

+5 1 ±5% to +35±6% (p<O.05) ;  s imi lar resu lts (p>O.05) were obtained from both 

experiments. Overal l ,  carbachol d id  not affect somatostatin secretion (p>0.05) 

(F igure 2 . 1 2) .  In one experiment, however, carbachol inh ib ited somatostatin 

release at a concentration of 1 0-6M ,  1 0-5M and 1 0-4M ,  and gastrin secretion 

was markedly increased by 1 0-6M and 1 0-4M carbachol ,  where somatostatin 

inh ib it ion had occurred (Figure 2 . 1 3A) . The mean response to 1 0-3M carbachol 

f rom al l  experiments was 30±5%, and was less than (p<O.05) the mean 

response to e ither pGRP (46±4%) or hGRP (43±5%). 
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1 0-4M to 1 0-1 M on gastri n secret ion. Data expressed as mean±SE M .  Tryptophan 
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gastri n secretion *=p<O.05 
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2.3.7 Histamine 

Histamine at concentrations from 1 0-
2 

to 1 0-6M had no effect on basal 

gastrin release (p>0 .05) . There was no variation between tissues in their 

responses to h istamine (p>0 .05) in two of the th ree experiments. Somatostatin 

secretion was also not sign ificantly affected (p>0.05) by histamine in these two 

experiments . In the other experiment testing the effects of h istamine, a 

decrease in somatostatin secretion was observed at al l  concentrations apart 

from 1 0-1 M h istamine (Figure 2. 1 3C) ,  coinciding with an increase in gastrin 

secretion (F igure 2 . 1 3C) .  This experiment was the same as that described in 

Section 2 .3 . 1 .6 ,  in which somatostatin secretion decreased in response to 

carbachol .  

2.3.8 Adrenal ine 

Adrenal ine at 1 0-4M to 1 0-8M had no sign ificant effect on either 

somatostatin (- 1 8± 1  0% to +25 ±20%) or gastrin re lease (-5±8% to +5±6%) . 

2.3.9 Amino acids 

Phenylalan ine 1 0-
2
M and 1 0-1 M stimulated gastrin release (p<0 .05) , with 

s imi lar responses between experiments (p>0 .05, Figure 2 . 1 4) .  Tryptophan at 

5x1 0-3M ,  1 0-3M and 1 0-
4
M consistently stimu lated gastrin release by 

approximately 50% (p<0.0 1 ) ; the results d id not d iffer between experiments 

(p>0 .05) (Figure 2 . 1 4) .  When 5x1 0-3M of phenylalanine and 5x1 0-3M 

tryptophan were added together, gastrin secretion was increased , 30±6% 

(p<0.05) , but this response was lower than that stimu lated by t ryptophan 

(p<0 .05) , and not d ifferent (p>0 .05) from phenylalanine-st imu lated gastrin 

re lease. G lycine had no sign ificant effect (p>0 .05) on gastrin secretion (Figure 

2 . 1 4) .  
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2.4 Discussion 

The experiments described in this chapter showed that the basic 

pharmacology of gastrin and somatostatin secretion from unparasitised antral 

tissue is, in p rinciple, s imi lar  to that reported by Lawton ( 1 995) , although tissue 

was less responsive to some agon ists . The gangl ionic stimu lant n icotine was 

the most potent of al l  compounds tested in stimu lat ing gastrin re lease . G RP 

was a more potent gastrin stimu lant than carbachol whereas adrenal ine had no 

effect. 

I n  genera l ,  n icotine, GRP and carbachol had no significant effect on 

somatostat in secretion . Basal gastrin secretion appeared to be maximal ly 

i nh ib ited by somatostat in ,  as neither VIP-st imulated somatostatin release nor 

somatostatin added to basal medium had any effect on basal gastrin secretion . 

However, V IP  increased somatostatin and decreased gastrin secretion in the 

presence of GRP ,  whi le addition of somatostat in inhib ited n icotine-st imu lated 

gastrin release . Thus somatostatin is capable of inhibiting stim u lated gastrin 

secretion. 

The aromatic amino acids phenylalanine and tryptophan stimu lated 

gastrin release . These resu lts suggest that G cel ls may be responsive to 

l uminal  chemicals, such as amino acids in vivo. 

2.4.1 Sti mulatory responses 

2.4. 1 . 1  GRP 

Both hGRP and pG RP were more potent than carbachol in stimu lating 

gastrin re lease in experiments using unparasitised abomasal tissue .  The 

greater potency of G RP in stimulating gastrin secretion is in  agreement with 

resu lts obtained by Lawton ( 1 995) and in vitro experiments in rats (Richelson et 

al. ,  1 983; Gou et al. ,  1 987; Zeng et al. , 1 996) , dogs (Sugano et al. ,  1 987a) and 

humans (Campos et al., 1 989) . 

The observation that G RP had no sign ificant effect on somatostatin 

secretion is in agreement with the resu lts obtained by Lawton ( 1 995) and 

research using human antral tissue (Richelson et al. ,  1 983; Campos et al. ,  
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1 989, 1 990; Buchan et a/. ,  1 990) or rat antral tissue (Richelson et al. ,  1 983) . 

However, other research has shown that GRP stimu lates somatostatin 

secretion in the perfused rat stomach (Duval et al. ,  1 98 1 ; Martindale et al. ,  

1 982; Azuma et  a/. ,  1 987; Gou  et  a/. ,  1 987; Schubert et  al. , 1 99 1 ) and pig antral 

tissue preparation (Hoist et al. ,  1 987b, 1 993) . Stimu lation of somatostatin 

release by G RP in the perfused rat stomach is reported to be via increased 

gastrin secretion (Schubert et al. ,  1 99 1 ) ,  but stimulation of somatostatin release 

in pigs is thought to be via a d i rect action (Hoist et al. ,  1 987b, 1 993) . Thus 

there appear to be species d ifferences in the effect of G RP on antral 

somatostatin secretion. 

The concentration of G RP necessary to stimu late gastrin re lease in  the 

present experiments was greatly in excess of concentrations requ i red for other 

species. Porcine antral gastrin secretion was doubled by 1 0-1 1  M GRP (Hoist et 

al. ,  1 987a) , with simi lar resu lts for tissue from rats and humans (Richelson et 

al. ,  1 983) . Sequence differences between ovine and human or porcine G RP 

may result in poorer binding of the latter two for the ovine G RP receptor. 

Fraser et al. ( 1 994) reported that ovine GRP has an identical C-terminal 

decapeptide sequence to human and porcine forms, but has d ifferences in the 

N-terminal sequence. Whether or not differences in the N-term inal are 

important for G RP receptor binding is unknown , but N-terminal d ifferences do 

define differing  receptor specificity for gastrin and cholecystokin in .  Bombesin 

receptor subtype 3 (BRS-3) has been characterised in sheep (Whit ley et al. ,  

1 999) and shown to  be  different from BRS-3 i n  humans (Gorbu lev et  al. ,  1 994) , 

mice and gu inea pigs (Akeson et al. , 1 997) at one amino acid site wh ich is 

critical for agon ist binding. BRS-3 has affin ity for bombesin in the m icromolar 

range, while other members of the G RP receptor family have aff in ity in the 

nanomolar range (Akeson et al. , 1 997) . Although BRS-3 may not be the 

receptor expressed in the sheep antrum causing the observed low aff inity for 

G RP ,  the d ifference between sheep BRS-3 and BRS-3 in other species at a 

site critical for peptide binding i l lustrates that sheep GRP receptors may differ 

from those in other species , with different binding properties. 

Resu lts presented here ,  together with those of Lawton ( 1 995) ,  show that 

GRP consistently stimu lates gastrin release in vitro, which is not the case in 



66 

vivo un less in the presence of somatostat in immunoblockade (Shulkes et al. , 

1 994 ; Zavros et al. ,  1 999). However, the percentage increase in gastrin levels 

over basal levels in response to 1 0-6M G RP observed in the present 

experiments were as l ittle as one third as big as those reported by Lawton 

( 1 995) . In addition , in the experiments reported here, un l ike those reported by 

Lawton ( 1 995) , the tissue was insensit ive to 1 0-7M G RP in both human and 

porcine forms. These discrepancies were unl ikely to have been due to the 

experimental method , which was identical to that used by Lawton ( 1 995) . The 

degree of abomasal parasitism may have been a source of variation. All tissues 

used for experiments presented here were from parasite-free abomasa. The 

abomasal parasite status of sheep tissues used by Lawton ( 1 995) was 

unknown , but as these an imals came from pasture ,  without the presence of a 

parasite control regimen , al l animals must be assumed to have been 

parasitised . The inflammation and gastrit is that may accompany abomasal 

parasitic infection could increase the sensitivity of the G cel l .  In humans, H. 

pylori i nfection increases the sensitivity of the G cel l  to stimulation by G RP 

(G raham et al. , 1 99 1 ; Beardshal l et al. , 1 992; Gibbons et al. , 1 997) . 

2.4. 1 .2 Carbachol 

Carbachol stimu lated gastrin re lease (Figure 2 . 1 4) as in the experiments 

of Lawton ( 1 995) and in vitro preparations from other species (Harty and 

McGuigan , 1 980; Richelson et al., 1 983; Wolfe et al. ,  1 983; Sue et al. ,  1 985; 

Zaki et al. , 1 996). Stimu lation of gastrin secretion with carbachol occurred on ly 

at 1 0-3M concentration , and was less than the mean response caused by e ither 

human or porcine G RP ,  though the differences between G RP and carbachol 

stimu lated gastrin release were not as large as those reported by Lawton 

( 1 995) . As with the G RP ,  the tissue used for the present experiments was less 

responsive to carbachol than that used by Lawton ( 1 995), requ ir ing greater 

concentrations to produce smaller effects.  

Carbachol stimu lates gastrin re lease via M3 receptors on can ine G cells 

(Yokotan i  et al. , 1 995) . I t  is therefore possible that the muscarin ic actions of 

carbachol on gastrin secretion in experiments described here were via d i rect 

st imu lation of the G cel l .  
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It was unclear whether the action of carbachol was via muscarin ic or 

n icot in ic receptors in  the experiments of Lawton ( 1 995) . Although atropine 

abol ished the gastrin response to carbachol ,  bethanechol d id not stimulate 

gastrin release . Furthermore ,  whereas n icotine stimulated gastrin release, 

hexamethon ium tended to enhance carbachol induced gastrin release (Lawton , 

1 995) . I n  the experiments presented here ,  atropine partially inh ib ited carbachol 

stim ulation of gastrin re lease, ind icating carbachol acted via both n icot in ic and 

muscarin ic mechanisms. The greater concentrations of carbachol used in 

these experiments may be responsible for the lesser effects of atropine 

compared with those observed by Lawton ( 1 995) .  Decreased responsiveness 

and the reduced effect of atropine suggests that the muscarin ic stimu lation of 

gastrin release is much less in these experiments than in those conducted by 

Lawton ( 1 995). 

It has been widely reported that carbachol stimulates gastrin re lease 

ind i rectly by inh ib it ing somatostat in release (Harty and McGu igan , 1 980; 

Schubert et al. ,  1 982; Richelson et al., 1 983; Wolfe et al. ,  1 983; Sue et al., 

1 985) . This was also demonstrated in sheep in vivo (Zavros et al. ,  1 999) . 

Lawton ( 1 995) noted variabi l ity in the somatostat in response to carbachol :  in 

fou r  cases somatostatin was stimulated ,  whi le in another two it was inh ib ited . 

Overal l ,  there was no change in somatostatin  secretion i n  response to 

carbachol in the present experiments (Figure. 2 . 1 2) .  This suggests that the 

observed stimulation of gastrin secretion was via a d i rect effect on the G cel l 

and not via reduced somatostatin secret ion. 

2.4.1 .3 N icoti ne 

N icot ine was the most effective stimulant of gastrin re lease in  this 

experimental preparat ion, but had no overal l  effect on somatostat in secret ion.  

This suggests that the dominant effect of n icot in ic agon ism is stimu lation of the 

G cel l .  The effect of n icotine is most l ikely due to a general stim ulation of 

postgangl ionic neurons. However, a d i rect effect on the G cel l  cannot be ruled 

out ,  as the exact s ite of action of n icot ine in the present experiments is 

uncertain .  Although not examined h istologically, it is possible the neurons from 

the submucosa were not removed during tissue d issection ,  and that n icot ine 

acts on these neurons. Stimu lation of gastrin secretion by n icot ine is  in 
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agreement with results in the perfused rat stomach (Schubert and Makhlouf, 

1 982;  Schubert et al. ,  1 985) and in  an antral mucosal preparation (Schubert 

and Makhlouf, 1 987) in which the n icot in ic agonist 1 ,2 d imethyl-4-

phenylpiperazin ium (DMPP) increased gastrin secretion . 

Gastrin release stimulated by n icot ine in  the present experiments was 

wel l  in excess of the sum of the mean G RP and carbachol stim ulatory effects. 

It is possible that th is was due to the G RP responses being submaximal as a 

result of poor stimulation of the sheep GRP receptor by porcine and h uman 

G RP .  In  the perfused rat stomach , over 90% of the gastrin response to  DMPP 

was inh ib ited by a combination of atropine and bombesin antiserum (Schubert 

et al. ,  1 985) , and in  a rat antral preparation , stimulation of gastrin secretion was 

predominantly via nonchol inergic mechan isms (Schubert and Makhlouf, 1 987) . 

If gastrin secretion stimulated release from ovine antral t issue is s imi lar to that 

in  rat antral t issue,  it seems l ikely that poor stimulation of gastrin release from 

ovine G cel ls ,  using hGRP and pGRP,  is responsible for the d iscrepancy 

between the combined G RP and carbachol resu lts and the n icotine response. 

The d iscrepancy could also be due to the presence of another gastrin 

stimu latory compound.  However, adrenergic effects are not responsible,  as 

adrenal ine had no effect on gastrin or somatostatin  secretion in these 

experiments, or those of Lawton ( 1 995) .  

Lawton ( 1 995) ,  reported that the gastrin response to n icotine was less 

than that to porcine G RP ,  which is at variance with these resu lts. Th is may be 

due to a greater degree of removal of n icot in ic-sensitive neurons in the 

d issection of the tissue in the experiments of Lawton ( 1 995) compared with 

those described here .  

2.4.1 .4 Amino acids 

Amino acids stimulated gastrin release in  the present experiments. 

Stimulation of gastrin release by amino acids has been reported in  dogs 

(Kontu rek et al. ,  1 977b) , rats (Lichtenberger et al. ,  1 982a; D ial et al. ,  1 99 1 ) and 

humans (Taylor et al. , 1 982) . Taylor et al. ( 1 982) showed that the aromatic 

amino acids phenylalan ine and tryptophan were the most potent in  stimulating 

gastrin secretion in humans. Both were effective in stimulat ing gastrin release 

in the experiments presented here .  DelValle et al. ( 1 990) reported that the 
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effects of amino acids were via a receptor-mediated action . Another possib i l ity 

is that amino acids stimu late gastrin release by destabi l is ing the gastrin granu le 

in  a s imi lar  manner to basic amines and decarboxylated amino acids (Dial et 

al. ,  1 99 1 ) .  This mode of action wou ld favou r  hyd rophobic amino acids. 

I nterest ingly, on the one occasion where phenylalanine and tryptophan were 

used in combination , the gastrin response was d ifferent to the gastrin response 

in itiated by phenylalanine or tryptophan alone. The m ixed solution produced a 

response less than that of t ryptophan alone. Although d i rect comparison of the 

phenylalan ine and m ixed solution responses revealed no signif icant 

d ifferences, the response to the mixed solution was significantly increased over 

basal levels ,  whi le the response to phenylalanine alone was not. Thus it 

appears that the gastrin response to the mixed solution was somewhere 

between the responses to phenylalanine and tryptophan alone. This suggests 

a competitive , rather than additive, re lationship between phenylalan ine and 

tryptophan in  the stimu lation of gastrin release. 

2.4.2 Gastrin inh ibitors 

Study of the inh ibition of gastrin release in experiments presented here 

focused on the effects of somatostat in .  The experiments conducted tested 

whether  the stimu lation of somatostat in release affected basal or stimulated 

gastrin release , and whether inclusion of somatostatin  in the basal medium at 

very h igh concentrations could  affect basal or stimulated somatostat in release. 

2.4.2.1 Effects of somatostatin on basal gastrin secretion 

VIP  increased somatostat in secretion in experiments presented here ,  as 

i t  did in the perfused rat stomach (Chiba et al. ,  1 980a; Saffou ri et al. ,  1 984a) , 

the porcine antrum (Hoist et al. ,  1 993) and in  sheep antral  t issue (Lawton ,  

1 995) , but d i d  not inh ibit basal gastrin levels as i n  the perfused rat stomach 

(Saffouri et al. , 1 984a) and sheep antral  t issue (Lawton , 1 995) . Somatostat in 

responses to VIP were less than those reported by Lawton ( 1 995) .  

G I P  d id not stimulate somatostat in release, in contrast to  observations 

by Lawton ( 1 995) or resu lts from experiments in pigs (Hoist et al. ,  1 983) and 

rats (Mclntosh et al. ,  1 984; Wolfe et al. , 1 986). At t imes, there appeared to be 

a tendency for G I P  to increase gastrin secretion, but the response was never 
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sign ificant. Mclntosh et al. ( 1 984) also reported that G I P  occasional ly 

stimu lated gastrin in rats. 

Addit ion of somatostat in to the incubation medium ,  even at micromolar 

concentrations, d id not inh ibit basal gastrin secret ion .  Reports of  the effects of 

somatostat in from other species are inconsistent. Increased somatostat in 

levels d id not affect basal gastrin secretion in  some in vitro preparations of rat 

(Hayes et al. ,  1 975) and human tissue (Campos et al. , 1 990) , but d id decrease 

gastrin release in other preparations of rat t issue (Zaki et al. ,  1 996) ,  and with 

can ine (Zaki et al. ,  1 996) and porcine (Hoist et al. , 1 992) t issue.  This variation 

in resu lts may be due to d ifferences in  the in vitro preparation techniques. I n  

sheep, gastrin i s  thought t o  be  under a h igh level o f  somatostatin  restra int in 

vivo (Shu lkes et al. ,  1 994 ; Zavros et al. , 1 999) . 

I n  genera l ,  n icot ine d id not affect somatostatin secretion in experiments 

presented here ,  in contrast to resu lts from the perfused rat stomach (Schubert 

and Makh louf, 1 982; Schubert et al. ,  1 985) and from rat antral m ucosal 

preparat ions (Schubert and Makh louf, 1 987) , in which the DMPP increased 

somatostatin secretion . The stimulation of somatostat in secretion by DMPP in  

the rat stomach is a G RP-mediated action (Schubert et al. ,  1 985) and is  

atropine resistant in antral preparations (Schubert et  al. ,  1 987) . I t  has 

subsequently been shown that G RP stimulation of somatostatin  release in  the 

rat antrum is via stimulation of gastrin re lease (Schubert et al. ,  1 99 1 ) ,  but in  the 

pig is via d i rect action on the D cel l (Hoist et al. ,  1 987b, 1 993) . In genera l ,  G RP 

was unable to stimu late somatostat in release in  experiments presented here ,  

which may be  why n icot ine fai led to  stimu late somatostat in release. 

It is also possible that the lack of effect of n icot ine on somatostatin 

secretion is  due to an inh ib itory neural effect masking stimu latory factors. The 

lack of a significant effect on somatostatin secretion by n icot ine is most l i kely 

due to a summation of many neural factors, rather than one specif ic act ion.  

Even if G RP does not stimu late antral  somatostatin  secretion in  sheep, there 

are stimu latory neural pathways to the ovine antral  D cel l ,  as the neuropeptide 

V I P  can stimu late somatostat in release . If these stimulatory neurons were 

activated by n icot ine,  their effects appear to have been cancel led out by 

inh ibitory effects on the D cel l .  
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None of the pharmacological agents tested in experiments presented 

here consistently inh ib ited somatostat in secretion .  Notably, carbachol and 

h istamine were unable to inh ib it somatostatin secretion unl ike in rat antral 

t issue where chol inergic effects (Richelson et al. , 1 983; Wolfe et al. , 1 983; Sue 

et al. ,  1 985; Schubert et al. ,  1 987) and h istamine (Vuyyuru et al. ,  1 995) 

inh ib ited somatostat in secretion . However, in two experiments, basal 

somatostatin was inh ib ited by pharmacological agents. In one of these, 

n icot ine and GRP inhib ited somatostat in secretion ,  whi le  in  the other carbachol 

and h istamine inh ib ited basal somatostatin release. A common feature of 

these two experiments was that suppression of somatostatin  secretion in the 

presence of agonists resu lted in  a greater increase in gastrin secretion than in 

experiments where the same agonists were used, but somatostatin  was 

unaffected .  This was most obvious in the experiment in which carbachol and 

h istamine suppressed somatostatin secretion (see Figure 2 . 1 3) .  In th is 

experiment, reduction of somatostatin secretion increased the sensit ivity of the 

G cel l  to carbachol such that lower doses would stimulate gastrin release . This 

was also the only experiment in which h istamine reduced somatostat in 

secretion and increased gastrin secretion , as has been reported in  rats (Bado et 

al. ,  1 994; Vuyyu ru et al. , 1 995; Schubert and Makh louf, 1 996) . It is  unclear why 

n icot ine,  G RP ,  h istamine or carbachol were only able to suppress somatostatin 

re lease in two experiments and not others where the same pharmacolog ical 

agents were used.  There was no d ifference in experimental condit ions, 

pharmacological agents ( in batch number or preparation) and basal 

somatostatin release was in the middle range in these experiments when 

compared with concentrations observed in other experiments (Table 2 . 1 ) . 

2.4.2.2 Effects on sti mulated gastri n  secretion 

VIP reduced G RP-st imulated gastrin release and increased somatostatin 

secret ion.  It was unclear whether this was due to a d i rect act ion of V I P  on the 

G cel l  o r  an effect mediated through increased somatostatin  levels. 

Somatostatin  at m icromolar amounts was able to reduce n icot ine-st imu lated 

gastrin release , such that gastrin secretion was not sign ificantly e levated above 

contro l  levels by 1 0-5M and 1 0-4M n icotine solut ions. Th is suggests that 
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somatostatin does indeed have d i rect effects which inh ibit gastrin secretion 

from the G cel l .  I nterestingly, n icot ine was not able to inh ib it maximal gastrin 

secretion caused by n icotine at 5x1 0-4M concentration . This  suggests that the 

G cel l  has a point of maximal stimulation at which somatostat in  wi l l  not inh ib it 

secretion .  

2 . 5  S U M MARY 

The pharmacology of  the ovine antral  G ce l l  is  simi lar to that observed in 

monogastric an imals. Results from experiments presented i n  th is Chapter 

showed that gastrin was most potently stimulated by n icot ine (maximum 

response + 1 1 8±7%) , fol lowed by human (+43±5%) or  porcine (+46±4%) G RP 

and carbachol (+30±5%) , with adrenal ine having no significant effect. It is  

suggested that GRP is the main stimulant of  gastrin release in sheep, although 

the ovine G R P  receptor has different binding properties to the human and 

porcine G R P  receptor. Gastrin secretion was also increased by the aromat ic 

amino acids phenylalanine (+32±1 0%) and tryptophan (+56± 1 6%), suggest ing 

the G cel l  is  sensitive to luminal chemicals. 

Somatostatin even at very h igh concentration in  the incubation medium, 

cou ld not inh ibit basal gastrin release. However, VIP-stimu lated somatostatin 

release could inh ib it G RP-stimu lated gastrin re lease (reducing the G RP­

stimulated gastrin response from +61 ±8% to + 1 8±7%) .  The inclusion of 

somatostatin in basal medium did reduce the gastrin response to some 

concentrations of n icot ine (abol ishing the stimulation of gastrin re lease by 1 0-5M 

and 1 0-4M n icotine) . Thus, somatostat in can inh ib it gastrin secretion , but basal 

gastr in secretion is maxim ally restrained by somatostat in .  The antral G cel l  

may be more sensitive to stimulants when the abomasum is subject to 

parasit ism,  in a s imi lar  fashion to the G cel l  in monogastric animals which is 

more sensitive during gastrit is. 
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CHAPTER 3 

HYPERGASTRI NAEMIA DURING OSTERTA GIA 
CIRCUMCINCTA I N FECTION:  CAUSES AND E FFECTS 

3. 1 I ntroduction 

Hypergastrinaemia, hyperpepsinogenaemia and hypochlorhyd ria are 

features of parasitism of sheep by 0. circumcincta (Armour et al. ,  1 966;  

McLeay et al. ,  1 973; Anderson et al. , 1 976; Lawton et al. , 1 996) or H. contortus 

(Ch ristie et al. ,  1 970; Fox et al. ,  1 988; N ichol ls et al. ,  1 988; S impson et al. ,  

1 997) and of  cattle by 0. ostertagi (Jenn ings et  al. , 1 966; McKellar et  al. ,  1 986; 

Snider et al. ,  1 988; Fox et al. ,  1 993) . 

E levated abomasal pH has been p roposed as the principal cause of the 

hypergastrinaemia. The serum gastrin concentration in it ia l ly rises with 

abomasal pH (Fox et al. , 1 988a, 1 993; Lawton et al. , 1 996) ,  presumably due to 

lack of negat ive feedback by acid (Anderson et al. ,  1 98 1 ; Fox et al. ,  1 988a, 

1 993; Lawton et al. ,  1 996). Thereafter, patterns of gastrin secretion appear to 

d iverge between experiments . In calves infected with 0. ostertagi there is a 

strong correlation between abomasal pH and serum gastrin ( Fox et al. ,  1 993) .  

I n  sheep, however, whi le abomasal pH and serum gastrin increase together, 

serum gastrin may remain elevated after abomasal pH decreases, (Lawton et 

al. ,  1 996) . Furthermore,  in  fou r  sheep given 1 50 000 exsheathed L3 0. 

circumcincta larvae, Lawton et al. ( 1 996) reported that serum gastrin decreased 

to pre-infection levels during periods of very h igh abomasal pH (over pH5.5) ,  

with hypergastrinaemia again occurring when abomasal pH began to decrease, 

and in some cases remained after abomasal pH returned to normal . Wh i le the 

results in calves suggest f luctuations in abomasal pH can explain 

hypergastrinaemia in  catt le, the results in  sheep appear more complex. I t  was 

postulated that a luminal factor interferes with gastrin secretion at very high 

abomasal pH levels ,  wh i le another factor elevates gastrin leve ls when 

abomasal pH has returned to normal ranges (Lawton et al. ,  1 996) . 
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On the basis of in vitro evidence of bacterial inh ibit ion of gastrin re lease 

( Haag, 1 995;  Lawton, 1 995), it was suggested that th is decrease in c i rculat ing 

gastrin may be associated with the increased m icrobial survival in the less 

acidic abomasum (Lawton et al. ,  1 996) . Numbers of both aerotolerant 

(Jenni ngs et al. , 1 966) and anaerobic bacteria (N ichol ls et al. ,  1 987) have been 

reported to increase during abomasal paras it ism , but serum gastrin 

concentrations were not compared with changes in the bacterial populat ions. In 

calves infected with 0. ostertagi, increased aerotolerant bacterial n umbers in 

abomasal contents were coincident with the onset of diarrhoea (Jennings et al., 

1 966) . Higher numbers of abomasal anaerobes, coincident with increased pH 

and decreased oxygen tension of the abomasal contents, were reported in 

sheep after infection with a single, extreme dose of one mi l l ion H. contortus 

larvae (N ichol ls et al. ,  1 987) . 

The increase in c irculat ing concentrations of gastrin has been postulated 

to be either beneficial to the host , aiding recovery from infect ion through 

stimu lating replacement of lost parietal cel ls and i nducing hypersecretion from 

those remaining (Scott et al. ,  1 998a) , or detrimental by causing reduced gut 

mot i l ity and anorexia (Fox et al. ,  1 989a, b ;  Fox , 1 997) . 

I n  th is chapter, two in vivo experiments are described . The aims of the 

fi rst experiment (LPI- 1 ) were: to determ ine whether bacterial numbers do 

increase in  the abomasum during 0. circumcincta infection and if  so whether  

th is i ncrease affects serum gastrin levels; to  determine what changes i n  

abomasal condit ions faci l itate increased bacterial surviva l ;  to  determine 

whether  hypergastrinaemia correlates with increased abomasal pH and whether 

hypergastrinaemia correlates with decreased food intake as it does in  calves 

infected with 0. ostertagi. I n  the second experiment (L TI)  the aim was to 

determine oxygen concentrations in  the abomasum and whether these changed 

d u ring parasit ism. 
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3.2 M aterials and methods 

3.2.1 Experiment 1 (LPI-1 ) 

3.2. 1 .1  Animals 

Five ,  six month-old female Romney cross lambs (30-35kg body weight) 

had been surgically fitted at 1 2  weeks-of-age with abomasal cannu lae at the 

junction of the antrum and the fundus under general anaesthesia, as p reviously 

described by Lawton et al. ( 1 996) . Three of the lambs had been raised 

nematode-free unt i l  infection (Sheep 1 -3) and two (Sheep 4-5) had been 

infected with T. colubriformis at fou r  months-of-age and the i nfect ion terminated 

after 2 1  days by dosing with 8mg.kg-1 levamisole HCI ( Rycozole,  Young's 

An imal Health) (two weeks p rior  to commencement of the p resent experiment) . 

There was no evidence of abomasal involvement in  the earl ier parasitism 

(abomasal pH and serum gastrin and pepsinogen concentrat ions were 

u nchanged ) .  No eggs were detected i n  the faeces of any of the five an imals 1 0  

days prior to infection . 

After a control sampl ing period of six days (Days 1 -6) ,  each sheep 

received 1 50 000 exsheathed 0. circumcincta larvae via the abomasal can nula 

on Day 7 and a further 1 00 000 sheathed L3 were administered into the rumen 

by tube on Day 1 8. The sheep were housed in individual metabolism crates and 

p rovided with 2kg of pelleted lucerne dai ly to allow ad libitum feeding.  Actual 

dai ly feed intake was measured .  Water was freely available. 

3.2.1 .2 Blood and abomasal flu id samples 

Blood and abomasal contents were collected dai ly prior to and/or th ree 

hours after feed ing .  Abomasal f luid was also collected for bacterial est imations 

twice daily on Days 1 and 5 p rior to i nfection, and on Days 7, 1 3, 1 5, 1 8, and 

once dai ly on Days 22, 29 and 42 after infection. When sampling occurred twice 

daily, the data from each sample were treated as separate data points .  Blood 

was collected by jugular venepuncture into plain vacuated tubes, centrifuged at 

2000g for 20 minutes after collection, the serum separated and stored  at -20°C 

for gastrin and pepsinogen assay. Abomasal contents were rout inely collected 

by spontaneous flow from the opened cannu lae i nto tubes which were 
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centrifuged at 20009 for 30 minutes and the supernatant used to measure pH 

with a PHM82 Standard pH Meter (Radiometer) and for pepsinogen estimation. 

For bacterial estimations, abomasal f luid was collected into steri le bottles 

gassed with e02 for anaerobic culture or containing air for aerotolerant culture .  

3.2. 1 .3 Serum gastr in 

Serum gastrin was determ ined in trip l icate by a radio immunoassay, as 

described in  Appendix 1 .  

3.2.1 .4 Serum and abomasal pepsinogen 

Abomasal peptic activity and serum pepsinogen concentration were 

determined using a method previously val idated by Scott et al. ( 1 995) and 

described in  Appendix 3.  

3.2. 1 .5 Aerotolerant bacteria 

Aerotolerant bacteria were enumerated aerobically on agar ( 1 . 5% w/v) 

Bacto Agar Brain Heart I nfusion medium (Difeo Laboratories, USA).  Abomasal 

f lu id (0 . 1  m L) was transferred by steri le p ipette from sterile a i r-fi l led collection 

bottles to steri le g lass tubes contain ing 0 . 1 54M isotonic saline (0 .9mL) for 

decimal d i l ut ion . Relevant d i lutions were transferred by p ipette to plates and 

incubated for 48 hours at 37°e. P lates contain ing 3-30 independent colonies 

were scored. Al l  d i lut ions were conducted in  duplicate and the mean count 

from al l  plates with in  the scoring criteria was taken as the n umber of viable 

aerotolerant bacteria. Abomasal fluid samples were processed within  an hour  

of  col lect ion.  

3.2. 1 .6 Anaerobic bacteria 

The methods used for the preparation of pre-reduced medium and 

anaerobic cu lture techniques were those described by H ungate ( 1 969) . 

Enumerations were carried out in  1 6mL screw-cap H ungate tubes (Be llco G lass 

I nc . )  contain ing 6.3mL Bye medium under an 02-free C02 headspace. Bye 

medium consisted of 30% rumen f lu id medium of Jobl in et al. ( 1 990) 

supplemented with yeast extract (2g. L-1 ) ,  g lucose (0 .5g .L-1 ) ,  cel lobiose 

(0 .5g .L-1 ) ,  xylose (0.5g .L-1 ) and maltose (0 .5g .L-1 ) .  The anaerobic vitamin 

solut ion (0.07mL) of Balch et al. ( 1 979) was added to each tube after 
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autoclaving .  Abomasal f lu id samples were processed with in an hour  of 

col lection .  For decimal d i lut ions, the in itial anaerobic t ransfer (0 .7mL) i nto BYC 

medium was carried out by p ipette,  because of particu late matter in the 

abomasal f lu id .  Al l subsequent d i lut ion transfers were by syringe. Tubes were 

incubated at 39°C and the h ighest d i lut ions showing growth (turbidity) after four 

days were scored as posit ive, to g ive counts to the nearest decimal leve l .  

Each d i l ut ion series was carried out in  dupl icate and the mean count from the 

two series was taken as the m in imal viable anaerobic bacterial count. 

3.2. 1 .7 Parasitology 

I nfective larvae (L3) were obtained from cultures of faeces from sheep 

infected with a pure strain of 0. circumcincta. Moti l ity was confirmed before 

infection. Larvae were exsheathed with 0.2% sodium hypochlorite and rinsed 

with water one hour before abomasal infect ion .  Egg counts (e .p .g . )  using a 

mod ified McMaster method (Stafford et al. ,  1 994) were performed on faeces 

col lected per rectum 1 4  and three days before infection and 25, 29, 32 and 36 

days post-infection. Worms were counted in abomasal contents and in pepsin­

digested t issue collected at necropsy. 

3.2 .1 .8 Faecal consistency 

Faecal consistency was scored on a scale of 1 to 4 .  1 indicated pellets, 

2 pel lets adhering to each other, 3 unpe lleted but solid faeces and 4 f lu i d  

faeces. Faecal consistency was monitored daily. 

3.2. 1 .9 H istology 

At necropsy, the abomasum was gently washed and dabbed dry with 

tissue paper, then three 1 cm diameter tissue samples were taken from the 

antrum ,  avoiding nodular t issue where possible. Samples were fixed by 

immersion in  Bouin's flu id for six to eight hours,  dehydrated in 70% alcohol ,  then 

embedded in  paraffin using an automatic tissue processor (SE400, Shandon 

SCientific Co.) and sections 6f.1m thick were cut. Sections were then rehyd rated 

using xylene and alcohol .  
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Antral  sections were incubated with the following antibodies (dissolved in  

Phosphate Buffered Saline [PBS], 1 % BSA): gastrin antiserum ( 1  :200 rabbit anti­

human, Amersham I nternational) for 1 hour, second antibody ( 1  :200 Donkey anti­

rabbit, Amersham International) for 30 minutes, then third antibody ( 1  :200 

Streptavidin-biotinylated horseradish peroxidase complex, Amersham 

I nternational) for 1 5  minutes. Sections were then counterstained with 

Hematoxylin .  For  each animal, G cell numbers in  glands sectioned longitud inally 

were counted in six fields at 40x magnification for each animal .  

3.2. 1 . 9.2 Parietal cell staining 

Fundic sections were incubated with the fol lowing antibodies (dissolved 

in PBS, 1 % BSA) : TGFa antiserum (Oncogene Research Products, USA) for one 

hour, second antibody ( 1  :200 sheep anti-mouse Amersham International) for 30 

minutes, then third antibody (1 :200 Streptavidin-biotinylated horseradish 

peroxidase complex, Amersham International) for 1 5  minutes. Sections were 

then counterstained with Hematoxylin .  Parietal cells were then counted in three 

fields per animal. For each animal, parietal cel l  numbers were counted in glands 

sectioned longitudinal ly at 40x magnification in 258�m columns in six fields and 

the depth of t issue recorded. 

3.2. 1 . 1 0  Statistical analyses 

For abomasal pH ,  serum gastrin and pepsinogen ,  the upper l im it of the 

normal range was establ ished for each animal and for the group as two 

standard deviations (SO) above the mean of al l  p re-infect ion values. A lower 

l im it of two SO below the mean was s imi larly calculated for food intake . 

Statistical tests were conducted using SPSS version 9 .0 .  Paired t-tests were 

used to compare morning and afternoon control samples for each animal for 

abomasal pH and serum pepsinogen and gastrin concentrat ions. As the 

d istribution of pre-infection data for serum gastrin and abomasal pH were 

significantly skewed, Spearman correlations were performed, one-tailed for 

serum gastrin versus abomasal pH and versus food intake, but otherwise were 

two-tai led. Using NeSS 97, piecewise polynomial regression was used to model 

the relationship between anaerobic bacterial counts and abomasal pH. G cel l  
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n umbers, parietal cel l  numbers and fundic mucosal depth were compared using 

one-way ANOV A.  Data sets in  comparisons were tested for equal ity of variance 

using Levene's Homogeneity of Variation test. Post hoc comparisons of data 

groups were conducted using Tukey's HSD test for comparisons of a l l  g roups. 

3.2.2 Experiment 2 (L TI) 

3.2.2.1 Ani mals 

The samples for this experiment were obtained from sheep in  an 

experiment by Ms. Sabine Przemeck. 

E ight, six month-old Romney cross lambs (30-35kg body weight) were 

raised parasite-free and surgically fitted with abomasal cannulae as previously 

described in  Section 3 .2 .2 . 1 .  After two weeks, contro l  sampl ing began six days 

prior to i nfect ion. Sheep were infected with 50 000 L3 0. circumcincta on Day 0 ,  

followed by  1 0 000 larvae once a week for s i x  weeks (on Days 35, 42, 49, 56, 63 

and 70) .  Abomasal samples for oxygen estimation were taken from sheep on 

Days 5, 6 and 7 after the fi rst infection, after the third trickle infection on Days 5 1  

and 54, after the last trickle infection on Days 78, 84 and 90. Samples were 

collected from seven sheep on the f i rst fou r  sampling days and from fou r  sheep 

on the subsequent five occasions. 

3.2.2.2 Measurement of oxygen concentration 

Samples were collected by opening the abomasal cannula, al lowing 

contents to flow out for two seconds, then placing a 50mL centrifuge tube on the 

sti l l  open cannu la, collecting abomasal contents and then sealing the tube when it 

was f i l led. The sample was then poured from the tube into a c losed stirred cel l  

maintained at 37°C and the oxygen concentration measured . The t ime between 

collection of sample and estimation of oxygen concentration was less than one 

m inute. The oxygen electrode used was maintained at 3rC and cal ibrated 

against aerated H20, which at this temperature contains 240llM O2. 

On each of the last two days of sampling, a second sample was taken 

from each of four  sheep and, in addition to the in itial measurement as described 

above, oxygen concentration of the sample measured after standing for 30 
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m inutes in  a sealed tube and in supernatant after centrifugation of the sample for 

30 minutes at 2000g. 

Further, the stabi l ity of the oxygen concentration in abomasal samples, 

which had been gassed for five minutes with 1 00% oxygen was tested . Samples 

were placed in  the sealed oxygen measurement cell for 40 minutes and oxygen 

concentration recorded every five minutes. For these measurements, the oxygen 

e lectrode was cal ibrated with oxygen satu rated H20 (containing 1 .2mM O2) ,  

prepared by gassing for five minutes with 1 00% oxygen .  The rate of oxygen 

decl ine in solutions was compared with the decline in oxygenated H20 over the 

same t ime period, and with oxygenated abomasal contents to which 5% sodium 

hypochlorite (v/v) was added. 

3.2.2.3 Abomasal pH 

Abomasal contents for pH est imations were rout inely col lected as 

described in Section 3.2.2 .2 .  The pH was measured with a PHM82 Standard 

pH Meter (Radiometer) . 

3.2.2.4 Statistical analyses 

Results were analysed using SPSS version 9 .0 .  Al l  data were examined 

for normal ity using Shapiro-Wi lks tests. The effect of centrifugation on oxygen 

concentration ,  d ifference in oxygen centrifugation between animals and 

between days were al l  analysed using one-way ANOV A. Data sets in 

comparisons were tested for equal ity of variation using Levene's Homogeneity 

of Variance test. Post hoc comparisons of data g roups were conducted using 

Dunnett's post hoc test, for effects of centrifugation and Tukey's HSD for other  

tests. 
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3.3 Results 

3.3. 1 Experiment 1 ,  LPI-1 

3.3. 1 . 1  Abomasal pH, serum gastrin,  and pepsinogen, abomasal peptic 

activity 

Before infection , the group mean and upper l im its of normal values were 

establ ished as: abomasal pH2 .73 and 3 . 1 0  respectively; serum gastrin 

concentration 64 and 1 1 2pM and serum pepsinogen concentration 0 .63 and 

2 .0 1  L u .  (n=55) .  For a l l  three parameters, before and atter feeding samples 

were not significantly d ifferent (p>0.05) ;  after infection ,  there was marked 

variat ion in responses between animals both in magnitude and t iming (F igures 

3 . 1  and 3.2) . In general , all th ree parameters began increasing around Day 1 5-

1 7, with larger changes from Day 1 9  onward. Notable were the fai l u re of serum 

gastrin to rise in  Sheep 2 although abomasal pH increased substantial ly, and 

the low serum pepsinogen concentration both before and after i nfection i n  

Sheep 4 .  After infection , feeding increased abomasal pH i n  Sheep 2 and 5 ,  

ra ised serum gastrin concentration in  Sheep 2 and  serum pepsinogen 

concentrat ion in  Sheep 5. 

A period of raised abomasal pH without elevation of serum gastrin 

concentration was seen in  al l  five animals, either around Day 1 7  (Sheep 1 ,  3 

and 5) o r  Days 22-27 (Sheep 2 ,  3 and 4) (Figure 3 . 1 ) .  At other t imes after 

i nfect ion ,  however, serum gastrin remained elevated after abomasal pH had 

retu rned to pre-infection levels. These sources of d ivergence led to an overal l  

poor correlat ion between abomasal pH and serum gastrin for i ndividual animals 

(F igure 3 .3) .  

Abomasal peptic activity was variable both before and after infect ion . 

There was no correlation between serum pepsinogen concentration and 

abomasal peptic act ivity. 

3.3.1 .2 Abomasal bacteria 

The densit ies of viable aerotolerant bacteria in the abomasa of the five 

sheep,  each sampled 1 5  t imes, varied from 1 03 to 1 06 cel ls .mL-1 (F igure 3 .4) .  
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The aerotolerant bacterial population densities d id  not change significantly 

fol lowing parasitism. The numbers of viable anaerobic bacteria in the abomasa 

before infection ranged from 1 05 t01 09 cel ls .mL-1 , i ncreasing post-infect ion in al l  

sheep to maximum values of 1 01 0  to 1 01 1  cel ls .mL-1 (F igure 3 .4) . In each 

animal ,  raised abomasal pH was closely associated with increased anaerobic 

bacterial populations (Figure 305). The p iecewise polynomial equat ion that best 

fitted the pooled data from pre- and post-infection samples was a segmented 

l inear- l inear model with a jo in ing point at pH 3.52±0. 1 8  (Figure 3 .6) .  There was 

no correlat ion between anaerobic bacterial counts and abomasal peptic activity 

within an imals or in the pooled data for a l l  animals. 

3.3. 1 .3 Food i ntake 

The dai ly food intake varied between animals in the contro l  period 

(F igure 3 .7) .  After infection , food intake decreased markedly in  four of the five 

sheep, for two separate periods in Sheep 1 and 5 and for a s ingle 8-1 0 day 

period in Sheep 2 and 4 (Figure 3 .7) . There was no correlat ion between food 

intake and bacterial counts and a negative correlation between food intake and 

serum gastrin concentrations for individual animals (Figure 3 .8) .  Food intake 

d id not correlate more closely with abomasal p H  than with serum gastrin 

(F igures 3 .9  and 3 . 1 0) .  

3.3. 1 .4 Faecal  consistency 

Faecal consistency is shown in Figure 3 . 1 1 .  During the contro l  period aI /  

animals were scored at 1 ind icat ing faeces were pellets. In genera l ,  there was 

l ittle change in th is after infection : two animals (Sheep 4 and 5) produced  soft 

pel lets that adhered to each other. For Sheep 5, th is was noted after the f i rst 

infection with 1 50 000 exsheathed L3 and the second infection 1 00 000 

sheathed L3 larvae, but for Sheep 4 soft faeces were only noted after the 

second infect ion .  Sheep 5 occasionally produced faeces which scored at 3. 

D iarrhoea did not occur. There was no relat ionship between faecal cons istency 

and bacterial counts, or between faecal consistency and abomasal pH .  Softer 

pel lets were observed during the period of greatest hypoacidity after the second 

i nfection in Sheep 1 ,  2 and 3, though pel let hardness was not scored.  
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7 with 1 50 000 exsheathed L3 O. circumcincta and Day 1 8  with 1 00 000 sheathed 
L3 O. circumcincta. 
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3.3. 1 .5 Parasitology 

No eggs were detected in the faeces prior to infection or unt i l  25 days 

after the f i rst infection, when a few eggs were detected from Sheep 5 .  Seven 

days later, a l l  sheep were excreting eggs. The maximum faecal egg count 

(FEe) recorded was 550 eggs per gram (e .p .g) .  Worm counts at necropsy were 

1 2  350, 3 380, 2 1 80, 1 520 and 1 2  050 adu lt worms and 40, 1 40 ,  40, 90 and 0 

immature stages in  Sheep 1 -5 respectively. 

3.3. 1 .6 Gross pathology and histology 

At necropsy, lesions were apparent in a l l  an imals in the pylorus ,  but 

there were few in  the fundus. In Sheep 2 ,  there was gross th icken ing of the 

m ucosa, especially in  the pylorus. 

Numbers of G cells per field were: Sheep 1 ,  2 1 .33±1 .76 ;  Sheep 2 ,  

5 . 83±1 .44; Sheep 3 ,  1 5.67±1 .78; Sheep 4, 1 3 .67±1 .24; Sheep 5 ,  1 6 .67± 1 .24. 

Sheep 2 had fewer G cel ls per fie ld  than al l other animals (p<0.05) , and Sheep 

1 had more G cel ls per field than Sheep 4 (p<0 .05) .  Otherwise , there were no 

d i fferences between animals (p>0.05) . Some eosinophi ls stained weakly for 

gastri n .  

The  d istribution of parietal cel ls in  fundic glands of each animal at 

necropsy is shown in F igure 3 . 1 2 . There was no d ifference in the n umber of 

parietal cel ls per f ield between animals, but Sheep 5 had th icker fundic mucosa 

than Sheep 2 and Sheep 4. 

3.3.2 Experiment 2 (L TI) 

3.3.2.1  Oxygen concentration 

Oxygen concentration in all abomasal samples was below 40JlM , 

whether sample pH was normal or elevated. There was no significant 

d ifference in oxygen concentration between days (p>0.05) and only a poor 

correlation between abomasal pH and abomasal oxygen concentration (Figure 

3 . 1 3A) . ANOVA revealed that there was significant variation in oxygen 

concentration between only two animals (p<0 .05) .  The mean oxygen 
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concentration for each animal varied from 1 1  to 36/lM , though the range of 

values was simi lar for a l l .  

The stabi l ity of oxygen concentration in oxygenated abomasal samples 

over t ime was no different from those observed for oxygenated water, or  in  the 

presence of sodium hypochlorite (p>O .05) .  Oxygen concentration did gradual ly 

decl ine over t ime from al l  saturated samples. 

Centrifugation significantly increased oxygen concentration . Leaving 

abomasal contents standing in a sealed tube for 30 minutes did not affect 

oxygen concentration (Figure 3 . 1 38) . 

3.4 Discussion 

These experiments examined the relat ionships between the 

hypergastrinaemia of  abomasal parasitism,  as wel l  as changes in the abomasal 

environment and depression of appetite. In particu lar, the abomasal bacterial 

densit ies, both aerotolerant and anaerobic, were compared with serum gastrin 

levels to test the hypothesis that m icrobial products could be invo lved in altering 

gastrin secretion . This was not clearly evident in this experiment,  nor did 

hypergastrinaemia appear the principal cause of anorexia in  these animals. 

The study,  however, d id reveal that an increase in the pH of abomasal 

contents, by as l ittle as one pH unit ,  had a surprisingly marked effect on 

anaerobe surviva l .  This may have nutrit ional implications for ruminants, which 

use m icrobial protein as an important source of dietary n itrogen. 

3.4.1 Establ ishment and effects of parasitism 

The purpose of the LPI-1 experiment was not specifical ly to fol low the 

course of events in  a single infect ion, but to examine concurrent changes in 

abomasal bacterial densities and serum gastrin as abomasal pH increased.  

S imi larly, the second experiment was designed to determine whether  there was 

a correlation between abomasal pH and oxygen concentration , rather than to 

fol low changes du ring an infection .  I n  the first experiment, parasitism was 

in it ial ly establ ished by administering exsheathed larvae d i rectly into the 



85 

abomasum ,  a protocol which had proved h ighly successful i n  a previous study 

(Lawton et al. ,  1 996) . When the effects on abomasal pH were less than 

expected 1 0  days post infection (Day 1 7) ,  a dose of sheathed larvae was g iven 

on Day 1 8 . I n  all five sheep, changes in abomasal pH and serum gastrin and 

pepsinogen concentrations indicated establ ishment of parasit ism . P rior to th is 

experiment ,  two an imals (Sheep 4 and 5) had been infected with T. 
colubriformis, then treated with anthelmint ic. As this had no apparent effect on 

abomasal funct ion , nor was there any evidence that these animals reacted to 

infection with 0. circumcincta any d ifferently from the parasite-na'ive animals, 

their data are also included. 

3.4.1 . 1  Abomasal microbial populations 

Despite the low pH, even the unparasitised abomasum harboured 

substantial populations of bacteria (Figure 3 .4) ,  both aerotolerant and 

anaerobes. The range of population densit ies of aerotolerant bacteria in  th is 

study was from 1 03- 1 06 viable cel ls .mL-\ simi lar to that in abomasal samples 

from two 0. ostertagi- infected calves (7x 1 0
4 

to 4x1 06 cel ls .mL-1 ) (Jenn ings et 

al. ,  1 966) .  Their research reported an increase in  the density of aerotolerant 

bacteria when abomasal pH rose from 7.0 to 7.4 during the period of severe 

d iarrhoea. I n  contrast , in the present study, the numbers of aerotolerant 

abomasal bacteria were not related to parasit ism, nor to abomasal pH .  

The popu lation densities o f  anaerobic bacteria increased d ramatical ly as 

abomasal pH increased.  The densit ies reached levels around 1 01 0  cel ls .mL-1 , 

levels s imi lar  to those in  the rumen (Leedle  and Hespell ,  1 980) .  These 

numbers are in agreement with observations in sheep infected with massive 

doses of H. contortus larvae in which anaerobic bacterial densit ies increased to 

1 09 cel ls .mL-1 when the pH increased to 6 and over (Nichol ls et al. , 1 987) . Of 

particular interest in the present study was the f inding that most of the increase 

in abomasal anaerobic bacteria occurred over only a small pH range (2.5-3.5) 

(F igures 3.5 and 3 .6) .  Further increases in  pH beyond 3.5 resu lted in relatively 

smal l  increases in anaerobic bacterial numbers (Figures 3 .5  and 3 .6 ) .  The 

simplest explanation for the increased anaerobic bacterial populat ion is 

increased survival of rumen anaerobes because of decreased lysis at h igher 

abomasal pH. An alternative explanation is bacterial growth in the abomasum .  
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This is considered un l ikely because growth to densit ies of 1 01 0  cel ls .mL-1 i n  the 

abomasum would requ i re a large supply of growth substrate and it is not clear 

where th is would come from. In addit ion, the flow rate of d igesta though the 

abomasum is h igh ,  giving l ittle opportun ity for bacterial populations to become 

establ ished. 

3.4.1 .2 Abomasal oxygen concentration 

Oxygen concentrations d id not change during parasitism in contrast to 

resu lts presented by N ichol ls et al. ( 1 987) . N ichol ls et al. ( 1 987) reported that 

the abomasal oxygen tension decreased as the pH increased along with 

anaerobic m icrobial numbers in the abomasum during parasit ism . They 

observed that the contents of the unparasitised abomasum were oxygenated to 

s imi lar levels to those in venous blood , but became more anaerobic du ring 

infection , which may have al lowed anaerobic bacteria to survive and prol iferate. 

Results p resented for the sheep in LP I - 1  show aerotolerant bacterial numbers 

to be constant before and during infection (Figure 3 .4) .  I n  the L TI experiment, 

there was l ittle variat ion in oxygen tension , which remained low despite large 

fluctuations in abomasal pH (Figu re 3 . 1 3A) . N ichol ls et al. ( 1 987) col lected their 

samples for anaerobic bacteria quant ification using vacuum sealed tubes. For 

results presented here ,  samples were exposed to air very briefly. This is not 

expected to have influenced resu lts however, as transfer of oxygen between 

l iqu id and air is not rapid and the samples were anaerobic. It would be 

expected that oxygen would d iffuse into the abomasal solut ions as the 

concentration of oxygen in the air is  greater than that in the samples. The 

centrifugation of samples could be one possible explanation for the h igher 

oxygen concentrations reported by N ichol ls et al. ( 1 987) . Oxygen 

concentrations in the supernatants were greater than those of whole abomasal 

contents in this experiment (Figure 3 . 1 38) ,  though the cause of this is 

uncerta in .  The abi l ity to reduce oxygen concentrations of abomasal f lu id was 

tested with f lu id of pH4, as this would be expected to have near maximum 

n umbers of  bacteria. As oxygenated abomasal contents d id not reduce the 

oxygen concentration more than oxygenated water or abomasal contents with 

sodium hypochlorite, abomasal bacteria did not appear to have the abi l ity to 

reduce oxygen levels of abomasal f lu id .  Therefore , e levated abomasal pH 
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alone appears to cause the increased bacterial numbers in  the abomasum 

du ring parasitism in  studies presented here .  

3.4. 1 .3 Hypergastrinaemia 

Previously, it was suggested that depression of serum gastrin du ring 

severe abomasal hypochlorhydria in  parasitised sheep may be caused by 

increased microbial populations in the abomasum (Lawton et al. ,  1 996).  I n  th is 

study, there were several periods when abomasal pH was increased,  but serum 

gastrin remained with in  normal l imits (F igure 3 . 1 )  and anaerobic  bacteria counts 

were h igh (Figure 3 .5) .  However, there were other periods when anaerobic 

bacteria densities and pH were both h igh,  but gastrin concentrat ions were also 

raised .  Th is suggests that bacterial involvement is not essential to the lack by 

correlation of pH and gastrin seen in this study and previously (Lawton et al. ,  

1 996) . I t  is possible that the luminal interference in  gastrin secretion proposed 

by Lawton et al. ( 1 996) is due to an overgrowth of a population of bacteria more 

int imately associated with the mucosa than bacteria in the abomasal contents. 

Bacterial colon isation of the gastric p its has been reported in post mortem 

studies of calves subject to chronic d iarrhoea and i l lth rift, though interest ingly 

these bacteria were not present in the pyloric glands or pits (Gunning,  2000) . If 

a s imi lar bacterial colon isation occurred in the pyloric glands in the study of 

Lawton et al. ( 1 996) , these bacteria may have been more able to affect gastrin 

secretion than bacteria in the abomasal contents due to their closer proxim ity to 

the G cel l .  

Hypergastrinaemia has been proposed as a d iagnostic marker for 

abomasal parasitism , either replacing, or in conjunction with ,  serum pepsinogen 

estimation (Fox et al. , 1 988; Hi lderson et al. , 1 992) . In the present study, the 

extent of the increase in serum pepsinogen concentration varied markedly in 

ind ividual sheep (Figure 3.2) and was negl igible in one animal (Sheep 4) .  This 

is  in  agreement with some previous stud ies on serum pepsinogen levels du ring 

abomasal parasitism (Lawton et al. ,  1 996; Scott et al. ,  1 998a) . S im i larly, 

serum gastrin levels were not elevated in al l  animals (Sheep 2) or were not 

e levated du ring some periods of the infection despite elevated abomasal pH.  

Therefore , serum gastrin appears not be a consistent indicator of  abomasal 

parasit ism. 
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Resu lts at necropsy suggested that the s ite of larval development was 

the antrum rather than the fundus. Whi le the fundus is genera l ly observed to 

be the site of the h istotrophic phase of development, predominantly antral 

infections have been previously reported (Sommervi l le et al. ,  1 954; Durham 

and E l l iot, 1 975) . In addit ion, Armour et al. ( 1 966) described infections where 

mucosal hyperplasia moved from being predominantly in the fundus to the 

antrum later in infection . Unfortunately, none of these studies examined serum 

gastrin concentrat ion. 

In LPI- 1 , Sheep 2 was the most extreme example in th is study of an 

animal in which serum gastrin barely increased with parasitism . In  this animal ,  

serum gastrin was remarkably consistent and mostly with in normal l im its du ring 

parasit ism,  despite marked increases in pH.  There was massive th ickening of 

the antral mucosa at necropsy and h istologically severe inflammation,  which 

may have damaged the gastrin-secreting G cells, result ing in  the lower serum 

gastrin concentrations. Reduced numbers of G cel ls were observed in th is 

animal compared with other an imals in that study at necropsy. Conversely, 

more commonly a more moderate inflammation may play a sign ificant role in 

the e levation of serum gastrin ,  as levels are h igher than would be predicted due 

to increased pH alone. I n  parasitised sheep,  peak serum gastrin 

concentrat ions of over 300pM,  as seen in this experiment, are not unusual (Fox 

et al. ,  1 988; N ichol ls et al. , 1 988; Lawton et al. ,  1 996; Simpson et al. ,  1 997; 

S impson et al. ,  1 999) and even greater levels (2-3 fold) occurred in  some 

animals (Sheep 3 and 5) .  I n  healthy, non-parasitised sheep,  when abomasal 

pH was elevated by sodium bicarbonate infusion,  even to pH5,  serum gastrin 

d id  not exceed 1 00pM (Reynolds et al. , 1 99 1 ) .  Mediators of inflammation such 

as h istamine (8ado et al. ,  1 994; Schubert and Makh louf, 1 996) , TNFa 

(Lehmann et al. ,  1 996; Weigert et al. ,  1 996) and I L  1 (Weigert et al. ,  1 996) have 

been shown to stimu late gastrin re lease . The h igh levels of gastrin observed 

during parasitism may be due to the superimposition of inflammation on the 

absence of the acid-gastrin feedback loop and the fact that parietal cel ls are 

l i kely to be unresponsive. 

Eosinophi l ia is a feature of nematode parasite infections. It has recently 

been reported that eosinophi ls bind gastrin (N ichols et al. ,  1 998; P raissman et 



89 

al. ,  1 998) . This b ind ing was local ised to the granular portion of the eosinophi l  

cytoplasm (N ichols et al. ,  1 998; P raissman et al. ,  1 998) and was not due to 

CCKB receptor b ind ing (N ichols et al. ,  1 998) , but rather binds a 1 5kDa protein 

which may be major basic protein (Praissman et al. ,  1 998) . It has been 

suggested that this b inding to a secretory protein may indicate that eosinophi ls 

p lay a role in  neutral is ing, destroying or control l ing gastrin (N ichols et al. ,  1 998) 

and attenuate gastrin levels regu lating gastric acid secretion and mucosal 

g rowth (Praissman et al. , 1 998) . 

Examination of fundic t issue samples col lected at necropsy showed no 

evidence that hypergastrinaemia aided the recovery of parietal cel ls in th is 

study, as proposed by Scott et al. ( 1 998a, b) . Comparing the parietal cel l  

numbers and d istribution to those reported previously (Scott et al. ,  1 998b, 

2000) , there is an obvious decrease in  cel l numbers per gland with infection ,  

and the d istribution resembles that observed after an infect ion with adult 0. 

circumcincta. There is no evidence of greater prol iferation of new parietal cel ls 

in  any one an imal . Recent stud ies in  transgen ic m ice, where e ither the gastrin  

gene or the CCKB receptor gene has been deleted , show that gastrin is 

necessary for acid secretion and parietal cel l  d ifferentiation (Koh et al. ,  1 997) . 

However, i n  the LPI- 1  study, the d istribution of parietal cel ls i n  fundic samples 

taken at necropsy was no d ifferent between animals ,  despite the fact one 

animal (Sheep 5) showed marked hypergastrinaemia, whi le another (Sheep 2) 

showed no hypergastrinaemia during i nfection .  These results do not ru le out the 

role of gastrin in  parietal cell proliferation reported in  t ransgenic m ice (Koh et 

al. ,  1 997) , but rather suggest that serum gastrin levels with in the normal range 

may be sufficient to stimu late d ifferentiation . Hypergastrinaemia may 

upregu late the activity of the remain ing parietal cel ls during the early stages of 

recovery from infection , enabl ing greater acid output , though there is no d i rect 

evidence of such activity in this study. 

I t  was also not iceable that there was a marked prol iferation in the fundic 

pits ,  i n  which parietal cel ls were absent. This was particularly clear in  Sheep 5, 

the an imal with marked hypergastrinaemia, which had th icker fundic mucosa 

than Sheep 2, which exh ib ited no hypergastrinaemia and Sheep 4, which 

exh ib ited only mi ld hypergastrinaemia. Fox ( 1 997) reported that omeprazole 
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treatment in cattle resulted in s imi lar mucosal growth responses to those 

observed in parasitised animals. In transgenic m ice, hypergastrinaemia has 

been shown to coincide with increased fund ic mucosal thickness (Wang et al. ,  

1 996; Konda et  al. ,  1 999) , but is not essential ,  as  fundic prol ife ration i s  

unaffected by  gastrin gene knockout (Koh et  al. ,  1 997) . However, Konda et  al. 

( 1 999) reported that hypergastrinaemia was associated with a hypertroph ic 

fundus ,  with e longated pits but normal sized fundic glands with normal ,  not 

increased , parietal cel l  numbers .  The resu lts of Konda et al. ( 1 999) are at 

variance with the more commonly accepted model ,  that gastrin increases 

parietal cel l  d ifferentiation rather than prol iferation , possib ly due to g reater 

increases in  b lood gastrin concentration or the presence of gastrin producing 

cel ls in the fundus. However, the morphology reported by Konda et al. ( 1 999) is 

not d issimi lar from that observed in Sheep 5 .  Therefore, marked 

hypergastrinaemia may cause increased pit prol iferation suggesting that gastrin 

may be partly responsible for mucosal growth during parasitism . 

A l l  observations concern ing pathology need to be interpreted with a 

degree of caution ,  as the LPI - 1  study only involved five animals ,  with one 

sample only taken from each region of each animal . 

3.4. 1 .4 Food intake and nutrition 

Anorexia commonly occurs during gastrointestinal parasitism of sheep 

(McLeay et al. ,  1 973; Anderson et al. ,  1 976a) and cattle (Fox et al. ,  1 989a, b) 

and has been attributed to hypergastrinaemia. In this study, inappetance d id 

not correlate wel l  with any of the parameters measured.  Serum gastrin levels 

correlated poorly with food intake (Figure 3 .8) ,  un l ike the c lose association 

observed in  parasitised calves (Fox et al. ,  1 989a) . One sheep had a reduced 

appetite without hypergastrinaemia. It appears that although serum gastrin 

may p lay some role in control l ing food intake, other  factors such as the 

inf lammatory mediator TNFa (Holden and Pakula, 1 996) or gastric pain may be 

important. 

I t  is  noticeable that the reduction in food intake appears to occur  mainly 

when the abomasal pH f irst becomes elevated and general ly remained 

depressed for only a few days (Figure 3 .9) .  As serum gastrin d id not correlate 

wel l  with abomasal pH (Figure 3 .3) and as pH is probably the best marker for 
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d isruption of abomasal function , a correlation between abomasal p H  and food 

intake was tested for each animal .  These correlations for food intake and 

abomasal pH were no closer than serum gastrin concentrat ions and food intake 

for individual animals or pooled data. Better correlations for pH and food intake 

than food intake and gastrin were observed with animals 1 ,  2 and 5, but the 

opposite was true for an imals 3 and 4 (Figures 3.8 and 3 . 1 0) .  Depression of 

food intake appeared to be a relatively short-term effect of infection , suggest ing 

a s ingle infection causes only short-term inappetance. Other studies have 

revealed significantly decreased food intake in infected animals on pasture ,  and 

this together with poor digestion may cause the reduction in l iveweight gain 

observed as a resu lt of parasitism (reviewed by Holmes, 1 993 ;  Coop and 

Kyriazakis, 1 999) . 

The nature of the d iet may have influenced the food intake results in  th is 

study. For example, the animals in  this experiment were fed a d iet wel l  above 

the m in imum recommended intake, which may have made the animals more 

res i l ient to infection .  Further, in general observations and in three specific half 

hour observations, rum ination was not observed in any of the animals, though 

eructation did occu r. This was probably due to the nature of the l ucerne pellet 

d iet, which easily breaks down into small particles in water. It may wel l  be that 

these animals were bored by their d iet and consequently ate more than they 

would have had their d iet contained more roughage . The d ry nature of the 

lucerne chaff d iet may also b ias the faecal consistency scores (F igure 3 . 1 2) ,  as 

animals fed on l ucerne chaff have noticeably less f lu id in the rumen than 

pasture fed animals. 

I ncreased abomasal pH during parasitism is thought to have negative 

effects on protein d igestion (Coop and Angus, 1 98 1 ) . Rumen m icrobes 

contribute over 50% of the total protein reaching the intest ines of rum inants 

( reviewed by Broudiscou and Jouany, 1 995) , but how increased survival of 

bacteria in the abomasum affects uti l isation of th is protein  is unknown . I t  

seems l i kely that bacterial membranes must be lysed in  order for i ntest inal 

enzymes to gain access to the majority of bacterial proteins ,  and that ,  in the 

unparasitised ruminant, most of the bacterial lysis occurs in the abomasum. It 

seems l ikely that decreased bacterial lysis due to abomasal hypoacid ity would 

reduce the avai labi l ity of  bacterial protein  to the host . This may become more 
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detrimental to the host during a mixed abomasal and intest inal nematode 

infection , where digestive efficiency of both gastrointestinal compartments is 

reduced. Combined with depression of appet ite du ring 0. circumcincta 

i nfection ,  reduced avai labi l ity of nutrients may compromise the growth of the 

host even when d iarrhoea is not prominent . 

3.4.2 Summary 

The number of anaerobic bacteria surviving in  the abomasum of sheep 

parasitised with 0. circumcincta increased rapidly with only a small e levation of 

abomasal pH ,  though aerobic bacterial numbers were unaffected . Experiments 

presented here showed anaerobic bacterial numbers were approximately 1 06 

cel ls .mL-1 when abomasal pH is normal ,  between pH2.4 and 2 .8 ,  but rapid ly 

increase to levels equivalent to those observed in  the rumen,  of 1 0-9 to 1 01 1  

cells .mL-1 , when abomasal p H  increased to 3 .5  and over. Survival of anaerobic 

bacteria related to e levation of abomasal pH, but not abomasal oxygen levels, 

which were low throughout infection , i rrespective of the pH of the abomasal 

contents. 

Survival of large numbers of bacteria does not affect serum gastrin 

levels ,  which are often e levated when anaerobic bacterial su rvival is maximal. 

Maximal survival of anaerobic bacteria occurs at much lower pH than pH5.5 at 

wh ich Lawton et al. ( 1 996) observed what was thought to be luminal 

interference with gastrin secretion . Thus, it is hypothesised that luminal 

i nterference with gastrin secretion may be caused by a chemical product rather 

than bacteria per se. Serum gastrin levels correlated poorly with abomasal pH 

(r between 0 . 1 3  and 0 .44 for ind ividual sheep) , with the onset of 

hypergastrinaemia lagging beh ind hypoacid ity in most animals. This may have 

been due to tissue damage by the worms ,  as one animal in wh ich 

hypergastrinaemia was never observed exh ib ited marked tissue damage in the 

antrum .  Serum gastrin concentrations d id not correlate wel l  with food intake 

du ring infection (r between 0 . 1 2  and 0 .41  for ind ividual sheep) . 

Hypergastrinaemia d id not appear to aid recovery of parietal cel ls ,  which were 

s imi lar i n  n umber and d istribution in all animals, regardless of the degree of 

hypergastr inaemia. 



CHAPTER 4 

GASTRIN I N H I B ITORY ACTVITY I N  R U M E N  AND 

ABOMASAL CONTENTS OF SHEEP 

4.1  Introduction 

93 

The hypergastrinaemia typically seen during 0. circumcincta i nfection in 

sheep (Anderson et al. ,  1 976a, 1 98 1 , 1 985) , during 0. ostertagi i nfect ion in 

calves (Fox et al. ,  1 993) , and H. contortus i nfection in  sheep (N ichol ls et al. ,  

1 988; S impson et  al. ,  1 997) has been attributed largely to  removal o f  acid 

i nhib it ion of gastri n  release (Fox et al. , 1 993) . Other factors appear to be 

involved ,  s ince i n  some animals, serum gastrin fal ls  abruptly when the 

abomasal pH reaches or exceeds pH5.5,  wh i le in  other  animals serum gastrin 

remains e levated after abomasal pH returns to normal levels (Lawton et al. ,  

1 996) . I n  other an imals, changes in  serum gastrin levels do not paral le l  those 

in abomasal pH ,  especial ly where the parasites develop in the antrum (Chapter 

3 ) .  These other  factors may involve i nflammatory mediators ,  depletion of tissue 

gastrin stores, worm products and chemicals produced by the gut flora. 

Hypergastrinaemia has been shown to occur in  calves infected with 0. 

ostertagi (Purewal et al. ,  1 997) and sheep infected with 0. circumcincta (Scott 

et al. , 1 998a) . P revious studies have shown that 0. circumcincta EIS products 

are able to stimu late pepsinogen secretion (McKellar et al. ,  1 990b; Scott and 

McKel lar, 1 998) and inh ibit acid secretion (Scott, Merkelbach and Simpson ,  

u npubl ished) , but have failed to show any effect o n  gastrin secretion in vitro 

(Haag, 1 995;  Lawton ,  1 995) . I n  these latter two studies,  however, 

contaminat ing abomasal m icrobes were bel ieved to produce gastrin inh ibit ion in 

vitro. Based on this observation , Lawton et al. ( 1 996) suggested that luminal 

chemicals, possibly of m icrobial origin ,  m ight be responsible for the reversal i n  

hypergastrinaemia at h igh abomasal pH .  
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I n  Chapter 3 ,  abomasal bacterial numbers were shown to i nc rease 

sign ificantly with on ly small increases in abomasal pH ,  but their increased 

n umbers per se did not appear to affect gastrin secretion .  These f indings d id 

not ,  however,  preclude the existence of a chemical inh ib itor which i s  more 

sensitive to abomasal pH than are bacteria. 

In this chapter, experiments test ing the effects of abomasal contents 

collected from sheep infected with O. circumcincta on in vitro gastrin secretion 

are described. The aim of these experiments was to determine whether or not 

the abomasal contents contained an inh ib itor of gastrin release and to examine 

the correlation between the presence of such an inh ib itor and the fluctuat ion in 

serum gastrin and abomasal pH levels in  the intact parasitised sheep. 

4.2 Prel i minary experiment: assessment of in vitro 
assay conditions 

First, an assessment was made of the tolerance of t issues secreting 

gastrin in  the in vitro gastrin system (described in  Section 2 .2 . 1 )  to variat ions in 

the pH and osmolarity of the basal med ium.  Next, samples of rumen f luid and 

abomasal contents from parasite-free animals and sheep from pasture were 

added to basal medium to assess responses and determine suitable 

concentrations for testing abomasal f lu ids in vitro. 

4.2.1 Methods 

4.2. 1 . 1  Gastrin release: medium pH and osmolarity 

The effect of varying the pH of the basal med ium between pH7.20 and 

7 .60 on in vitro gastrin release was tested in  fou r  experiments. Contro l  (A) 

solutions were maintained at pH7.40 and the pH of t reatment (8) solutions was 

adjusted with 1 M HCI or 1 M NaOH.  

I n  a further two separate experiments, the osmolarity of 8 solutions was 

varied between 260 and 380mOsm.L-1 by adding NaCI or d isti l led water to the 
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incubation medium. The osmolarities of the contro l  (A) solutions were 320 and 

330mOsm .L- 1 i n  the two experiments. 

4.2 .1 .2 Gastrin  release: abomasal and rumen contents 

Abomasal (n=3) and/or rumen (n=4) contents were col lected from sheep 

which had been dosed with Ivermectin ( Ivomec, Merial New Zealand Ltd ) ,  0 .7  

mg .kg-1 , and brought indoors seven days before sampl ing.  These sheep were 

fed lucerne chaff ad libitum and had water freely avai lable. Two of the animals 

from which abomasal and rumen contents were taken were also the source of 

t issue for the in vitro preparation . Rumen contents (n=2) and abomasal 

contents (n= 1 ) were also obtained from two pasture-fed sheep. 

Abomasal and rumen contents were strained through a double layer of 

cheesecloth to remove large particulate matter. The result ing abomasal or  

rumen " l iquor" was added to the basal medium to comprise 1 ,  2 ,  5 ,  1 0  or 20% 

of the f inal solution used for tissue incubation . A l l  solutions were adjusted to pH 

7 .40±0 .02 and an osmolarity of  320-340mOsm. L-1 . 

4.2.1 .3 Gastrin release: tissue viabi l ity 

The effects of rumen contents (n=3) and abomasal contents (n=2) on 

gastrin secretion during subsequent incubation periods were tested , by 

incubating the tissues for a further two 30 m inute incubation periods (cal led C 

and 0 solutions respectively) , after the tissue had been exposed to rumen or 

abomasal f lu ids for 30 minutes. The ratios of C solution to A solution and 0 

solution to A solution for the tissues previously i ncubated in  gut f lu id were then 

compared to the ratios of C/ A and 0/ A solutions for contro l  tissues. 

4.2. 1 .4 Gastr in concentration in abomasal contents from unparasitised 

sheep 

The gastrin content of five abomasal f lu id samples were also tested .  

The samples were between pH2.4 and 2 . 8  and were obtained from five non­

parasitised, lucerne fed sheep. 
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4.2. 1 .5 Effect of rumen/abomasal contents on gastrin and somatostatin 

Radioimmunoassay (RIA) 

The effect of a f inal concentration of 1 % abomasal or rumen contents on 

maximum radio l igand binding (zero) and non-specific b ind ing (blank) in the 

gastrin and somatostatin  rad ioimmunoassays (Append ix 1 and 2 respectively) 

solutions was tested. 

4.2.1 .6 Statistics 

The effects of changed osmolarity of the med ium,  altered pH of medium,  

abomasal and rumen f lu ids on gastrin secretion were al l  analysed using 

U N IANOVA in  S PSS version 9 .0 .  Detai ls of analyses and data considerations 

for U N IAVOA analysis are described Section 4 .3 .2 .6. 

4.2.2 Results 

4.2.2.1  pH and osmolarity of the medium 

Basal gastrin secretion was reduced when the pH of the medium was 7 .3 

or lower. I ncreasing the pH of the basal med ium up to 7 .6  had no significant 

effect (F igure 4 . 1 ) . 

Decreasing the osmolarity to 300mOsm. L-1 or  lower, increased basal 

gastrin secretion, whereas increasing the osmolarity to 380mOsm. L-1 had no 

significant effect (Figure 4.2) . 

4.2.2.2 Gastrin concentration i n  abomasal contents 

The gastrin content in all of the five abomasal samples from five non­

parasitised sheep was less than 1 0pM.  This compares to a gastrin 

concentration of between 1 00pM and 300pM in B solut ions contain ing 

abomasal contents incubated with antral t issue. 

4.2.2.3 In vitro gastrin response to rumen and abomasal contents 

Abomasal contents from parasite-free animals fed l ucerne chaff had a 

variable  effect on the gastrin secretion , with responses between 6±4 to 

1 01 ±25% (mean±SEM) ,  but these increases were not s ignificantly d ifferent 



Facing Page 97 

1 5 0 

1 2 5 

;,e 0 1 0 0 
c 7 5  .2 ... 
Q) 5 0  ... 
0 
Q) 2 5  In 
c 
... 0 
... In 
III - 2 5  
Cl 

- 5 0  

- 7 5  

- 1 0 0  

0 . 0 

J-, .1 - -- _ 
, "' ,, / ........ ........ 

I / ' ,  ' ........ , 
I ' " � - -

I , / _ -r - - - - - - - - ' 
........ , 

_ _  t _-_ � :f: � ::_-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

a 

a 

2 . 5 5 . 0 7 .5 1 0 . 0  1 2 . 5 1 5 . 0 1 7 . 5  2 0 . 0  2 2 . 5 
% c o n te n t s i n  s o l n  

Figure 4.3. Effects of 0 . 1 -20% abomasal o r  rumen contents from lucerne chaff­
fed animals on in vitro gastrin secretion. Data are expressed as mean±SEM.  
So l id  l ines represent rumen contents, dashed l ines abomasal contents i n  
rep l icate experiments, a= secret ion s ignificantly less than control of a l l  rumen 
samples at this concentration .  

1 0 0 

� f- - - - 1 
c: 
.2 5 0  -
Cl) ... 
0 
Cl) 
III 0 

C �* 

c o n tr o l  ... -
III I * * *  
III 
C!) - 5 0  

" f-
* * *  

- 1 0 0 

0 5 1 0  1 5  2 0  2 5  

% c o n t e n t s  in fi n a l  s o l u t i o n  

Figure 4.4. Effects of 0 .5  to 20% abomasal or rumen contents from pasture­
fed animals on in vitro gastrin secret ion. Data are expressed as mean±SEM.  
So l id  l i nes represent rumen contents, dashed l ines abomasal contents in  
repl icate experiments, *=p<0.05, ***p<0 .00 1 , s ignificantly d ifferent from control 
secretion .  



97 

from control (Figure 4 .3) .  The one abomasal sample from a pasture-fed animal 

stim ulated (p<0.05) gastrin secretion (Figure 4 .4) . The pH of all abomasal 

contents was between 2.4 and 2 .8 .  

Rumen contents were consistently inh ib itory to gastrin secretion in  

concentrations of  5% and above (Figures 4 .3 and 4 .4) . As the effect was near 

maximal at 1 0%, this concentration was used in  the subsequent experiment. 

In genera l ,  gastrin secretion was not affected by prior incubation with 

abomasal or rumen f lu id .  The ratio of CIA was greater for t issues incubated 

previously with solutions containing 20% rumen f lu id than t issue incubated in 

control medium.  This was because the C solution of tissues p reviously 

incubated in  20% rumen solution ,  which had h igher gastrin concentrations than 

controls .  I ncubation of tissue in  1 0% rumen or  1 0% abomasal f lu id solutions 

d id  not affect subsequent gastrin secretion , and the CIA ratio was the same as 

for t issue i ncubated in  control medium alone. The D/A ratios for t issues 

incubated in  1 0% rumen f lu id ,  1 0% abomasal f luid and 20% rumen f lu id was 

not d ifferent from DI A ratio for tissues incubated in control medium alone. 

Neither  rumen nor abomasal contents affected non-specific b inding 

(b lanks) or  maximum binding (zero) in  the gastrin RIA.  Since rumen and,  to a 

lesser extent, abomasal contents marked ly affected the values for b lanks and 

zeros in  the somatostatin assay, producing large values for both ,  the possible 

effects of gut contents on somatostatin secretion in vitro cou ld  not be studied.  

4.2.3 Conclusions 

The in vitro antral tissue test system used previously to study the effects 

of pharmacological agents on gastrin secretion also proved suitable to study the 

effects of rumen and abomasal contents . The effects of rumen and abomasal 

contents on gastrin secretion were reversible, as gastrin release in subsequent 

i ncubations was, i n  general ,  not affected by incubation with rumen or abomasal 

f lu ids .  The presence of rumen or abomasal contents did not affect the non­

specific b ind ing nor gastrin antiserum binding in the gastrin R IA ,  but d id  

i nterfere in  the somatostatin RIA.  

Lowering the osmolarity to 300mOsm. L-1 s ignificantly i ncreased gastrin  

release and a pH below 7.3 inh ib ited gastrin release, as was previously 
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reported by Lawton ( 1 995) . Test solutions must be adjusted to avoid these 

effects. The solutions were wel l  buffered and the pH did not change du ring the 

incubations. A small increase in pH occurred in some solutions over a period of 

several hours ,  so the practice of adjusting the final pH no more than three 

hours before incubations was adopted.  

Reversal of  the inhib itory activity observed in rumen contents in  the 

abomasal contents was not due to the presence of gastrin i n  the contents, 

which in  all samples tested was less than 1 0pM.  This concentration of gastrin 

was not enough to mask the large inh ibitory effect of rumen contents, which 

reduced gastrin levels present in  the basal medium after incubation by up to 

400pM when compared to control (A) incubations. Gastrin in  abomasal f lu ids 

added to basal medium for incubations was un l ikely to have significantly 

affected estimates of the in vitro secretion response to abomasal contents, as 

the abomasal f luids were d i luted at least 5-fold for incubation with t issue.  Even 

if gastrin levels in  abomasal f lu ids were 1 00pM, th is wou ld on ly equate to 20pM 

in the medium,  while gastrin concentration in  basal medium after incubation 

with t issue was between 1 50 and 500pM. 

4.3 Serum gastrin and in vitro gastri n  inhibitory activity 

of abomasal contents i n  parasitised sheep 

4.3.1 . 1  Experimental overview 

Gastrin inh ib itory activity was determined in abomasal f lu id col lected 

from O. circumcincta-infected lambs. The lambs formed fou r  groups according 

to the infection regimen: 

G roup 1 (contro l ,  or eTR) : Parasite-na'ive lambs (n=4) and which were 

i njected daily with omeprazole between Days 24-27. 

G roup 2 (adult parasite infected or API ) :  Infected with 20 000 0. 

circumcincta adult worms (n=6) 

G roup 3 (second larval parasite infected group, or LPI-2) : I nfected with 

40 000 0. circumcincta L3 (n=4) 



G roup 4 ( larval t rickle infected,  or  L T I ) :  I nfected with 50 000 0. 

circumcincta L3, then from Day 35 with 1 0  000 L3 once a week for six 

weeks. 

4.3.2 Methods 

4.3.2 . 1  Animals 
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Groups 1 -3 :  Fou rteen Poll Dorset sheep (males and females) were 

reared indoors and kept helminth-free from birth . At approximately five months­

of-age ,  a l l  animals were fitted with abomasal cannulae at the junction of the 

antrum and the fundus under general anaesthesia, as previously described by 

Lawton et al. ( 1 996). Animals were fed daily with 800g l ucerne n uts and 200g 

aged hay.  Water was suppl ied ad libitum. Four sheep (C 1 -4) were maintained 

un infected as controls (CTR) ,  six (A 1 -6) were infected with 20 000 0. 

circumcincta adult worms via the abomasal cannu la (APJ )  and fou r  ( 1 -4L) were 

infected with 40 000 O. circumcincta L3 by intraruminal  intubation (LPI-2) . AP I  

sheep were dosed oral ly on Day 1 2  post infection with 400Il9 .kg-1 ivermectin 

( Merial ,  New Zealand) .  

The control an imals were injected intravenously with 20mg omeprazole 

(Astra Pharmaceuticals ,  NZ) on Day 24 and 40mg on Days 25-27. 

In addit ion to the abomasal and b lood sampl ing described below, fundic 

m ucosal biopsies were collected for another study (Scott et al. , 2000) .  Two 

t issue biopsies were collected on each of 1 2  days during a 3 1  day experimental 

period in  LPI and control animals, or  1 1  t imes du ring a 25 day experimental 

period in API  animals. 

Group 4: E ight Romney cross lambs (six months o ld ,  30-35kg body 

weight, males and females) were raised parasite-free and surgical ly fitted with 

abomasal cannulae as above. The sheep were fed dai ly with 600g l ucerne nuts 

and 1 200g aged hay. They were infected vvith 50 000 0. circumcincta L3 

intrarum inal ly by tube, fol lowed by a trickle infection with 1 0  000 L3 once a week 

for six weeks (on Days 35, 42, 49, 56, 63 and 70). 

These sheep were being sampled by a fellow student, Ms. Sabine 

P rzemeck, who was studying parasite resi lience in a Massey sheep flock. As 



1 00 

part of that study, b lood and abomasal f lu id samples were collected twice dai ly 

before infection and unti l Day 24 post infection , thereafter twice a week. Data on 

abomasal pH and serum gastrin were kindly supplied by Ms Przemeck and are 

presented in Figure 4 . 1 3. 

4.3.2.2 B lood and abomasal sampling 

Groups 1 -3: Blood and abomasal samples (for measurement of pH) 

were collected twice daily from three days prior to infection to Day 7 post 

i nfection , thereafter at variable intervals not exceeding three days unt i l  the end 

of the experiment. Blood was collected by jugular venepuncture into plain 

vacuated tubes, al lowed to clot at room temperature ,  and centrifuged at 2000g 

for 20 minutes. The serum was separated and stored at -20°C for gastrin 

analysis.  

Abomasal samples for in vitro analysis were collected on Days 2, (prior 

to infection) ,  3 ,  6 ,  7, 9, 1 5, 1 7, 20 and 22 (p0St infection) from sheep infected 

with adu lt worms ;  Days 2, 3, 6, 7, 9, 1 5 , 1 7, 20, 22, 27 and 29 (al l  post 

infection) from sheep infected with L3; and on Days 6 , 7, 9 ,  1 5 , 1 7, 20, 22, 27 

and 29 from contro l  sheep. 

G roup 4: Abomasal f luid was collected for in vitro study on Days 1 3, 1 4  

and 43. Samples were col lected from seven sheep on the fi rst fou r  sampl ing 

days and from fou r  sheep on the subsequent five occasions. 

Al l samples were frozen for up to two months at - 1 8°C before test ing for 

inh ib itory activity. 

4.3.2.3 Abomasal pH and serum gastrin 

Abomasal pH was measured using a PHM82 Standard pH Meter 

(Radiometer, Denmark) immediately after the abomasal sample was collected. 

Serum gastrin was estimated by RIA,  as described in Appendix 1 .  

4.3.2.4 In vitro inhibitory activity of abomasal fluid 

Abomasal samples were tested for the i r  inh ib itory activity on gastrin 

secretion at 1 0% final concentration using the in vitro method described in  

Section 2 . 1 . 1 . Each sample was tested in  two p lates, on a total of  1 6  tissue 

pieces. On freezing,  abomasal solutions separated into l iqu id and particulate 
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material layers. Only the l iqu id fraction was tested for inh ibitory activity. 

Samples were tested in the order collected and al l  samples from one day were 

tested in  the one experiment. 

4.3.2.5 Gastrin "breakdown" in vitro 
The possible breakdown of gastrin during the in vitro i ncubation such 

that it cannot be recognised by the antibody in  the gastrin R IA ,  referred to as 

"breakdown , "  was assessed by incubation of test solutions with gastrin standard 

solutions under s im i lar conditions to incubation of tissue p ieces in vitro. Test 

solut ions were added to fou r  gastrin standards (50pM, two of 1 00pM, 200pM) to 

a f inal concentration of 1 0% and incubated at 3JOC for 30 m inutes, fol lowed by 

i ncubation at 4°C for two to three hours .  A control standard tube was set u p  for 

each concentration by adding the gastrin RIA d i luent instead of the test 

solution .  At the end of the incubations, the tubes were stored at - 1 8°C for later 

gastrin estimation by RIA.  The gastrin breakdown or "reduction ratio" was 

calculated by d ividing the gastrin concentration in the standard/test m ixtu re by 

the gastrin concentrations in the control standard solution . The mean±SE M  was 

calcu lated for the fou r  standards. 

4.3.2.6 Statistical analyses 

For abomasal pH and serum gastrin ,  the upper l im it of the normal range 

was establ ished for each animal and for the group as two SO above the mean 

of all p re- infection values . Any value above this level was considered elevated . 

A l l  in vitro data are presented as mean±SEM for each plate (eight p ieces 

of t issue) unless otherwise indicated ; "n" is the n umber of repl icate 

experiments. The effects of test solutions were determ ined using U N IANOVA in  

SPSS version 9 .  Al l  data were examined for normal ity us ing Shapiro-Wi lks 

tests and for equal ity of variance using Levene's Homogeneity of Variance test. 

Post hoc comparisons of data groups when variances were equal was 

conducted using Tukey's HSO test for comparisons of a l l  g roups, or Dunnett's 

test when compared with control alone. When variances were unequal , 

Tamhane's T2 post hoc test was used. When the data were not normal ly 

d istributed ,  Kruskal Wal l is analysis in G raphpad Prism version 2 .0 1 , with 

Dunn's post hoc test was used. 
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Figure 4.8. In vivo abomasal pH f- ) and in vitro gastrin secretion response r- ) to abomasal contents from four un infected 
animals. Abomasal pH and in vitro gastrin secretion, expressed as mean±SEM are p resented, with the upper l im it of normal pH 
values shown by the so l id  horizontal l ine and control gastr in secretion by the horizonta l dotted l ine, *=p<O.05, **=p<O .01 , 
***=p<O.001 , gastrin secretion sign ificantly d ifferent from contro l 
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Correlation coefficients were calculated using SPSS version 9 .0 ,  using 

Pearson correlation for normal ly d istributed data and Spearman correlation for 

data not normally d istributed . Correlations between serum gastrin and 

abomasal pH were one-tai led analyses, whi le those between in vitro gastrin 

inh ib itory activity and serum gastrin were two-tai led. 

Data model l ing of in vitro i nh ibitory activity of abomasal samples and 

sample pH was tested using l inear- l inear- l inear model in  NCSS97. 

4.3.3 Results 

4.3.3.1 In vitro gastri n  inhibitory activity in abomasal contents 

Abomasal contents from all parasitised sheep contained in vitro gastrin 

i nhibitory activity on some days, but there was no inh ib itory activity present in  

contents of  the un infected animals. There was a strong relat ionship between 

the presence of inh ib itory activity and h igh abomasal pH, whereas samples with 

a low pH exh ib ited stimu latory activity. All samples which had a pH of 5 and 

above contained inh ib itory activity. Four samples with pH below 5 also showed 

inh ib itory activity: one with a pH of 3.4 and three with pH between 4 .0  and 4 .3 .  

The relat ionship between in vitro activity and abomasal pH is i l lustrated in  

F igures 4 .5  to  4 .8 .  Data for a l l  animals in  the CTR, API  and LP I -2  g roups are 

summarised in Figure 4 .5 and for ind ividual animals in the API  group in F igure 

4 .6 ,  LPI-2 in Figu re 4 .7, and un infected animals g iven omeprazole  in  F igure 4 .8 .  

Three separate analyses showed that pooled data from al l  an imals, from 

al l  AP I  animals and from al l  LPI -2 animals fitted wel l  to a l inear- l inear- l inear 

model (F igure 4 .9) .  The formu la for the model is .  

Gastrin secretion = a 1 + b 1 (pH) if pH S; J 1 ( l ine 1 )  

= a2 + b2(pH) if J 1  < pH S; J2 ( l ine 2) 

= a3 + b3(pH) if pH > J2 ( l ine 3) . 

Where J 1  is the join ing point between l ines 1 and 2 ,  and J2 is the join ing point 

between l ines 3 and 4 .  The a and b values were d ifferent for each group, as 

shown below:  
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Animal Group Correlation r2 value Correlation 
Number statistic significance 

lL LPI-2 -0.72 0.52 0.05 

2L LPI-2 -0.46 0.2 1 ns 
3L LPI-2 -0.86 0.74 0.05 

4L LPI-2 -0.7 1 0.50 0.05 

A l  API -0.36 0. 13 ns 
A2 API -0.93 0.86 0.05 

A3 API -0.75 0.56 O.OS 
A4 API -0.85 0.72 O.OS 
AS API -0.84 0.7 1 O.OS 
A6 API -0.91 0.83 O.OS 
C l  CTR -0.26 0.07 ns 
C2 CTR -0. 1 8  0.03 ns 
C3 CTR -O.4S 0.20 us 
C4 CTR -0. 10 0.0 1  ns 

Table 4.1 . Corre lation between serum gastrin concentration and in vitro gastrin 
secretion in  response to abomasal contents from animals infected with e ither 
adu lt or  L3 0. circumcincta or  un infected .  Shown are the animal n umber,  the 
infection group ,  AP I=  infected with 20 000 adu lt 0. circumcincta, LPI-2= 
infected with 40 000 L3 O. circumcincta, and CTR= un infected animals . The 
corre lat ion coefficient (corre lat ion stat ist ic) for a two-tai led Pearson correlat ion 
of serum gastrin and in vitro gastrin response to abomasal contents and the 
s ignificance of th is correlation are also shown.  
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AP I :  a 1  = 97.75;  a2 = 1 1 8 .64 ;  a3 = -9.48; b 1  = -25 .07;  b2 = -33 . 1 1 ;  b3=-8.75 ;  

J 1  = 2 .60 ,  J 2  = 5.26; ,-2=0.69 

LP I -2 :  a 1 = 66.08; a2= 1 42.75 ;  a3 = -43 .50; b 1 = - 1 4-69; b2 =-39 .0 1  ; 

b3 = -3 .99 ;  J 1  = 3 .26;  J2 = 5 .38 ;  ,-2=0.75 

All data: a1 = 66.08; a2 = 1 42 .74; a3 = -43,50;  b1 = - 1 4 .68 ;  b2 = -39.02 ;  

b3  = -4 .00 ;J 1 = 3 . 1 5 , J2= 5 .32 ;  ,-2=0.67. 

A negative correlation between serum gastrin concentration and in vitro 

gastrin secretion  i n  response to abomasal contents was observed for three of 

the fou r  LP I -2 an imals and five of the six APt animals (Table 4 . 1 ) . Thus,  h igh 

amounts of in vitro gastrin i nh ib itory activity i n  abomasal contents coincided 

with h igh serum gastrin levels. There was no signif icant corre lation between 

serum gastrin and in vitro gastrin secretion in response to abomasal contents i n  

control an imals. 

Three samples were taken from each sheep i n  the L TJ group on Days 

1 3  and 1 4, when abomasal pH was h ighest. On Day 43,  when the pH was 

returning to normal ,  samples were taken from all animals except Sheep 1 99 

and 1 97. S ignificant i nh ibitory activity was observed on ly i n  samples with a p H  

of 4 . 8  and over. 

4.3.3.2 Relationship of serum gastrin to abomasal pH 

Serum gastrin levels and abomasal pH for i ndividual animals are shown 

in Figures 4 . 1 0  (API ) ,  4 . 1 1  (LPI-2) , 4 . 1 2  (CTR) and 4 . 1 3  (L TI) .  Parasitised 

sheep all had periods of hypergastrinaemia and elevated abomasal pH .  

Adm in istration of omeprazole had inconsistent effects on abomasal pH and 

serum gastrin concentrat ion ,  causing an increase i n  both briefly i n  C3,  an 

increase in abomasal pH alone in  C2, but no effect i n  other  animals.  There 

were no significant corre lations for ind ividual animals or for pooled data from al l  

animals during omeprazole. For C3,  where omeprazole d id  i ncrease both 

gastrin and abomasal pH ,  correlation was c lose to significance (p=O.05 1 ,  

r=0 .73) , but correlation analysis i nvolved only six data points. 
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Animal Group Correlation Correlation 1'2 values Correlation 
test statistic �ilalificance 

C l  CTR Pearson r::::0.34 0.12 0.05 
C2 CTR Pearson r::::O. 1O 0.0 1 ns 
C3 CTR Spearrnan p::::O. lO 0.01 ns 
C4 CTR Pears on r::::0.27 0.07 ns 
lL LPI�2 Spearrnan p=O.66 0�44 OJ}1 
2L LPI-2 Spearman p::::0.54 0.29 0.01 
3L LPI�2 Spearman p=O.44 0. 19 0.01 
4L LPI-2 Spearman p::::0.78 0.6 1 0.001 
A l  API Pearson r::::0.65 OA2 0.001 
A2 API Spearrnan p::::0.73 0.53 0.001 
A3 API Spearman p::::0.76 0.58 0.001 
A4 API Spearman p::::0.89 0.79 0.001 
A5 API Spearman p::::0.73 0.53 0.001 
A6 API Spearman p::::O.74 0.55 0.001 
197 LTI Spearman p::::OA3 0.18  0:01 
198 LTI Spearman p::::O.44 0. 1 9  0.01 

206 LTI Spearrnan p=O.70 OA9 0.01 
208 LTI Spearman p::::0.62 038 0.01 
2 10  LTI Spearman p::::0.36 0.1 3  0,01 
222 LTI Spearman p==0.43 0. 18  0.0 1 
199 LTI Spearman p==OAl 0. 17 0.01 
2 1 3  LTI Spearman p::::O.54 0.29 0.01 

Table 4.2. Correlation between abomasal pH and serum gastrin levels  i n  O. 
circumcincta i nfected sheep and controls .  The i nfection regimens used were :  
eTR = no  i nfection ; LP I -2 = 40  000 L3 0. circumcincta larvae intrarum ina l ly ;  
AP I == 20 000 Adu lt 0.  circumcincta i nto abomasum ;  L T I:::: i nfected with 50 000 
L3 0. circumcincta and after 35 days with 1 0  000 L3 0. circumcincta once 
weekly for 6 weeks . The correlation tests conducted were Pearson corre lation 
for normal ly d ist ributed data or  Spearman correlat ion non-normal  distribut ion. 
The corre lation coeffic ient stat istic and the statistical significance of the 
relat ionship a re a lso shown, with ns::::not s ignificant, 0 .05=p<0.05,  0 . 0 1  =p<0 .0 1 , 
0 .001  = p<0. 00 1 . A l l  correlations were one-ta i led .  



Animal Day 13 Day 14 i!fi , Day 43 
. '" number Sample secretion "breakdown" Sample pH secretion "breakdown" Sample secretion "breakdown" 

pH pH 
1 99 4.58 -32±8% 0. 82±0.0 1 3 .65 +2± 1 2% 0.88±0.07 - - -

1 98 5 . 1 4  -66±4%* * *  0.87±0.05 5. 1 4  -77± 1 %* * *  1 .  1 2±0.07 6.67 -77±3 % * *  1 .04±0.09 

1 97 4.60 -34±4% 0.93±0. 1 1  3 .80 +23± 1 5 % 1 . 1 3±0.03 - - -

222 6.47 -85±3%* * *  1 .07±0. 1 4  6.20 -87±2%* * *  0.99±O. 1 0  2 . 34 +25± 1 6% 0. 89±0.08 

2 10 4.8 1 -5 1±6% * *  1 . 1 0±0.08 4.62 +26±24% 0.56±0.07 3 .65 +22±9% 1 .  1 4±O. 1 5  

2 1 3  4.93 -5 5±4%* *  0.65±0.06 3 .28 + 1 0± 1 0% 0.96±0.05 2 .90 +8± 1 5% 1. 11 ±0. 1 1  

206 6.5 1 -85+ 1 %* * *  0. 80±0.08 6.79 -58±6% * * *  1 .08±0.04 3 .00 +77± 1 O% * * *  1 . 1 0±0.07 

208 3 . 8 2  +4±8% 1 .07±0.04 3 . 9 1 + 1 0± 1 O% 1 .00±0.09 2 .84 + 1 9± 1 5 % l .09±0.06 

Table 4.3. Gastrin "breakdown" activity and in vitro gastrin response to abomasal contents from sheep infected with L3 O. 
circumcincta. Shown are the sheep from which the samples came (animal number) ,  the days on wh ich the samples were taken ,  the 
sample pH (pH) , the effect on in vitro gastrin secretion and whether secretion was d ifferent from control ( in vitro, **=p<0 .0 1 , 
***=p<0 .001 ) , and the reduction of gastrin levels by incubation of sample with gastrin standard solut ions, expressed as a ratio 
(breakdown) .  Animals were infected with 50 000 L3 0. circumcincta on Day 0 ,  and then from Day 35 with 1 0  000 0. circumcincta 
once weekly for 6 weeks, 
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Periods when serum gastrin was depressed in  spite of e levated 

abomasal p H  were seen in Sheep 4L i n  the LPI -2 group, brief ly in Sheep A5 

and for one sample in Sheep A6 of the API  group, and in Sheep 1 99 and 2 1 0 

in  the L T I  g roup. These periods of low serum gastrin appeared un related to in 

vitro gastrin inh ib itory activity. H igh amounts of inh ib itory activity in the 

abomasal contents were observed with elevated abomasal pH and low serum 

gastri n .  However, the opposite situation also occurred frequently, where h igh 

amounts of inh ib itory activity coincided with h igh abomasal pH and serum 

gastrin .  

Abomasal pH and serum gastrin were closely correlated in  the AP I  group 

(r  or p between 0 .65 and 0 .89 ;  mean 0.75) , whereas the corre lation was less 

stringent for the LP I-2 group (r or p between 0 .44 and 0 .78 ;  mean 0.6 1 ) and the 

L T I  g roup (r or  p between 0.36 and 0 .70 ;  mean 0 .49) and there was no 

correlation for the CTR group ( r  or p between 0 . 1 0  and 0 .34 ;  mean 0 .20) . 

Correlation values for ind ividual sheep are shown in  Table 4 .2 .  These data 

compare with the correlation coefficients for the sheep infected with a 

predominantly antral strain of 0. circumcincta shown in  Figure 3 . 1 0  ( r  or  p 
between 0 . 1 2  and 0 .52; mean 0 .32) . 

I n  L T I  sheep, samples were taken before and after feeding ,  and on some 

days, small i ncreases in  serum gastrin concentration and decreased abomasal 

pH were observed after feeding. 

4.3.3.3 Gastrin "breakdown" by abomasal contents 

Gastrin "breakdown" from standard solutions by abomasal contents from 

sheep in the LTI group was evident only in two samples (Table 4 .3) .  This 

activity appeared unrelated to abomasal pH ,  or to the in vitro release of gastrin 

by t issue (Table 4 .3) .  Overal l ,  the inh ibitory activity in  abomasal contents from 

the L PI-2 sheep could not be attributed to "breakdown" of gastr in after secretion 

in the in vitro test. 
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4.4 Disc ussion 

Experiments presented in  th is Chapter have shown that when abomasal 

pH is elevated in sheep parasitised with 0. circumcincta, there is  activity 

present in the abomasal contents, which can inhibit in vitro gastrin secretion. 

Th is was not due to interference with the gastrin assay, nor "breakdown" of 

gastrin during the in vitro incubation.  The presence of i nh ib itory activity 

appeared to be primarily determined by abomasal pH ,  but d id not appear to 

affect serum gastrin concentrations during 0. circumcincta i nfection . 

4.4. 1 . 1  Inh ibitory activity in abomasal contents 

Abomasal contents from sheep i nfected with either larval or adu lt 0. 

circumcincta contained inh ib itory activity when abomasal pH rose to levels 

above 4.5-5. The appearance of inh ib itory activity occurred later in sheep 

infected with larval 0. circumcincta than in sheep infected with adu lt 0. 

circumcincta, coinciding in both cases with an increase in abomasal pH .  I n  

animals i nfected with adult 0. circumcincta, inh ib itory activity d isappeared with 

the resumption of normal acid secretion after d renching ,  and was never 

apparent in  contro l  animals (Figure 4 .5 ,  CTR A and B) .  The appearance of 

inh ibitory activity may have been masked by stimu latory activity p resent in  

abomasal contents, perhaps caused by amino acids or d ietary ammon ia,  as 

these have been shown to stim ulate gastrin secretion (Lichtenberger et a/. ,  

1 982a, b ; Dial et a/. ,  1 986, 1 99 1 ) .  I n  the majority of  abomasal sam ples with 

low pH ,  however, any increases in gastrin secretion were not statistically 

s ignificant (p>0 .05) ,  and so the presence of a stimulant masking i nh ib itory 

activity is un likely. 

The model that best fitted the relationship between the pH of the 

abomasal contents and its gastrin inh ib itory activity was a l inear- l inear- l inear 

one. This model predicts that up to a certain pH (J 1 )  there is  no inh ibitory 

activity, then between J 1 and J2 the i nh ib itory activity i ncreases unt i l  J2 ,  beyond 

which inh ib itory activity is  maximal . Th is three-l ine pattern was particularly 

evident when model l ing data from all animals and from LPT-2 animals.  For the 

AP I  g roup J 1 , the point where the presence of inh ib itory activity starts to 

increase ,  was poorly defined (Figure 4 . 1 0) .  This was probably due to the lack 
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of data between pH3 and pHS where intermediate inh ib itory responses wou ld  

be expected. Data from the LPI-2 group showed a more d istinct J 1  point at 

3 .2S±0 .48, with data from th is group probably defin ing the J 1  point in the 

combined data for a l l  sheep. In  both API and LPI groups,  J2 was between 

pHS .2-S .S ,  and this point was wel l  conserved in  the plot of a l l  data. No model 

was found which fitted data from the contro l  animals. Overa l l ,  the data suggest 

that the inh ibitory activity started to appear in abomasal solut ions at 

pH3.2S±0 .S ,  gradual ly increased between pH3 .S-S and was near maximal at 

S .3±0 .S .  Factors other than pH may also affect the levels of inh ibitory activity 

present in the abomasum, such as the le.-Igth of period of abomasal pH 

elevat ion . In vitro tests also showed d ifferent amounts of activity at the same 

sample pH ,  even at pHS.S and greater, suggest ing that there may be d ifferent 

compounds with d ifferent potencies in causing the inh ib itory effect. 

A possible origin of the inh ib itory activity is the rumen . A l l  rumen 

samples from al l  animal groups contained inh ib itory activity, regard less of the 

i nfection state of the animal .  In the experiments described in the Chapter 3, 

bacterial survival in  the abomasum was maximal at pH3.S and over. This point 

is very s imi lar to J 1 , where modell ing predicted that inh ibitory activity f i rst 

started to appear. The pH levels at wh ich inh ib itory activity has significant 

effect on in vitro gastrin secretion are above this, around pH4.S-S, but such 

levels are sti l l  below those suitable for rumen bacteria p rol i fe ration (Jobl in ,  

personal  communication) .  I t  therefore seems un l ikely that an i nc rease i n  

metabolic activity by  bacteria in  the abomasum Significantly increases l evels of 

inh ib itory activity . More l ikely is the survival of a compound originat ing from the 

rumen , which is usual ly destroyed by low abomasal pH .  

Incubation of  abomasal contents with gastrin standard solutions showed 

that in the majority of cases, this inh ibitory activity could not be explained by 

breakdown of released gastrin .  

4.4. 1 .2 Serum gastrin ,  abomasal pH and abomasal inhibitory factor 

Although an activity which can inh ibit gastrin secretion , in vitro at least, 

does exist in the abomasal contents when pH is elevated above 3 .3 ,  it appears 

to have l ittle effect on serum gastrin levels during abomasal parasit ism.  
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Sheep in  the AP l  group showed a close corre lation between abomasal 

p H  and serum gastrin (Table 4 . 1 ) , s imi lar to results reported by Fox et al. 

( 1 993) for calves infected with 0. ostertagi. This was despite large amounts of 

in vitro i nh ibitory activity noted in the abomasal contents at pH5 and h igher. 

The correlation between serum gastrin and abomasal pH was poorer  in  

sheep infected with larval O. circumcincta. Two larval i nfected animals (3L and 

4L) exhib ited a lag in  hypergastrinaemia behind hypoacid ity as reported in  LPI-

1 experiment in  Chapter 3 .  These animals d id show the greatest and most 

consistent inh ibitory response of the LPI -2 animals. These levels were not, 

however, greater than those observed in  sheep infected with adult  0. 

circumcincta, i n  which abomasal pH and serum gastrin fol lowed each other 

closely. Thus,  the weaker correlation between serum gastrin and abomasal pH 

in sheep infected with larval 0. circumcincta was not l ike ly to have been due to 

abomasal inh ib itory activity .  

I n  the L TI group,  the correlation between serum gastrin and abomasal 

pH was again poorer than that for the API g roup.  Three ( 1 97, 1 99 and 2 1 0) of 

the eight sheep exh ibited a decrease in  gastrin secretion during h igh abomasal 

pH ,  as described by Lawton et al. ( 1 996) . The p resence of inh ib itor in the 

abomasal contents alone is not enough to cause this effect though, as inh ib itory 

activity is also present in solutions obtained from animals where gastrin 

secretion is  significantly elevated .  

I n  general ,  the r2 values for correlations for LPI- 1 , LPI-2 and L T I  animals 

were spread between 0 . 1 0 to 0 .30 .  Of the 1 9  animals in  LP I- 1 , LPI- 1 and L T I ,  

on ly one  exhibited a correlation with r2 values above 0 .50 ,  and  three others had 

r2 values above 0 .4 .  Thus, in general larval infection resulted in  a m uch poorer 

correlation between abomasal pH and serum gastrin than in the API  group ,  and 

m uch lower than correlation values reported for cattle  i nfected with O. ostertagi 

( Fox et  a l. ,  1 993) . The data from the present experiments suggest that factors 

other than abomasal pH have significant effects on gastrin secretion in sheep 

during a larval 0. circumcincta i nfection , though abomasal pH plays a greater 

role in e levation of gastrin secretion in the presence of adult worms, where less 

penetrative damage of the mucosa is expected .  There was no corre lation 
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between abomasal pH  and serum gastrin in  control animals, s imi lar to results in  

calves (Fox et al. ,  1 993). 

I t  may be necessary for bacteria to have a close association with the G 

cel l  i n  order for the inh ib itory effect to affect gastrin release . G cel ls have an 

apical border which has a tuft of m icrovil l i  that extend into the lumen of the 

pyloric gland (Creutzfeldt et al. , 1 971 ; Bunnett, 1 984) , and thus may be 

responsive to luminal chemicals such as amino acids, which in  Chapter 2 were 

shown to stim ulate gastrin release. I t  is therefore possible that G cells could  

respond to  the p resence of a gastrin inh ib itor in  the abomasal contents. Lawton 

( 1 995) reported bacterial production of gastrin inh ib itory activity when incubated 

in basal medium at 3rC for 24 to 48 hours .  If a bacterial population developed 

in  the pyloric glands, in  a s imi lar fash ion to the bacterial colonisation of fundic 

p its in  some calves with chronic d iarrhoea (Gunning,  2000) ,  and the bacteria 

produced gastrin inh ib itory activity, inh ib ition of the G cel l  may be possible due 

to the c lose p roximity of bacteria to the G cel l .  This may have caused the 

depression in  gastrin secretion observed in  some sheep when abomasal pH  

rose to  5 .5  and over (Lawton et  al. ,  1 996). However, i n  experiments p resented 

here ,  abomasal contents were shown to contain enough inh ib itory activity to 

affect in vitro gastrin secretion when d il uted 1 0-fold .  If the G cell is responsive 

to luminal constituents, the hypoacidic abomasal contents tested i n  

experiments presented here would be  expected to contain  enough inh ib itory 

activity to affect gastrin secretion . I t  is thus unclear why the inh ib itory activity 

shown to exist in abomasal contents d id  not affect gastrin secretion. 

There is no clear indication that inh ib itory activity in the abomasum was 

the cause of abnormal f luctuations in gastrin secretion reported by Lawton et al. 

( 1 996) i n  sheep parasitised with 0. circumcincta. If such an inhib itor does have 

an effect on gastrin secretion as Lawton ( 1 995) suggested,  then there must be 

some as yet unknown cond it ion that faci l i tates th is action .  

I n  the next chapter, the generation of inh ib itory activity during incubation 

of abomasal and rumen contents in basal medium ,  and properties of the 

inh ibitory activity p resent in  rumen and incubate solutions are examined further. 
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4.4.2 Summary 

Abomasal contents do contain a factor which can inhib it gastr in secretion 

in vitro. Model l ing of data obtained from both adu lt and larval 0. circumcincta 

i nfection i n  sheep show the in vitro gastrin inh ib itory factor p robably starts to 

survive at around pH3.2 ,  but its effects are not significant unt i l  pH4.5-5 and are 

near maximal at pH5.3 and over. The negative correlation between in vitro 

gastrin secretion in  response to abomasal contents and serum gastrin 

concentrations ( r  values between -0.36 and -0. 93) suggest that inh ibitory 

activity does not affect gastrin secretion in vivo during abomasal parasitism.  

There is a strong correlation between serum gastrin and abomasal pH in  

animals infected with adult 0. circumcincta (� values for correlations between 

0 .42 and 0 .79) ,  but this correlation is weaker in animals infected with larvae (� 
between 0 . 1 9  and 0 .6 1 ) . Larval infection, which has greater degree of m ucosal 

involvement, may activate other factors that affect gastrin secretion , such as 

inf lammation . 

The role,  if any, of th is inh ib itory activity in  the contro l  of gastrin secretion 

in the parasitised an imal in vivo remains to be determined.  Results presented 

here from a number of animals suggest that luminal involvement in gastrin 

secretion du ring abomasal parasitism is min imal . Most effects are most l ikely 

explained by increased abomasal pH ,  t issue pathology and possibly 

inf lammation . The role of inflammatory mediators in  contro l l ing gastrin 

secretion has not been defined and may explain the why hypergastrinaemia is 

so marked . A factor that can inh ib it in vitro gastrin secretion is present at h igh 

pH in  the abomasal contents of parasitised sheep, but its effects on in vivo 

gastrin secretion appear to be min imal .  



CHAPTER 5 

PROPERTIES O F  THE I N H I B ITOR OF IN VITRO 
GASTRI N  SECRETION 

5.1 I ntroduction 

1 1 0 

Abomasal contents of parasitised sheep consistently contained an 

inh ib itor of in vitro gastrin secretion in samples in  wh ich pH exceeded 4.5 

(Chapter 4) . The rumen may be the source of the inh ib itory activity, wh ich then 

survives in  the h igh pH of the parasitised abomasum. Lawton ( 1 995) reported 

that incubation of abomasal contents also generated gastrin i nh ib itory activity. 

The development of this inh ib itory activity occurred over a 24-48 hour 

incubation period in aerobic conditions and was inh ib ited by the presence of 

antibiotics, suggest ing that it was of bacterial origin (Lawton , 1 995) . The 

existence and properties of gastrin inh ib itory activity in  incubates of abomasal 

and rumen f lu id ,  and in rumen f lu id itself were examined in experiments 

presented in th is chapter. 

The aims of the experiments in th is chapter were to define whether the 

rumen f lu id contained in vitro gastrin inhib itory activity and to identify under 

what cond itions inh ib itory activity was produced by abomasal and rumen 

incubates. The properties of the inh ibitory activity were also examined. 

Specifically, how much of the inh ib itory activity in both incubates and rumen 

f lu ids could be explained by gastrin "breakdown ," whether activity was removed 

when bacteria were removed or inactivated ,  and the sensitivity of the inh ib itor to 

acid ity and temperature were determined. 
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5.2 Methods 

5.2. 1 Abomasal and rumen flu id 

Abomasal f lu id was col lected from the abomasal cannu lae of  four sheep 

(ABO-1 to ABO-4) wh ich were housed indoors in metabol ism crates. Another 

s ix samples, which were used to generate abomasal incubates, were obtained 

at necropsy from a fu rther six sheep which had been oral ly dosed with 0 .7 

mg .kg-1 Ivermectin  ( Ivomec, Merial New Zealand Ltd) , when brought indoors 

seven days before sampl ing.  Al l  animals were fed l ucerne chaff ad libitum and 

had free access to water. 

Rumen f lu id (RUM) was obtained from three sources: 

(a) rumen contents were col lected by intubation six days prior to i nfection and 

on Days 9 and 22 after infection from 1 4  sheep (numbers 1 L to 4L, AP I 1  to 

AP I6  and C 1  to C4) described in Chapter 4 (Section 4.3 .2) .  

(b) seven rumen samples were obtained post-mortem from animals fed on 

lucerne chaff ; of which five were tested for effects on gastrin secretion from 

the in vitro t issue preparation (RUM-1 to RUM-5) , and two on ly for production 

of incubates.  

(c)  33 samples were col lected from sheep with rumen fistu lae g razing  at 

pasture ,  20 of wh ich (RUM-6 to RUM-26) were tested for effects on gastrin 

secretion from the in vitro t issue preparation , while the other 1 3  were used 

on ly to generate rumen incubates. 

Abomasal and rumen contents were squeezed through a double layer of 

cheesecloth , producing a th ick l iqu id and removing large plant particulate 

matter. Abomasal and rumen f lu ids were used with in 24 hours ,  either to 

generate incubates or tested for effects on gastrin secretion from the in vitro 

t issue preparation . Samples for repeat testing were stored at - 1 8°C for up  to 

three months. 

In some cases, further abomasal and rumen fluid was col lected only for 

production of incubates.  Detai ls of such rumen f lu ids are g iven below in a 

description of the incubate solution . 



1 1 2 

5.2.2 Abomasal and rumen i ncubates 

Seven abomasal and 23 rumen f lu id samples were used to generate 

m icrobial cultu res in l iqu id medium (basal medium based on H BSS, 

composition i n  Section 2 .2. 1 . 1 ) . 

Abomasal and rumen solutions were d iluted 50- to 500-fold in  500mL or 

1 L of basal med ium and incubated for up to 96 hours .  Specific details for each 

incubate are g iven below.  

AI-1 (Abomasal incubate 1 ) . An abomasal sample obtained post-mortem 

was d i luted 1 00-fold and incubated at 37°C in aerobic cond it ions for 22 hours 

i n :  normal basal medium ;  basal medium without BSA; normal basal medium 

maintained at pH7.20-7.40 throughout the incubation . As a contro l ,  basal 

medium without abomasal contents was also incubated for the same t ime 

period. Samples of 20mL of the incubate solutions were obtained after 0 ,  2 ,  3 ,  

4 ,  5 ,  6 ,  7 ,  8 ,  1 2 , 1 4, 1 6 , 1 8 , 20 and 22 hours of  incubation.  

AI-2 (Abomasal incubate 2) .  The same p rocedure was used as for ABI-

1 ,  except that samples were obtained after 0 ,  2 ,  4 ,  5 ,  6 ,  8 ,  1 0 . 1 2 , 29 and 48 

hours of incubation.  

AI-3 (Abomasal incubate 3) . Abomasal sample obtained post mortem 

was d i luted 50-fold and incubated at 3rC for 96 hours in :  normal basal 

med ium;  basal medium without BSA; basal medium without g lucose. As a 

control basal med ium was incubated without abomasal contests for the same 

period of t ime.  Samples of 20mL of the incubate solutions were obtained after 

0, 3 ,  4, 5, 6, 7, 8, 9 and 96 hours of incubation.  

AI-4 and AI-5 (Abomasal incubates 4 and 5) .  Abomasal samples 

obtained post-mortem were d iluted 500-fold and incubated at 37°C for 48 hours 

i n :  normal basal medium; basal medium without BSA; basal medium without 

g lucose; basal medium with 1 mL .L-1 Penic i l l in (5000 units)/Streptomycin (5mg) 

(G I BCO BRL, Life Technologies Inc . , USA) and 25mg.L-1 Kanamycin (K 1 876, 

Sigma Co. , St Louis ,  USA) ; basal medium with 1 mL.L-1 Penic i l l in (5000 

un its)/Streptomycin (5mg) l iqu id  (G IBCO BRL, L ite Technologies Inc . , USA) ;  

basal medium with 20mg.L-1 Neomycin (N 1 876 Sigma Co . ,  USA) . Samples of 

20mL of the incubate solutions were obtained after 0, 2, 4, 8, 24 and 48 hours 

of incubation . 
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AI-6 and AI-7 (Abomasal incubate 6 and 7) . Abomasal samples 

obtained post-mortem from parasitised sheep and d i luted 1 00-fold in  normal 

basal medium and incubated at 3JOC for 30 hours .  Samples of SOmL were 

taken after 0, 1 .S ,  3, 4 .S ,  6, 7, 9, 1 2 , 1 S , 1 9 .5 ,  2 1 , 24, and 30 hours of 

incubation .  The pH of the abomasal sample for AI-6 was 2 .6S prior to 

incubation ,  whi le the sample that of AI -7 was 4.2 but adjusted to pH 2 .40 with 

1 M HCI prior  to incubation.  

AI-8, AI-9 and AI-l 0 (abomasal incubates 8 ,  9 and 1 0) .  Abomasal 

samples from parasitised sheep were d i l uted SOO-fold in  basal medium and 

incubated at 37°C for 48 hours.  Abomasal samples before incubation had pH 

of  6 .67 for AI-8 ,  3 .00 for AI-9 and  3 .6S for AI- 1 O .  
R I-l and RI-2 (Rumen incubates 1 and 2) .  Rumen samples obtained 

from the same sheep as AI-4 and AI-S respectively. Rumen f lu ids were 

obtained post-mortem and were d i l uted SOO-fold  in  basal medium and 

incubated from 48 hours,  with 20mL samples taken from the incubate solutions 

after 0 ,  2, 4 ,  8, 24 and 48 hours of incubation. 

R I-3 to RI-8 (Rumen incubates 3 to 8) .  Rumen samples from six 

pasture-fed animals were d i luted SOO-fold and incubated at 3JOC for 40 hours in 

normal basal medium.  Samples of 20mL of the incubate solutions were 

obtained after 0, 20, 26 and 40 hours of incubation . 

R I-9 to RI-1 4 (Rumen incubates 9 to 1 4) .  As for R I-3 to RI-8 ,  except 

samples were col lected after 0, 1 4, 1 8, 48 and 70 hours of i ncubation. 

R-1 5 to RI-20 (Rumen incubates 1 S  to 20).  As for R I-3 to RI-8 ,  except 

samples were col lected after 0, 1 2 , 40, 64 and 80 hours of incubation .  

RI-21 to RI-23 (Rumen incubates 21 to 23) . As for R I-3 to RI-8 except 

samples were col lected after 0, 1 2 , 24 and 48 hours of i ncubation .  

RI-24 to R I  27 (Rumen incubates 24 to 27) .  As for R I -3 to R I -8 except 

samples were col lected only after 38 hours incubation. 

RI-28 and RI-29 (Rumen incubates 28 and 29) . As for RI -3 to R I-8 

except samples were collected only after 48 hours incubation . 
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5.2.3 Bacterial counts 

5.2.3.1  Preparation of basal medium agar plates 

P lates were prepared from agar ( 1 .5% (w/v) Bacto Agar ( Fort R ichard ,  

USA) in  steri le basal medium (composition described i n  Section 2 .2. 1 . 1 ) . The 

agar medium was made by m ixing two solutions: one contain ing the buffers and 

salts was autoclaved and the second solution contain ing glucose and BSA was 

fi ltered . The autoclaved solution (HBSS/agar solution) contained 1 5g Bacto­

Agar, 5 .66g HEPES,  0 .35g bicarbonate and a 1 L sachet of H BSS powder  in  

900mL double d ist i l led H20 ,  pH7.40±0.02.  This solution was autoclaved for 20 

m inutes and then placed in a 3]oC water bath to coo l .  The f i ltered solution 

contained 2 .5g BSA and 1 g glucose in  1 00mL. This solution was fi ltered 

through a N2 pressurised fi lter system which passes solutions though a dual 

membrane ,  the f i rst a prefilter (M i l l ipore ,  AW031 4250) and the second a 

0 .221lm hydrophi l ic fi lter (Mi l l ipore ,  GVW P 1 42 50) . When the autoclaved 

solution had cooled to 37°C, it was combined with the fi ltered BSAlg lucose 

solution , and then poured into petri d ishes in a laminar flow hood, al lowed to 

set , covered and stored inverted at 4°C unt i l  used . 

5.2.3.2 Bacterial enumeration 

Bacteria in abomasal incubates ABI - 1  and ABI-2 were enumerated 

aerobically on basal medium-agar plates. The steri le medium for d i lut ion was 

prepared i n  the same manner as the preparation of basal medium agar plates 

described in 5 .3 .2 . 1 :  a salt solution containing 5 .66g HEPES,  0 .35g bicarbonate 

and a 1 L sachet of HBSS powder in 900mL double d isti l led H20, pH 7.40±0.02 

was autoclaved for 20 minutes, then cooled to 37°C and combined with a 

1 00mL solution contain ing 2.5g BSA and 1 g g lucose wh ich had been passed 

through a 0 .221lm f i lter. I ncubate solution (0. 1 m L) was transferred by steri le 

p ipette to steri le glass tubes containing steri le basal medium (0 .9mL) for 

decimal d i lution . Relevant d i lutions were transferred by p ipette to p lates and 

incubated for 48 hours at 37°C .  Plates containing 3-30 independent colonies 

were scored.  Al l d ilut ions were conducted in  dup l icate and the mean count 

from al l  p lates with in the scoring criteria was taken as the number  of viable 
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aerotolerant bacteria. Al l  enumerations were conducted with in an hour  of 

samp le collection. 

5.2.4 Monocultures of Actinomycetes 

Two rumen incubates, R I - 1  and R I -2, which had been shown to inhib it 

gastrin release in the in vitro t issue incubation system ,  were each inoculated on 

to a basal medium-agar plate and bacteria were grown aerobical ly for five days 

at 37°C. The predominant colony in each case was identif ied by Dr. Andrew 

H udson of AgResearch Grasslands as a member of the Act inomycete fami ly .  A 

single colony was p icked off each p late and grown for 1 0  days in  steri l ised 

basal medium at 37°C , and a subsample taken after five days. 

5.2.5 Culture of Streptococcus bovis 

A colony of S. bovis from a monoculture on a B rain-Heart-Infusion agar 

p late (donated by Dr. Keith Jobl in , AgResearch G rasslands) was grown in 

50mL of steri l ised basal medium at 3rC for 1 0  days, and a subsample taken 

after five days. 

5.2.6 In vitro tissue incubation test system 

The effects of abomasal f lu ids, rumen f lu ids, abomasal incubates and 

rumen incubates on in vitro gastrin secretion were examined using the t issue 

incubation method described in  Section 2 .2 . 1 .  Before test ing,  i ncubates were 

d il uted 1 0-fold with basal medium and the pH adjusted to 7.40±0 .02.  The 

osmolarity was measured (Section 2 .2. 1 )  and was always between 320-340 

mOsm. L-1 • A l l  test solutions were p repared no more than three hours before in 

vitro t issue incubations were conducted. 

5.2.6.1  Exposure to antibiotics 

To determine whether bacterial metabol ism causes the inhib itory effects 

observed i n  the in vitro tissue p reparation,  antibiotics were added to the basal 

medium used in the tissue test. The effects of antibiotics in the incubation 
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medium for the tissue test on the in vitro t issue gastrin secretion response to 

rumen contents was tested on three occasions (RUM- 1 , -3 and -6) , with 

1 mL .L-1 Penic i l l in/Streptomycin and 25mg.L-1 Kanamycin present in the test 

solut ion .  One rumen f lu id sample (RUM- 1 ) was tested with basal medium 

contain ing 0 .2g .L- 1 neomycin .  The effect on basal gastrin secretion of each 

medium contain ing antibiotics was also tested .  

5.2.6.2 Acidification and alkal inisation 

The effect of altering the pH of rumen f lu ids and rumen incubates on the 

in vitro t issue gastrin response they produce was tested. The pH of one al iquot 

of each of six rumen f lu ids (RUM-2, RUM-3, RUM-4, RUM-5, R U M-6, R UM-?) 

and fou r  rumen incubates (R I- 1 8 and R I -2 1 , R I -22 and RI-23) was adjusted to 

pH 5 .5 ,  5, 4 .5 ,  4, 3 .5 ,  3 or 2 with 1 M HCI and the solutions kept at room 

temperature for 30 minutes. The pH was then adjusted back to ?.40 with 1 M 

NaOH. The pH of two rumen f lu id samples (RUM-6 and RUM-?) was adjusted 

to pH 8, 1 0, 1 2  and 1 3  with 1 M NaOH and s imi larly incubated .  

The  effects of pH adjustment on  the in vitro t issue gastrin response were 

compared to control solutions and the original ,  non pH-adjusted ,  rumen or 

rumen incubate solution . 

5.2.6.3 Increased and decreased temperature 

The effect of increasing the temperatu re to 45°C, 55°C, ?O°C and 1 00°C 

for 30 m inutes was tested on two rumen f lu id samples (RUM-3 and -5) . The 

effect of refrigerating (4°C) or freezing (- 1 8°C) for one week prior to testing was 

examined on one rumen f lu id sample (RUM-5) . The effect of i ncreasing the 

temperatu re to 45°C and 55°C for 30 minutes was tested on fou r  incubate 

samples known to have in vitro inh ib itory activity (R I- 1 8 ,  -2 1 , -22 , -23) . 

After being maintained at raised temperatu re ,  al l  test solutions were 

cooled to 4°C and d i luted 1 0-fold in basal medium heated to 3rC before they 

were tested in the in vitro system. 

After exposure to low temperatu re ,  solutions were brought to room 

temperatu re ,  d i luted 1 0-fo ld ,  then warmed to 3rC and tested . Untreated 

rumen solutions were also tested, as was basal media treated in s imi lar fashion 

to test solutions. 
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5.2.6.4 Filtration 

Seven rumen f lu ids (RUM-S to - 1 3) and six rumen i ncubates (R I -3 to 

R I -S) were fi ltered through a N2 pressurised f i lter system which passes 

solutions though a dual membrane, the f irst a prefi lter (Mi l l ipore ,  AW031 4250) 

and the second a 0 .22j.1m hydrophi l ic f i lter (M i l l ipore, GVW P 1 42 50) to remove 

al l  bacteria. The bacteria and particu late matter retained by the fi lter and 

p refi lter were resuspended in  basal medium in  the same volume as removed by 

fi ltrat ion. Suspensions were tested for gastrin inh ib itory activity. On three 

occasions, the prefilter f i lter was soaked in  50mL of basal medium for 30 

m inutes and the medium then tested for inh ib itory activity. 

5 .2.6.5 Centrifugation 

Samples were centrifuged at 1 9  500g for 30 minutes to remove 

particulate matter and at 49 500g for one hour to remove bacteria. Four rumen 

samples were centrifuged at 1 9  500g and tested on fou r  separate occasions 

(RUM- 1 4  to R I- 1 7 a ,  b ,  c ,  d ) ;  thus samples c were frozen and thawed twice. 

The same four original samples were centrifuged at 49 500g and tested on 

three separate occasions (RUM- 1 4  to R I - 1 7 c ,  d) . These solutions were frozen 

between experiments and centrifuged on the day of test ing;  thus samples b 

were frozen and thawed once, samples c twice and d three t imes. 

Effects of centrifugation at 49 500g were tested on three abomasal 

incubates (AI-S, AI-9 and AI - 1  0) .  

Effects on centrifugation at  1 9  500g were tested on fou r  incubates twice 

(R I -24 to -27 b, c) and at 49 500g on four  incubates three t imes (RI -24 to -27 b ,  

c ,  d) , and on a further three incubates once (R I-2 1  to  -23) . 

5.2.7 Effect of rumen and abomasal i ncubates on gastr in and 

somatostatin RIA 

The effect of  a f inal concentration of 1 % of three abomasal incubates 

(AI-3, A I -4 ,  and A I-5) and fou r  rumen incubates ( RI-5, RI-6 ,  R I7  and R I -8)  on 

maximum radiol igand binding (zero) and non-specific b inding (blank) in the 

gastrin and somatostat in radioimmunoassays (Appendix 1 and 2 respectively) 

was tested . A 1 % concentration was used as this is the maximum amount of 
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rumen f lu id or rumen incubate that wou ld  be present in  R IA tests during 

assessment of in vitro t issue tests. 

5.2.8 Gastrin loss from standard solutions ("breakdown" 

activity) 

A total of 1 2  rumen f lu id samples (RUM- 1 4  to -26) , fou r  abomasal f lu id 

samples (ABO- 1 to -4) , three abomasal incubates (AI -8 ,  AI-9 and A I - 1 0) and 1 5  

rumen incubates (R I - 1 5 to -29) were incubated with gastrin standards  to 

est imate the "breakdown" of gastrin during in vitro test incubations. The 

method is  described in Section 4.2 .4 . 1 .  Rumen f lu id or  rumen incubate 

solutions were added to 50pM, 1 00pM ,  200pM and 400pM gastrin standard 

solut ions (RUM- 1 4  to - 1 7 and RUM- 1 8 to -23 and R I- 1 5 to -20 R I -24 to -27 a ,  b ,  

c) , or  50pM,  1 00pM and 200pM gastrin standard solutions (R I -2 1  to  -23 and 

R I-24 to -27d) ,  or with fou r  1 00pM gastrin RIA standard solut ions (ABO-1 to -4, 

R UM-26 to -26, R I-28, R I-29) such that rumen contents made up 1 0% (v/v) of 

the final solution . Control standard solutions had 1 0% (v/v) Veronal buffer 

added. Both test and contro l  solutions were then incubated for 30 minutes at 

3rC, then cooled to 4°C and incubated at that temperatu re for three hours ,  

then stored at  - 1 8°C unti l  assayed .  The protocol was designed to m im ic 

incubation incubations conducted in the in vitro test system (described in 

Sect ion 2 .2 . 1 ) . 

Detai ls of test ing were as follows: 

I .  Four rumen fluid samples (RUM- 1 4  to - 1 7) were tested fou r  t imes 

over a period of 40 days. Samples were stored at - 1 8°C between tests. 

Four rumen incubates (RI -24 to -27) were tested three t imes over 30 

days and once again ,  two months later. 

1 1 .  Six rumen inCUbates (R I- 1 5 to -20) were tested after incubation for 

periods of 40 or 64 hours .  

I l l . Four  rumen incubates were tested after acidification of  sample 

(samples and method described in 5 .2 .6 .2) .  
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IV .  Fou r  rumen f lu ids (RUM- 1 4  to - 1 7) and fou r  rumen incubates (R I -24 

to -27) were centrifuged at 1 9  500g for 30 m inutes . Seven rumen 

samples and six rumen incubates were centrifuged at 49 500g for 60 

minutes. 

V. Fou r  abomasal f lu ids (ABO-1 to -4) of low pH were tested untreated, 

after centrifugation at 1 9  500g for 30 minutes and at 49 500g for 60 

minutes. 

VI . Three abomasal incubates (AI -8 ,  A I -9 and A I - 1 0) were tested 

untreated and after centrifigation at 49 500g for 30 m inutes. 

V I I .  Three rumen f lu ids (RUM-24 to -26) and one rumen incubate (R I -29) 

were added to basal medium contain ing a f inal concentration of 1 0, 1 

and 0 . 1  mg.mL-1 of a general bacterial protease inh ib itor m ixture (P8465 , 

Sigma Chemical Co. ,  USA) and tested in  the in vitro system , and with 

standards with the same concentrations of protease inhibitor added. 

5.2.8.1 Calculations 

The gastrin breakdown or "reduction ratio" was calcu lated by d iv id ing the 

gastrin concentration in  the standard/test m ixtu re by the gastrin concentrat ions 

in  the control standard solution . The mean±SEM was calculated for the fou r  

standards.  Results were converted to percentage val ues for Tables and 

expressed as "breakdown ." 

To determine whether breakdown could whol ly account for gastrin 

reduction in tissue incubations, gastrin concentrations expected after al lowing  

for breakdown and  control  decl ine in gastrin secretion were calculated and 

compared with observed resu lts. The gastrin concentration expected in  each of 

the B solutions was calcu lated from the concentration of gastrin in the A 

solut ion , the observed decl ine in  gastrin secretion from control  plates and the 

breakdown of standards.  Thus, the A value for each tissue piece was 

m u lt ip l ied by the BI A rat io from control  plates (forming B1 ) and then by the 

reduction ratio from standards (forming B2) . The B2 results were then 

compared with the observed resu lt (B actual) i n  t issue p late using a paired t test 

in SPSS version 9 . 0  with sign ificance level set at p<0 .01 . 
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5.2.9 Statistical analyses 

Al l  data from in vitro tissue incubations are presented as mean±SE M  for 

each plate (eight p ieces of t issue) un less otherwise indicated ; "n" is the n umber 

of rep l icate experiments. The effects of test solutions were determ ined using 

U N IANOVA in  SPSS version 9.0.  Al l  data were examined for normal ity using 

Shapiro-Wi lks test and for equal ity of variance using Levene's Homogene ity of 

Variance test. Post hoc comparisons of data groups when variances were equal 

were conducted using Tukey's HSD test for comparisons of a l l  g roups, or 

Dunnett's test for comparisons with control a lone. When variances were 

unequal ,  Tamhane's T2 post hoc test was used. When the data were not 

normal ly d istributed , Kruskal Wal l is analysis in G raphpad P rism version 2 .0 1 , 

with Dunn's post hoc test were used . D ifferences between breakdown 

percentages were calculated using one-way ANOVA with the same data 

considerations as used for UNIANOVA. Paired t-tests were conducted in 

SPSS version 9 .0 ,  with the same data consideration as used for U NIANOVA 

tests. 

5.3 Results 

For the results p resented below, gastrin inh ib itory activity is described in  

three ways. Tissue gastrin inh ib itory activity refers to  the total in vitro gastrin 

response to test solutions. The "breakdown" effect refers to the component of 

activity which could be explained by "breakdown" activity as estimated by 

incubation of standards with test solutions. I nh ib it ion of secretion and secretion 

inhib itor refers to that component of the gastrin inh ib itory activity which cannot 

be explained by "breakdown" activity. 

5.3. 1 Effects of abomasal and rumen i ncubates on RIA's 

Neither rumen (n=4) nor abomasal contents (n=3) at a concentration of 

1 % affected radiol igand or non-specific gastrin binding in the gastrin R IA ,  even 

when an inhib itor of tissue gastrin secretion was p resent in solutions. 

Before incubation and unti l t issue gastrin inh ibitory activity was observed 

in solut ions, incubates had no effect on radiol igand and non-specific b ind ing in  
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Sample "Breakdown" 20K "breakdown" 50K "breakdown" 
ABO- 1 1 2±20% -5±2% -2±1 1 %  
ABO-2 2±2% 1 1 ± 1 8% - 1 0±4% 
ABO-3 -4±6% -4±9% - 1 9±4% 
ABO-4 8±1 0% -4±3% 2±1 2% 

Table 5.1 . Estimation of gastrin "breakdown" activity in 4 abomasal samples 
from unparasit ised an imals, untreated,  centrifuged at 1 9  500g (20K) ,  and at 
49 500g (50K) . Breakdown act ivity is expressed as mean±SEM.  None of the 
abomasal samples affected in vitro gastrin secretion in the t issue assay. 
B reakdown act ivity is expressed as percentage , derived from a ratio of gastrin 
standard solut ion incubated with abomasal sample d ivided by untreated 
incubated standard solut ion.  
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the somatostat in R IA .  When incubate samples contained t issue gastri n ,  

i nh ib itory activity marked ly affected antiserum binding and  non-specific b ind ing 

in  the somatostatin  assay, producing large values for both .  Thus ,  the effects of 

gastr in inh ib itory activity of incubates on somatostat in secretion cou ld not be 

stud ied .  

5.3.2 Inh ibitory activity in abomasal samples and abomasal 

i ncubates 

5.3.2 .1  Abomasal f luids 

Abomasal f lu ids (AB01 -4) which had a pH between 2 .4 and 2 . 8  d id  not 

have any effect on gastrin secretion (p>O.05) and did not exhib it any gastrin 

"breakdown" activity (Table 5 . 1 ) , nor did these samples have any effect on 

gastrin secreted in the in vitro tissue assay. Results d id not d iffer when 

samples were centrifuged at 1 9  500g and 49 500g. 

5.3.2.2 A bomasal i ncubates 

N ine of 1 0  abomasal samples incubated in basal medium produced 

t issue gastrin inh ib itory activity. P rior to incubation the basal medium 

contain ing abomasal solution had no effect on basal gastrin secretion (p>O.05) , 

but after incubation for 1 2  to 96 hours,  solutions contained gastrin inh ibitory 

activity. None of these samples were tested for gastr in "breakdown" activity. 

When bacterial numbers were estimated (AI - 1  and A I -2 ) ,  the 

appearance of inh ib itory activity coincided with the h ighest numbers of bacteria, 

which was in  the stationary growth phase (Figure 5 . 1 ) . Al l  i ncubates, both 

rumen and abomasal , contain ing inh ib itory activity were turbid and, in  most 

cases, the pH of the solution was markedly reduced. 

Omission of BSA or  maintain ing the pH of the medium close to that of 

un innoculated basal medium reduced or abolished the production of the 

inhibitory action in  A I - 1  incubates. Simi lar results were noted in  the repl icate 

study (AI-2) , where inh ibitory activity was present i n  the sample i ncubated i n  

standard basal medium after 12  hours of incubation , in  the control  solution after 

24 hours ,  but only after 48 hours in the pH-adjusted solutions and solutions 
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where BSA was omitted. I n  AI-3 ,  i nh ib itory activity was present i n  al l  solut ions 

after 96 hours ,  but i n  none of the solutions f rom earl ier  t ime points. In A I -4 ,  and 

AI -5 ,  activity was present i n  sample incubated i n  standard basal medium after 

24 hours i n  g lucose-negative medium after 48 hours ,  but neve r  p resent in 

solutions where BSA was omitted. A I -6 produced i nh ibitory a_ctivity after 24 

hours of incubation ,  but AI -? never produced i nh ibitory activity. 

Tissue gastrin i nh ib itory activity was observed in A I -8 ,  A I -9 and A I - 1 0 ,  

and was accompanied by  some "breakdown" activity i n  A I -9 ,  bu t  th is d id not 

account for al l  of the t issue gastrin inh ibitory activity (t issue effect -92±1 % ,  

"breakdown" effect -3 1 ±5o/�, resu lts sign ificantly d ifferent p<0. 00 1 ) .  There was 

l ittle to no "breakdown" effect in A I -8 (-6±4%) or in A I 1 0  ( - 1 0±3%).  

Centrifugation at 49 500g removed the t issue gastrin i nh ib itory activity i n  A I -9 

(from -92±1 % to - 1 0±1 0%, p<0.00 1 ) and AI - 1 0 (-3?±2% to +23±1 0%, p<0 .0 1 ) 

and reduced the "breakdown" activity i n  AI -9 (from -31 ±5 to - 1 0±5%, p<0.05) . 

I n  two cases, AI  and R I  samples were obtained f rom the same an imal ,  

A I -4 with RI-1  and AI-5 with R I -2 .  A I -4 and RI-1  both produced i nh ibitory 

activity in  normal medium after 24 hours and i n  medium without g lucose in  48 

hours ,  while R I -2 never p roduced inh ibitory activity. 

5.3 .2.3 Inhibitory activity in monocultures 

Both Act inomycete and S. bovis monoculture incubates produced gastri n 

inh ibitory activity (Figure 5 .2) . Activity appeared f i rst i n  S. bovis solutions, after 

f ive days of incubation . For both Act inomycete and S. bovis cul tures, 

appearance of activity coincided with a reduct ion of the medium pH and 

increased turb id ity of the solution . Gastrin "breakdown" activity was not 

assessed i n  these samples. 

5.3.3 Inh ibitory activity in rumen flu id and rumen i ncubates 

5.3.3 . 1 Rumen fluid 

Al l  rumen f lu id samples f rom lucerne and pasture fed an imals contained 

t issue gastrin i nh ib itory activity. Al l  rumen samples were taken from Sheep 1 L 

to 4L, AI 1 to A I6  and C1  to C4, each on three occasions . Al l  contained t issue 



Sample Tissue Average Average A Average Average B Statistic 
response Breakdown value B1 B2 actual 

RUM-1 8 -70±4% -36±4% 21 5±41 1 89±36 1 2 1 ±22 52±9 ns 
RUM-1 9 -8 1 ± 1 % -36±7%, 234±29 205±25 1 32±1 6 36±2 p<O.OO1 
RUM-20 -80±2% -37±4% 1 77±21 1 56± 1 9  98± 1 2  30±1 p<0.001 
RUM-2 1  -76±1 % -33±9% 1 74±25 1 53±2 1 1 03±1 5 34±2 p<O.01 
RUM-22 -77±1 % -40±5% 2 1 0±25 1 85±22 1 1 1 ±1 3  41 ±4 p<O.01 
RUM-23 -74±2% -39±3% 227±23 200±20 1 22± 1 2  49±5 p<0. 00 1 

Table 5.2.  Model calculations of the predicted gastrin concentration i n  the presence of test solut ion al lowing for gastrin 
breakdown . Al l  values are presented as mean±SEM.  The gastrin concentration expected in each of the B solut ions was calcu lated 
from the concentration of gastrin in the A solution, the observed decl ine in gastrin secretion f rom contro l  plates and the breakdown 
of standards .  Thus,  the A value for each t issue piece was mu lt ip l ied by the B/A ratio from control p lates (forming B1 ) and then by 
the reduction rat io from standards (forming B2) ' The B2 resu lts were then compared with the observed resu lt (B  actual) in t issue 
plate using a pai red t test in  SPSS vers ion 9.0 with sign ificance level set at p<O .0 1 . For comparison,  the t issue response and 
reduction in standards (average breakdown) , both expressed as a percentage are included. 
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Solution Dil ut ion Generation Tissue Maximal  Time of 
time ' response Tissue Maximal  

response response 
R I-3 1 /500 20 hours -96±1 % -96±1 % 20 hours 
RI-4 1 /500 20 hours -93±1 % -94±1 % 40 hours 
RI-5 1 /500 20 hours -85±8% -93±1 % 40 hours 
RI-6 1 /500 20 hours -9 1 ±1 % -94±1 % 40 hours 
RI-7 1 /500 20 hours -92±2% -93±1 % 26 hours 
RI-8 1 /500 20 hours -94±1 % -94±1 % 20 hours 
RI-9 1 /500 1 4  hours -9 1 ±1 % -91±1  % 1 4  hours 
RI-1 0 1 /S00 1 4  hours -81 ±1 % -91 ±1 % 70 hours 
RI-1 1 1 /500 1 4  hours -94±1 % -94±1 % 1 4  hours 
RI-1 2 1 /S00 14 hours -9 1±1 % -92±1 % 48 hours 
RI-1 3 1 /500 1 4  hours -8S±2% -93±1 % 48 hours 
RI-1 4 1 /S00 1 4  hours -92±2% -96±1 % 48 hours 
RI-1 5 1 /500 1 2  hours -88±3% -90±2% 64 hours 
RI-1 6 1 /500 1 2  hours -9S±1 % -95±1 % 1 2  hours 
RI-1 7 1 /S00 1 2  hours -93±1 % -93±1 % 1 2  hours 
RI-1 8 1 /S00 1 2  hours -95±1 % -9S±1 % 1 2  hours 
RI-1 9 1 /500 1 2  hours -95±1 % -9S±1 % 1 2  hours 
RI-20 1 /S00 1 2  hours -93±1 % -94±1 % 80 hours 
RI-21 1 /S00 24 hours -S7±6% -S7±6% 24 hours 
RI-22 1 /500 24 hours -47±5% -50±3% 48 hours 
RI-23 1 /500 24 hours -3 1 ±7% -S8±6% 48 hours 

Table 5 .3 .  P roduction of t issue gastrin inh ib itory activity by 20 rumen contents 
d i luted in basal med ium and incubated for periods of up to 96 hours .  The table 
shows the d i lut ion level of rumen contents to basal media (d i lut ion) ,  the fi rst 
t ime that a s ignificant in vitro gastrin inh ib itory effect was noted in solut ion 
(generat ion t ime), the percentage inh ibitory effect (tissue response) , what the 
maximal inh ib itory effect (maximal t issue response) was and at what t ime it 
occu rred.  
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Sample "Breakdown" Ti$$ij$ J�$pon$t:} 
R I  .. 1 5a -23±6% * ·49±3�* 
RI-1 5b 4±7%** -65±7% 
RI-1 6b - 1 9±2%** ..;86±2% 
RI-1 7b -26±4%** -82±2% 
R I- 18a -28±5%** -12i2% 
R I - 1 8b -32±3%* -88±6% 
RI·1 9a -22±5%"'* -S8±3% 
RI-1 9b - 1 6±3%** - 93±1 % 
RI-20a -64±1 %  -60±6% 
RI-20b -83±2% -89±1 % 

Table 5.4A Comparison between gastrin "breakdown" and t issue gastrin 
inh ib itory activity in six rumen incubate samples of which four were tested after 
40 hours (a) , and al l  six tested after 64 hours (b) of incubat ion . A l l  resu lts a re 
expressed as mean±SEM.  For each sample, the t issue gastrin i nh ibitory activity 
(t issu e  response) and breakdown are shown , *= p<0.01 ,  **= p<0 .00 1 82 values, 
an est imate of the breakdown effect, are d ifferent from the observed values 
after incubat ion with t issue in vitro. 

Sample "Breakdown" TiSSUe r�SPQn$e 
RI-24a -52±1 %** -94:1;1% 
RI-24b -8 1 ± 1 %* -90±1 % 
R I -24c -94±2%* -87±2% 

RI-24d -30±6% -47±7% 

R I-25a -21±1 %** -94±1 % 
R I -25b -80±2%* -89±1 % 
RI-25c -90±3% -92±2% 
R I-25d -37±5%* -85±2% 
R I -26a -42±3%** .. 94±1% 
RI-26b -70±1 %** -90±1 % 
RI-26c -9 1 ±4% -92±2% 
RI-26d -43±1 0%* -84±2% 
RI-27a -36±4%** -93±1 % 
RI-27b -73±5%* -88±1 % 
R I -27c -93±1 % -91±1 % 
RI-27d -4 1 ±3%* -89±3% 

Table 5.48 Comparison between gastrin "breakdown" and t issue gastrin 
i nh ib itory activity in four rumen incubate samples each tested four t imes (a-d) . 
A l l  resu lts are expressed as mean±SEM.  For each sample ,  the t issue gastrin 
i nh ib itory activity (tissue response) and breakdown are shown , *= p<0 .01 ,  
**= p<0 .001  82 values, an est imate of the breakdown effect, are d ifferent f rom 
the observed values after incubation with t issue in vitro. 
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gastrin inh ibitory activity (between -73±4% to -94±1 %) . The degree of tissue 

gastrin inh ib itory activity was not affected by sampl ing day, whether an imals 

were parasitised with adult or larval 0. circumcincta, nor d id activity vary 

between animals (p>0 .05) . 

A l l  rumen samples when f i rst tested contained t issue gastrin i nh ib itory 

activity. In seven of the 1 3  cases where tested , gastrin "breakdown" and tissue 

gastrin inh ib itory activity were not d ifferent (p>0.05) . In  such cases gastrin 

"breakdown" could fu l ly explain t issue gastrin inh ib itory activity. 

Calcu lations of gastrin "breakdown" by rumen solutions are shown in  

Table 5 .2 .  For  RUM- 1 9 to  RUM-23 , not a l l  t issue gastrin inhib itory activity could 

be explained by gastrin "breakdown, "  as there was a significant d ifference 

between the B2 value and the observed B value. In  genera l ,  for RUM- 1 9 to 

RUM-23, of the 70-80% tissue gastrin inh ib itory activity caused by rumen 

contents, 33-40% (nearly half) cou ld be accounted for by gastrin "breakdown ." 

Although the tissue gastrin inh ib itory activity and "breakdown" percentage 

results for RUM- 1 8 do not appear to be d ifferent from those of RUM- 1 9  to 

RUM-23, there is greater variation in both the B2 and the actual B values, 

resu lt ing in  no statistical d ifference between these values. In other rumen 

samples (RUM-1 4 to RUM-1 7 and RUM-24 to RUM-26) ,  a l l  the inh ibitory activity 

could be accounted for by gastrin "breakdown" activity. 

5.3.3.2 Rumen incubates 

I ncubation of 22 of 23 rumen f lu id samples in basal medium produced 

gastrin inh ib itory effects (Table 5 .3) .  Prior to incubation,  the basal medium 

contain ing abomasal solution had no effect on basal gastrin secretion (p>0.05) . 

I n  genera l ,  once activity was observed it was maintained for the duration of the 

incubation . Appearance of inh ib itory activity again coincided on most occasions 

with medium becoming turbid and more acidic, sometimes as low as pH6.  

Some samples (R I - 1 5 to RI-20) d id develop activity before pH decreased below 

pH7, but were turbid when tissue gastrin inh ibHory activity f irst appeared . 

Rumen incubates contained "breakdown" activity in 1 1  out of 1 5  cases. 

In two incubates, "breakdown" cou ld account for all of the tissue gastrin 

inh ib itory activity in  the f irst test of the sample (RI -20 Table 5 .4A and R I-29, 
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Table 5.5. Stat istics for in vitro gastrin response to s ix rumen f lu id samples exposed to pH2- 1 4 at room temperature for 30 m inutes 
p rior to test incubation. Treat pH = the pH rumen solution was altered to prior to test ing,  Resp= the in vitro t issue gastrin response 
to the treated rumen sample, shown as mean±SEM,  Stats = the stat istical d ifferences of the response to untreated samples and 
basal gastrin secretion . For statistics a = gastrin secret ion in response to solut ion is d ifferent from basal (contro l )  levels ,  b = 
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Table 5 .48) .  In  the other 1 3  incubates tissue gastrin inh ibitory activity could not 

be explained by "breakdown" effects. 

Of the six samples described in Table 5 .4A , five (R I- 1 5 to RI- 1 9) showed 

very l ittle gastrin "breakdown" activity ( 1 9-32%) despite causing 50-93% 

inh ib it ion of gastrin secretion in vitro. I ncubation for an extra 24 hours (40 

versus 64 hours) did not cause significant changes in the reduction ratios. 

Freezing and thawing rumen incubates caused sign ificant increases 

(p<0.05) in the amount of breakdown activity in the fou r  rumen incubates tested 

fou r  t imes, such that "breakdown" activity was no longer sign ificantly d ifferent 

from inh ib itory activity (Table 5 .48) . This was the case for RI -24, R I -25 and RI-

27 where breakdown in 'a' was less than in ob '  and 'c '  and in R-26 where 'a '  was 

d ifferent to 'c. '  This breakdown activity was markedly reduced (p<0.05) from i n  

the last test (d) of RI -24 to RI-27 when compared with 'c, '  though in  three of the 

fou r  cases (R I-25, R I-26 and RI-27) , this was not accompan ied by a reduction 

in  inh ibitory effect in  t issue tests (Table 5 .48) . 

5.3.3.3 Properties of activity i n  rumen fluids and rumen incubates 

5. 3. 3. 3. 1 Antibiotic treatment 

Presence of 1 % Penic i l l in-Streptomycin-Kanamycin mix or Neomycin in 

the in vitro t issue test incubation medium did not affect (p>0.05) basal gastrin 

secretion , or the tissue gastrin inh ib itory activity of rumen contents (Figure 5 .3) .  

These antibiot ics were effective in inh ibit ing bacterial growth and production of 

inh ibitory activity in two rumen (R I - 1  and RI-2) and two abomasal (AI-4 and 

A I-5) incubations. 

5.3.3.3.2 Altered pH 
The effects of decreasing or increasing the pH of rumen fluid on its 

t issue gastrin inh ib itory activity is shown in Figure 5 .4 ,  with detai ls of responses 

shown in Table 5 .5 .  Altering the pH of basal medium then return ing it to pH 

7.40 and then d i lut ing 1 0-fold in untreated basal medium for testing d id not 

affect gastrin secretion (p>0 .05) . With RUM-3, gastrin secretion was also 

reduced when tissue incubation medium contained contro l  basal medium 

solutions wh ich were decreased to pH2 (-1 8±1 %) , pH3 (-1 0±2%) , pH4 (-9±4%) 
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4±4%** +8±8% 1 ±t5% +6±5% +5±8% -28±4% 
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Table 5.7. Comparison between gastrin "breakdown" and tissue gastrin inh ibitory activity i n  four rumen incubates u ntre ated and 
exposed to pH2-4 for 30 minutes pri o r  to in vitro testing. All resu lts are expressed as mean±SEM. For each sample,  the t issue 
gastrin i n hi bitory activity (tissue) and breakdown (bId) effects are shown , *:::; p<O .0 1 , " * =  p<O .001 B2 values, an estimate of the 
b reakdown effect, a re d ifferent from the observed values after incubation with tissue in vitro. 

"'T1 
� 
:;­<Cl 
\J $l) <Cl (I) 
...... 
I\:l 
Ul 



Facing Page 1 25 

1 00 -
� 75 0 

- RUM-5 
-
c: 50 .2 

- RUM-3 

- 25 Q) 
'-
(.) 0 Q) 
tn - - - - - - - control 
c: 

.\: 
-25 

- -50 tn 
tcS 

(!) -75 
-1 00 

-25 o 25 50 75 1 00 

Temperature (QC) 

Figure 5.6. In vitro gastrin response to two rumen fluids incubated at - 1 8 to 
1 00°C prior to test incubation.  Gastrin response is expressed as mean±SEM. 
Statistics for data are shown in  table 5.4.  

Response 
-80±4% a***b*** 
-54±8% a*** 
-59±4% a*** 

-1 2±1 0% b*** 

- 1 3±6% b*** + 1 ±1 2% b* 
+8±8% b*** +31 ±6% a**b*** 
+8±5% b*** +42±1 0% a*b*** 

Table 5.8. Statistics for the in vitro gastrin response to the rumen flu id samples 
incubated at -1 8 to 1 00°C prior to test i ncubation. Response = the t issue 
gastrin response to the treated rumen sample,  sho'wn as mean±SEM. Statistics 
= the statist ical d ifferences of the response to untreated samples and basal 
gastrin secretion . For statistics a = gastrin secretion in  response to solution is 
different from basal (control)  levels,  b = gastrin response to treated sample is 
d ifferent from the gastr in response to the untreated rumen sample,  *= p<O. 05, 
** = p<O. 0 1 , *** = p<O. 00 1 . 
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and pH4.5 (-7±4%) . This may have been due to the increased osmolarity of 

these tissue incubation solutions resu lt ing from pH adjustments (4 1 5, 390, 360 

and 370mOsm.L-1 for pH2, 3 ,  4 and 4.5 controls respectively) . Tissue 

incubation solutions containing rumen contents, even pH altered rumen 

contents, in this and al l  other experiments had osmolarity between 3 1 5 and 

336mOsm.L-1 . 

Wh i le in general ,  decreased pH had reduced the amount of inh ib itory 

activity, the precise sensit ivity of tissue gastrin inh ib itory activity in rumen f lu id 

was unclear. Post hoc comparisons between different pH treatments revealed 

varied pH sensitivity of tissue gastrin inh ib itory activity between samples. In  

summary lowering pH to 3 removed tissue gastrin inh ibitory activity in three out 

of fou r  tests . Tissue gastrin inh ibitory activity after reduction of rumen f lu id pH 

to 4 was variable,  with sign ificant removal in  two of the six rumen f lu ids. Thus, 

there is  near maximal removal at pH2 and maximal survival at pH5,  but variable 

resu lts between pH3 and 4.5 .  

Sensitivity to pH of tissue gastrin inh ib itory activity in  rumen incubate 

samples is i l l ustrated in Figure 5 .5 and described in Table 5 .6 .  Lowering pH to 

2 and 3 reduced or removed tissue gastrin inh ibitory. In one of the fou r  rumen 

incubate samples, reduction of pH to 3 .5  also removed tissue gastrin inh ib itory 

activity, but activity was intact at pH4 in al l  samples. 

Table 5 .7 shows the effect of lowering pH on the breakdown effect of 

rumen incubates. In  only one case where this was tested was there gastrin 

"breakdown" in the original solution (RI -27d) . In this example, lowering pH to 3 

and 3 .5  removed "breakdown" activity (p<0.05) wh ich was also reduced at pH4 

(p<0 .05, less than orig inal ) .  I n  contrast , the gastrin secretion inh ib itor was 

intact at pH3.5 and pH4 in R I -27d as in RI -2 1  and RI-23 (p>0 .05, not d ifferent 

from orig inal) . Secretion inh ib itor was destroyed at pH2 and pH3 (p<0 .05 ,  less 

than the original) in all samples, and was also removed at pH3.5 for R I-23 

(p<0 .05 less than original) . 

5. 3. 3. 3. 3 Temperature 

Figure 5 .6 and Table 5 .8  i l lustrate the effects of temperature on rumen 

tissue gastrin inh ibitory activity. In  general ,  i ncreasing temperatu re to levels 

above 55°C resulted in near complete degradation of t issue gastrin inh ib itory 
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R 1 4a 
RUM- 1 4b -68±1 % -35±3%** -70±2% -42±4%** 
RUM- 14c -77±1 % -80±5% -78±1 '%) -79±2% 
RUM-1 4d -76±2% -89±4%** -69±2% -93±1 %** 
RUM-1 5a -52±6% -49±4% -59±3% -37±2% * 
RUM- 1 5b -59±4% 43±5% -62±2% -37±5%** 
RUM- 1 5c -79±1 % -77±6% -16±1 % �7i±3% 
RUM- 1 5d -73±2% -86±5%** -88±1 % -94±3%** 
RUM-1 6a -78±4% -52±5%* -53±6% -40±4% 
RUM- 1 6b -65±2% -42±4%* -70±1 % -42±5%** 

RUM- 1 6c -63±2% -76±6%* -67±2% -68±3% 
RUM-1 6d -70±3% -93±4%** -90±1 % -92±3% 
RUM- 1 7a -72±8% -53±9% -6l±2% -54±3% 
RUM- 1 7c -72±2% -73±7% -64±2% -79±1 % 
RUM-1 7d -73±3% -90±4%** -81±1 % -92±2%** 

Table S.1 0A. Comparison between gastrin "breakdown" and tissue gastr in 
inh ib itory activity i n  four rumen f luids tested four t imes, u ntreated and after 
centrifugation at 1 9  500g (20K cent) . Al l  resu lts are expressed as mean±SEM.  
For each sample ,  the t issue gastrin inh ib itory activity (tissue response) and  
b reakdown are shown, * = p<O .O l , **= p<O.OO l , B2 values,  an est imate of the  
breakdown effect , are d iffe rent from the observed values after i ncubat ion with 
tissue in vitro. 

R 
RUM- 1 5d -73±2% -86±5%** -59±3% -93±3%** 
RUM-1 6d -70±3% -93±4%** -73±2% -92±2%* 
RUM-1 7d -73±3% -90±4%** -75±2% -92±2%** 
RUM-24 -81±4% -81±3% -78±3% -63±5% 
RUM-25 -8l ±3% -76±5% -72±4% -53±6% 
RUM-26 -83±3% a 

Table S.1 0B.  Comparison between gastrin "breakdown" and tissue gastr in 
i nh ibitory activity in  seven rumen f lu ids, untreated and after centrifugation at 
49 500g (50K cent) . A l l  results are expressed as mean±SEM.  For each 
sample , the t issue gastrin inh ib itory activity (tissue response) and breakdown 
are shown , **= p<O .OO l  B2 values, an estimate of the breakdown effect, a re 
d ifferent  f rom the observed values after incubation with tissue in vitro, a=p<0. 05 
centrifugat ion reduced t issue gastrin inh ibitory activity. 
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activity in rumen f lu id ,  wh i le freezing solutions in a standard - 1 8°C freezer for 

seven days increased inh ib itory activity. 

The tissue gastrin inh ibitory activity in incubate samples was not 

sensitive to temperatures of 45 or 55°C (Table 5 .9) .  

5. 3. 3. 3. 4 Filtration and Centrifugation 

Filtration of rumen contents removed tissue gastrin inh ibitory activity in  

rumen solutions in two (RUM-1 0 and RUM-1 1 )  of the seven solutions tested 

(Figure 5 .7) .  In four  of the five samples where it was tested ,  material retained 

by the fi lter papers contained inh ibitory activity, as did the fi lter soaked in basal 

medium (the fi lter wash) . Filtration did not reduce tissue gastrin inh ib itory 

activity of the solution in fou r  of the five occasions (RUM-8, RUM-9, RUM- 1 2 

and RUM-1 4) when activity appeared in the fi ltrate, and on the other occasion 

(RUM-1 3) fi ltration increased tissue gastrin inhib itory activity. 

F iltration removed tissue gastrin inh ib itory activity (R I -6 and R I -7,  p>0.05 ,  

fi ltered sample versus control) in two of the six rumen incubate samples tested, 

and reduced activity in a further two samples (R I-5 and RI-8 ,  p<0.05, less 

activity than unfi ltered sample, but gastrin levels sti l l  reduced compared to 

control) , but d id not affect tissue gastrin inhib itory activity in the other two 

samples (R I-3 and R I-4, p>0.05, not d ifferent to unfilte red samples) . 

S imi larly , centrifugation at 1 9  500g had no effect on t issue gastrin 

inh ibitory activity of rumen f lu id or rumen incubates . Centrifugation at 49 500g 

only reduced the amount of tissue gastrin inh ib itory activity in one rumen f lu id 

sample (RUM-26) out of seven tested. Centrifugation of rumen incubates at 

49 500g produced mixed results (shown Tables 5 . 1  OA and B) . I n  some cases, 

centrifugation removed some of the tissue gastrin inh ibitory activity (R I -24, b ,  c ,  

d ;  R I-25b, c ,  d ;  R I -26b, c ;  R I -27b; R I-29) ,  wh i le in others i t  d id not affect activity 

( RI-25d, R I-26d, R I -27c and d, R I-28) .  

Resu lts of  testing "breakdown" activity in rumen samples, both untreated 

and centrifuged at 1 9  500g, kept for 40 days and assayed on four  occasions, 

giving fou r  rep l icates, are detai led in Table 5 . 1  OA. Calcu lat ions were conducted 

in s imi lar fashion to those in Table 5 .3 ,  though A and B untreated are not 

shown . It is noticeable that for all samples, the 'a' and 'b' samples had the 

same degree of breakdown for al l samples (p>0 .05) , but were less than both 'c' 
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RI-24b 
RI-24c -87±2% -94±2%* -73±1 % -94±1 %*'" 
RI-25b -89±1 % -80±2%* -92±1 % -19±1%** 
RI-25c -92±2% -90±3% -88±1 % -93±2% 
R I-26b -90±1 % -70±1 %*'" -95±1 % -63±2%** 

RJ-26c -92±2% -9 1 ±4% -88±1 % -89±3% 
RI-27b -88±1 % -73±5%* -92±1 % -52±7%*'" 
RI-27c -91 ±1 % -93± 1 % -91 ±1 %  -91±2% 

Tab le 5 . 1 1 A Comparison between gastrin "breakdown" and tissue gastrin 
inh ibitory activity in fou r  rumen incubates tested twice, untreated and after 
centrifugation at 1 9 500g (20K cent) . A l l  resu lts are expressed as mean±S E M .  
F o r  each sample ,  t h e  t issue gastrin inh ib itory activity (tissue response) and 
b reakdown are shown, *= p<O.Ol , **= p<0.00 1 82 values, an est imate of the 
breakdown effect , are d iffe rent from the observed values after incubat ion with 
t issue in vitro. 

% 

RI-24c -87±2% -94±2%* 
RI-24d -82±3% -30±6% 
Rl-25b -89±1 % -80±2%* 
RI-25c ·92±2<% -90±3% 
RI-25d -85±2% -37±5%* 
RI-2Gb -90±1% -70±1%** 

R I-26c -92±2% -91±4% 
Rf-26d -84±2°/Q ·43±1 0%* 
R I-27b -88±1 % -73±5%* 
RI-27c -91±1 % -93±1 % 
RI-27d -89±3% -41 ±3%* 

RI-28 -58±1 1 %  -36±8% 
R f-29 -72±6% 1 ±7% 

-53±2% 
-56±3%a 
-47±7%a 
-53±2%a 
-24±4%lil 
-44±6%a . a -20±5% 
- 1 5±4%ilI 
-86±2% 
-34±3%3 
-82±2% 

-95±1 % 
-67±4% 

-3 1 ±1 0%3 

-94±2%** 

-22±1 0%* 
-75±2%** 
-90±2%** 
-23±7% 
-16±1%* 

-89±2%** 
-3()±2%** 

-69±5%** 

.. g3±2%* 
- 1 9±6%** 
-44±4% 

1±4%** 

Table 5.1 1 B Comparison between gastrin "breakdown" and tissue gastrin 
i nh ibitory activity effect in six rumen i ncubates, four of which were tested thrice ,  
untreated and after cent rifugation at  49 500g (50K cent) . A l l  resu lts are 
expressed as mean±SEM.  For each sample ,  the tissue gastrin inh ibitory activity 
(tissue response) and breakdown are shown , *= p<0.0 1 , **= p<0.00 1 82 values,  
an est imate of the b reakdown effect , are d ifferent from the observed values 
after incubation with t issue in vitro, a=p<0.05 centrifugation reduced inh ibitory 
effect i n  t issue test. 
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and "d'  (p<O .OS) , wh ich were also simi lar (p>O .OS) . Gastrin "breakdown" could 

account for al l  the t issue gastrin inh ib itory activity in  RUM- 1 4a, c ,  d; RUM-1 Sa 

to d ;  RUM-1 6c, d ;  and RUM-1 7a, c ,  d .  I n  fact for, RUM- 1 4d ,  RUM-1 Sd ,  RUM-

1 6c ,  d and RUM-1 7d the est imate of "breakdown" was greater than the tissue 

gastrin inh ib itory activity. Centrifugation at 1 9  SOOg did not result in  a significant 

reduction in "breakdown" activity in any of the samples, though results were 

close to sign ificance level for RUM- 1 4a.  RUM-1 Sa and RUM- 1 Sb (p  between 

O .OS and 0 .07) , wh ich was enough to cause a sign ificant d ifference between 82 
and B actual for these samples; before centrifugation they were the same. The 

reverse was observed for RUM-1 6a. Centrifugation of samples at 49 SOOg did 

not affect "breakdown" activity (p>O.OS) , with no d ifference between B2 and B 

actual for these samples (Table S . 1 OB) . 

In  genera l ,  gastrin "breakdown" activity in rumen incubates was not 

reduced by centrifugation at 1 9  SOOg (p>O .OS) . Centrifugation at 1 9  SOOg did 

reduce "breakdown" effect in RI -24b and R I27b (p<O .OS) ,  which increased the 

d ifference between "breakdown" effect and tissue gastrin inh ib itory activity 

(Table S . 1 1  A) . 

I n  genera l ,  centrifugation of incubates at 49 SOOg did not affect gastrin 

"breakdown" activity (Table S . 1 1  B) .  The exception was R I-2Sb,  where 

"breakdown" activity was reduced by centrifugation . In  contrast, t issue gastrin 

inh ibitory activity was reduced by centrifugation (R I-24, b, c, d ;  R I -25b, c, d ;  R I -

26b,  c ;  R I-27b ; R I-29) ,  such that in many cases gastrin "breakdown" estimate 

resu lted in a significantly lower than the concentration observed in the tissue 

test (R I -24c; R I -2Sb ,  c ;  R I -26b, c ;  R I -27b, c) . The reverse occu rred for R I -26d 

and R I-27d samples, where tissue gastrin inh ib itory activity was h igh,  not 

reduced by centrifugation , and greater than cou ld be accounted for by 

"breakdown" act ivity. 

5. 3. 3. 3. 5 Effect of protease inhibitor 

Addition of a bacterial p rotease inh ib itor at 1 0mg.mL·1 caused an 

increase in gastrin levels (+71 ±1 0%,  p<0 .0 1 ) in the tissue test system .  The 

p resence of protease inh ibitor abol ished the tissue gastrin inh ibitory activity of 

two of the three rumen samples tested (converting RUM-24 activity from 

-S7±3% to - 1 3±1 S% and RUM-2S from -4S±5% to 2±7%) but d id not affect the 
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activity of the th ird rumen sample or the rumen incubate sample .  "Breakdown" 

activity for both rumen f lu id and the incubate sample were low, RUM-24 

- 1 9±3%, RUM-25 - 1 9±7%, RUM-26 -23±3%, R I -29 -2±8%, despite being 

greater in rumen f lu ids in previous tests (-63±6%, -53±6%, -75±4% 

respectively) being stored at - 1 8°C in between tests. The presence of protease 

inh ibitor d id not further reduce "breakdown" activity at any concentration . 

5.4 Discussion 

Experiments presented in this chapter show that an inhib itor of in vitro 

gastrin secretion exists in rumen fluid , and can also be generated by incubation 

of abomasal and rumen contents in basal incubation medium.  The rumen may 

therefore be the source of inhib itory activity observed in hypoacidic abomasal 

contents during parasitism . I ncubation of either rumen f lu id or abomasal f lu id 

was able to produce inh ibitory activity in  basal medium. These results show 

that gastrin inh ibitory activity could be produced by bacteria, but is not specific 

to a particular species. 

Rumen f lu ids and rumen incubates appear to contain three competing 

factors which affect the in vitro t issue assay. These are an inh ibitor of gastrin 

secretion , a stimulant of gastrin secretion and a gastrin e l iminat ion , or 

"breakdown" factor. "Breakdown" of gastrin could account for a significant 

proportion of the in vitro inh ib itory activity in rumen f lu id ,  but for less in rumen 

and abomasal incubates. When "breakdown" activity was removed from 

samples, th is d id not necessari ly result in an increase in gastrin concentrations 

in the tissue tests. Furthermore, there were t imes, even with rumen f lu id 

samples, where "breakdown" activity could not account for the reduction in 

gastrin concentrations produced in the in vitro tissue tests. Therefore , an 

inh ib itor of gastrin secretion does exist in rumen fluid and rumen incubates, but 

at t imes is  masked by "breakdown" activity. 

The gastrin removal activity by rumen f lu id or incubate solutions is 

probably due to either cleavage of the gastrin peptide, or binding of the gastrin 

peptide such that it cannot be recogn ised by the R IA gastrin antiserum.  
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In  both rumen fluid and rumen incubate solutions ,  t issue inh ib itory 

activity, wh ich includes both the gastrin secretion inh ibitor and gastrin 

"breakdown" activity, was removed by low pH and h igh temperature. There 

were d ifferences in sensitivities, with incubate inh ibitory activity being less 

sensitive to temperature .  The "breakdown" activity in rumen incubates appears 

to be more sensitive to pH than the inh ib itor of gastrin secretion . Generally, 

f i ltration and centrifugation did not remove the secretion inh ibitor or 

"breakdown" from rumen contents, but d id sometimes reduce or remove the 

secretion inh ibitor from incubates. 

5.4.1 Inh ibitory activity in  rumen contents 

Al l  rumen f lu ids tested contained inh ibitory activity (Section 5 .3 . 1 ) .  This 

activity in rumen f lu id could be due to two effectors: an inh ibitor of gastrin 

secretion and a "breakdown" effect. 

Rumen contents caused between 30% and 90% "breakdown" of gastrin , 

an effect which was not removed by centrifugation . Calculat ions were 

conducted to determine whether the tissue gastrin inh ib itory activity could be 

wholly explained by a "breakdown" effect. These calcu lations formed an 

est imate of what the concentration of gastrin would be after incubation with test 

solutions if "breakdown" were the only effect present in those solutions. As 

these calcu lations involved more error due to assumptions in the calcu lations, 

the stringency of statistical tests was increased , with responses only considered 

different where p<0.0 1 . Statistical tests showed that there was a sign ificant 

d ifference between the estimated "breakdown" effect and the t issue gastrin 

inh ibitory activity, showing that an inh ib itory factor that was not "breakdown" 

existed in rumen fluids. 

The estimate of "breakdown" could be considered conservative as it was 

conducted using non-su lphated human G 1 7. Ovine antral G 1 7  is observed to 

be up to 80% sulphated (Andersen,  1 985) . In c i rcu lation , sulphation increases 

the half-l ife of G 1 7  by up to five times (Pauwels et al. , 1 987) . In addition ,  at 

least a small percentage of gastrin re leased from the G cel l is in the G34 form , 

which is also more resistant to metabolism in vivo (Walsh et al. ,  1 974 , 1 976; 

Rehfeld and Uvnas-Wallenstein ,  1 978; Xu and Cranwel l ,  1 992) . G34 is also 

s l ightly more resistant to degradation than G 1 7  in the pig stomach contents (Xu 
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et al. , 1 996). Although the "breakdown" effect may inactivate gastrin by 

d ifferent mechanisms than in vivo degradation and unaffected by sulphation of 

G 1 7  or its extension to G34, it seems unl ikely that G34 and sulphated G 1 7  

would be more susceptible to degradation than non-sulphated G 1 7. 

It is possible that the removal of gastrin by rumen f lu id is due to an 

enzymatic action . Bacterial protease inh ibitor used in the present experiments 

appeared to damage the antral tissue, and thus results were inconclusive. 

Studies of enzymatic cleavage of gastrin in the stomach and intestine has been 

studied, but not with rumen contents. Results from pigs (Xu et al. ,  1 996) 

suggest that gastrin can be broken down in the pig stomach and intest ine,  

possibly due to enzymes produced by the host. Gastrin removal in acid ified 

sheep abomasal contents is rapid (Shulkes et al. , 1 984) , probably due to the 

actions of pepsin .  These resu lts suggest that gastrin is sensitive to degradation 

by the serine proteases in the small intestine,  and pepsin ,  thus degradation of 

gastrin by enzymes is possible. There was no degradation of gastrin with 

abomasal samples in the present experiments. This is probably because 

pepsin is completely inactive at neutral pH levels at which the present 

experiments were conducted . Another possibi l ity is that something in the rumen 

and rumen incubate solutions binds gastrin ,  making it unavailable to interact 

with the antiserum in the gastrin RIA.  H. pylori has recently been demonstrated 

to have a membrane receptor that b inds gastrin at very low concentrations 

(Chowers et al. ,  1 999). I t  is possible that a s imi lar  peptide exists in rumen 

bacteria. 

When "breakdown" activity appears to account for al l of the tissue gastrin 

inh ibitory activity, this does not mean the secretion inh ib itor is not present, but 

rather that it is not possible to quantify this effect. The inh ibitory activity may 

actual ly be present, but "breakdown" activity masks its presence. This was 

shown in the repeated tests of R I-24 to RI-27, where "breakdown" activity does 

not account for tissue inh ib itory activity in the a sample tests, but could account 

for al l  of the activity in the Cb' and cc' tests . Thus, an inh ib itor of secretion was 

present in the 'a' and Id' tests, and was probably also present in the cb' and Cc' 

tests, but its effects were masked by increased "breakdown" activity. However, 

the only cases where the presence of a gastrin secretion inh ib itor can be 
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postu lated with any confidence is when the negative response in the t issue test 

far exceeds "breakdown" activity. 

An added compl ication determining when inh ibition of gastrin secretion 

occu rred with rumen f lu ids was the presence of a stimu lant of gastrin secretion .  

This stimu lant of gastrin secretion is sometimes prominent in abomasal f luid 

(Chapter 4) . I t  was also evident in one filtration (Figure 5 .7, RUM-1 0) and may 

also be the cause tissue inhib itory activity in response to rumen fluids being 

less than predicted by the "breakdown" effect (Figure 5 . 1 OA and B) . 
I n  general ,  the detection and characterisation of a secretion inh ibitor in 

rumen contents was d ifficu lt in the presence of large amounts of "breakdown" 

activity and a stimu lant of gastrin secretion.  The presence of a gastrin 

secretion inh ib itor was more obvious in rumen and abomasal incubates as 

"breakdown" activity general ly min imal, between 0 and 20%. 

5.4.2 M icrobial production of i nh ibitory activity 

The best evidence for a microbial origin of the gastrin secretion inh ibitor 

is the abi l ity to generate such activity with abomasal or rumen incubates. 

I ncubation of abomasal contents in the in vitro assay basal medium consistently 

produced tissue gastrin inhib itory activity, in agreement with results presented 

by Lawton ( 1 995) .  In add ition ,  incubation of rumen fluid also produced tissue 

gastrin inh ibitory activity. Production of tissue gastrin inh ibitory activity was not 

specific to the Actinomycete population that predominated in rumen/abomasal 

incubations, as S. bovis also produced this activity. S. bovis was able to 

produce tissue gastrin inhib itory activity more qu ickly than the Actinomycete 

culture ,  probably because of faster prol iferation rate. Appearance of activity 

appeared to be dependent on high bacterial numbers ,  close to the maximum 

wh ich could be supported by the medium,  and a reduction in medium pH. 

General ly, when bacteria were removed from rumen f lu ids or incubates, 

at least some tissue gastrin inhibitory activity remained in the bacteria-free 

solution . This was the case with both centrifugation at 49 500g and fi ltration 

through a 0 .221lm membrane (Section 5 .3.3.3.4 and Figu re 5.7). Tissue gastrin 

inhib itory activity in rumen fluid was not due to bacterial modification of the 

media, as inclusion of an antibiotic mix did not affect the inhib itory action.  

Thus, i t  would seem that tissue gastrin inhibitory activity present in both rumen 
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f lu id and rumen incubates is due to the presence of one or several chemical 

const ituents of the solution . 

Centrifugation at 49 500g was adopted as a method of bacterial removal ,  

as it presented a number of advantages over fi ltrat ion. It was thought that 

removal of t issue gastrin inh ibitory activity from solutions during fi ltration may 

have been a result of the active compounds being hydrophobic and adhering to 

the fi ltration membrane. In  an attempt to overcome this centrifugation was 

adopted to remove bacteria. Resu lts showed that centrifugation was just as 

l ikely to remove tissue gastrin inhibitory activity from solution as fi ltration. 

Centrifugation did, however, have other  advantages over fi ltration in  that it was 

cheaper, faster, required less preparation and was effective with smal ler 

volumes. 

Centrifugation at 49 500g sometimes removed a significant proport ion of 

t issue gastrin inh ibitory activity from rumen and abomasal incubate samples, 

(Section 5 .3 .2 .2 ,  Table 5 . 1 1 B) ,  but not from rumen fluids (Figure 5 . 1 0B) .  Th is 

suggests that, for incubates, the tissue gastrin inh ibitory activity is often 

associated with large particles and bacteria. Repeated freezing and thawing of 

solutions sometime dissociated tissue gastrin inh ibitory activity from bacteria or 

the large particles which were removed from solution by centrifugation 

(compare sample R I -26c to d and RI -27b to c, Table 5 . 1 1 B). These resu lts 

suggest that the active inhibitory compounds are not removed by centrifugation 

due to their own size, but because they are bound to large particles/bacteria. 

Freezing of samples without a rapid freezing process is l ikely to resu lt in lysis of 

bacteria .  Thus, after freezing solutions several t imes, it is l ikely that enough 

bacterial damage has occurred for enough inhib itory activity to be l iberated and 

remain in  solution after centrifugation.  

Repeated freezing and thawing increased "breakdown" activity with both 

rumen and rumen incubate samples. Th is was most clearly shown with rumen 

incubates .  The range for "breakdown" activity in rumen and abomasal 

incubates before repeated freezing and thawing was from 0-60%, though most 

showed between 0 and 20%. Repeated freezing and thawing increased 

"breakdown" activity in RI -24 to RI -27 from in itially low levels to levels 

equivalent to the tissue gastrin inhib itory activity (Table 5 .4B) . However, 

"breakdown" activity appeared to deteriorata during storage at - 1 8°C, and was 
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greatly reduced in samples stored for three months (compare R I-24 to RI-27c 

samples to RI-24 to RI-27d samples). 

Centrifugation at 1 9  500g and 49 500g was unable to consistently 

remove the "breakdown" activity from either rumen f lu id or ru men incubate 

samples. Exceptions were centrifugation at 1 9  500g with RI-24b and RI-27b i n  

and  at 49 500g with R I -27d, which reduced "breakdown" activity, but d id  not 

reduce inh ibito ry activity in tissue tests. These resu lts show the dissociation 

between the breakdown effect and the in vitro tissue inhib ition of gastrin 

secretion ,  suggest ing,  these effects are separate. 

The inabi l ity of centrifugation at 49 500g to remove "breakdown" activity, 

but its abi l ity to sometimes reduce tissue gastrin inhibitory activity, created 

some anomalous resu lts with ru men incubate sam ples. In some cases, 

centrifugation at 49 500g resulted in 82 , the gastrin concentration expected in  

the tissue test after "breakdown" was accounted for, being much less than the 

obse rved 8 value.  This was also observed in rumen fluid sam ples (RUM 1 4  to 

RUM-1 7, al l  d samples, and RUM-1 6c) . Clearly, some tissue inh ibitory activity 

has been removed that is not a "breakdown" effect. It is suggested that the 

presence of a stimulant, i n  unison with a reduction of the secretion inhibitor, 

accounted for greater gastrin concentration in the tissue test than would be 

pred icted by "breakdown ." The discrepancy between the predicted and 

obse rved results could also suggest that el imination activity is  not related to 

results observed in the tissue experiment. 

The presence of a stim ulant of gastrin secretion is also obse rved in 

incu bate samples prior to the appearance of a tissue gastrin inh ibitory effect. 

This stimu latory activity may mask the presence of inhibitory effects, in it ial ly at 

least. Thus ,  media may contain inh ib itory activity earlier than reported .  As with 

ru men f lu ids, the possible com petitive action between the inh ibitory and 

stimulatory gastrin secret ion activities com pl icates attempts to assess the 

presence and precise sensitivities of the gastrin secretion inh ib itor in  incubate 

solutions. 

There have been numerous studies of the effects of fermentation 

products from alcohol prod uction stimulating acid and gastrin re lease (Singer, 

1 987, 1 99 1 ; Teyssen et al. ,  1 993, 1 997, 1 999) . These studies have yet to 

show wh ich chemical constituent of fermentat ion is responsible for the 
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stimulation of gastrin re lease. None of the studies have reported the presence 

of a gastrin secretion inh ib itor. 

Lawton ( 1 995) reported that the inh ibition of gastrin secretion by 

abomasal incubates was l inked to an increase in somatostat in secretion . In  

experiments presented here ,  there was sign ificant interference with the 

somatostatin RIA, when incubates contained tissue gastrin inh ibitory activity. 

As such , the effects of incubates on somatostatin cou ld not be determined. 

This may have been the case in the experiments of Lawton ( 1 995) , in which the 

effects of incubates on the gastrin and somatostatin assays does not appear to 

have been tested .  

5.4.2 . 1  Sensitivity. 

In theory, the pH sensitivity of tissue gastrin inhibitory activity is important 

for two reasons: f irstly to determ ine when rumen activity is l ikely to survive in 

the parasitised abomasum and secondly to determine parameters for 

separation processes. Whatever the inhib itory chemicals are in rumen contents 

and rumen incubates, they are sensitive to low pH (Figure 5.4 ,  Table 5.2 and 

Figure 5 .5  Table 5 .3  respectively) . Removal of tissue gastrin inh ibitory activity 

is maximal at pH2 and minimal at pH5,  but responses to pH values between 

these points varies between samples. 

Results with rumen incubates suggest that the secretion inh ibitor is less 

sensitive to pH than the "breakdown" effect . In the four  samples where this was 

tested,  tissue gastrin inhibitory activity was always decreased or removed at 

pH2 and pH3,  but was near maximal in two and present in the th ird at pH3.5 of 

the four  samples (Table 5 .7) .  In contrast, in the one sample where 

"breakdown" activity was sign ificant ,  it was much reduced at p H3 ,  3 .5  and 4 .  

However, these resu lts need to be interpreted with caution,  as comparisons 

were only conducted in a few samples, and only one where "breakdown" activity 

was significant. 

Temperatu re resu lts suggest that the activity in the rumen f lu id and 

rumen incubate are different and that the activity in rumen f lu id is temperature 

sensitive . Temperatu re sensitivity is different between rumen incubate 

solutions (Figure 5 .6 ,  Table 5.4 and Table 5 .5 respectively) . Activity in rumen 

solutions is sensitive to 45°C upwards, wh ile the incubated solutions appear to 
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tolerate temperatures up to 55°C. These resu lts may be partly due to 

inaccuracy in the temperatu re setting .  Sensitivity to temperature is  l ikewise 

important as a consideration for separation procedures but is un l ikely to p lay a 

role  in  the survival of activity in the abomasum. Both temperatu re and acid 

sensitivity results suggest a protein or polypeptide action is responsible for 

inh ib itory activity. 

5.4.3 Survival  of rumen activity in the hypoacidic abomasum 

The rumen does contain an  inhibitor of in vitro gastrin secret ion, and 

thus could be the source of the inh ib itory activity appearing in  the hypoacidic 

abomasum . The activity in  rumen contents , and in  rumen incubates is  sensitive 

to acidity in the range of pH2 and pH3. Thus, in the unparasitised animal ,  the 

inh ib itory activity present in  the rumen would usual ly be destroyed by the low 

pH environment of the abomasum, but may survive in  the hypoacidic 

abomasum du ring parasit ism.  I t  is noticeable that rumen f luids tested i n  

experiments presented here contain significant amounts of gastrin "breakdown" 

activity, unl ike the abomasal samples tested in Chapter 4. This may be due to 

"breakdown" activity being more sensitive to acidity than the gastr in secretion 

inh ibitor, as was shown with RI -27d (Table 5 .7) .  This explanation may not 

explain why no inh ib itory activity was present in abomasal samp les over pH6 

(Table 4.3) .  

I n  the next chapter, experiments are described in  which separation of the 

activity in  the rumen f lu id and rumen incubates was attempted .  The techn iques 

employed were based on consideration of the properties of activity revealed in 

this chapte r  and Chapter 4.  In  Chapter 4,  it was shown that t issue gastrin 

inh ibitory activity in rumen contents is present at low concentrat ions. This was 

shown by the necessity for rumen contents to make up 5-20% of the tissue 

incubation medium .  Thus, h igh volume, h igh yield techniques are necessary, for 

the in it ial separation process at least. In  experiments presented here it has 

been shown that inh ib itory activity is sensitive to acidic condit ions, below pH3,  

and possibly also temperatu re .  This must also be considered in  separat ions. 
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5.5 Summary 

Results from a l l  experiments suggest that there may be three competing 

factors in rumen fluid and rumen incubates which affect the in vitro t issue assay 

results.  These are an inhibitor of gastrin secretion,  a gastrin el imination factor 

and a stimu lant of gastrin secretion .  Detection of the secretion inhibitor can be 

masked by both the secretion stimulant and the gastrin "breakdown" activity. 

This clouds interpretation of inh ib itory resu lts in tissue tests. 

There is a sign ificant amount of "breakdown" activity in rumen flu ids ,  

which can account for 30-90% of the tissue gastrin inhibitory activity. The 

amount of "breakdown" activity in rumen and abomasal incubates is 

considerably less, accounting for 0-60% of the tissue gastrin inhibitory activity. 

The inh ibitor of gastrin secretion and the gastrin breakdown effect al ike appear 

to be sensitive to pH levels of 2-3. The sensitivity of activity to temperature was 

unclear, being sensitive to 45°C and above in rumen f lu id and insensit ive to 

temperatu res up to 55°C in incubates. Both the inhibitor of gastrin secretion 

and the "breakdown" effect are also associated with the bacteria , but can be 

separated from bacteria using either fi ltration and centrifugat ion.  Repeated 

freezing and thawing of samples l iberates the gastrin "breakdown" effect from 

bacteria, so that it becomes more prevalent in the test system. There is also a 

stimu lant of gastrin secretion present in solutions, which is evident in incubates 

p rior to the appearance of inh ibitory activity, and on occasions where 

el imination is removed from solution. 

Despite the presence of other masking factors in solutions, there is 

enough evidence to suggest that a gastrin secretion inh ibitor does exist, in 

rumen solutions .  Thus, the rumen cou ld be the source of the inh ibitor of in vitro 

gastrin secretion observed in the hypoacidic abomasal contents of parasitised 

sheep. 



CHAPTER 6 

SEPARATIO N  OF IN VITRO I N H IB ITORY ACTIVITY 

FROM RUMEN CONTENTS AND INCU BATED 

SOLUTIONS 

6.1  I ntroduction 
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Rumen f lu ids, hypoacid ic abomasal f lu ids and incubates of rumen and 

abomasal f lu ids al l  contain inh ibitors of in vitro gastrin secretion (shown in 

Chapters 4 and 5). This inh ib itor of in vitro gastrin secretion is sensit ive to 

acidic pH ,  between pH2 and 3 (Chapter 5) and possibly also temperatures 

above 55°C,  suggest ing that the active compounds are peptides or proteins.  

This is hypothesised because other types of compound tend to be less 

sens it ive to i rreversible degradation by low pH and temperature. 

Experiments in previous chapters suggest that concentrat ions of the 

active sUbstances are qu ite low: rumen f lu id had to make up 5% of the f inal 

solution volume before it produced an effect on tissue.  Thus, h igh volume,  h igh 

yield techn iques are probably the most appropriate, for the in it ial separation 

process at least. Solubi l ity, polarity and size were not clear from previous work. 

Determin ing  these were the aims of the separation.  

The most l im it ing complication with separation of active compounds was 

the use of biological tissue in the assay system. Maintenance of low salt 

concentration ,  neutral  pH and reduction of toxicity were central  features in  

decid ing what separation techniques were to  be used . 

In  th is chapter, experiments aimed at isolat ing and characteris ing the 

compound,  or compounds, that have secretion inhibition effects are described. 

U lt ramembrane fi ltration was used in  an attempt to separate activity on the 

basis of size, as th is was shown to be compl icated by aggregation and loss of 

i nh ibitory activity. Solvents were added to solutions in an effort to aid 

separation , and their effects on in vitro gastrin secretion are described. Final ly, 

procedures using hydrophobic interaction chromatography are described,  as 
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this technique has been effective in  the past in  separat ing hydrophobic peptides 

(Alpert, 1 988) . 

6.2 Methods 

6.2 .1  Rumen f lu id and rumen and abomasal incubates 

Rumen f lu ids were collected on seven occasions from pasture-fed 

animals for u lt ramembrane f i lt rations. Samples were obtained by Massey 

Un iversity staff from a flock of 1 0  animals with rumen f istu lae ,  though which 

animals samples were taken from on a particu lar day was not recorded.  Of the 

samples used for test ing:  

R UM-27, RUM-28, RUM-29, RUM-33 ( rumen samples 27, 28, 29, 33) : Each 

sample was from an individual animal . 

RUM-30, RUM-31 , RUM-32 ( rumen samples 30, 3 1 , 32) :  Each sample was a 

m ixtu re of rumen f lu ids from fou r  animals, a! 1 col lected on the same day. 

Rumen incubates used for separations were produced in the fol lowing manner. 

RI-3 to RI-8 (rumen incubates 3 to 8): Rumen samples from six pasture-fed 

animals were d i luted 500-fold and incubated at 37°C for 40 hours in normal 

basal medium. 

RI-9/RI-1 2 ( rumen incubate solution contain ing R I -9 and RI- 1 2) : P roduced as 

for R I-3 to R I -8 except solutions were incubated for 70 hours .  These samples 

were stored at - 1 8°C for one month prior to use in  separation experiments. 

RI-22, RI-23 and RI-30 (rumen incubates 22 and 23) : P roduced as described 

for R I -3 to R I-8 except solutions were incubated for 48 hours .  

AI-1 0 (abomasal incubate 1 0) :  An abomasal sample from a sheep parasitised 

with larval 0. circumcincta was d i luted 500-fold in basal medium and incubated 

at 3rC for 48 hours .  Abomasal sample prior to incubation had a pH of 3 .65. 

6.2.2 Preparation of solutions 

RI -3 to R I -8 and R I-9/R I- 1 2  were fi ltered through O .2211m filters ,  whi le al l  

rumen f lu ids,  R I-22 , R I-23, R I-30 and A I- 1 0  were centrifuged at 49 500g to 
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remove al l  bacteria from solution. Fi ltration though 0.22�m membranes was 

in it ial ly conducted as described in Section S.2.3.4 ;  a prefi lter (M i l l ipore ,  

AW031 42S0) and  then a 0 .22�lm hyd roph il ic fi lter (M i l l ipore ,  GVW P 1 42 SO) 

were p laced in  a pressurised system and solutions pushed through the fi lters 

using N2. Centrifugation was at 49 SOOg as described in Section 5.2.3 .S .  

6.2.3 U ltramembrane fi ltration 

U ltramembrane fi ltrations of rumen f lu ids and rumen incubates were 

conducted using an Amicon (Amicon Pharmaceuticals, USA) p ressu re fi ltration 

system ,  which used N2 gas to push solutions through the f i lter. The solution 

was p laced in  a pressurised sti rred cel l  un it, which kept the solution m ixed 

during f i ltration in an attempt to stop f lu id layers and precipitates forming.  

U lt rafi l trat ion membranes used were Amicon YM3, with a molecular weight cut­

off of 3000Mr (RUM-27 to RUM-32 ,R I-3 to RI-8 and R I-30) , YM1 0 with a 

molecular weight cutoff of 1 0  OOOMr (RUM-29 to RUM-33, R I-3 to RI-6 ,  R I-8 and 

R I-30) , YM30 with a molecular weight cutoff of 30 OOOMr (RUM-29 to RUM-33, 

R I-3 to RI-8 and RI-30) and XMSO with a molecular weight cut-off of SO OOOMr 

(RUM-29 , RUM-30, RUM-32 and RUM-33) . Each u lt ramembrane f i lter was 

used for several separations and was stored in S% alcohol when not in use. 

Al iquots of RUM-32 were also adjusted to pHS or pH 1 0  prior to 

u ltramembrane fi ltration in one experiment. On one occasion , R I-3 was 

adjusted to pHS or pH 1 0 and fi ltered through YM3, YM 1 0 and YM30 fi lters .  

6.2.3. 1 Use of salts and solvents in  separation 

In attempts to stop precipitate formation and/or loss of activity due to 

membrane binding detergents, salts or solvents were added to the solution . 

These salts or solvents were tested for their effect on gastrin secretion . If the 

solvent or  salt did not affect basal gastrin secretion, it was added to rumen f lu id 

or rumen incubate prior to ultramembrane fi ltration , or used to wash fi lter 

membranes after f i lt ration. 

Effects of non-ionic detergent on the in vitro test t issue were examined. 

Detergents used were: Triton X-1 00 (BDH Chemicals , U K) at 0 . 1 % ,  O .OS%, 

0.01 % and 0.001 % (n=2) of f inal  solution ; Nonidet (BDH Chemicals , UK) at 1 %, 
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0 . 1  %,  0 .0 1  % and 0 .001  % (n=2) ;  Tween 80 (SOH Chemicals, U K) at 1 % ,  0 . 1  %,  

0 .05%, 0 .0 1  %,  and 0 .001  % (n=2) ; Thesit (P9641 , Sigma, USA) at  0 .0001 % 

(n=2) . 

On one occasion, YM3, YM1 0  and YM30 membranes were soaked in  a 

0 .001  % Thesit detergent solution prior to f i ltrat ion of R I -9/RI - 1 2 i n  an attempt to 

stop activity adhering to the membranes. 

The effects of hydrophobic solvents on the in vitro tissue test were also 

examined. Solvents tested were added to basal medium in the concentrations 

specif ied. Solvents included alcohol (n=2) at 1 0% (v/v) , g lycerol (G6279 , 

S igma, USA) (n=2) at 1 0% (v/v) and acetic acid (SOH Chemicals, UK) (n=4) at 

up  to 2% (v/v) .  For in vitro test ing, 2% acetic acid test solutions were brought to 

pH7.40±0.02 using 1 M NaOH .  

G lycerol was added to make up 1 0% (v/v) of a solution comprising 

approximately equal amounts of R I -9 and R I- 1 2  prior to ultramembrane f i ltration 

through YM3, YM1 0 and YM30 membranes. 

Acetic acid was added to make up 1 0% (v/v) to rumen fi ltrate solutions 

p rior to u lt ramembrane fi ltration through YM3, YM 1 0  and YM30 membranes. 

P rior to adding to test solutions, acetic acid (SOH Chemicals , U K) was 

neutral ised to pH4.5 using 6M NaOH , making a 70% v/v acetic acid solution . 

The 70% v/v acetic acid was added to test solution at a ratio of 1 part per 2 .5 

parts , resu lt ing in  a test solution with 20% v/v acetic acid .  Test solutions 

formed 1 0% of the final volume of test incubation solution , which therefore 

contained 2% acetic acid .  Acetic acid was added to R I -3 prior to fi l tration on 

two separate occasions, and on one occasion to an incubate solution 

contain ing approximately equal amounts of RI-3, R I-5 and R I -7 .  In the two 

experiments where RI -3 fi ltrations were tested ,  solutions were not d i luted to 

account for h igher osmolarity. I n  the test the incubate solution composed of R I -

3 ,  R I -5 and R I -7, osmolarity of solutions was lowered to  320-330mOsmol by 

d i l ut ing basal medium.  

Salts used were ammonium sulphate , and later sodium sulphate for 

hydrophobic interaction chromatography and NaC/.  

On two separate occasions, RUM-32 had 1 M NaCI added and was then 

fi ltered through YM1  0 and YM30 fi lters .  
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In  some experiments, it appeared that active compounds in  test solutions 

were adhering to the f i lter papers .  An attempt was made to remove activity 

from a fi lter d isk by soaking in solvents. One YM 1 0  fi ltering d isk,  which 

previously had been used to fi lter seven rumen incubate samples, was cut into 

fou r  parts and each part soaked in either 20% acetic acid ,  20% alcohol ,  NaOH 

solution at pH 1 2 , with the last soaked in basal medium and scraped with a 

spatu la .  

6.2.4 Dialysis 

A 1 0mL incubate solution ,  contain ing approximately equal amounts R I-3, 

R I -5 and RI -7, was d ialysed in  40mL of basal medium (described in  Section 

2 .2 . 1 )  us ing d ialysis tubing with molecular weight cutoff of 1 4000Mr. 

6.2.5 Hydrophobic interaction chromatography 

Hydrophobic interaction chromatography was conducted using a fast 

f low Phenyl superose column at a flow rate of 2mL.min-1 connected to an 

automated system . The column was loaded with test solutions contain ing 1 M 

Na2S04, 0 .0 1  M Na2HP04. The principle of the elution was to gradual ly reduce 

the concentration of Na2S04 in the column from 1 M to zero. This was done by 

start ing the e lution with a solution contain ing 1 M Na2S04, 0 .0 1  M Na2HP04, and 

gradual ly m ixing the solution with 0.01 M Na2HP04 solution and adding to the 

column.  At the end of the e lut ion, the column was washed with 0 .5M 

aceton itr i le to remove any compounds that were sti l l  bound to the column.  

Four  runs of  d ifferent solutions were separated on the column.  I n  the 

fi rst run ,  4mL of R I-22 , which contained on ly in vitro inh ibitory activity (Table 

5 .7) ,  was appl ied to the column.  R I-22 was freeze d ried red uc ing the water 

content of the solution 66% in  an attempt to concentrate activity. 

In the second run ,  a 20mL sample of R I-23 was added. I n  the th i rd run ,  

20mL RUM-26 was added to the column.  I n  the fourth run ,  50mL of A I-9 was 

added to the column .  Prior to separation , R I -23, RUM-26 and A I -9 contained 

l ittle "breakdown" activity (4±4 %, - 1 9± 7% and -6±3% respectively) . 
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After the f i rst, second and th ird run was completed , a blank run of buffers 

was passed through the column without sample. Fractions from the blank run 

were then tested along with the separation fractions as a control . 

6.2.6 Statistical analyses 

Statistical analysis was tested using UNIANOVA in SPSS version 9 .0 .  

A l l  data were examined for  normal ity us ing Shapiro-Wi lks tests . Data sets in  

comparisons were tested for equal ity of  variation us ing Levene's Homogeneity 

of Variat ion test. Post hoc comparisons of data groups when variances were 

equal was conducted using Tukey's HSD test for comparisons of all g roups ,  or 

Dunnett's test when compared with control a lone. When variances were 

unequal , Tamhane's T2 post hoc test was used. In  cases where data were not 

normal ly d istributed, Kruskal Wal l is analysis in G raphpad Prism version 2 .0 1 , 

with Dunn 's post hoc test was used. In  comparisons of only two data sets, 

t-tests were conducted in SPSS version 9 .0 ,  with data sets again tested by for 

normal d istri bution and equal ity of variance. 

6.3 Resu lts 

6.3.1 U ltramembrane fi ltrations 

Retention of material by the YM3, YM 1 0 , YM30 and XM50 membranes 

was shown by the d ifferent colou rs of f i ltrates and retentates .  Original rumen 

solut ions were al l  a clear khaki green tending to brown colour. F i ltration of 

rumen solutions resu lted in formation of a dark brown retentate solution which 

often contained a precipitate, which was also present in the fi lter wash .  The 

p recipitate was grey coloured and formed large flakes. These could be 

d issolved over t ime in basal medium and water. Fi ltrates were a more pale­

green colou r than original solutions. Fi ltration of rumen incubates also resu lted 

in an intensification of phenol red colour in the retentate and reduction in colour 

in  the fi ltrate .  
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Sample Treat Response sig vs orig sig vs cont 
RUM-27 Orig -58±1 % - <0.01 

RUM-27 FiIt + 1 1 3±1 4% <0.00 1  <0.00 1 

RUM-27 Ret - 1 0±1 4% <0.05 ns 
RUM-27 FW +80±14% <0.00 1 <0.001 

RUM-28 Orig -76±1 % <0.001 <0.01 
RUM-28 Fil t  +64±9% <0.001 ns 
RUM-28 Ret -44±7% ns <0.01 

RUM-28 FW +3 1 ±1 8% <0.001 ns 
RUM-29 Orig -39±1 °/0 - <0.05 

RUM-29 Filt +2±1 4% <0 .05 ns 
RUM-29 Ret -61 ±6% <0.001 <0.001 
RUM-29 FW - 1 3± 1 2% ns ns 
RUM-30 Orig +6±14% - ns 
RUM-30 Filt +66±1 9% <0 . 05 <0.05 

RUM-30 Ret -5±1 % ns hS 
RUM-30 FW +45±1 1 %  ns ns 
RUM-31 Oog -30±1 % - <0.0$ 
RUM-31 Fm +68±1 % <0.001 <0.001 

RUM-31 Ret +21±1 0% <0.01 os 
RUM-31 FW -9±1 % ns ns 
RUM-32 Oog -39±1 % - <0.05 

RUM-32 Fm -9±1 0% ns ns 
RUM-32 Ret -79±1 % <0.001 <:0.00.1 

RUM-32 FW -46±1 % ns <0.01 

Table 6.1 . Effect of YM3 u lt ramembrane fi l tration on the t issue gastrin 
inh ib itory activity of six bacteria free rumen solutions. Shown are the t issue 
gastrin i nh ibitory activit ies (Response) of the rumen solution (mean±SEM)  
without any fi ltration (orig) ,  the  effect o f  the  fi ltrate (filt) , the  effect o f  the 
retentate ( ret) and the effect of the solution used to wash the fi lter (FW).  A l l  
f i ltrat ion samples are compared to the orig inal  effect (sig vs o rig) and compared 
w i th  the control solution for that experiment (sig vs cont ) .  
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Sample Treat Response sig vs orig sig vS CQnt 
RUM-29 Orig -39±1 % - <0.01 

RUM-29 Fm +4±1 7% ns ns 
RUM-29 Rat -65±1% ns <0,001 
RUM-29 FW -47±1 % ns <0.001 
RUM-30 Orig +6±15% - OS 
RUM-30 Filt +22±14% ns ns 
RUM-30 Ret -45±1 % <0.05 <0.05 
R UM-30 FW +56± 1 5% <0.05 <0.01 
RUM-31 Orig -30±1 % - <0.05 

RUM-31 Filt +60±1 0% <0.00 1  <0.01 
RUM-3 1 Ret -73±1 % <0.05 <0.05 

RUM-31 FW -30± 1 %  <0.05 <0.05 
RUM-32 Orig -39±1 % - <0.05 

RUM-32 Fitt - 1 8±1 % ns ns 
RUM-32 Ret -58±1% ns <0.001 

RUM-32 FW -56±1 % ns <0.01 
RUM-33 Orig -53±1 % - <0.001 

RUM-33 FiIt -79± 1 %  <0.001 <0.001 
RUM-33 Ret -91±1% <0.001 <0.001 

RUM-33 FW -93±1 % <0.001 <0.001 

Tab le 6.2.  Effect of YM1 0  u ltramembrane fi ltration on the t issue gastrin 
inh ibitory activity of five bacteria free rumen solutions. Numbering of samples 
carries over from table 6 . 1 .  Shown are the t issue gastrin inhibitory act ivities 
(Response) of the rumen solution (mean±SEM) without any fi ltration (orig) , the 
effect of the f i ltrate (filt) , the effect of the retentate (ret) and the effect of the 
sol ut ion used to wash the fi lter (FW) .  Al l  f i ltration samples are compared to the 
original effect (s ig vs orig) and compared to the contro l  solution for that 
experiment (sig vs cont) . 
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Sample Response Effect sig vs orig sig v, oqnt 
RUM-29 Orig -3911 % - <0.01 

RUM-29 FiIt -2 1± 1 % ns <0.05 

RUM-29 Ret -45±1 %  ns <0.001 

RUM-29 FW - 1 4±1 % ns ns 
RUM-30 Orig +6±1 4% - ns 
RUM-30 Fi lt  +65± 1 4% <0.001 <0.001 

RUM-30 Ret -28±1 % os ns 
RUM-30 FW +36±1 % ns <0.05 

RUM-31 Orig -30±1 % - <0.05 

RUM-31 Fi lt +46±14% <0.01 os 
RUM-31 Ret -6911 % <0.001 <0.001 

RUM-31 FW -22±4% os os 
RUM-32 Orig -3911% - <0.05 
RUM-32 Fill +7±15% ns os 
RUM .. 32 Ret -88±1 % <0.01 <0.001 

RUM-32 FW -71 ±1 % <0.05 <0.001 

RUM-33 Oog -53±1 % - <0.001 

RUM-33 Fi It -43±1 %  <0.001 <0.001 

RUM-33 Ret -67±1 %  ns <0.001 

RUM-33 FW -1 3± 1 %  <0.001 ns 

Table 6.3. Effect of YM30 u ltramembrane fi ltration on the tissue gastr in 
i nh ib itory activity f ive bacteria free rumen solutions. N umbering of samples 
carries over from table 6 . 1 . Shown are the t issue gastr in i nh ib itory act ivit ies 
( Response)  of the rumen solution (mean±SEM) without any f i l tration (orig) ,  the 
effect of the fi ltrate (fi lt) , the effect of  the retentate ( ret) and the effect of  the 
solut ion used to wash the f i lter (FW) .  A l l  f i ltrat ion samples are compared to the 
orig inal  effect (s ig vs orig) and compared to the control solut ion for that 
experiment (sig vs cont) . 
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Sample Treat Response sig vs orig sig vs cont 
RU M-29 Orig -39±1 % - <0.001 
RU M-29 Fi lt - 1 6±1 % <0.05 ns 
RU M-29 Ret -41 ±1 % ns <0.001 
RU M-29 FW -72±1 % <0.01 <0.001 
RU M-30 Orig +6± 1 4% - ns 
RU M-30 Fi lt +4 1±1 4% ns <0.05 
RU M-30 Ret -20±1 % ns ns 
RU M-30 FW +47±1 0% ns <0.0 1  
RU M-32 Orig -39±1 % - <0.05 
RU M-32 Filt - 1 9± 1 %  ns ns 
RU M-32 Ret -73±1 % <0.05 <0.001 
RU M-32 FW -46±1 % ns <0.00 1 
RU M-33 Orig -53±1 % - <0.00 1 
RU M-33 F i lt -93±1 % <0.00 1 <0.001 
RU M-33 Ret -93±1 % <0.00 1 <0.001 
RU M-33 FW -34±1 % ns <0.05 

Table 6.4. Effect of XM50 ultramembrane fi ltrat ion on the tissue gastrin 
inh ibitory activity of four  bacteria free rumen solutions. Numbering of samples 
carries over from table 6 . 1 .  Shown are the t issue gastrin inhibitory activit ies 
( response) of the ru men solution (mean±SEM) without any fi ltration (orig) ,  the 
effect of the fi ltrate (fi lt) , the effect of the retentate ( ret) and the effect of the 
solution used to wash the fi lter (FW). Al l  f i ltration samples are com pared to the 
orig inal  effect (sig vs orig) and compared to the contro l  solution for that 
experiment (sig vs cont) . 
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Sample Treat Response sig vs orig sig vs cont 
A I-3 Orig -81 ± 1 % - <0.001 
R I-3 Filt +40±1 % <0.001 <O.OS 
R I-3 Ret +1 1±1 % <0.001 ns 
RI-3 FW + 1 8± 1 % <0.001 ns 
R I-4 Orig -85±1 % - <0.001 
R I -4 F i lt +69±1 % <0.001 <0.01 
A I-4 Ret +9±1 %  <0,001 ns 
R I-4 FW +24±1 4% <0.001 ns 
R I-S Orig -36±1 % - <O.OS 
RI-S Filt +S7±1 2% <0.001 <0.001  
Al-S Ret +1 6±1 % <0.01 os 
R I-S FW +90±1 0% <0.001 <0.001 
A I-6 Orig +22±1 0% - os 
R I-6 FiIt +SO±1 1 %  ns <O.OS 
R I-6 Ret -14±1 % ns os 
AI-6 FW 1 ±1 4°/o ns ns 
A I-7 Orig +1 8±1 % - ns 
R I-7 FiIt +1 23±1 % <0.001 <0,001 
R I-7 Ret + 1 6±1 0% ns ns 
R I-7 FW + 1 23±1 1 %  <0.001 <0.001 

R I-8 Orig -69±1 °/0 - <0.001 
R I -8 Fi lt +44±1 4% <0.001 ns 
AI-8 Ret -1±1 2% <0.001 os 
R I-8 FW +20±1 2% <0.001 ns 

R I -30 Orig +5±1% - ns 
RI-30 Fm +7S±1 % <0.001 <0.001 

RI-30 Ret +31 ±1 %  <O.OS <0.01 

R I-30 FW +41 ±1 °/0 <0 .0 1 <0.001 

Table 6.5. Effect of YM3 u ltramembrane fi ltration on the t issue gastr in i nh ib itory 
activity in  seven bacteria free rumen incubate solutions. Shown are the t issue 
gastrin i nhib itory activities ( response) of the incubate solut ion (mean±SEM)  
without any fi ltration (orig) , t he  effect o f  the fi ltrate (flit) , t he  effect o f  the 
retentate ( ret) and the effect of the solution used to wash the fi lter (FW) . A l l  
f i lt ration samples are compared to the original effect (sig vs orig) and compared 
to the control solution for that experiment (sig vs cont) . 
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Sample Treat Response sig vs orig s ig V$ cont 
RI·3 o rig -81± 1 %  - <0.001 

R I-3 FiIt +46±1 % <0.001 <0.001 

RI-3 Ret - 14±1 % <0.001 os 
R I -3 FW +36±1 % <0.001 <0.05 

RI-4 Orig - 85±1 % - <0.001 

R I-4 Fi lt +33±1 0% <0.001 ns 
R I-4 Ret +16±1 % <0.001 ns 
RI-4 FW +47±1 4% ns  ns 
R I-5 Orig -36±1 % - <0.001 

R I-5 Fi lt +65±1 % <0.001 <0.001  
RI-5 Ret +25±1 % <0.001 ns 
R I-5 FW + 1 1 1±1 0% <0.00 1  <0.001 

R I-6 Oog +22±1 0% - os 
RI-6 Filt + 1 0±1 %  ns os 
RI-6 Ret +94±1 0% <0.00 1 <0.001 

R I-6 FW +37±1 0% ns os 
RI-8 Orig -69±1 % - <0.001 

R I-8 Filt +69±1 2% <0.00 1  <0.01 

RI·8 Ret +78±23% <0�OO1 liS 
R I-8 FW +23±6% <0 .001 ns 

RI-30 Orig 5%1 - OS 
R I -30 FiIt 1 1 +1 % ns ns 
RI-30 Ret +6+1 3% ns rlS 
R I -30 FW + 1 9+ 1 %  n s  os 

Table 6.6. Effect of YM 1 0  u ltramembrane fi ltration on the t issue gastrin 
inh ibitory activity of six bacteria free rumen incubate solutions. Numbering of 
samples carries over from table 6 .5 .  Shown are the t issue gastrin inh ib itory 
act ivities (Response) of the i ncubate solution (mean±SEM) without any fi ltration 
(orig) ,  the effect of the fi ltrate (filt) , the effect of the retentate ( ret) and the effect 
of the solut ion used to wash the fi lter (FW) .  A l l  f i ltration samples are compared 
to the o rig inal effect (sig vs o rig) and compared to the control solut ion for that 
experiment (sig vs cont) . 
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Sample Treat Response sig vs orig sig vs cont 
RI·3 Orig -8 1±1 %  - <0.001 
R I-3 Fi It +54±1 2% <0.001 <0.00 1 

R I -3 Ret - 1 7±1 % <0.001 ns 
R I-3 FW -60±1 % <0.001 <0.001 

RI-4 Orig -85±1 % - <0.001 
R I-4 Fi l t  +45±1 % <0.001 ns  
RI-4 Ret +66±1 <0.001 <0.01 
R I-4 FW +34±24% <0.001 ns  
R I-5 Orig -36±1 %  - <0.001 
R I-5 Fi l t  +29±1 % <0.00 1 ns 
RI-5 Ret +49±1 % <0.001 <0,05 
RI-5 FW + 1 31±30% <0.001 <0.05 

RI-6 Orig +22±7% - os 
R I-6 Filt +97±29% os os 
RI-6 Ret -8±1 % os os 
RI-6 FW + 1 09±1 % <0.001 <0.00 1 
RI-7 Orig +19±1% - os 
R I-7 Fm +4±1 % os 0.01 

R I-7 Ret +8±1 % os os 
R I-7 FW + 1 56±32% ns <0.05 
R I-8 Orig -69±1 - <0.001 
RI-8 Fi It +23±1 1 %  <0.001 ns  
R I-8 Ret +99±13% <0.001 <0.001  
RI-8 FW +28±13% <0.00 1  ns 

RI-30 Orig +5±1 % - ns 
RI-30 Filt +29±1 2% ns ns 
Rt-30 Ret +1 1±1 %  ns ns 
R I-30 FW +20±1 % ns ns 

Table 6.7. Effect of YM30 u lt ramembrane fi ltration on the t issue gastrin 
inh ibitory activity of seven bacteria free rumen incubate solutions. Numbering of 
samples carries over from table 6 .5 .  Shown are the tissue gastrin inh ib itory 
activities ( response) of the incubate solut ion (mean±SEM) without any fi ltration 
(orig) ,  the effect of the fi l trate (fi lt) , the effect of the retentate ( ret) and the effect 
of the solution used to wash the fi lter (FW) . Al l  f i ltration samples are compared 
to the original effect (s ig vs orig) and compared to the contro l  solution for that 
experiment (sig vs cont) . 
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Sample Treat Response orig S!g vs orig 
RUM-27 YM3 - 1 0±14% -58±1 % <0.05 
RUM-28 YM3 -44±7% -76±1 % ns 
RUM-29 YM3 -61±6% -39±1 % <0.00 1 
RUM-29 YM 1 0 -65± 1 %  -39±1 % ns 
RUM-29 YM30 -45±1% -39±1 % ns 
RUM-29 XM50 -4 1 ±1 %  -39±1 % ns 
RUM-30 YM3 -5±1 % +6±14% ns 
RUM-30 YM1 0  -45±1 % +6± 1 4% <0.05 
RUM-3� YM30 -28±1 % +6±14% ns 
RUM -30 XM50 -20±1% +6±14% ns 
RUM-3 1 YM3 +21±1 0% -30±1 % <0.01 
RUM-31 YM1 0 -73±1 %  -30±1 % <0.05 
RUM-31 YM30 -69±1 % -30±1 % <0.001 
RU M-32 YM3 -79±1 % -39±1 % <0.001 
RUM-32 YM1 0  -58±1 % -39±1 % ns 

RUM-32 YM30 -88±1 % -39±1 % <0.01 
RUM-32 XM50 -73±1 % -39±1 % <0.05 
RUM-33 YM 1 0 -91 ±1 %  -79±1 % <0.001 

RUM-33 YM30 -67±1% -79±1 % ns 

RUM-33 XM50 -93±1 % -79±1 % <0.001 

Table 6.S. Tissue gastr in i nh ibitory activity i n  retentate sol ut ions from six rumen 
f lu id solut ions (RUM-27 to RUM-33) after fi ltration through YM3, YM 1 0, YM30 
or  XM50 u lt ramembranes. Shown are the t issue gastrin inh ibitory activity 
(Response) of the rumen solution (mean±SEM) without any f iltration (orig) , and 
in retentate (effect) after f i ltration through the described u ltramembrane 
( response) . A l l  retentate samples are then compared to the orig inal samples 
(sig vs orig) .  
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Sample Treat Response orig sig.vs orig 
R I-3 YM3 +1 1±1 % -81±1% <0.001 

R I -3 YM1 0  - 1 4±1 % -81±1 % <0. 001 
RI-3 YM30 - 1 7±1 % -81±1 %  <0.001 

R I-4 YM3 +9±1 % -85±1 %  <0.001 
RI-4 YM1 0 + 1 6±1 % -85±1 % <0.001 

RI-4 YM30 +66±1 -85±1 % <0.001 
Rt-5 YM3 + 1 6±1 % -36±1 % <0.01 

RI-5 YM 1 0 +25±1 % -36±1 % <0.00 1 
R I-5 YM30 +49±1 % -36±1 % <0.001 
RI-6 YM3 -1 4±1 % +22±1 0% ns 

RI-6 YM1 0  +94±1 0% +22±1 0% <0.001 

RI-6 YM30 -8±1 % +22±1 0% ns 
RI-7 YM3 + 1 6±1 0% + 1 9±1 %  ns 

RI -7 YM30 +8±1 % + 1 9±1 %  ns  
R I-8 YM3 -1±1 2% -69t1 % <0.001 

RI-8 YM1 0  +78±23% -69±1 % <0.001 
R I-8 YM30 +99±13% -69±1 % ns 

RI-30 YM3 +31 ±1 %  +5±1 % <0.05 

R I-30 YM1 0 +1 1±1 % +S±1% os 
R I -3� YM30 + 1 1±1 % +5±1 % ns 

Table 6.9. Tissue gastrin inh ib itory activity in  retentate solut ions from seven 
rumen incubate solutions (R I -3 to R I -30) after fi l tration through YM3, YM 1 0, 
YM30 or  XM50 u ltramembranes. Shown are the Tissue gastr in inh ibitory 
act iv it ies ( Response) of the rumen solut ion (mean±SEM) without any fi lt rat ion 
(orig ) ,  and in retentate ( response) after fi ltration th rough the described 
u ltarmembrane {treat} . A l l  retentate samples are then compared to the o rg inal  
samples (s ig vs orig) . 
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The in vitro gastrin response to the fractions of u lt ramembrane f i ltration 

of rumen f lu ids through YM3, YM1 0, YM30 and XM50 membranes is  shown in 

Tables 6 . 1 -6.4,  and to fi ltration of rumen incubates in Tables 6 .5-6.7. 

For most samples, both rumen f lu ids and rumen incubates,  no inh ib itory 

activity was present in  any of the fi ltrates. The fi ltrates, particu larly the rumen 

incubates and the YM3 fi ltrates of rumen f lu ids, stimulated gastr in secretion .  

On ly fi ltrates of RUM33 consistently contained inh ibitory activity. The 

YM30 fi ltrate of RUM-29 also contained inh ibitory activity, but not the XM50 

fi ltrate .  The flow rate of RUM-29 through al l membranes was faster than 

observed for all other samples, possib ly due to incorrect seal ing of the fi lter 

chamber. A lthough some separation of contents did occur  for RUM-33 

fi ltrat ion , as shown by the l ighter colou r  fi ltrates and darker retentates, exclusion 

of large molecules from fi ltrates may not have been complete. 

Activity in  al l  the retentates after u lt ramembrane fi ltration are 

summarised for rumen f lu ids in Table 6 .8  and for rumen incubates in Table 6 .9 .  

For  rumen f lu ids, there was inh ib itory activity in  the retentate solut ions .  This 

was not the case for rumen incubates, which lost any inhib itory activity in 

u ltramembrane fi ltrat ion, although retentates tended to stimu late gastrin 

secretion less than fi ltrates. Inh ibitory activity was also lost after f i lt ration of 

RUM-27 and RUM-3 1 through YM3. Concentration of retentate activity was 

dependent on the degree of u ltrafi ltration of the sample.  For example ,  RUM-29, 

R UM-30 and RUM-3 1  were allowed to f i lter more solution for YM1 0  than for 

YM3, whi le for sample RUM-32 was more completely fi ltered through YM3 than 

through YM 1 0. 

F i lter washes after u lt ramembrane fi ltration of rumen f lu ids had variable 

effects on gastrin secretion , and contained variable amounts of precipitate. 

RUM-32 had sign ificant inh ib itory effects, whi le for RUM-27, the fi lter wash had 

sign ificant stimulatory effects. There were marked gastrin stimu latory effects in 

the fi lter washes of R I -5 ,  R I -6 and R I -7 also. However, the osmotic pressure of 

these samples was low, between 260 and 280mOsmL-1 . 
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Soaking fi lters in 20% alcohol ,  20% acetic acid or  in  NaOH solution at 

pH 1 2 , or scraping the fi lter basal media d id  not resu lt in extraction of any 

inhibitory activity from the fi lter paper. 

Increasing or decreasing pH did not affect fi ltration properties of either 

rumen f lu ids or rumen incubates. Addit ion of NaCI to RUM-32 did not result  in 

activity passing through any fi lters ,  but did prevent aggregation in  the retentate.  

I n  none of the three experiments where acetic acid was added to rumen 

incubates d id activity appear in  the fi ltrate solution . Addition of 1 0% glycero l  to 

an active incubate solution (RI -9/R I - 1 2) d id not result i n  inh ib itory activity 

passing through YM3, YM 1 0  or YM30 fi lters (Figure 6 . 1 ) . Un l i ke RI-3 to R I -8 

fi ltered through YM3, YM 1 0  and YM30 fi lters RI-9/R I- 1 2 d id contain inh ib itory 

activity in retentates. Un like R I-3 to RI-8 ,  R I-9/R I- 1 2 was stored at - 1 8°C prior 

to fi ltration through 0 .22).lm , removing bacteria. T-tests d id  revea l  some 

d ifferences between means for samples where g lycerol was added versus 

samp les without, but th is related to the degree of response and not to whether 

the fi lter excluded activity or not. 

6.3.2 Dialysis 

A m ixed incubate solut ion containing RI-3,  R I-5 and RI-7 had s ignificant 

i nhibitory effects on gastrin secretion (-44±1 %, p<0.01 )  prior to d ialys is .  After 

d ialysis ,  there was a complete loss of activity from both the contents of the 

d ia lysis bag (gastrin response -5±3% p>0.05 not d i fferent to control )  and the 

d ialysate (gastrin response -2±6%, p>0.05, not d ifferent to contro l ) .  

6.3.3 Effect of salts, solvents and detergents on in vitro gastrin 

secretion 

6.3.3.1  Hydrophobic solvents 

Ethanol and glycerol at 2% concentration d id not affect basal gastrin 

secretion (+1 3±5% and +6±6% respective ly) . The presence of acetic acid in 

the t issue test system caused inh ibition of gastrin secretion when solutions 
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Figure 6.2 .  Effect of ammonium su lphate from 1 0-4M to 1 0-
2M on in vitro 

gastr in secret ion . Bars show mean±SEM, **:p<0 .0 1 , resu lts d ifferent f rom 
contro l .  
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were not adjusted for osmotic pressure .  When solutions were adjusted to 320-

330mOsmL-1 , basal media with 2% acetic acid produced a 36% stim ulation 

(p<0 .05) of gastrin secretion. 

6.3.3.2 Salts 

Neither NaCI nor Na2S04 had any effect on basal gastrin secretion 

(0±1 0% and -8±1 0%) when solutions were adjusted to 320-340mOsmL -1 . 

Ammonium sulphate produced a dose dependent increase in  gastrin secretion 

(Figure 6 .2) .  The graph shows the lower doses of ammonium sulphate tested,  

where the amount of  salt acid d id  not resu lt i n  solutions with excessive osmotic 

pressures (not exceeding 360mOsm .L-1 ) .  Ammonium sulphate at 

concentrations of 0 .05M, 0 . 1  M and 0.2M were also tested,  and these produced 

resu lts not significantly d ifferent from control values. These solutions had 

osmotic pressures of over 400mOsm.L- 1 however, which may be the cause of 

decreased gastrin secretion in these solutions compared to solutions contain ing 

ammonium sulphate at lower concentrations. 

6.3.3.3 Detergents 

Tween 80 at all concentrations but 0 .001  % caused increased gastrin 

release in the in vitro tissue test. At 0 .05% levels stimulation (p<0.05) was 

1 75±1 3% and greater than this at h igher concentrations. Nonidet had caused 

52±1 5% stimulation (p<0.05) of gastrin release from 0 .05% upwards. Triton 

X1 00 caused 85±26% stimulation (p<0.05) at 0 .00 1  % and greater than 1 00% at 

a l l  other concentrations. Thesit d id not affect basal gastrin secretions (20± 1 1 %,  

p>0 .05) , but  had no effect on u ltramembrane fi ltration of  R I-9/R I- 1 2. I n  the 

experiment where it was used,  there was no appreciable loss of activity from 

retentate solutions in the fi ltrations conducted without Thesit nor in the fi ltrations 

conducted with Thesit. 

6.3.3.4 Hydrophobic interaction chromatography 

There was no effect on in vitro gastrin secretion in  fractions of the blank 

run contain ing e lut ion buffer only. Freeze d rying d id not remove the tissue 

gastrin inh ib itory effects from rumen incubate solutions .  
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added t o  the column, which was significantly d ifferent to control gastrin secretion , p<0 .05 , result different to control .  
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Figure 6.4A. Fractionation of 20mL of a rumen incubate ( RI-23) on a Hydrophobic interaction column.  Shown are the mean±SE M  
of in vitro gastrin response t o  fraction , *=p<O.05, * *=p<O.01 ,  secretion differen t  from control. 
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Figure 6.4B. Fract ionation of 20mL of a rumen sample (RU M-26) on a Hydrophobic interact ion column.  S hown are the 
mean±SEM of the in vitro gastrin response to fraction. 
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Fractionation of a 4mL freeze d ried sample of R I -22 p roduced fractions 

which caused s light decreases in  gastrin secretion in  three areas, but effects 

were not stat istically significant (Figure .  6 .3) .  The three areas relate to d ifferent 

stages of e lution , with fractions 4, 5 and 6 e lut ing under condit ions of h igh salt 

concentration , fraction 1 4  e lut ing in moderate salt concentrat ions and fractions 

1 9  and 20 elut ing at low salt concentration. 

Fractionation of 20mL of RI -23 (Figure6.4A) and RUM-26 (F igure 6 .4B) 

produced simi lar patterns of activity. Tissue responses to the column fractions 

were variable in both cases, which meant that none of the fractions produced 

caused statistically significant gastrin responses. Small decreases in  gastrin 

secretion caused by fractions eluted under h igh salt concentration . Stim ulation 

of gastrin release occurs with rumen incubate fractions which e luted at low salt 

concentrations. 

Fractionation of 50mL of AI-8 did produce fractions which inhib ited 

gastrin release under condit ions of h igh salt concentration (F igure 6 .4C) . For 

this set of results, the f irst three fractions are the runoff from loading the 

column .  They d id  contain significant amounts o f  phenol red ,  showing that 

constituents of the samples d id run off the column during loading .  The lack of 

inh ib itory activity in these samples suggests that activity is being held at least 

partial ly by the column .  The last 1 0  fractions of this column were not assayed 

due to low supply of gastrin antiserum .  

6.4 Discussion 

Crude separation of activity was achieved with the u ltramembrane 

fi ltration of rumen fluid and rumen incubate samples. However, the 

u ltramembrane fi ltrations of rumen f lu id samples and rumen incubates had 

d ifferent characteristics. Tissue gastrin  inh ib itory activity d id not pass through 

any of the u ltraf i lt ration membranes with rumen f luids or rumen incubates,  but a 

stimu lant of gastrin secretion was present i n  the fi ltrates of both . I n  general ,  for 

the rumen f lu id samples, t issue gastrin inh ib itory activity was present in the 

retentate. For the rumen incubates, in general ,  activity was lost during f i ltration 

appearing in  neither the fi ltrate nor the retentate, and could not be washed off 
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the fi lter membrane. I t  is suggested that the activity b inds very strongly to the 

u lt ramembrane fi lter with rumen incubates. These results suggest that the 

activity p resent in rumen f luids and rumen i ncubates i s  d ifferent . The fi ltration 

properties of rumen fluids and rumen incubates did not change with the addition 

of acetic acid ,  NaGI, g lycero l ,  or alcohol. 

B ind ing of activity to membranes in  the case of rumen incubates and 

aggregation with rumen f lu ids meant that the molecular weight of the inh ib itory 

activities could  not be determined by u lt ramembrane f i ltrat ion . Both 

aggregation and adherence to fi lters suggest that separation of the inhib itory 

compounds, in  rumen f lu ids and rumen incubates, using standard gel f i ltration 

or ion exchange chromatography may resu lt in the loss of act ivity. Further, the 

t issue test system was not tolerant to the use of detergents. Thus, any such 

compounds must be removed before activity can be tested with the in vitro 

t issue system .  D ialysis would normally be used to remove or d i lute such 

chemicals, but the activity being isolated shows a tendency to adhere to d ialysis 

tubing. The use of hydrophobic interaction chromatography us ing a neutral  salt 

solution , which is more su itable for separation of hydrophobic compounds may 

be of more use .  Even hydrophobic interaction chromatography has produced 

poor yields. 

6.4.1  Effects of detergents, salts and solvents on gastrin 

secretion 

The effects of various ions and solvents on in vitro gastrin secretion were 

tested.  The aim of these tests was to f ind salts or solvents that wou ld  keep the 

t issue gastrin inh ib itory activity in solution during the f i ltration of both rumen 

f lu ids and rumen incubates. Of the solvents tested, alcohol and g lycerol were 

found  not to affect tissue gastrin secretion . Of the salts , NaGI and Na2S04 d id  

not affect basal gastrin secretion from tissue. Alcohol was thought unsu itable 

for f i l trat ions, as the alcohol may evaporate during the fi l trat ion . Neither  g lycero l  

nor NaGI when added to test solutions resu lted in  tissue gastr in inh ib itory 

activity appearing in  fi ltrates. Despite this, the effects of salt and solvents on 
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basal gastr in secretion provide information on the control of gastr in secret ion,  

which is  of interest. 

Results presented here show that alcohol itself does not stim ulate 

gastr in release from ovine antral  t issue. This is in general agreement with 

resu lts in h umans where ethanol may (Singer et al. , 1 987; Chari et al. , 1 993) or 

may not (Peterson et al., 1 986b; Singer et al. , 1 99 1 ) stimulate acid release,  but 

does not stimulate gastrin secretion (Peterson et al. ,  1 986b; S inger et al. ,  1 987; 

Chari et al. ,  1 993) . 

I n  humans solutions contain ing fats have been shown to stimulate 

gastrin release sl ightly (Richardson et al. ,  1 976) , but intragastric fat solutions 

are unable to stimu late somatostatin increases (Schudziarra et al. ,  1 978) . 

Thus ,  it was expected g lycerol ,  a component of fats, wou ld  have l ittle effect on 

gastrin or somatostati n  secretion in vitro. 

As a factor i n  separation chemistry, acetic acid was an undesirable 

solvent, because of its osmotic effect and also because of the possib i l ity that it 

stim ulates gastrin secretion . One experiment suggested that acetate has a 

stim ulatory effect on gastrin secretion . Acetate may wel l  be a factor present in  

rumen solutions that stimulates gastrin release . Acetate often forms a major 

proport ion of the volat i le fatty acids present in  the rumen , which can be 

between 60-1 20mM (Stevens and Hume, 1 998) .  In addition acetate is 

absorbed more s lowly than propionate and butyrate (Stevens  and Hume,  1 998) , 

so may be present in  significant amounts in the abomasum . As an important 

part of the ruminant d iet, organic acids may wel l  stimulate gastrin release in  

ruminants. Butyrate and acetate infused into sheep did not affect gastrin 

secretion (H .  S impson,  unpubl ished resu lts) .  This suggests the actions of 

acetate are l ikely to be luminal .  

The inclusion of the non ionic detergents Triton X1 00, Tween 80 and 

Non idet al l resulted in  increased gastrin levels in  a dose dependent fashion. 

This too is  thought to be a non-receptor effect and is probably due to G cel l  

membrane damage result ing in the general release of gastrin into the 

incubation medium.  Detergents such as Triton X1 00 are rout ine ly used to 

d issolve and d issociate membrane proteins ,  so i t  seems l ikely that the 

detergents have th is effect on G cel l  membranes also. It is  possible to remove 

detergents by d ia lysis,  but as the G cel l  is sensit ive to very smal l  amounts of 
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detergent in  solution (0 .001 % of solution and greater) , it is  undesirable to 

inc lude detergents in  test solutions. 

6.4. 1 . 1  Effects of ammonia on  gastrin  secretion 

In terms of separation experiments, the stimulatory action of ammonia 

on the G cel l  makes it unsuitable as a buffer salt .  However, the effects of 

ammonia on gastrin secretion may be particularly relevant to abomasal 

parasit ism , as recently, 0. circumcincta has been shown to produce large 

amounts of ammonia in vitro (Scott, Merkelbach ,  Simpson , unpublished 

results) . When ammonium sulphate, but not sod ium sulphate, ions are added 

to in vitro solutions they stimulate gastrin secretion . However, th is is  not the 

stimu lant present in  the rumen incubates, as levels of ammonia in  these 

solutions were measured (Merkelbach,  Scott and S impson, u npubl ished 

results) and were low. 

E levated ammonia levels may produce hypergastrinaemia in  humans 

infected with H. pylori. I ncreased luminal ammonia is a feature of H. pylori 

i nfection (Yoshida et al. , 1 989; Ch ittajalu et al. , 1 99 1  a ,  b) , though its effects on 

gastr in secretion are debated. Short term alterations of ammonia levels in the 

h uman stomach do not affect gastrin secretion (Chittajal lu et al. , 1 99 1  a ,  b; El 

N ujumi  et al. ,  1 99 1 ;  G raham et al. ,  1 99 1 ) . However, increased ammonia in the 

d iet over the long term in rats caused increased gastr in secretion and 

production along with increased mucosal th ickness, possibly due to nonspecific 

tissue injury (Litchtenberger et al. ,  1 995) . In add it ion , ammon ia solution appl ied 

to gastric mucosa for two to fou r  weeks in rats decreased the n umber of 0 cel ls , 

which may be the cause of hypergastrinaemia in  response to ammonia ( Iyo et 

al. ,  1 999) . Thus, there is  a precedent that ammonia does increase gastrin 

secretion , though there is no evidence of this in  short term tissue cultures. 

However, ammonia is released in h igher concentrations by Ostertagia worms 

(Merkelbach,  Scott, Simpson , unpubl ished resu lts) .  Thus it is possib le 

ammonia is  responsible for hypergastrinaemia in abomasal nematode 

infect ions. During such infections the abomasum is in an inflamed state (see 

Chapter 3) and the inflamed mucosa is more sensitive to the stimu latory effects 

of ammonia (D ial et al. ,  1 996) . 
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I n  addition ammonia may alter the production and secretion of gastri n ,  i n  

a s imi lar  fashion to  dietary amines. The d ietary amines tryptamine and 

tyramine inh ibit G34 cleavage to G 1 7  probably by passively permeating  the 

vesicular membrane and raising vesicle pH as efficacy is  related to 

hydrophobicity (Hussain et al. ,  1 999) . Whi le most amines wil l  not exist in  the 

basic form in  the low pH of the stomach,  they wi l l  become more so as gastric 

pH rises and are a possible mechanism by which food contents in the gastric 

lumen may modu late not only gastrin secretion , but the profi le of gastrins 

present in  the general c i rculation (Hussain et al. ,  1 999) . 

6.4.2 Hydrophobic interaction chromatography 

Hydrophobic interaction chromatography was employed in an attem pt to 

purify the active inh ib itory compounds in incubate solutions. The success of th is 

method was l im ited by the low yield of inh ibitory activity in the elut ing fract ions. 

The fractions added to the column were from rumen f lu id ,  rumen incubates and 

an abomasal incubate, al l  with very l ittle "breakdown" activity. Al l  samples 

fractionated revealed the same pattern of activity in  the fract ions. This 

suggests that the activity in  the samples was very s imi lar. 

The yield of active product off the hydrophobic interaction column was 

low. This necessitated either freeze d rying samples or adding large volumes to 

retrieve activity in fractions. When 4mL was applied to the column ,  which 

contained enough activity to produce an inh ib itory effect in  one tissue assay 

plate , no significant activity was yielded in fractions. In fact , the only stat istically 

sign ificant responses were produced with a 50mL fraction added to the column .  

It was thought possible that activity was being d i l uted du ring the e lut ion and 

thus activity was not being detected. 

Activity that does elute from the column tends to come off at h igh salt 

concentrations, suggesting it is not binding wel l  to the column .  There does 

appear to possib ly be a fraction in the m iddle of the e lut ion that may have 

bound to the column,  but recovery levels are small and never have significant 

effects on gastrin secretion. Activity elut ing from the column early in  

fractionation suggests that the compound responsible is hydroph i l ic .  This 

contradicts results from the u lt ramembrane f il trations, which suggest that the 
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gastrin secretion inhib itory compound is hyd rophobic. I t  is  possible that th is 

activity is "breakdown" activity, which has been concentrated on the column 

from the large volumes of  sample added. It was not possible to  test these 

fractions for "breakdown" activity as they were of h igh salt concentration wh ich 

could affect gastrin and ant ibody binding, and cou ld compromise resu lts.  This 

seems un l ike ly however, as activity was present at the start of the e lution in  al l  

fract ions, even the freeze RI -23, which was on ly concentrated threefold  by 

freeze d rying. It is also possible that the secretion inh ibitory compound bound 

well to the column and eluted in  several of the later fractions, but i ts effects 

were masked by the stimulatory activity present. Whatever the binding 

characteristics of the secretion inh ibitory activity to the column were, separation 

of the activity using hydrophobic inte ractions chromatog raphy yielded poor 

results. 

6.4.3 Ultramembrane filtrations 

The u lt ramembrane fi ltrations of the rumen f lu ids and rumen incubates 

yielded the most information about the activity present in these solut ions. Both 

rumen f lu ids and rumen incubates contained a gastrin secretion stimu lant. This 

stimu lant was of low molecular weight and cou ld pass through al l  of the 

u l t ramembrane fi lters .  

I n  genera l ,  inh ibitory activity in the rumen solutions and rumen incubate 

solutions could  not pass through any of the ultramembrane f i l tration 

membranes. There were exceptions, the activity in RUM-33 passed through 

YM1 0, YM30 and XM50 membranes, and RUM-29 passed through YM30, 

possibly due to incorrect fi ltering .  Some activity from RUM-32 may also have 

passed through YM 1 0  and XM50 though the effects in f i ltrate were not 

s ignificant. Activity appearing at greater levels in retentate than observed in the 

or iginal solution is l ikely to be due to a concentration of the compound 

responsible and removal of competing stimulants during u ltramembrane 

fi ltrat ion . Aggregation of active compounds forming a precipitate may be 

responsible for activity not passing through fi lters .  

For  rumen incubates in general ,  a l l  inh ibitory activity was lost du ring 

u lt ramembrane f i ltration , presumably bound to the membrane (Tables 6.5,  6 .6 ,  
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6 .7  and 6 .9 ) .  The exception to th is was the composite sample R I-9/R I- 1 2  which 

did have activity in  the retentate after u lt ramembrane fi ltration . This may have 

been a result of repeated freezing and thawing of sample. In the majority of 

samples tested , tissue gastrin inh ib itory activity showed d ifferent separation 

properties between rumen f lu ids and rumen incubates. This suggests that the 

activity present in rumen flu ids and rumen incubates is d ifferent. 

Rumen solut ions were shown in  experiments in Chapter 4 to have 

sign ificant gastrin "breakdown" activity which was minimal or absent in rumen 

and abomasal incubates. It seems l ikely that this is the activity present in  the 

rumen f lu id retentates. "Breakdown" activity was not tested in  the rumen 

fractions passed through u ltramembranes, because the presence of such 

activity in  rumen f lu ids was not realised at the t ime. Repeated freezing and 

thawing also produced activity in the retentate of u lt ramembrane fi ltrations of 

incubates. This is further evidence that "breakdown" was the activity remaining 

in retentates, as gastrin "breakdown" activity is increased in  rumen incubate 

samples wh ich are repeatedly frozen and thawed (Table 5 .4B) .  

The activity lost by rumen incubates during u lt ramembrane fi ltration 

seems l ikely to be the secretion inh ibitor, which is the prominent activity in 

rumen i ncubate solutions. Any secretion inhib itor present i n  the rumen 

solutions is  l ikely to adhere to the u ltrafi ltration membrane also, but this effect is 

masked by the p resence of "breakdown" activity in  the retentate. This is 

supported by the loss of inh ibitory activity during the fi ltration of RUM-27 and 

RUM-3 1 through YM3 f i lters (Table 6 . 1 ) . A lthough activity is present in the 

retentate of YM 1 0  and YM30 membrane fi ltrations of RUM-29 and RUM-31 

(Table 6 .8 ) ,  this is l ikely to be due to fi ltration being more complete through 

these membranes, concentrating "breakdown" activity in  retentate and 

removing the gastrin secretion stimu lant, which appears in  the fi ltrate of these 

samples (Tables 6 . 1 to 6.4) . 

6.4.4 Alternative separation methods 

The next steps in  isolating this compound are establ ish ing the molecular 

weight and chemical composition and if it is shown to be a protein  or  pept ide, 

the amino acid sequence. Once these are known , i t  wou ld  be possible to 
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speculate the actual source of the active molecule,  screen for its p resence i n  

various solutions and determine under what condit ions i t  may be  produced .  

6.5 S U M MARY 

The in vitro gastrin inh ibitory activity in rumen f lu ids and rumen contents 

showed d ifferent characteristics, but neither passed through u lt ramembrane 

fi l trat ion . The fi ltrates of both incubates and rumen f lu ids contained a stimu lant 

of gastrin secretion . In the case of rumen contents, activity was present in the 

fi l trat ion both in solution and in an aggregate formed by fi ltration . For the 

rumen incubates ,  gastrin inh ibitory activity was general ly lost du ring fi ltration . 

I nh ib itory activity cou ld  not be removed from u lt rafi ltration membranes by 

solvents after fi ltrat ion. 

Activity appeared to be hydrophobic in nature ,  but the t issue in vitro test 

was damaged by the present of ionic detergents, which prec luded their use .  

Hydrophobic interaction chromatography was used to separate activity, but in 

general had low yie ld and was of l imited success. From al l  the resu lts obtained, 

it is  d ifficu lt to say what exactly the active molecule  is .  Smal ler hydrophi l ic 

compounds can be e l iminated as they should pass through the membrane. A 

l ip id compound would not be expected to be labi le to alterations in  pH and 

temperatu re and the in vitro inh ib itory activity has p roved to be so. A p rote in  

with tertiary structu re is possible as acid d isrupts tertiary structures in  proteins.  

P roteins are also temperatu re sensit ive . A peptide is also a l ikely cand idate ,  

though these tend to  be  a l ittle more robust than proteins as  they have less rigid 

structure .  Peptides are typical effector molecules for endocrine cel ls .  
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CHAPTER 7 

GENERAL DISCUSSION 

The synthesis, secretion and physiological effects of  amidated gastrins 

have been extensively studied in monogastric animals, as has the 

hypergastrinaemia associated with human gastric d iseases. I n  contrast, the 

control of gastrin secretion in ruminants and the causes and effects of 

hypergastrinaemia during abomasal parasitism in  sheep are sti l l  unclear. 

Hypergastrinaemia has been suggested to have both beneficial and 

detrimental effects to the host animals during abomasal parasitism.  The 

p roposed beneficial effect is promoting parietal cel l recovery (Scott et al. , 

1 998b) ,  which in  turn would restore acid secretion and increase d igestive 

effic iency. The reported detrimental effect is the reduction in food intake (Fox 

et al. , 1 989a, 1 997) , which usual ly resu lts in weight loss and reduced l iveweight 

gain . 

I n  catt le, the hypergastrinaemia associated with abomasal infection can 

be explained almost entirely by abomasal hypoacid ity (Fox et al. ,  1 993) , 

however, i n  sheep, the relationship between hypergastrinaemia and abomasal 

hypoacid ity is not as strong. Lawton et al. ( 1 996) showed that in 0. 
circumcincta- infected sheep, whereas hypoacidity i n it ial ly increased at the 

same t ime as gastrin secretion ,  serum gastrin levels often remained elevated 

after abomasal pH returned to normal. Furthermore ,  in some sheep, 

hypergastrinaemia was abruptly reversed when abomasal pH i ncreased over 

5 . 5 .  This feature had not been reported previously, and was suggested to be 

due to the action of m icrobial products. This was supported by the p resence of 

a potent inh ib itor of in vitro gastrin secretion in cu ltures of abomasal microbes. 

The work presented here therefore addressed several questions:  how gastrin 

secretion is control led; what are the effects of hypergastrinaemia du ring 

abomasal parasitism ; whether m icrobial products present in the abomasum can 

affect the hypergastrinaemia observed during parasit ism. 
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What are the key features of the control of gastr in secretion i n  

unparasitised ruminants? 

Although the cephalic control of gastrin secretion has been shown to 

exist ,  the more constant flow of d igesta into the abomasum,  when compared 

with monogastric animals, suggests that luminal chemicals may be important in  

the control of  gastr in secretion in  ruminants. 

At the level of the G cel l ,  the principal stimu latory and inh ib itory pathways 

contro l l ing gastrin secretion in sheep appear to be s imi lar to those in  

monogastric animals. In vitro preparations of ovine antral  segments, f i rst 

deve loped by Lawton ( 1 995) and used in the present experiments ,  showed that 

the principal stimulant of gastrin is  G RP ,  with chol inergic pathways also 

present. Adrenal ine was ineffective in these experiments and those of Lawton 

( 1 995) , thus there appears to be no adrenergic input to the G cel l  in sheep .  The 

present studies also showed that somatostatin was able to red uce stimulated ,  

but  not basal ,  gastrin secretion . V IP  was also able to  inh ibit stimu lated gastrin 

secretion , most l ikely via increased release of somatostat in .  The 

ineffectiveness of somatostat in on basal gastrin has been suggested to be due 

to maximal restraint of  gastrin secretion by somatostat in in  the in vitro 

preparation used (Lawton, 1 995) . A high basal level of restraint on gastrin by 

somatostatin is a lso reported in sheep in vivo (Shulkes et a l. ,  1 994 ; Zavros et 

al. ,  1 999) . 

Chemicals l ikely to be present in abomasal f lu id ,  namely aromatic amino 

acids, ammonia and acetate, are capable of increasing gastrin secretion in vitro 

(Chapters 2 and 6) .  These may be the low molecular weight ( less than 3000Mr) , 

acid-resistant stimulants of gastrin secretion in rumen f lu id .  Alternat ively, 

rumen f lu id may contain gastrin stimu lants simi lar to those produced during the 

fermentation processes used to make alcoholic beverages (Petersen et al. ,  

1 986b; Singer et  al. ,  1 987; Hajnal et  al. ,  1 988; Teyssen et  al. ,  1 997) , which are 

thermostable, anionic, polar substances of molecular weight less than 700 

Daltons (Teyssen et al. ,  1 997, 1 999) , suggested to be glucose metabol ites 

(Singer et a l. ,  1 99 1 ; Teyssen et al. ,  1 99 1 ) . Other cand idates for the stim ulatory 

activity in  abomasal and rumen contents are :  magnesium ions (Peterson et al. , 
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1 986a) , calc ium ions (Ray et al. ,  1 997; Seensalu et  al. , 1 997) , amines 

(Lichtenberger et al. , 1 982a, b ;  D ial et al., 1 986, 1 99 1 ; DelValle and Yamada, 

1 990) and L amino acids (Konturek et al. ,  1 977a; Lichtenberger et al. ,  1 982a, b ;  

D ial et al. ,  1 986, 1 99 1 ; DelVa"e et al. , 1 990) . 

The role of gastric acid ity in  the control of gastrin secretion in the 

unparasitised sheep is unclear, as there was no sign ificant corre lation between 

serum gastrin and abomasal pH .  Continuous measurement of abomasal pH in  

sheep has shown that i t  does fluctuate in the unparasitised animal (Hertzberg et  

al. , 2000) over a s imi lar range to  that reported here. I t  therefore appears that 

abomasal pH has l ittle effect on gastrin secretion over the smal l  range pH 

f luctuates in unparasitised sheep. However, marked increases in  abomasal pH ,  

induced e ither by  abomasal parasitism (Lawton et al. ,  1 996) or  b icarbonate 

infusion ( Reynolds et al. ,  1 99 1 ) ,  do increase gastrin secretion . Thus, it seems 

l ikely that acid ity and cephal ic pathways have only minor effects on gastrin 

secretion in the unparasitised ruminant, so luminal constituents may p lay a 

sign ificant role in stimu lating gastrin secretion . 

What are the effects of hypergastrinaemia during abomasal parasitism 

and what causes the i ncreased secretion of gastrin ?  

Hypergastrinaemia may have the detrimental effect du ring parasitism of 

inducing anorexia. The best evidence for this action is the close corre lation 

between increased serum gastrin levels and reduced food intake in 0. 

ostertagi-infected calves (Fox et al. ,  1 993) and calves treated with omeprazole 

(Fox et ai, 1 989a; Fox, 1 997) . In contrast , in sheep, reduced food intake d id 

not correlate we" with either increased serum gastrin concentrations or  

abomasal pH (Chapter 3) . I n  one an imal (Sheep 5 ,  LP I - 1 , Chapter 3) , 

hypergastrinaemia was present but food intake was not reduced and, 

conversely, food intake was reduced in  animals at t imes when serum gastrin 

levels were with in normal ranges (Chapter 3) . The anorexia may be a result of 

gastric pain or inflammation of the mucosa . The inflammatory mediator TNFcx 

has been shown to suppress food intake (Holden and Paku la,  1 996) , and is  a 

cand idate for the mediation of reduced food intake during a parasite infection . 
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Scott et al. ( 1 998b) suggested that hypergastrinaemia could both 

promote the regeneration of the depleted parietal cel l  population result ing from 

0. circumcincta infection as wel l  as stimu late secretion from surviving parietal 

cel ls .  Mucosal hyperplasia is a common feature of abomasal parasite infection , 

and has been attributed to hypergastrinaemia (Anderson et al. ,  1 988) . 

Experiments in transgenic m ice have shown that gastrin is primari ly involved in 

the d ifferentiation and maturation of cel ls in the gastric gland ,  in  part icular the 

parietal cel ls and ECl cel ls ,  rather than in their pro l iferation (Wang and 

Dockray, 1 999) . I n  t ransgenic m ice in which the gastrin gene has been deleted, 

the total absence of gastrin caused a reduction in  parietal cel l  numbers with 

those present producing l ittle or no acid (Koh et al. , 1 997; Fri is-Hansen et al. , 

1 998) . Hypergastrinaemia in the present studies d id  not appear to promote the 

regeneration of parietal cel ls (Chapter 3) , as both parietal cel l  numbers and 

d istribut ions with in the glands were no d ifferent in the presence or absence of 

hypergastrinaemia. These results do not necessarily negate a role for gastr in in 

the maintenance of parietal cel l  d ifferentiation . I nstead, they suggest that only 

basal levels of serum gastrin may be necessary for the maintenance of the 

parietal cel l  popu lation in the fundus and elevation of serum gastrin has no 

further benefit. 

The present experiments h ighl ight the role of inflammation and tissue 

damage in  affecting gastrin secretion . This was apparent from the d i fferences 

seen when sheep were infected by adult transplant or  with larvae which infect 

e ither the antrum of the fundus. During fundic infect ion , particularly with 

t ransplant of adu lt parasites (API group,  Chapter 4) into the abomasum ,  the 

relat ionship between serum gastrin and abomasal pH was close, but when 

larval development was predominantly in the antrum (lPI - 1  group,  Chapter 3) , 

the relat ionship between abomasal pH and serum gastrin was poor. The 

mucosal damage caused by larval development in  the antrum red uced the 

number of G cel ls. Mucosal damage has also been suggested to explain the 

decrease in  gastrin content of the antrum in H. pylori- infected humans with 

severe gastritis (Sankey et al. , 1 990) . Thus, depletion of tissue gastrin may be 

responsible for the unexpectedly low serum gastrin concentrations in an imals 

with e levated abomasal pH .  Both Purewal et al. ( 1 997) and Scott et al. ( 1 998a) 

have shown that tissue gastrin levels decrease during Ostertagia infection , 
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despite increased gastrin production (Purewal et al. ,  1 997) . Depletion of tissue 

gastr in may be the cause of the reduction in  serum gastrin levels  at h igh 

abomasal pH in  the two animals in which such effects were observed present 

study ( 1 97 and 2 1 0 ,  L TI group, Chapter 4), and of the reversa l  of 

hypergastrinaemia reported by Lawton et al. ( 1 996) . 

Although tissue damage may reduce serum gastrin concentrations, 

i nf lammation may augment the serum gastrin response to abomasal 

hypoacid ity. Serum gastrin concentrations during 0. circumcincta infection 

often exceed those p roduced by d irect infusion of rumen fluid or  bicarbonate 

into the abomasa of sheep (Reynolds et al. ,  1 99 1 ) .  The i nf lammation 

commonly associated with abomasal parasitism (Armour et al. ,  1 966; Klesius, 

1 993; Stear et al. ,  1 996; Scott et al. ,  2000) may be responsible for th is .  

I nf lammatory mediators have been shown to stimulate gastrin release in 

severa l  species (Lehmann et al. ,  1 996; Weigert et al. ,  1 996;  Beales et al. , 

1 997) . Further, the in vitro pharmacology experiments (Chapter 2) suggested 

that the G cel l  had increased sensitivity when tissue was obtained from 

parasitised abomasa, in common with results obtained in humans (Graham et 

al. ,  1 99 1 ; Beardshal l  et al. , 1 992; Annibale et al. ,  1 996; G ibbons et al. ,  1 997) . 

I nflammation may also be responsible for the persistence of hypergastrinaemia 

after abomasal pH returns to normal levels (Lawton et al. , 1 996;  Chapters 3 

and 4) .  

Does a microbial  inh ibitor affect gastrin secretion in vivo? 
Lawton et al. ( 1 996) fi rst proposed that increased microbial numbers in 

hypoacid ic abomasal flu id may inh ibit gastrin secret ion, explain ing the sudden 

reversal of hypergastrinaemia at h igh abomasal pH in  some animals. Further, 

this hypothesis was supported by the production of an inh ib itor of in vitro gastrin 

secretion by abomasal m icrobial incubates. In the present stud ies, anaerobic 

bacterial n umbers did increase rapidly with only small elevations in  abomasal 

pH and,  in addit ion ,  an inhibitor of in vitro gastrin secretion was present in  

abomasal contents when pH increased to over 4 .5 .  However, neither increased 

bacterial numbers ,  nor the presence of an inh ib itor of in vitro gastrin secretion , 

was consistently associated with abrupt decreases in serum gastrin 
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concentrations in  parasitised sheep. Therefore, the hypothesis that serum 

gastrin may be affected by m icrobes at h igh abomasal pH was not supported by 

the present study (Chapter 4) .  

I n  many animals infected with 0. circumcincta, d isparities existed in  the 

expected relat ionship between abomasal pH and serum gastri n ,  but in  most 

cases the action of a microbial inh ibitor affecting gastrin secretion could be 

d iscounted . In vitro gastrin inh ibitory activity was always present in abomasal 

f lu id when the pH of the samp le was 4 .8  or greater, and in some cases was 

also p resent at lower pH levels, but there was no consistent evidence that in 

vitro i nh ib itory activity reduced serum gastrin concentrations. Lawton et al. 

( 1 996) suggested that the bacterial inh ibit ion of gastrin secretion occurred when 

pH increased to 5.5 and above, however, e levation of abomasal pH to as h igh 

as 7.0 did not reduce serum gastrin levels in most cases (Chapter 4) . 

The inhib itor of in vitro gastrin secretion may sti l l  affect gastrin secretion 

in vivo under specific condit ions. I t  may be necessary for bacteria to be present 

in antral g lands for an inh ib it ion of gastrin secretion to occur. Bacterial i nvasion 

of the fund ic pit, but not the antral gland, has been reported in calves with 

d iarrhoea and i l l-th rift (Gunn ing ,  2000) . Although there are no reports of 

bacterial i nvasion of the antral gland during abomasal infection in sheep , it is 

possible that it may cause the reversal of hypergastrinaemia reported by 

Lawton et al. ( 1 996) . 

Alternatively, antral inflammation may be necessary to i nc rease the 

permeabi l ity of the antral mucosa to allow inhibitory factors access to G cel ls .  I f  

th is  were the case, i nhib it ion of gastr in secretion by m icrobial products should 

have occurred in  the LPI-1 group (Chapter 3) , which were infected with the 

strain of 0. circumcincta larvae which predominantly infected the antrum .  

Although elevation of serum d i d  lag behind elevation of abomasal pH i n  these 

animals, th is occurred only during early infection in most animals and was not 

pH-dependent. 



1 60 

What is the source of the gastrin inhibitory activity i n  hypoacidic 

abomasal contents? 

The inh ibitory activity in hypoacid ic abomasal contents is l ikely to be a 

m icrobial product, as it can be generated by cu ltures of both abomasal and 

rumen f lu ids .  The actual bacterial species surviving in  the abomasum ,  and 

those producing the gastrin inh ibitory activity, were not examined.  In some 

abomasal incubates contain ing inh ib itory activity, the dominant species present 

in solution were members of the Act inomycete fami ly .  This suggests that the 

inh ibitory activity is caused by a product common to many bacterial species, 

being p resent in rumen fluid, which contains mostly obligate anaerobic bacteria 

(Hungate, 1 966; Leedle and Hespel l ,  1 980) , in aerobic cultures of abomasal ,  

and rumen f lu ids and also in  S. bovis monocultures. A large bacterial 

popu lation at, or c lose to, the maximum number supported by the medium was 

p resent i n  al l  solutions containing inh ib itory activity. The inh ib itory p roduct may 

be released by bacterial breakdown, as activity can in some cases be increased 

by repeated freezing and thawing, and the it is present only with large bacterial 

popu lations. 

The rumen is probably the or ig in of the inh ibitory activity in  the 

parasitised abomasum .  Rumen f lu id contained three factors which affected 

gastrin concentration in the in vitro t issue test system: an inh ib itor of secretion ; 

a stimu lant of secretion and a factor which removed gastrin from solution , 

referred to as "breakdown". Inh ibitory activity is probably always present in 

rumen f lu id ,  but i ts effect is often masked by the "breakdown" effect, making i t  

impossible to demonstrate the presence of an inhibitor of gastrin secretion . 

The inh ib itor of gastrin secretion becomes apparent in  rumen f lu id when 

"breakdown" activity is lower than that in  t issue tests. I t  is proposed that ,  

general ly ,  when rumen f lu id passes into the  abomasum,  both  the  "breakdown" 

effect and the inhib itor of gastrin secretion are inactivated by the acidic 

condit ions. This is supported by the sensit ivity of both to acidity when tested in 

vitro (Chapter 5) . However, as conditions in  the abomasum become less acidic 

d u ring paras it ism, the inh ibitory activity survives (Chapter 4). One unexplained 

observation was the general lack of "breakdown" activity in  the hypoacidic 

abomasum,  despite its prominence in rumen f lu id .  The "breakdown" activity 
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may be more sensitive to acidity than the inh ib itor, as shown in  the one 

incubate where this was tested .  The "breakdown" activity could also be more 

sensit ive to degradation by pepsin in  the stomach . However, neither sensit ivity 

to aci dity or pepsin could explain why l ittle to no "breakdown" activity was 

observed i n  abomasal solutions with pH as h igh as 6 .7. 

Bacterial prol iferation is less l ikely than survival of rumen bacteria. 

Contrary to observations in previous studies (Nichol ls et al. ,  1 987), bacterial 

numbers increased very rapidly with on ly very small elevations in abomasal pH ,  

being near maximal at pH3.5 and above. The model relat ing abomasal pH and 

the effect of abomasal f lu id on in vitro gastrin secretion showed that inh ib itory 

activity also began to appear at pH3.5 ,  had maximal effects at pH5.3 and over, 

with responses being stat istically sign ificant at pH4.8 and over. The marked 

increase in bacterial numbers with such small changes in abomasal pH 

suggests that survival of rumen bacteria, not increased p rol ife ration i s  

responsible.  Even at pH 4 .5 ,  when significant amounts o f  inhib itory activity were 

present in the abomasal contents, bacterial metabol ism and g rowth are l i kely to 

be m in imal ,  assuming the bacteria present o riginated in the rumen . Rumen pH 

general ly varies between 5 and 7, though pH6 and  below is considered low 

(Gent i le et al. , 1 999) . Decreased pH is associated with decreased fermentation 

and reduced cell ulose breakdown by rumen bacteria (Argyle and Baldwin ,  

1 986; Hoover et al. , 1 988) . This suggests that fermentation is  l ikely to  be 

min imal in condit ions in which inh ib itory activity fi rst becomes significant in the 

abomasum,  and that the inh ibitor of gastrin secretion is a rumen product which 

survives in the abomasum. 

What is  the inh ibitor of gastri n  secretion l ikely to be? 

The bacterial inh ibitor of gastrin secretion was pH and temperature 

sens it ive and appeared to be very hydrophobic. These propert ies suggest that 

it is a protein  or  polypeptide. I f  the inhibitory compound is  a peptide or  p rotein ,  

its hydrophobicity may be due to its peptide sequence contain ing mostly 

hydrophobic amino acids, or it being folded in a hydrophobic conformation, or 

that hydrophobic sidechains are present. The hydrophobicity made separation 

d ifficult ,  but the b iggest constraint was that the method of test ing for activity 

i nvolved tissue had l ittle tolerance to detergents and hydrophobic solvents. 
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The exact identity of the factor which inh ibits gastrin secretion is 

unknown . There are some reports of gastrin inh ib itors produced in the d iet of 

other species, but it seems un l ikely that the inh ib itor in  the present experiments 

is  related to these compounds. 

The on ly other report of fermentation products reducing gastrin secretion 

comes from stud ies in  rats fed a d iet of indigestib le carbohydrates (Gee et al. ,  

1 996).  These authors suggested that a fermentation product from the colon 

was responsible for increased b lood enteroglucagon and decreased gastrin 

levels .  The properties of th is factor were not identif ied, and it wou ld have to 

reach the G cel l via the circulation ,  un like the product i n  the p resent 

experiments. 

The inhibitor cou ld be a bioactive pept ide, s imi lar to 

caseinomacropeptide or glycomacropeptide from mi lk .  G lycomacropeptide, 

and peptides formed from its hydrolysis ,  inh ib ited acid (Vasi levskaia et al. ,  

1 977; Stan and Chern ikov, 1 979; Alein ik et al. , 1 986) and  gastrin secretion 

(Stan and Chern ikov, 1 979 ; Alein ik et al. ,  1 986; Stan et al. ,  1 986) . The gastrin 

inh ib itor present in caseinomacropeptide is sensitive to acidity (Scanff et al. ,  

1 992) , as is  the secretion inhibitor reported in the present study. Evidence 

against the inh ib itor being s imi lar to the caseinomacropeptide inh ib itors are the 

d iffering separation propert ies. The active fractions of caseinomacropeptide 

are easi ly separated by gel chromatography (Chernikov et al. ,  1 979) , 

suggest ing they are not as hydrophobic as the inh ib itory factor in  the present 

experiments. 

If the inh ib itory factor were act ing via a physiological mechanism, it 

wou ld  most l ikely be either a compound resembl ing somatostatin  or one which 

stimu lates somatostat in release. It was not possib le to measure the effects of 

e ither rumen f lu ids or  rumen incubates on somatostat in secretion , as both 

caused interference in the somatostat in assay. However, the activity of the 

bacterial gastrin inh ibi tor  d i ffered from that of somatostatin  as, un l ike that 

pept ide, the inh ib itor was able to inh ibit basal gastrin secretion in the in vitro 

t issue test. I t  therefore seems very un likely that the inhib itor acts via releasing 

somatostat in . Rather, it may act v ia a novel mechanism which is not part of the 

normal physiological control of gastrin release . 
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The inhib itor may act at the post-receptor level ,  for example ,  by inhib it ing 

vesicle fusion . I ts mechan ism of action may be s imi lar to that of c lostridial 

neurotoxins ,  which inhibit neurotransmitter re lease by damaging the SNARE 

proteins i nvolved in  vesicle fusion (Wi l l iamson et al. ,  1 996; Gi I  et al. ,  1 998; 

Chaddock et al. ,  2000). The inh ibitory factor in rumen f lu id and in  the 

hypoacidic abomasum may have a similar mode of action on the G cel l .  Before 

the mode of action of the bacterial inh ib itor can be determined it must f i rst be 

isolated and characterised. 

Future d i rections. 

There are two outstanding issues from these studies which warrant 

further research . These are the effect of inflammation and tissue  gastrin 

depletion on serum gastrin levels during abomasal parasitism, and the identity 

of the m icrobial product which inh ibits gastrin secretion . Reduced amidated 

gastrin concentrations due to tissue gastrin depletion cou ld be stud ied by 

examin ing the concentration of glycine extended gastrin intermediates in  

serum .  The hypersecretion of gastrin results i n  a red uced residency t ime of 

gastrin in  the G cel l ,  which in turn increases the concentration of g lycine 

extended gastrins  in the blood and antral t issue. Thus, when deplet ion of 

gastrin occurs du ring gastrin hypersecretion , i t  would be expected that 

c i rculating g lycine extended gastrin concentrations wou ld  be increased, even 

when amidated gastr ins are decreased.  

The next step in the study of the bacterial inh ib itor of gastrin secretion is 

its separation and isolation . Although the hydrophobic nature of activity has 

made purification d ifficu lt ,  the biggest constraint in  separation was the necessity 

to use a bioassay to assess separation fractions. This has restricted the use of 

detergents and organic solvents. Before further chemical analysis of the 

inh ibitory compound can be conducted, it wi l l  have to be separated and 

suspended in  a medium that al lows the active fraction to be tested using the 

t issue assay. 
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APPENDIX 1 

Amidated Gastrin Radioimmunoassay 

This assay is a modification of the method described by Hansky and Cain 

( 1 969) described by Simpson et al. ( 1 993) . 

Assay Buffer:  0 .02 M  Veronal buffer, with 0 .5% BSA, 0 .04% thiomersal , 

0 .004% neomycin ,  pH8.6 .  

Per l itre: 

4 . 1 2g Na barbiturate (Reidel�de Haen,  Germany) 

0 .744g barbitone (BOH Chemicals Ltd ,  Poole ,  England) 

5g bovine serum albumin (Boehringer Mannheim, Fraktion V) 

400mg thiomersal (ethylmercuri�th iosalicycl ic acid ,  sod ium salt Acros 

organics, NJ ,  USA) 

40mg n eomycin su lphate (N 1 876 Sigma co, St Louis, USA) . 

Tracer: Synthetic non�sulphated human G 1 7  (Research P lus ,  Bayanne ,  

NJ ,  USA) was label led with 1 251  using the chloramine T 

method. The label was isolated on a Sephadex G 1 0  column 

and purified on OEAE cel lu lose co lumn with a NaCI  g radient 

from 0 to 1 M. The tracer for the assay contained 1 200� 

1 800cpm per 500IlL. 

Antiserum: Ab74 (the kind gift of Dr. J Hansky) which has equal affin ity for 

human,  porcine and ovine G 1 4, G 1 7  and G34 was used at a 

final d i lution of 1 :  1 00 000 with 1 :4000 normal rabbit serum 

(NRS) . 400llL antibody solution was added to the assay, 

making a f inal d i lution of 1 :40 000 Ab and 1 :2500 NRS.  

Standards: Synthetic non�su lphated human G 1 7  was d i luted in  assay 

buffer to concentrations of 2 .5 ,  5, 1 0, 20, 50, 1 00 ,  200, 400pM. 

Second antibody: Serum from sheep immun ised against rabbit gamma� 

globul in was used as a precipitat ing second antibody. 
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2 1 0  

This was standard ised against Donkey anti-rabbit 

g lobul in ( IOS England) . 

Assay procedure: Al l  samples and standards were assayed in  tripl icate.  

Assay tubes contained: 

( i )  Totals- 500llL tracer 

( i i )  NSB � 1 OOIlL buffer, 400llL NRS w/o Ab, 500llL t racer. 

( i i i ) Standards - 1 00llL standard 400llL Ab, 500llL tracer. 

( iv) Samples - 1 00llL sample 400llL Ab, 500llL tracer. 

The tubes were incubated for two days at 4°C. 200llL second antibody was 

added to a l l  tubes except totals and incubated for a further t h ree days at 

4°C . Tubes were centrifuged at 2000g for 30 minutes, the supernatant 

d iscarded and the pel let radioactivity quantified for 5 minutes in a gamma 

counter. 
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APPENDIX 2 

Somatostatin Radioimmunoassay 

Assay buffer: Veronal buffer, 0 .02M,  0 .004M acetate, 0 .5% BSA, 0 . 1  % 

th iomersal , 1 % trasylol ,  pH7.4. Per l itre :  

4 .9g Na barbital (Reidel-de Haen,  Germany) 

0 .32g Na acetate 

5g BSA (Boeringer Mannheim,  Fraktion V) 

1 00mg Thiomersal (ethylmercuri-th iosal icycl ic acid ,  sod ium salt Acros 

organics, NJ, USA) 

1 OmL Trasylol 

Tracer: 1Tyr-somatostat in (Peninsular Laboratories, CaL , USA) was 

labelled with 1 251 using chloramine T method. On the day of the 

assay, the label was purified on CM-cell u lose (CM 52) column with 

ammonium acetate buffer gradient from 0 .002 to 0 .2M NaCI .  The 

tracer for assay contained c3500cpm per 1 001lL. 

Antiserum:  Monoclonal antibody Soma 03 (the k ind g ift of P rof. C .H .  

Mc lntosh) was used at a d i lut ion of 1 :4 000 000, with 400llL 

added to assay tubes, giving a final d i lution of 1 :  1 000 000. 

Standards: Somatostat in was d issolved in  0 . 1  M acetic acid contain ing 

0 .05% BSA to give a f inal  d i lution of 21lg/50llL and stored 

lyophi lised. For the assay, 1 00J.lL d isti l led H20 fol lowed by 

400llL assay buffer were added to give a f inal concentration of 

1 0llg/mL. This was then d il uted in assay buffer to 

concentrations of 2 .5 ,  5, 1 0 , 20 , 50, 1 00 , 200, 400pM.  

Assay procedure: Al l  samples and standards were assayed in  tr ipl icate,  in  

g lass tubes. Assay tubes contained: 
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( i )  Totals - 1 OOI-lL tracer 

( i i )  NSB -300I-lL buffer, 1 00l-lL tracer. 

( i i i ) Standards - 1 00JlL each of standard, buffer, Ab and 

tracer. 

( iv) Samples - 1 00l-lL each of sample,  buffer, Ab and 

tracer. 

Tubes were incubated at 4°C for three days. Dextran T70 was d issolved i n  

0 .05M phosphate buffer pH7.5 then activated charcoal (Norit , 1 ,25g/1  OOmL) 

and hormone free p lasma ( 1  001-lL/1 OOmL) were added and solution m ixed for 

one hour.  Al iquots of 1 mL were then added to al l  tubes except totals, m ixed, 

a l lowed to stand for 1 5  minutes then centrifuged at 2000g for 30 m inutes. 

The supernatant was then d iscarded and the radioactivity of the pellet 

q uantified for 5 minutes in a gamma counter. 
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APPENDIX 3 

Pepsinogen assay 

Pepsinogen concentrations were estimated using a previously validated 

method (Scott et al. ,  1 995) modified for assay of small sample volumes. 

Dupl icate tubes contain ing 1 00).lL of sample or standard and 1 50).lL of 

substrate (3.2% SSA, fraction V, 1 % glycine, pH1 .6) were incubated for 30 

minutes at 37°C before 500).lL of 1 0% perchloric acid was added to one tube. 

The other tube was then incubated for a further three hours before the addition 

of the same amount of perchloric acid .  Undigested substrate was pelleted by 

centrifugation at 1 0  OOOg for 1 0  minutes and 20).lL of the supernatant added to 

200llL of a mixture of bicinchonin ic acid (SCA) and CUS04 (50 parts 1 0% SCA 

to 1 part 4% CUS04) in quadrupl icate in flat-bottomed m icrotitre p lates. 

After incubation for 30 minutes at 37°C ,  the 0.0 .  was read at 550 nanometers .  

Pepsinogen concentrations were estimated by comparison with standards 

containing L-tyrosine (0, 1 .8 and 3.6 mM) and expressed in i . u .  



Errata 

Page 38 line 29: replace Abbot with Abbot!. 

Page 39 line 28: replace gastrin release with pepsinogen release 

Page 53 line 3: replace in vitro with in vitro. 

Page 57 line 7: Pentobarb 500 is the tradename for Pentobarbitone SOOmg.mL"' 

Page 57, Section 2.2 . 1 .3: Insert gastrin assays were conducted as described in 

Appendix 1 and somatostatin assays as in Appendix 2. 

Facing Page 59, Table 2. 1 :  replace hGRP with GRP 

Page 79 line 9: replace 3.2.2.1 with 3.2.1.1 .  

Page 80 line 1 4 :  replace 3.2.2.2 with 3.2.1.2 

Page 82 line 27: replace second infection with first infection 

Page 86 line 3: replace though with through 

Page 87 lines 1 1 ·12 replace by correlation with of correlation 

Facing Page 1 02, Fig 4.9, line 5: replace rr with r 

Page 1 05 line 28: replace LPT-2 with LPI-2 

Page 1 1 2 line 14: replace ABI-l wrth AI-1 

Page 1 1 4  line 1 6: replace ABI-1 and 2 with AI-l and 2 

Page 1 1 7  lines 1 5  and 17: replace RUM-14 to RI-17 with RUM-14 to RUM-17 

Page 1 1 7 lines 22, 23 and 24: incubates should read rumen incubates 

Page 1 1 8  line 7: replace Section 4.2.4.1 with Section 4.3.2.5 

Page 1 1 8  line 14: replace RUM-26 to -26 with RUM-24 to -26 

Page 1 5 1  line 6: replace activity was present with breakdown activity was 

not present 

Page 1 5 1  line 7: freeze should read freeze-dried 

Page 157 line 23: replace of the fundus with or the fundus 

Page 1 59 line 27: should read elevation of serum gastrin 

Page 1 60 line 1 6: should read "and it is only present," not "the It Is only 

present" 

Page 164 line 4: replace Abbot with Abbot! 

Page 191 line 5: replace Australian with Asian-Australian 

Page 200, add: Simpson, HV (2000). Pathophysiology of abomasal parasitism: 

is the host or the parasite responsible? The Veterinary Joumal, 160, 177-19 1 . 
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