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The Gastrointestinal Section of International Union of Pharmacology (IUPHAR) was
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recognizes the international progress of gastrointestinal pharmacology, including basic
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The presented papers are published in this book.

The abstracts of this meeting were published in Digestive Diseases and Sciences, and
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INTRODUCTION: ADVANCES IN THE BIOCHEMICAL
PHARMACOLOGY OF GASTROINTESTINAL (GI)

FUNCTIONS AS AN APPROACH TO UNDERSTANDING GI
DISORDERS

K.D. RAINSFORD
Department of Biomedical Sciences, Sheffield Hallam University, Sheffield, UK

This book contains the proceedings of the first international meeting of the IUPHAR
Section on Gastroenterology. It is recognition of how gastrointestinal pharmacology
has now progressed to be a discipline in its own right. The past three decades have seen
this subject evolve in a unique manner, especially compared with that of many other
fields of pharmacology. In the first place many of the specialist developments have
arisen from research in the pharmaceutical industry and physician-scientists as well as
from the contributions of academics. We recall that the first Nobel Prize to an industry
biomedical scientist was to Sir James Black, who could be described as a biochemical
pharmacologist. His work on histamine receptor studies set the stage for the
development of the first of the truly specific anti-ulcer drugs, the H, receptor
antagonists, modelled initially by metiamide but then followed by the highly successful
drug cimetidine. The latter drug is now deemed to be so safe and effective that it is now
sold over the counter in a number of countries. We should also remember how many of
us benefited from the generosity of companies like Smith, Kline and French who in the
days when the H,-receptor field was evolving readily gave samples of drugs like
metiamide and cimetidine for experimental studies. Whilst it could be said with
hindsight that the company stood to benefit from this, it was much less clear then.

The clinical side of gastroenterology has developed in the past 2-3 decades with
recognition of the value of scientific advances. Many notable gastroenterologists have
made outstanding contributions to gastrointestinal pharmacology. The basic scientists
in universities, independent institutes and industry, driven by curiosity, have evolved a
deep understanding of the molecular and cellular processes underlying ulcerogenesis in
different regions of the gastrointestinal tract and the actions of new and established
anti-ulcer drugs and ulcerogenic compounds. The field has thus evolved on a truly
multidisciplinary basis involving a partnership of all — physicians, academic and
industrial scientists — whose contributions have been synergistic.

The recognition and establishment of the Gastrointestinal Pharmacology Section of
TUPHAR would not have been possible without the hard work and persistent efforts of
Dr Tim Gaginella, who has himself worked in both industry and academia, and made
significant contributions from both sides. Those who have joined with him to form the
GI Pharmacology Section all support the ethos of bringing together basic and clinical
GI pharmacology and the multi-disciplinary nature of this field.

The past decade has seen the emergence not only of new drugs with unique anti-ulcer
activities (e.g. misoprostol, omeprazole) but also the recognition of the role of
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Helicobacter pylori as an aetiological agent in peptic ulcer disease, the role of growth
factors in ulcer repair, and the importance of a whole range of inflammatory mediators
and cells of the immuno-inflammatory system in the pathogenesis of ulcer diseases in
the various regions of the GI tract. Advances in molecular and cell biology have had a
powerful influence on our understanding of the mechanisms of ulcer disease. GI
research has undoubtedly benefited considerably from advances in other fields (even
immunology) and also from the development of biologics by the biotechnology
industry.

While some would say that there has been a tendency in some GI pharmacology
studies to apply these biologics without much rationality, as always happens in science
there have been some remarkable observations, e.g. in the application of growth factors
as potential anti-ulcer agents. Among these advances has been the understanding of the
control of regenerative/restorative processes in the GI mucosa in response to
ulcerogenic agents. Linked with this have been studies of the anti-ulcer/ulcer healing
effects of biologics, such as acid-resistant basic fibroblast growth factor following the
pioneering observations by Professors Sandor Szabo and Judah Folkunan of Harvard
University (see chapters by Vincze et al., Nakamura et al. and Watanabe et al., in these
Proceedings). Here is an example of where the new GI biochemical pharmacology is
emerging linked to advances in molecular biology.

The tools and techniques provided from advances in molecular biology (growth
factors, cytokines), immunology (monoclonal antibodies), cell biology (isolated cell
systems, single cell ion monitoring) and the neurosciences (neuroregulatory peptides
and specific receptor antagonists/agonists) have all had an enormous impact. Future
research in the field of GI functions, drug development and mucosal protection will
undoubtedly benefit from other advances in cell and molecular biology to encompass
the new GI biochemical pharmacology.

The papers in proceedings cover the field of research ranging from studies on gastro-
intestinal secretion and excretion, through motility disorders, neural controls, mucosal
protection, molecular mechanisms of premalignant and malignant changes in gastro-
intestinal cancers, to the cellular and molecular targets used in understanding drug
actions.

This symposium would not have been possible were it not for the hard work and
enthusiasm of the two principal organizers, Dr Tim Gaginella and Professor Gyula
Mozsik, whose high standing in the field of gastrointestinal pharmacology is well
known. The support of the local and international organizing committee has also been
most impressive. This all gives support to what has been a successful start to the
development of the Section on Gastrointestinal Pharmacology which has now been
established and under which this symposium was organized.

Of course the location of the symposium in Hungary is recognition of the high
standing and considerable efforts of the scientists and physicians in Hungary who have
made extensive contributions to the science of gastroenterology over the decades. The
location of the symposium in Pécs was most appropriate for Professor Mo6zsik and his
colleagues have been among the major contributors to the research in this field. There
is also the added benefit that this classical city is a beautiful and relaxing place in which
to have a meeting!
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POSSIBLE COMPENSATION IN EPIDERMAL GROWTH
FACTOR PRODUCTION BY SALIVA IN RAT

J. BLAZSEK!"", K. OFFENMULLER', B. BURGHARDT?, 1. KISFALVI Jr?
K. BIRKI', M. WENCZL', G. VARGA* AND T. ZELLES'

'Department of Oral Biology, Semmelweis Medical University; *Institute of
Experimental Medicine, Hungarian Academy of Science, Budapest, Hungary
*Correspondence

s

This paper was first published in: Inflammopharmacology. 1996;4:279-295.
ABSTRACT

In the present work, the authors investigated the effect of both main vegetative transmitters and some
regulatory peptides on epidermal growth factor (EGF) secretion into whole saliva. We studied how the
salivary and glandular EGF levels depend on the functional activity of salivary glands in rats.
Experimental groups comprised: (a) control, (b) bilateral ablation (AB) of submandibular and
sublingual salivary glands, (c) 0.5% citric acid in drinking water treatment (Cit), and (d) ablation plus
citric acid combination (AB+Cit). On the 7th day under narcosis, pilocarpine-stimulated saliva was
collected and the amylase activity was measured along with concentrations of EGF and the protein,
both in saliva and in salivary glands. In the first study, in conscious rats adrenergic activation of EGF
secretion was observed. During noradrenaline stimulation, the curve showing EGF discharge was
parallel to the amylase secretory curve. Salivary amylase secretion was stimulated by adrenergic,
cholinergic and VIP-ergic actions. Other regulatory peptides, such as CCK, bombesin and somatosta-
tin, did not seem to be involved in controlling EGF or amylase secretion. In the second study, 7 days
after ablation, protein concentration of salivary glands decreased in control animals 30 min after
pilocarpine stimulation. There was no significant change in protein concentration after this stimulation
in the other groups. EGF concentration increased about 40% in submandibular tissues of the Cit group
of animals, and decreased in the parotid tissues in all treated groups. The EGF concentration decreased
after pilocarpine stimulation to a great extent in all salivary tissues. Protein concentration in saliva was
significantly higher than the initial level in all treated groups (AB: +240%; Cit: +80%; AB+Cit: +350%).
EGF concentration of saliva was slightly decreased in the ablation group (-10%), while it increased in
the other treated animals (Cit: +20%, AB+Cit: +200%). Changes in the EGF level in saliva were lower
than 10% in the control group. In conclusion:

1. EGF secretion is controlled by adrenergic pathways but not by cholinergic mechanisms or by VIP,
CCK, bombesin or somatostatin,

2. The EGF level in saliva can be increased by enhanced activity of salivary glands,
EGF in saliva is not exclusively produced by one type of salivary glands,

. Parotid glands can compensate the EGF secretion to saliva when functional activity of the other
main gland is lost.

W

Keywords: ablation, citric acid, functional compensation, epidermal growth factor, gustatoric stimulus,
salivary glands, regulatory peptides, VIP, CCK, bombesin, somatostatin

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical

pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October

12-14, 1995, Pécs, Hungary.
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INTRODUCTION

The intact surface of mucous membrane is very important for normal physiological
function of the gastrointestinal (GI) tract. Epidermal growth factor (EGF) plays an
important role in vital function, regulation of GI cells, with many favourable effects
(trophic, cytoprotective, etc.). This peptide is regarded as an important factor in the
regeneration of epithelial cells in normal conditions as well as during inflammation or
ulceration in the gastrointestinal tract [1]. EGF is a polypeptide comprising 53 amino
acids. It was originally isolated from mouse submandibular glands and from human
urine. The role of EGF in cell function is in controlling cAMP adenylate cyclase and
protein kinase C activity, inositol-P; turnover and mRNA transcription [2]. The
peptide stimulates cellular growth and differentiation, inhibits gastric acid secretion
and prevents experimentally induced gastric and duodenal ulcers [3,4]. In an estab-
lished cell line of human oral epithelial cells, these cells exhibit chemotaxis to EGF and
maximal chemotactic response occurs within the physiological concentration range for
EGF found in human saliva [5].

EGF is localized mainly in salivary and Brunner’s glands [6]. In humans, the relative
proportions of EGF levels in submandibular gland saliva, parotid saliva and whole
saliva are 1:6:4. Consequently, the main area of production and storage is the parotid
gland in man [7). In contrast, submandibular gland produces the majority of EGF and
the parotid has only a secondary role [8,9]. EGF immunoreactivity can be found, not
only in saliva, but also gastric, duodenal and pancreatic secretions. Chewing of
parafilm significantly increased salivary but not gastric or duodenal EGF output in
man [6]. Salivary EGF, like other salivary constituents, is secreted in a diurnal pattern,
and the rhythm is related to the pattern of food intake. During stimulation, the rate of
EGF secretion doubles but the concentration falls by 70% because of dilution of
salivary fluid [7,10]. We also found this diurnal rhythm of salivary EGF secretion in
mouse. Urinary and serum EGF levels have no obvious diurnal rhythm [11]. Salivary
EGF levels are significantly lower in younger than in older people. There were no
significant differences between EGF levels in saliva of male and female humans. In
mice, however, the EGF concentration in saliva is 10-fold higher in males than in
females [12].

In a clinical study, higher EGF levels were found in the saliva of patients suffering
from juvenile periodontitis (JP) [13], reflux oesophagitis without columnar metaplasia
[1], gastric ulcer, duodenal ulcer and gastrointestinal ulcer [14]. Unfortunately, others
have reported the opposite changes: lower EGF concentration in gastritis, and no
significant change in Barrett’s oesophagus and oesophagitis [15]. Salivary EGF levels
were found to be very low in patients with oral inflammation (stomatitis aphthosa or
peritonsillar abscess), head and neck tumours (squamous cell carcinoma of the tongue,
oral cavity, hypopharynx or larynx) [7] and oropharyngeal carcinoma [16]. The salivary
EGF level is also lowered in smokers [16,17] and in alcoholic subjects with liver
disease[18]. The contradictory results found in human studies could be due to the lack
of standard laboratory conditions, the variability in living conditions of patients, and
the influence of intermittent diseases.

Investigations with experimental animals allow better understanding of the role of
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salivary EGF in normal and pathological conditions. In rats, excision of the
submandibular salivary glands, which have high EGF production and accumulation
in rodents, led to an increased H" ion reflux of mucous membrane [19] and an increase
in ulceration of mucous membrane [12] was observed. Treatment of sialoadenecto-
mized male mice with EGF (1 pg/ml in drinking water) restored the rate of wound
healing to normal levels [12]. Treatment of rats with exogenous EGF (10 pg/kg ip,
twice daily for 3 days) caused an increase in amylase activity in saliva in response to
pilocarpine stimulation, and a corresponding decrease in enzyme activity in the parotid
gland. Analysis of parotid-gland RNA by reverse transcriptase PCR generated a single
predicted amylase-derived cDNA product of 576 bp. The level of mRNA for amylase
in EGF-treated parotid total RNA showed a 1.8-fold increase compared with
untreated controls [2].

The cell types that produce salivary EGF are not well characterized. In rats, in the
submandibular glands, EGF is localized to the cells of the granulated convoluted
tubules (GCT cells), which are surrounded by an intense network of adrenergic nerves
[20,21]. Indeed, noradrenaline in mice and rats increases the concentration of EGF in
plasma and in saliva [22-24], an effect mediated by a-adrenergic receptors [25].

Little is known about the physiological role of gastrointestinal peptides in control of
salivary secretion. However, experiments involving nerve stimulation in vivo suggest
that a significant neuronal regulation of salivary secretion by non-adrenergic non-
cholinergic mechanisms may exist in rats [26]. Among the potential mediators, the
bioactivity of VIP (vasoactive intestinal peptide), CCK (cholecystokinin), bombesin
and somatostatin in other regions of the gastrointestinal tract has already been well
documented [27].

The purposes of the present study were (a) to clarify the peptidergic regulation of
salivary EGF and amylase secretion in conscious rats, and (b) to determine the effect of
sialoadenectomy and gustatoric stimulation on EGF secretion and storage in salivary
glands.

MATERIALS AND METHODS
Experiments with conscious rats

Female 250-300 g Wistar Crl.(Wi)Br rats (Charles River) were used. Surgery was
performed under di-ethylether anaesthesia. For infusions, a polyethylene catheter
(PES50) was inserted into the right jugular vein. Another polyethylene catheter
(PE240) was introduced into the lower oesophagus through a ruminal incision,
secured in place by two ligatures at the level of the cardia and rumen, and conducted
through the abdominal wall. The muscle and skin were sutured and the rat was placed
in a Bollman cage. Two hours after recovery from anaesthesia, saliva was collected at
30-min fractions in 5-ml graduated tubes. The volume of saliva samples was measured
to the nearest 0.1 ml. Amylase and EGF output was evaluated as described in a
separate section.

In each study, basal salivary secretion was collected for at least two basal periods
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before the various treatments. In the first two experiments, noradrenaline and
carbachol were infused in successively increasing doses. In subsequent studies, a
submaximal dose of carbachol (0.03 mg kg™ h™!) was used as a background infusion
to study the effect of peptides. VIP (vasoactive intestinal peptide, Sigma), CCK
(cholecystokinin, Research Plus), bombesin (Peninsula) and a long-acting somatostatin
analogue (Sandostatin, Sandoz) were infused in increasing doses.

Experiments on increased salivary activity

At the beginning of all experiments, under light sodium pentobarbital (30 mg/kg ip,
Serva) anaesthesia, samples of saliva were collected for 15 min from 250-300 g Wistar
Crl.(Wi)Br female rats, following pilocarpine stimulation (Pilocarpine-HCI, Serva, 2.5
mg/kg ip). The secreted saliva from the oral cavity was collected in eppendorf tubes.
After 15-min saliva collection, bilateral submandibular (SM) and sublingual (SL)
sialoadenotomy (ablation) was performed on half the animals through a sagittal neck
incision under local subcutaneously injected lidocaine (0.1 ml, 2% solution, EGIS Co.).
Intact and ablated animals were divided into groups, receiving either drinking tap
water or water containing 0.5% citric acid. Experimental groups were the following:
control, ablation (AB), citric acid (Cit) and ablation and citric acid (AB+Cit). These
treatments were continued for one week. Food (from LATI Ltd) and the drinking
solutions were provided ad libitum. Food was withdrawn 12-16 h before experiments.
On the experimental day, under necrosis, 15-min pilocarpine-stimulated saliva was
collected from every second rat. After bleeding, the salivary glands were excised from
all animals. The glands were weighed and tissues were homogenized in a blender in 20
mmol/L phosphate-buffered saline, pH 7.4.

Determination of EGF, protein and amylase

EGF level was measured in both saliva samples and in glandular homogenates by
radioreceptor assay, using a preparation of human placental syncytiotrophoblast
microvilli membranes [28]. Aliquots (100 ul) were added to 100 pl human placental
microvillus membranes and '*I-labelled human EGF (100 ul/50 000 cpm). After
incubation at room temperature overnight, the membrane solution was diluted in 1000
ul 5% polyethylene glycol, centrifuged for 10 min at 1500g and the supernatant was
aspirated and discarded. The radiolabel associated with the membrane was determined
in a y-counter. Using this method, the binding is independent of the species of EGF
source [29]. Protein concentration was measured by the Bio-Rad Protein Micro Assay
based on the method of Bradford [30], with a microplate reader Bio-Rad model 3550,
using bovine serum albumin as a standard. The amylase activity was determined by an
enzyme activity assay [31] using starch as substrate. One unit (U) of amylase was
defined as the activity of amylase that hydrolyses 1 mg starch/min at 37°C.
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Statistics

The results are expressed as mean +standard error of mean (SEM). Statistical
significance was calculated by analysis of variance followed by Dunnett test or by
Student’s ¢-test. Differences were considered significant when p <0.05.

RESULTS
Studies on peptidergic regulation of EGF secretion

Intravenous infusion of noradrenaline (1.5-5.0 mg kg™ h™") increased the secretion of
salivary amylase dose dependently in conscious rats (Figure 1a). Carbachol (0.03-0.3
mg kg™' h™") infusion also led to an increased amylase output (Figure 2a). Similarly,
VIP (0.1, 1.0 and 10.0 nmol kg™! h™") stimulated the discharge of the enzyme (Figure
3a) when given together with a submaximal carbachol dose (0.03 mg kg™ h™!). CCK
(0.25-2.5 nmol kg™! h™'), bombesin (1-10 nmol kg™ h™) and somatostatin (1.5-15 pg
kg™' h™') did not influence the secretion of salivary amylase over a wide dose range in
conscious rats (Figure 4a).

In conscious rats, noradrenaline (1.5-5.0 mg kg™ h™!) induced a substantial increase
in EGF secretion into the saliva (Figure 1b). On the other hand, carbachol adminis-
tration did not affect the discharge of this regulatory peptide (Figure 2b). Neither VIP
(Figure 3b) nor CCK, bombesin or somatostatin (Figure 4b) modified EGF output
under our experimental conditions.

Studies on adaptive changes in salivary EGF secretion and storage

In a second series of experiments, we studied EGF and protein levels in whole saliva
and salivary glands in rats after bilateral submandibular and sublingual gland ablation,
citric acid administration, and the combination of the two treatments. Pilocarpine was
used to stimulate salivary function. Pilocarpine has a dual action, a main cholinergic
and a secondary sympathetic effect. Therefore, it is an optimal stimulus for salivary
secretion [32].

Animal body weights over 7 days under our experimental conditions did not change
(Table 1). The weight of the parotid glands was elevated in the AB group by 10%, in the
Cit group by 30% and in the AB+Cit group by 90%. The weight of the SM glands did
not alter over one week of citric-acid treatment (Table 2). Non-significant trends in the
protein concentration of parotid tissue were: 25% decrease following AB in non-
stimulated animals (and no difference after pilocarpine stimulation), 12% increase in
the Cit group and 20% reduction in the AB+Cit group (Figure 5a). In the SM glands,
the protein concentration did not change following citric acid treatment (Figure 6a).

The EGF concentrations in the parotid tissues of all three treated groups were
decreased by 90-95% compared with controls (Figure 5b). By contrast, the EGF
concentration in SM glands was elevated following citric acid treatment by 40%
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secretion in conscious rats. Values are mean+ SEM. *p <0.05 vs. basal secretion
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Figure 3. Effect of vehicle (- - -) or VIP (—) (0.1, 1.0, 10.0 nmol kg™' h™!) on amylase (A)
and EGF (B) secretion during carbachol (0.03 mg kg™ h™!) background infusion in conscious
rats. Values are mean +SEM. *p<0.05 vs. the 3rd collection period of the same group (the
period in which carbachol was given alone)
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TABLE 1
Body weight (g) of rats on day 0 and 7 days after ablation, 0.5% citric acid drinking, and
combined treatment (AB+Cit)

Control Ablation Citric acid AB+Cit
day 0 day7 day 0 day?7 day0 day7 day0 day7
Mean 271.8 271.8 261.8 268.0 272.0 280.0 272.7 270.8
SEM 9.2 9.9 10.7 9.9 47 5.9 10.8 155
P NS NS NS NS

NS = not significant

TABLE 2
Weight (mg) of the submandibular and parotid glands of fasted non-stimulated (Rest) and
pilocarpine-stimulated (Stim) rats

Control Ablation Citric acid AB+Cit
day 0 (day 7) (day 7) (day 7) (day 7)
Stim Rest  Stim Rest  Stim Rest  Stim Rest Stim
Submandibular gland
Mean 371.3 407.3 383.3 - - 402.0 384.7 - -
SEM 11.8 31,5 101 - - 112 174 - -
p NS
Parotid gland
Mean - 305.0 325.7 332.0 3840 4107 3743 658.3 518.3
SEM - 162 74 58.6 16.6 37.2 72 63.6 70.5
p NS * *k *k *% k%

NS = not significant; *p <0.05; **p <0.01 compared with controls

(Figure 6b). In both glands, the EGF concentration decreased following pilocarpine
treatment (Figures 5b and 6b). A substantial rise in the protein concentration was
observed in saliva samples of all treated groups when compared with controls (AB
+240%, Cit +80%, AB+Cit +350%). The change in the salivary protein concentration
of the control groups did not exceed 10% (Figure 7a). The EGF concentrations of
saliva samples of the AB group were 10% lower than the initial values; these values
were significantly elevated in the other groups (Figure 7b). In the saliva on the seventh
day, the EGF/protein ratio was lower in all treated groups than in controls (AB group:
—-80%; Cit group —40%; AB+Cit group: —40%) (Figure 8).
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Figure 5. Protein (A) and EGF (B) concentration in parotid glands after 7 days’ treatment by
ablation (AB), 0.5% citric acid drinking (Cit), and the combination of these (AB+Cit) and
control values (Cont), in fasted non-stimulated (rest.), and 2.5 mg/kg pilocarpine-stimulated
(stim.) rats. Values are mean+ SEM, **p <0.01 stim. vs. rest
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Figure 6. Protein (A) and EGF (B) concentration in submandibular glands on day 0 and after 7
days’ treatment by 0.5% citric acid drinking in fasted non-stimulated (rest). and 2.5 mg/kg
pilocarpine-stimulated (stim.) rats. Values are mean+ SEM, **p <0.01 stim. vs. rest
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Figure 7. Protein (A) and EGF (B) concentration in whole saliva collected for 15 min after 2.5
mg/kg pilocarpine stimulation on day 0 and after 7 days’ treatment by ablation (AB), 0.5%
citric acid drinking (Cit), the combination of these (AB+Cit) and control values (Cont). Values
are mean + SEM, *p <0.05, **p <0.01 stim. vs. rest
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Figure 8. The EGF/protein ratio in 15-min fractions of whole saliva, after 2.5 mg/kg ip
pilocarpine stimulus, on day 0 and after 7 days’ treatment by ablation (AB), 0.5% citric acid
drinking (Cit), the combination of these (AB+Cit) and control values (Cont). Values are
mean +SEM, *p <0.05, **p <0.01 stim vs. rest

DISCUSSION

The present investigation confirms previous findings that salivary glands secrete a large
amount of EGF into the saliva [25]. We have also confirmed that discharge of EGF is
under adrenergic control [25]. In addition, we have observed that muscarinic
cholinergic stimulation does not affect EGF secretion from salivary glands.

Previous experiments studying the role of regulatory peptides in amylase from
salivary glands led to controversial results. The stimulatory effect of VIP on salivary
amylase secretion has been reported previously both in vitro [33] and in vivo [34]. CCK
immunoreactivity was observed in salivary glands [35] but CCK was found to be
ineffective on salivary secretion [36]. Bombesin-like immunoreactivity was also
observed in salivary glands [37] but gastrin-releasing peptide, a mammalian form of
bombesin, did not stimulate amylase discharge from isolated parotid acini [33].
Immunocytochemical studies revealed the presence of immunoreactive somatostatin
in salivary glands without determining the function of this peptide at this location [38].
Our data suggest that VIP, indeed, play a role in the physiological regulation of
amylase secretion in the salivary glands. CCK, bombesin and somatostatin are
probably not involved in this control since none of them affected salivary secretion in
the dose range in which they exert their effects on other organs [27].

The present observations, that VIP, CCK, bombesin and somatostatin do not affect
salivary EGF secretion in rats, cannot be compared with other studies since no data
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are available on peptidergic regulation of salivary EGF secretion in the literature.

Sialoadenotomy and citric acid treatment both induced parotid gland enlargement
in our experimental system. Previous studies also showed a compensatory tissue
hypertrophy [39] and an increase in amylase mRNA level [2] in parotid glands. The
gustatoric stimulatory effect of 0.5% citric acid in drinking water was also reported to
increase the functional activity of salivary glands [40]. Ablation resulted in increased
activity and slight increase in weight of the parotid glands. The 25% decrease in the
tissue protein concentration of the parotid glands can be accounted for, at least in part,
by the substantial increase in the protein concentration in saliva.

In our experiments, EGF concentration in saliva decreased by only 10% following
submandibular ablation, probably because of the activation of parotid glands and
other minor salivary glands. In mice, after ablation of submandibular glands, a
dramatic decrease in salivary EGF concentration was observed by Noguchi et al. [12].
The differences between our results and their data may be due to differences in species
(rat vs mice), time course and/or types of secretagogues used. In our experiments the
compensation effect is indicated by our finding that the tissue EGF level decreased by
90% while EGF in saliva hardly changed. It is also interesting to note that the activity
of the parotid glands was further increased by ablation combined with citric acid
drinking in our experiment.

Gustatoric stimulation by citric acid induced increases in gland weight and protein
concentration in parotid glands. The EGF concentration of the parotid tissue, as in the
ablation group, decreased by 90%. On the other hand, a 20% EGF concentration
increase was measured in the saliva following citric acid drinking. This slight increase
was accompanied by a substantial elevation in protein concentration in salivary juice.
The weight and protein concentration of the submandibular glands did not show
significant changes in response to citric-acid stimulation. On the other hand, the tissue
EGF content was increased by 40%. This increased EGF level in submandibular
glands was depleted by pilocarpine stimulation.

Summarizing the results of our experiment:

1. EGF secretion from salivary glands is regulated by nonadrenaline but not by
cholinergic pathways, VIP, CCK, bombesin or somatostatin;

2. Ablation of SM and SL glands does not lead to the complete depression of salivary
EGF secretion;

3. The EGF in saliva is secreted by more than one type of salivary gland;
4. The EGF level in saliva can be increased by the stimulation of glandular activity;

5. Parotid glands could continuously secrete a significant amount of protein and
EGF while the EGF and protein pools in the glands were minimal;

6. In the case of defected or ablated glands, complementary gland(s) may compen-
sate for the depleted function.
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REGULATORY MECHANISM OF ACID SECRETION IN RAT
STOMACH AFTER DAMAGE - ROLE OF NITRIC OXIDE,
HISTAMINE AND SENSORY NEURONS
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ABSTRACT

The gastric mucosa responds to mucosal damaging agents by significantly decreasing acid secretion.
However, the inhibition of nitric oxide (NO) biosynthesis by N -nitro-L-arginine methyl ester (L-
NAME) turned the acid-secretory response in the damaged stomach from the ‘inhibition’ into
‘stimulation’ state. The present study was performed to investigate the mechanism underlying
stimulation of acid secretion in the stomach after damage in the presence of L-NAME. Exposure of
the chambered rat stomach to 20 mmol/L taurocholate (TC) for 30 min decreased acid secretion with
concomitant reduction of transmucosal potential difference (PD). Pretreatment with L-NAME,
although it had no effect on basal acid secretion, apparently increased the acid secretion in the stomach
after exposure to TC without any change in the PD response. The acid-stimulatory effect of L-NAME in
the damaged stomach was reversed by the co-administration of L-arginine but not D-arginine. Such
acid-secretory responses in the presence of L-NAME were also inhibited by prior administration of
cimetidine, FPL-52694 (a mast cell stabilizer), spantide (a substance P antagonist) or sensory
defunctionalization with capsaicin pretreatment. In contrast, mucosal exposure to TC significantly
decreased the number of mucosal mast cells and increased histamine output in the lumen, and these
responses were significantly inhibited by FPL-52794, spantide or sensory deafferentation. These
findings suggest that:

1. Damage in the stomach may activate the acid-stimulatory pathway in addition to the NO-
dependent inhibitory pathway, although the latter effect overcomes the former, resulting in a
decrease in acid secretion,;

2. The stimulatory pathway is dependent on histamine which may be released from mucosal mast cells
in association with capsaicin-sensitive sensory nerves; and

3. L-NAME unmasks the acid-stimulatory response by suppressing the inhibitory pathway.

Keywords: stomach, barrier disruption, taurocholate, acid secretion, nitric oxide, histamine, sensory
neuron

INTRODUCTION

The application of a mucosal-damaging agent to the stomach has been shown to cause
a luminal alkalinization, mainly by the inhibition of acid secretion [1-3]. The inhibition
of acid secretion in the damaged stomach is mediated by both endogenous prostaglan-
dins (PGs) and nitric oxide (NO), since this response is attenuated by pretreatment of

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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the animals with either the NO synthase inhibitor, N-nitro-L -arginine methyl ester
(L-NAME), or the cyclo-oxygenase inhibitor, indomethacin [4,5]. L-NAME comple-
tely abolished the decreased acid-secretory response in the stomach after damage by
taurocholate (TC) and enhanced the acid secretion over the basal levels [6]. However,
the mechanism underlying stimulation by L-NAME of acid secretion in the damaged
stomach has not been clearly explained.

It has been shown that histamine is released into gastric venous blood following
injury of the gastric mucosa by acetic or salicylic acid [7] and that this substance is
important in the increased acid secretion in the damaged stomach [8]. In addition,
mast cell degranulation has been shown in the stomach after administration of
mucosal-damaging agents [9]. In the gastrointestinal mucosa, mast cells have been
shown to be opposed to substance P containing nerve endings, and substance P is
known to stimulate release of histamine from mast cells [10,11]. Furthermore, a recent
study showed that NO plays a part as a regulatory mediator of mast cell reactivity [12].
Thus, it is possible to speculate that histamine may play an important role in the
regulatory mechanism of acid secretion in the damaged stomach, where NO is
released.

In the present study, we examined the acid-secretory response in the stomach after
damage with TC in the presence or absence of L-NAME and investigated the roles of
NO and histamine in the regulatory mechanism of acid secretion in the damaged
stomach.

MATERIALS AND METHODS

Male Sprague-Dawley rats (220-250 g; Nihon Charles River, Atsugi, Japan), kept in
individual cages with raised mesh bottoms, were deprived of food but allowed free
access to tap water for 18 h prior to the experiments. All studies used 4-7 rats per
group under urethane anaesthesia (1.25 g/kg ip).

Determination of PD and luminal pH

Gastric transmucosal potential difference (PD) and luminal pH were measured
simultaneously as previously described [5,13]. Briefly, the stomachs were obtained,
mounted on ex-vivo chambers (the area exposed =3.14 cm?), and superperfused at a
flow rate of 1 ml/min with saline (154 mmol/L NaCl) that was suffused with 100% O,
and kept in a reservoir. The pH of the fluid emerging from the chamber was measured
using a flow-type pH glass electrode (6901-25T Horiba, Kyoto, Japan) while PD was
determined using two agar bridges, one positioned in the chamber and the other in the
abdominal cavity. Changes in both PD and pH were monitored simultaneously on a
two-pen recorder (U-228, Tokai-irika, Tokyo, Japan). After both PD and pH had
stabilized, the perfusion system was interrupted, and the solution in the chamber was
withdrawn. The mucosa was then exposed for 30 min to 2 ml of 20 mmol/L sodium
taurocholate (TC). After application of TC, the mucosa was rinsed with saline, another
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2 ml of saline was instilled and the perfusion resumed. The pH monitoring was
interrupted for 30 min while the mucosa was exposed to TC, whereas PD recording
was continuously measured throughout the 2-h test period. L-NAME (10 mg/kg) was
given iv as a bolus injection 5 min before exposure to TC. L- or D -arginine (200 mg/kg)
was given iv 5 min prior to the administration of L-NAME. In some animals, the
effects of the following drugs or treatment on the acid secretory response to TC were
examined: cimetidine (50 mg/kg; an H, antagonist), FPL-52694 (100 mg/kg; a mast
cell stabilizer) [14], spantide (100 pg/kg; a substance P antagonist) and chemical
ablation of capsaicin-sensitive sensory neurons. Cimetidine and FPL-52694 were given
ip 30 min before the administration of L-NAME, while spantide was administered iv 5
min before L-NAME. Sensory deafferentation was performed by three consecutive sc
injections of capsaicin (total dose: 100 mg/kg) for 3 days, 2 weeks before the
experiment [15].

Determination of gastric acid secretion

The total amount of acid output in the stomach was measured before and after
exposure to 20 mmol/L TC by introducing an automatic titrator (Hiranuma Comtite-
7, Tokyo, Japan) into the perfusion system [5]. Under these conditions, the titration was
performed at luminal pH 7.0 using the pH-stat method and by adding 50 mmol/L
NaOH to the reservoir, in which both entry and exit tubes were positioned. In some
cases, the recording of pulses of titrants was performed using a Zero Suppression
Adaptor (Toha Denpa, C-93611B, Tokyo, Japan) every 5 min. After basal acid
secretion had stabilized, the mucosa was exposed for 30 min to TC, and acid secretion
was measured for 90 min thereafter. L-NAME (10 mg/kg) was given iv 5 min before
injection of L-NAME. In some animals, the effects of cimetidine (50 mg/kg), FPL-
52694 (100 mg/kg), spantide (100 pg/kg) and sensory deafferentation were examined
on the acid secretory response to TC.

Determination of luminal histamine output

The luminal levels of histamine were determined in the stomach before, during and
after exposure for 30 min to 20 mmol/L TC using HPLC. The stomach was mounted
on the chamber, rinsed and exposed to 2 ml of saline for 30 min as a control condition.
The mucosa was exposed for 30 min to 2 ml of 20 mmol/L TC, followed again by
exposure to saline for 30 min. In each case, the gastric samples collected were
deproteinized by adding perchloric acid at a final concentration of 3% and then
centrifuged at 4°C for 10 min at 10000g. Histamine levels of each sample were
determined by using the fluorometer and HPLC-autoanalyser system (Hitachi,
Ibaraki, Japan) [16,17]. The experiment was performed in rats without pretreatment
of L-NAME (10 mg/kg iv), and the effect of spantide or sensory deafferentation was
also examined.
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Examination of gastric mucosal mast cells

The method of staining and determining the number of mast cells in the gastric mucosa
was similar to that used by Cho et al. [18]. The corpus portion of the stomach,
immediately after exposure to 20 mmol/L TC for 30 min, was fixed in freshly prepared
4% (w/v) lead acetate solution. Following a 2-day fixation period, the tissue was
dehydrated with alcohol, cleared with xylene, and embedded in paraffin. Sections (7 pm
thick) were then made by cutting the paraffin block in a plane vertical to the mucosal
surface of the tissue; these were mounted and stained with an aqueous solution of 0.5%
(w/v) toluidine blue. The mast cell count was expressed as the number of granulated
metachromatically stained mast cells seen in an area immediately below and parallel to
the surface epithelium of the mucosa. The experiment was performed in rats with or
without pretreatment with L-NAME (10 mg/kg iv), and, in the former, the effect of
FPL-52694 or sensory deafferentation was also examined.

Preparation of drugs

Drugs used were urethane (Tokyo Kasei, Tokyo, Japan), taurocholate Na (Difco Lab.,
Detroit, MI, USA), N€-nitro-L-arginine methyl ester (L-NAME), L-arginine, D-
arginine, cimetidine, capsaicin (Sigma Chemicals, St. Louis, MO, USA), FPL-52694
(Fison/Fujisawa, Osaka, Japan), spantide (Peptide Institute, Kyoto, Japan), and
toluidine blue (Merck, Darmstadt, Germany). Cimetidine was suspended in 0.5%
carboxymethylcellulose. Capsaicin was dissolved in a solution consisting of 10%
ethanol, 10% Tween 80 (Wako, Osaka, Japan) and 80% saline. Other agents were
dissolved in saline. Each agent was prepared immediately before use and was given iv
in a volume of 0.1 ml/100 g body weight, and ip or sc in a volume of 0.5 m1/100 g body

weight.
Statistics
Data are presented as the means+ SE of values from 4-7 rats per group. Statistical

analyses were performed using the two-tailed Dunnett’s multiple comparison test for
unpaired samples, and p <0.05 was regarded as significant.
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RESULTS

Effect of L-NAME on gastric PD, pH and acid secretory responses induced by
taurocholate

PD and pH

Normal stomachs mounted on the chamber and perfused with saline generated a stable
PD of -30-35 mV (mucosa negative) and secreted acid to keep the luminal pH at 3.3-
3.8 under anaesthetized conditions. Mucosal exposure to 20 mmol/L TC for 30 min
produced a reduction in PD, followed by a marked increase in luminal pH (Figure 1).
After removal of TC from the chamber, the pH increased from 3.6+0.1 to the
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Figure 1. Representative recordings of changes in PD and pH of the stomach before, during
and after the exposure to 20 mmol/L TC for 30 min in anaesthetized rats. L-NAME (10 mg/kg)
was administered iv as a bolus injection 5 min before TC treatment. L-arginine (200 mg/kg)
was administered iv 5 min before the administration of L-NAME. Note that in the animals
pretreated with L-NAME (B) the luminal pH was decreased below basal levels after the
exposure to TC
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Figure 2. Effect of L-NAME, either alone or in combination with L- or D-arginine, on acid-
secretory responses induced by TC in anaesthetized rats. The stomach was exposed for 30 min
to 20 mmol/L TC and perfused with saline before and after the exposure. L-NAME (10 mg/kg)
was administered iv 5 min before TC treatment, while L- or D-arginine (200 mg/kg) was
administered 5 min before L-NAME. Data are presented as the means +SE of values
determined every 10 min from 6 rats. Lower panel (B) shows total acid output obtained for
30 min after exposure to TC, and values are presented as the means + SE of 6 rats. Statistically
significant differences at p <0.05: *from values in the ‘before’ group; # from values in the
‘after’ group with saline (L-NAME alone)

maximal values of 5.4+0.2 (ApH 1.840.2) within 20 min and remained elevated for
over 1 h. Prior administration of L-NAME did not affect the reduction of PD in
response to TC but completely attenuated the increase of pH after exposure to TC, and
the pH decreased below the basal levels within 20 min following exposure to TC; ApH
at 20 min post-exposure was —0.3+0.1. This effect of L-NAME on the increased pH
response caused by TC was apparently antagonized by the subsequent administration
of L -arginine but not D -arginine.



Acid Secretion in Damaged Stomach 31

Figure 3. Representative figures showing the effect of L-NAME on gastric acid secretory
responses induced by mucosal exposure to 20 mmol/L TC in anaesthetized rats. The stomach
was exposed for 30 min to 20 mmol/L TC, and L-NAME (10 mg/kg) was administered iv as a
single injection 5 min before TC treatment. The recording of pulses of titrant was performed
every 5 min using a Zero Suppression Adapter. Note that the mucosal exposure to TC in the
presence of L-NAME apparently increases acid secretion

Acid secretion

The anaesthetized stomachs spontaneously secreted acid at the rate of 4-6 nEq/10 min
under normal conditions. Mucosal exposure to 20 mmol/L TC for 30 min caused a
decrease in acid secretion from 6.0+0.4 pEq/10 min to the lowest values of 0.8 +0.2
uEq/10 min within 1 h; the total acid output for 30 min after TC treatment was
7.6+ 1.5 uEq/30 min, which is only 37.4% of that obtained in control animals without
TC treatment (20.3 4+ 2.4 uEq/30 min) (Figure 2). Figure 3 shows typical recordings of
acid-secretory responses before and after exposure of the stomach to TC. Mucosal
application of TC markedly reduced acid secretion but this decreased acid secretion
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was restored to above basal levels by the subsequent administration of L-NAME. On
the other hand, L-NAME alone did not affect basal acid secretion. However, prior
admininstration of L-NAME completely attenuated the decreased acid-secretory
response caused by TC, and the acid secretion was enhanced to above basal levels; the
acid output obtained after TC treatment was 48.6+8.2 pnEq/30 min which is
significantly greater than that in control animals given saline. This increased acid
response caused by TC in the presence of L-NAME was significantly inhibited by the
simultaneous administration of L-arginine but not D-arginine; acid outputs after TC
treatment were 23.8 +4.8 pEq/30 min and 46.7 + 5.6 pEq/30 min, respectively.

Effects of cimetidine, FPL-52694, spantide and sensory deafferentation on acid-
secretory response caused by taurocholate plus L-NAME

To investigate the characteristics of the enhanced acid secretory response induced by
TC in the L-NAME-treated animals, we first examined the effects of cimetidine and
FPL-52694 on this phenomenon. In the presence of L-NAME, the mucosal application
of 20 mmol/L TC increased acid secretion from 3.2+0.2 pEq/5 min to the maximal
values of 9.6 + 1.4 pEq/5 min, the total acid output for 30 min after TC treatment being
55.247.6 pEq/30 min (Figure 4). Prior administration of cimetidine significantly
decreased the basal rates of acid secretion and almost totally abolished the enhanced
acid-secretory response caused by TC in the L-NAME-treated rats; the acid output
remained unchanged before and after TC treatment, the values being 6.8 +1.0 pEq/30
min and 8.6+0.8 pEq/30 min, respectively. On the other hand, FPL-52694 did not
affect basal rates of acid secretion, yet significantly attenuated the increased acid
secretory response following the mucosal application of TC in the presence of L-
NAME,; the total acid output after TC treatment was 12.4 +2.1 pEq/30 min, which is
much lower than that obtained in the saline group.

On the other hand, sensory deafferentation did not affect acid secretion before
exposure of TC but significantly decreased the enhanced acid-secretory response
following the mucosal application of TC; the total acid output was 19.2+3.6 uEq/30
min, which is significantly lower than that of control animals (Figure 4). Likewise,
prior administration of spantide significantly reduced the enhancement of acid
secretion seen after exposure to TC plus L-NAME, without any effect on the basal
acid secretion. All the treatments used here (cimetidine, FPL-52694, spantide, sensory
deafferentation) had no influence on PD reduction but significantly antagonized the
increased pH response induced by the mucosal application of TC (not shown).

Luminal histamine levels and mucosal mast cell counts

To further investigate the mechanism underlying the enhancement of acid secretion
caused by TC plus L-NAME, we measured the luminal histamine levels and mucosal
mast cell counts before, during and after exposure of the stomach to TC for 30 min.
The amount of histamine which appeared in the gastric lumen was 0.17 +0.04 nmol/
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Figure 4. Effects of cimetidine, FPL-52694, spantide and sensory deafferentation on the
stimulatory acid-secretory responses induced by TC in the presence of L-NAME in anaes-
thetized rats. The stomach was exposed for 30 min to 20 mmol/L TC, and L-NAME (10 mg/
kg) was administered iv 5 min before TC treatment. Cimetidine (50 mg/kg) or FPL-52694 (200
mg/kg) was given ip 30 min before the exposure of the stomach to TC, while spantide (100 pg/
kg) was administered iv 5 min before the injection of L-NAME. Sensory deafferentation was
performed by three consecutive injections of capsaicin (total 100 mg/kg) two weeks before the
experiment. Values show total acid output obtained for 30 min before and after exposure to TC
and are presented as the means+SE from 5-6 rats. Statistically significant difference at
p <0.05; *from values in the ‘before’ group; # from values in the ‘after’ group with saline

30min under basal conditions without TC treatment. The histamine output was
increased during exposure to 20 mmol/L TC to levels of about 4 times greater
(0.7240.08 nmol/30 min) than basal values, and remained significantly higher for
another 30 min following TC treatment. The increased histamine response to TC was
significantly reduced by pretreatment with spantide or sensory deafferentation, the
values obtained during TC treatment being 0.38+0.12 nmol/30 min or 0.30+0.15
nmol/30 min, respectively.

On the other hand, the number of mucosal mast cells stained by toluidine blue was
significantly reduced in stomachs exposed to 20 mmol/L TC for 30 min. Prior
administration of L-NAME slightly but significantly potentiated the degranulation of
the mast cells caused by TC (not shown). However, such changes in mast cell counts
seen after exposure to TC in the presence of L-NAME were significantly mitigated by
either FPL-52694 or sensory deafferentation.
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DISCUSSION

The local release of NO is considered to be important in the modulation of various
gastric functions affecting mucosal integrity [5,6,19,20]. In a previous study, we showed
that NO is involved in the mechanism of luminal alkalinization that occurs in the
stomach following the exposure to hypertonic NaCl [5]. The present study demon-
strated that L-NAME attenuates the inhibitory acid response induced in the rat
stomach by TC, confirming the involvement of NO in this phenomenon, and further
suggesting that damage in the stomach may activate the acid-stimulatory pathway in
addition to the inhibitory one, and that L-NAME unmasks the acid-stimulatory
influence by suppressing the NO-related inhibitory pathway. We also demonstrated
that the mechanism of acid-stimulatory response after damage involves histamine
release from mast cells, probably through stimulation of capsaicin-sensitive sensory
neurons.

First, we confirmed our previous findings that the NO synthase inhibitor, L -NAME,
attenuates the increase in luminal pH induced by TC without affecting the PD response
[6]. The increase in luminal pH is mainly based on the decrease in acid secretion
because this pH response is totally attenuated by pretreatment with L-NAME without
any changes in HCOj levels in the lumen [6]. The attenuation by L-NAME of the
inhibitory acid response is associated with the inhibition of endogenous NO produc-
tion since this effect is significantly antagonized by the simultaneous administration of
L-arginine but not D -arginine. These results suggest that mucosal irritation by TC may
activate NO synthase and increase the local release of NO which in turn inhibits acid
secretion. Indeed, we have previously noted an increase in NO generation in the gastric
mucosa following exposure to 20 mmol/L TC when determined using the NO-sensitive
electrode [21]. On the other hand, the NO involved in this phenomenon may depend on
the constitutive type of NO synthase activity because the selective inhibitor of
inducible NO synthase aminoguanidine had no effect on the increased pH response in
the stomach after damage by TC [6,21].

The most interesting finding in this study is that acid secretion was enhanced in the
stomach following exposure to TC in the presence of L-NAME. This is also supported
by the pH recordings, and the luminal pH was reduced further below basal levels
following TC treatment. Thompson [8] reported an increase in acid output in the
canine stomach during irrigation with TC and suggested that acid back diffusion may
stimulate acid secretion. Johnson and Overholt [7] demonstrated the release of
histamine into gastric venous blood following injury to the gastric mucosa by acetic
or salicylic acid. In addition, mast cell degranulation has been shown in the stomach
after administration of the mucosal damaging agent [9]. In the present study, the
mucosal application of TC increased the luminal histamine levels, suggesting that the
increase in acid secretion in the damaged stomach may be mediated by histamine. This
contention is supported by the fact that the enhanced acid response was significantly
mitigated not only by cimetidine but by FPL-52694 as well.

It is also known that the mast cells in the gastrointestinal mucosa are opposed to
substance P-containing sensory neurons [10,11]. Gronbech and Lacy [22] recently
reported that stimulation of capsaicin-sensitive sensory neurons activates mucosal
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Figure 5. Possible regulatory mechanism of gastric acid secretion in the rat stomach after
damage. Irritation of the stomach (surface cell damage) may release NO as well as PGs in the
mucosa, both of which in turn inhibit acid secretion locally and unmask luminal alkalinization
due to HCOj3 flux from the damaged portion. Damage in the stomach may also enhance the
acid-stimulatory pathway in addition to the inhibitory mechanism, though the latter effect
overcomes the former, resulting in a decrease in acid secretion. L-NAME may turn the acid-
secretory response in the damaged stomach from the ‘inhibitory’ into the ‘stimulatory’ state,
mainly by attenuating the inhibitory pathway. The acid-stimulatory pathway may involve
histamine released from mucosal mast cells through capsaicin-sensitive sensory neurons

mast cells in the stomach through the release of substance P. As expected, the
enhanced acid-secretory response to TC in the presence of L-NAME was significantly
mitigated by either sensory deafferentation or the prior administration of the substance
P antagonist, spantide. In addition, the luminal appearance of histamine during
exposure to TC was also significantly decreased by these treatments. We previously
reported that the mucosal application of TC induced gastric hyperaemic response
mediated by capsaicin-sensitive sensory neurons, inasmuch as this response was
significantly attenuated by sensory deafferentation with capsaicin pretreatment [15].
These results taken together suggest that the acid-stimulatory pathway in the damaged
stomach may involve histamine release from the mucosal mast cells.

Recently, Massini et al. [23] reported the potentiation of histamine release by
Escherichia coli lipopolysaccharide after preincubation of rat serosal mast cells with
NC-monomethyl-L -arginine and suggested that mast cell histamine release can be
modulated by an intrinsically generated NO-like factor. The same authors also showed
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that exogenous NO donors significantly reduced both the release of histamine and the
loss of mast cell metachromasia in the heart after ischaemia reperfusion [24]. In
agreement with these observations, we found that prior administration of L-NAME
significantly enhanced the luminal output of histamine and the loss of mast cell
metachromasia during exposure to TC. Certainly, these effects of L-NAME were all
significantly mitigated by sensory deafferentation, again supporting the interaction of
NO with mucosal mast cells. Thus, it may be assumed that endogenous NO plays a role
not only in the acid inhibitory mechanism but also the acid stimulatory pathway in the
stomach after damage. NO might suppress the mast cell activation and results in
inhibition of histamine release. Certainly, as nitroprusside inhibits histamine-induced
acid secretion [5], the direct influence of NO on acid-secreting cells should also be
considered.

In conclusion, the present findings suggest that damage in the gastric mucosa may
enhance the acid-stimulatory pathway in addition to the NO-mediated inhibitory one,
though the latter effect overcomes the former, resulting in a decrease in acid secretion
(Figure 5). The acid-stimulatory pathway may involve histamine released from
mucosal mast cells through capsaicin-sensitive sensory neurons. It may be assumed
that L-NAME turns the acid-secretory response to TC from the ‘inhibitory’ into the
‘stimulatory’ state, probably by affecting both the inhibitory and stimulatory pathways
of acid secretion operating in the damaged stomach.
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ABSTRACT

Histamine-producing enterochromaffin-like (ECL) cells are numerous in the oxyntic mucosa of the rat
stomach. They respond to gastrin by secretory activation, hypertrophy and hyperplasia. They contain
cytoplasmic granules and vesicles. The present study addresses the questions of how histamine is stored
in the ECL cells and how it is released upon stimulation with gastrin. a-Fluoromethylhistidine (o-
FMH) was given to the adult rats to deplete histamine from the ECL cells by inhibiting the histamine-
forming enzyme, histidine decarboxylase. Gastrin-17 infusion or omeprazole treatment was used to
induce hypergastrinaemia. ECL cell profiles (electron micrographs) were analysed planimetrically.
Based on ultrastructural observations, we characterized the secretory organelles in the ECL cells and
classified them into granules (median profile diameter 120 nm), secretory vesicles (180 nm), micro-
vesicles (70 nm), and vacuoles (more than 500 nm). The granules were unaffected by «-FMH and by
acute gastrin stimulation. The secretory vesicles were reduced in number by a-FMH as well as by
hypergastrinaemia. The microvesicles were increased in number in response to gastrin. Vacuoles were
observed in response to long-term hypergastrinaemia; a-FMH prevented their formation. The findings
support the view that histamine is stored in secretory vesicles and vacuoles and that granules develop
into secretory vesicles by actively taking up preformed histamine from the cytoplasm. Gastrin
accelerates several of the steps that control the birth and subsequent maturation of the storage/
secretory organelles, namely the formation of granules, their transformation into secretory vesicles, the
process of exocytosis and endocytosis (resulting in microvesicles), and the fusion of several secretory
vesicles with each other (resulting in vacuoles).

Keywords: enterochromaffin-like cells, histamine, rat, secretory pathways

BACKGROUND

The histamine-containing enterochromaffin-like (ECL) cells in the gastric acid-
producing mucosa can be demonstrated by light microscopy using argyrophil staining
techniques [1]. Neither of these stainings demonstrates the ECL cells selectively. In
fact, most of the endocrine cells of the digestive tract can be stained with the Grimelius
technique. The ECL cells share the ability to be stained by argyrophil staining [1]. Due
to their content of histamine and histamine-forming enzyme, histidine decarboxylase
(HDC), the ECL cells can be demonstrated by immunocytochemistry using antibodies
to histamine [2] or to HDC [3]. In rat, mouse and hamster, the ECL cells are quite
numerous, while histamine-containing mast cells are comparatively few [2]. In these
species, histamine immunostaining can be used to demonstrate the ECL cell popula-

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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tion. In addition, the ECL cells are known to produce and store other well-known
constituents of neuroendocrine cells such as chromogranin/pancreastatin [4,5]. The
ECL cells are restricted to the oxyntic mucosa and have been found in the stomach of
all vertebrates from cartilaginous fish to man. In most mammals, the ECL cells occur
in the basal half of the mucosa (Figure 1).

Figure 1. Histamine immunofluorescence of ECL cells in a transverse section of the oxyntic
mucosa of rat stomach; mucosal surface upwards, ECL cells in the basal half of the mucosa.
x 350

The ECL cells in the rat have an irregular shape and the cytoplasm contains
numerous electron-lucent vesicles and a few electron-dense granules. Autoradiographic
technique has been used to label ECL cells with [*Hhistidine [6]. However, [*HJhista-
mine could not be convincingly associated with either granules or vesicles. Further-
more, it has not been possible yet to demonstrate histamine in ECL-granules/vesicles
by immunocytochemistry at the electron microscopic level [7]. Conceivably, the failure
to demonstrate [*H]histamine by autoradiography or histamine by immunocytochem-
istry in granules and vesicles at the electron microscopic level may reflect the loss of
histamine from its storage site as a result of the processing of the tissue samples.
Although direct evidence for the storage of histamine in the secretory organelles is still
missing, available information (see below) seems to favour the view that histamine in
the ECL cells is stored in secretory vesicles.
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TABLE 1
Characteristic features of rat stomach ECL cells

Properties in common with known Special properties
peptide hormone-producing cells

Positive argyrophil staining Production and release of histamine
APUD properties Responsiveness to gastrin
Cytoplasmic (secretory) granules and/or vesicles

Chromogranins in granules/vesicles

Co-storage of amines and peptides in granules/vesicles

Proteolytic ‘processing’ enzymes in granules/vesicles

APUD = amine precursor uptake and decarboxylation

While histamine from the ECL cells is generally thought to play a role in the
functional control of the parietal cells, activating acid secretion by binding to H,-
receptors [8—11], the anticipated peptide hormone, and consequently the endocrine
function of the ECL cells, remains unidentified [12]. Probably the best clue to the
unraveling of the biological and physiological significance of the ECL cells is the fact
that they respond to gastrin with activation of secretion, hypertrophy and hyperplasia
[12] (Table 1). The time course of the ECL cell response to gastrin has been studied
from minutes up to two years [13]. The acute effect (within minutes) of gastrin is to
stimulate histamine release from the gastric mucosa [4]. The more long-term effect of
gastrin (manifested within hours) is the activation of HDC, which is present in rat ECL
cells [4,14]. The long-term effect of gastrin (from days up to two years) includes trophic
effects on the ECL cells, i.e. hypertrophy and hyperplasia [14-16]. The responses of
ECL cells to gastrin are thought to be mediated through CCK-B/gastrin receptors [17-
21] (Figure 2). However, the secretory pathways involved in the release of ECL-cell-
histamine have not been elucidated. a-Fluoromethylhistidine (o-FMH, which depletes
the ECL cell of histamine by inhibiting HDC [22]) and gastrin should provide excellent
tools for such a study. a-FMH treatment reduced the oxyntic mucosal histamine
content by more than 80% [22]. This reflected a loss of histamine from the ECL cells
[22]. The remaining 20% seemed to reside in mast cells which appeared to be unaffected
by a-FMH [9,22].

GRANULES AND VESICLES

Although the basic elements of secretion (i.e. Golgi sorting, packaging of secretory
products, intracellular transport of granules/vesicles, and fusion of secretory organelles
with the plasma membrane) are common to all secretory cells, it may be assumed that
each class of secretory cells differs from all others as to the factors that regulate the
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ECL CELL

Figure 2. Diagram illustrating the effects of gastrin on the ECL cell. Gastrin stimulates the cell
to release histamine, pancreastatin and the anticipated peptide hormone, and later it activates
HDC, increases protein synthesis and accelerates DNA synthesis and cell growth. The
responses are mediated via gastrin/CCK-B type receptors

discharge of the secretory products [23]. The ECL cells can be identified by their
characteristic ultrastructure, i.e. the presence of typical electron-dense granules and
electron-lucent vesicles in the cytoplasm [14,24-26] (Figure 3). By serial sectioning of
ECL cells, we have found a small electron-dense core in empty-looking secretory
vesicles; however, microvesicles lacked a dense core (Figure 4). Thus, we have classified
and characterized the granules and vesicles in the ECL cells. The granules are defined
as cytoplasmic membrane-enclosed organelles (with a diameter of 25-200 nm),
displaying an electron-dense core and a thin electron-lucent halo between the
membrane and the dense core, the diameter of the dense core representing more than
50% of the diameter of the entire organelle. The vesicles are membrane-enclosed
electron-lucent organelles without a dense core or possessing a small, often eccen-
trically located, dense core, the diameter of the dense core being less than 50% of the
diameter of the organelle. Based on profile size, vesicles belong to one of three
populations: (1) secretory vesicles with a diameter of 125-500 nm (with a dense core),
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Figure 3. Electron micrograph showing an ECL cell profile in the stomach of a normal rat.
Note the typical electron-lucent vesicles (indicated by arrows) and the electron-dense granules
(indicated by arrowheads). x 9000

(2) vacuoles with a diameter of at least 500 nm (they were seen only in ECL cells of
hypergastrinaemic rats; vacuoles invariably had one or more dense cores), and (3) clear
electron-lucent microvesicles with a diameter of 25-200 nm (Figure 5).

Secretory vesicles represent a major storage site of histamine

o-FMH was given to adult rats by continuous subcutaneous infusion in a dose of 3
mgkg ' h™" in 0.9% NaCl via osmotic minipumps (implanted in the neck) in order to
eliminate histamine from the oxyntic mucosa [22,27]. The histamine-depletion (for 24 h
or 6 weeks) was associated with a reduced number and volume density of secretory
vesicles (Figures 6 and 7), indicating that ECL-cell histamine is stored predominantly
in the secretory vesicles.
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Figure 4. Serial sections (1 and 2) of an ECL cell. Note that apparently ‘empty’ vesicles
(indicated by asterisks) turn out to have an electron-dense core. x 24 000

Secretory vesicles represent a readily releasable pool of histamine

Acute gastrin challenge with a maximal stimulated dose (human Leu'’-gastrin-17, 5
nmol/kg body weight per h i.v.) caused a prompt and marked loss of secretory vesicles
(Figure 8). When we induced sustained gastrin stimulation with a half-maximally
effective dose over days and weeks, the secretory vesicle number was reduced as well,
suggesting that secretory vesicles are being released continuously in the presence of
gastrin.

Granules may represent pro-secretory vesicles

The granules were unaffected by a-FMH-induced depletion of ECL-cell-histamine and
by acute gastrin stimulation, suggesting that granules do not represent an important
source of ECL-cell histamine. Thus, vesicles differ from granules by their content of
histamine. However, both granules and secretory vesicles have a dense core (revealed
by serial sectioning if not immediately apparent) and it cannot be excluded that they
represent different manifestations of the same organelle; the granules, which are small
in size, may be proforms of the secretory vesicles. Conceivably, vesicles are formed
from granules as a result of histamine uptake. We propose that granules are new-born
organelles, free of histamine, and that they mature into secretory vesicles, which are
loaded with histamine.
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Figure 5. Electron micrographs of ECL cells in the stomach of an untreated rat (A) and of an
omeprazole-treated (10 weeks) rat (B), showing granules (arrowheads) and microvesicles (small
arrows) in A, and secretory vesicles (big arrows) and vacuoles (asterisks) in B. Note that the
vacuoles in B are rich in membrane residues. x 18000

Vacuoles are formed by fusion of several secretory vesicles

Vacuoles appeared in the ECL cells following long-term stimulation with gastrin (for
days and weeks; e.g. evoked by omeprazole 400 umol/kg per day p.o.). The appearance of
vacuoles was associated with a decrease in the size of the secretory vesicle compartment,
and the ratio of the number of secretory vesicles to the number of vacuoles was reduced
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Figure 6. Electron micrographs showing ECL cells in the stomach of an untreated rat (A) and
of an a-FMH-treated rat (B). a-FMH was given for 24 h. Note the loss of secretory vesicles in
B. x9000
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Figure 7. Histamine concentrations (A and C) in the oxyntic mucosa and number of secretory
vesicles (B and D) in the ECL cells in the stomach of an untreated rat and of an a-FMH-treated
rat. In A and B, the rats were given vehicle or o-FMH for 24 h, in C and D for 6 weeks.
Mean + SEM (vertical bars) of n = 3641 cells and 7-8 rats in each group; **p <0.01 (Student’s
t-test for two sides)

in response to long-term gastrin stimulation (Figure 9). No vacuoles were observed in
normal rats or rats treated with a-FMH. In fact, a-FMH abolished the formation of the
vacuoles induced by hypergastrinaemia (Figure 10), suggesting that vacuoles also
contain histamine. Serial sectioning revealed that the vacuoles, which are irregular in
shape and rich in membrane residues, sometimes have more than one dense core (Figure
11). These observations support the view that vacuoles are formed by fusion of several
secretory vesicles [14,26]. The vacuoles may play a role (probably together with
lysosomes) in the storage and/or degradation of superfluous secretory products (e.g.
histamine, peptides) in the case of long-lasting stimulation.
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Figure 8. Histamine concentrations (A) in the oxyntic mucosa and number of secretory vesicles
(B) in ECL cells of untreated and gastrin-infused rats. Human Leu'3-gastrin-17 was infused for
30 min. Mean + SEM (vertical bars) of n=35-38 cells and 6-9 rats in each group; **p <0.01
(Student’s r-test for two sides)

Microvesicles may represent retrieval vesicles

It is to be expected that the loss of secretory vesicles should be associated with an
increased cell size since, upon exocytosis, the vesicle membrane is thought to be
incorporated into the cell membrane. Such an increase in cell size could not be
observed during the initial 1-2 days of gastrin stimulation. Conceivably, therefore,
exocytosis is coupled with membrane retrieval (endocytosis), leaving the cell size
unperturbed at this early stage. Microvesicles are relatively numerous in ECL cells
and were found to increase greatly in number in response to gastrin stimulation (Figure
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Figure 9. Time course of the decline in the ratio of the number of secretory vesicles to the
number of vacuoles of the ECL cells in response to continuous subcutaneous infusion of
human Leu'’-gastrin-17 (5 nmol kg™ h™"); 28-38 cells and 6-10 rats in each group

12). This is to be expected if the microvesicles are retrieval vesicles, engaged in the
recycling of plasma membrane. Alternatively, some microvesicles may be also
transport vesicles, pinched off from the endoplasmic reticulum to carry newly
synthesized material to other intracellular sites or to shuttle material from the trans-
Golgi network to the cell surface, where they may undergo exocytosis in a constitutive
non-regulated fashion. Microvesicles have been identified in a number of endocrine
cells and some of them may be analogous to the synaptic vesicles found in neurons [28].

In summary, granules and vesicles in the ECL cells can be classified and character-
ized into granules, secretory vesicles, vacuoles and microvesicles. Histamine is
probably mainly stored in the secretory vesicles and vacuoles. Granules store proteins,
e.g. chromogranin A, and peptide hormone precursors. Secretory vesicles contain
secretory peptides, e.g. pancreastatin, peptide hormones (Table 2).
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Figure 10. Electron micrographs showing ECL cells from an omeprazole-treated rat (A) and
from an «-FMH + omeprazole-treated rat (B). Omeprazole or omeprazole + o-FMH were
given for 6 weeks. Note that vacuoles (indicated by asterisks) appear following omeprazole
treatment (A) and that o-FMH prevented the formation of such vacuoles (B). x 8400
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Figure 11. Serial sections (1 and 2) of an ECL cell from an omeprazole-treated (10 weeks) rat,
revealing electron-dense cores in vacuoles (indicated by arrows). x 18 000
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Figure 12. Time course of the increase in the number of ECL-cell microvesicles in response to
continuous subcutaneous infusion of Leu!®-gastrin-17 (5 nmol kg™' h™"); 28-38 cells and 6-10
rats in each group

TABLE 2
Classification and characterization of secretory organelles in the ECL cells

Microvesicles Granules Secretory vesicles Vacuoles
(Synaptic vesicles?) (Small dense (Large dense (Very large dense
core vesicles) core vesicles) vesicles)
Histamine(?) Histamine(?) Histamine Histamine
No secretory protein Proteins Secretory peptides Secretory peptides
(degraded?)
(Chromogranin A, (Pancreastatin, peptide
peptide hormone hormone)
precursors)

A MODEL OF MEMBRANE FUSION IN THE ECL CELLS

The regulated secretory pathways in the ECL cells probably involve granules, secretory
vesicles, vacuoles and microvesicles. Based on observations described above, we
propose that the ECL-cell granules actively take up preformed histamine from the
cytosol during transport from the Golgi zone to the more peripheral parts of the cells.
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Figure 13. Proposed life cycle of granules and vesicles in the ECL cell. The prohormone is
synthesized in a rough endoplasmic reticulum (RER) together with chromogranin A and other
granular proteins. These products are packaged into prosecretory granules in the Golgi
apparatus. The granules formed are small and electron-dense. As they are transported away
from the Golgi area they actively take up preformed histamine from the cytoplasm. At the
same time chromogranin A and the prohormone are being hydrolysed into small fragments,
such as pancreastatin and peptide hormone. As a result of the accumulation of small
molecules, osmotic forces are generated that will transform the granules into secretory vesicles.
Microvesicles may represent retrieval or transport vesicles. Vacuoles are formed by fusion of
several secretory vesicles in response to gastrin stimulation

In consequence, they turn into secretory vesicles, possibly through osmotic forces
generated by the progressive accumulation of small molecules (histamine, peptides).
This causes the granules to swell, turning them into secretory vesicles. Among the
molecules that will accumulate in the secretory vesicles are histamine and cleavage
products of chromogranin A (e.g. pancreastatin) and of the anticipated peptide
hormone precursor, which are generated by proteolysis within the granules. According
to this concept, we should expect the secretory vesicles to fuse with the cell membrane
in response to stimulation and release their contents by exocytosis or to fuse with each
other to form vacuoles. The microvesicles become numerous as a result of stimulated
recycling, leading to increased number of retrieval vesicles. In fact, we have evidence
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that gastrin accelerates several of the steps that control the birth and subsequent
maturation of storage/secretory organelles, namely the formation of granules, their
transformation into secretory vesicles, exocytosis and endocytosis (resulting in micro-
vesicles), and the fusion of several secretory vesicles with each other (resulting in
vacuoles) (Figure 13).

CONCLUSIONS

1. Secretory vesicles in ECL cells develop from granules and represent a major
storage site for histamine.

2. Granules develop into secretory vesicles, partly as a result of accumulation of
histamine from the cytoplasm.

3. Vacuoles are formed by fusion of several secretory vesicles in response to gastrin
stimulation.

4. Microvesicles may represent retrieval vesicles.
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NITRIC OXIDE AS A MODULATOR OF FLUID ABSORPTION
IN RAT JEJUNUM IN VIVO

E. BEUBLER AND A. SCHIRGI-DEGEN
Department of Experimental and Clinical Pharmacology, University of Graz,
Universitétsplatz 4, A-8010 Graz, Austria

ABSTRACT

The role of nitric oxide (NO) as a regulator of intestinal fluid transport is still controversial. In part, the
experimental work describes secretory properties of NO in vitro and in vivo; other investigators,
however, demonstrate a proabsorptive role of NO.

In the present study, we present data to support the latter hypothesis, namely an absorptive effect of
NO. We tested the effects of the NO-synthase inhibitor, L-NAME, and of the NO-donors, L-arginine
and sodium nitroprusside, on basal fluid transport and on intestinal fluid secretion stimulated by 5-HT,
PGE,, Escherichia coli STa and cholera toxin. The experiments were performed in a tied-off loop of the
anaesthetized rat in vivo. L-NAME was infused intravenously in the absence or presence of L-arginine
or sodium nitroprusside. 5-HT (0.16 pgmin~', 30 min) and PGE, (79 ngmin', 30 min) were infused
close intra-arterially, and E. coli STa (10 Uml™', 30 min) and cholera toxin (0.5 pgml™', 4 h) were
administered intraluminally. Net fluid transport was determined gravimetrically.

The inhibitor of NO synthetase, L-NAME, dose-dependently (0.25-50 mgkg ', iv=5.55 ugkg'-
1.11 mgkg ' min™") reversed net fluid absorption to net fluid secretion. L.-NAME (0.55 mgkg ' min™!)
furthermore significantly enhanced fluid secretion stimulated by 5-HT, PGE,, E. coli STa and cholera
toxin.

L-Arginine (8.88 mgkg ' min"") and sodium nitroprusside (22.2 ugkg ' min"") slightly, though not
significantly, enhanced fluid absorption in controls but significantly inhibited 5-HT-, PGE,-, E. coli
STa- and cholera-toxin-induced fluid secretion.

These results indicate that exogenously administered or endogenously formed NO exerts a
proabsorptive action in the intestine. This effect may also counteract the secretory response to
secretagogues. NO thus may attenuate pathological secretory conditions in the intestine.

Keywords: nitric oxide, fluid absorption, jejunum

INTRODUCTION

Nitric oxide (NO) is established as an important mediator of neural, cardiovascular,
immune and gastrointestinal function. Endogenous NO derives from enzymatic
conversion of L-arginine through NO-synthase, a family of isoenzymes, at least one
of which is present in the myenteric plexus of the intestine. The existence of the
synthase enzyme within the enteric nervous system, in close proximity to the
epithelium, suggests the possibility that NO could be a physiological regulator of
intestinal ion transport.

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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The role of NO in intestinal fluid and electrolyte transport, however, remains
controversial when the investigations performed in this relation are considered.
Ussing-chamber experiments, using full-thickness preparations of intestine, support a
proabsorptive role of NO [1]. In the isolated vascularly perfused rabbit ileum,
inhibition of NO-synthase by L-NAME also caused secretion of water and ions which
could be prevented by synchronous administration of L-arginine [2]. The observation
that luminal administration of a NO-synthase inhibitor into the rat ileum also
decreased net water absorption in vivo [3] gives further support to a proabsorptive role
of NO. Other experiments, however, demonstrate exactly the opposite. In Ussing-
chamber experiments, using stripped preparations, NO-donating compounds like
sodium nitroprusside increased short circuit current, thus indicating a prosecretory
role of NO [4-6]. Corresponding with the latter results, castor-oil-induced diarrhoea
was prevented by intraperitoneal administration of NO-synthase inhibitors [7,8], and
the secretory effect of sodium cholate was also inhibited by intraperitoneal adminis-
tration of L-NAME [9]. Intraperitoneal administration of L-NAME furthermore
inhibited E. coli STa-induced fluid secretion [10].

Our own experiments, summarized below, were performed to elucidate the sig-
nificance of NO in the regulation of intestinal fluid transport in vivo under basal as well
as under secretory conditions induced by the secretagogues prostaglandin E,, 5-HT, E.
coli STa and cholera toxin [11-12].

METHODS

The experiments were performed in a tied-off loop of anaesthetized rats in vivo.
L-NAME was infused intravenously in the absence or presence of L-arginine or
sodium nitroprusside. 5S-HT (0.16 pg min~', 30 min) and PGE;, (79 ngmin~', 30 min)
were infused close intra-arterially, and E. coli STa (10 U ml™!, 30 min) and cholera toxin
(0.5 pgml™, 4 h) were administered intraluminally. Net fluid transport was determined
gravimetrically. The cyclic nucleotides, CAMP and cGMP, were determined in mucosal
scrapings by using commercial kits. PGE, was determined by radioimmunoassay.

Results are given as mean+ SEM and the data were analysed by the two-sample
Student’s t-test or by analysis of variance and Dunnett’s test or the Student-Newman—
Keuls test. Probability values <0.05 were considered significant.

RESULTS AND DISCUSSION
Effects of NO on basal fluid transport

Infusion of saline resulted in net absorption of luminal fluid in all rats. L-NAME dose-
dependently (0.25-50 mg kg'=5.55 pgkg ' min'-1.11 mgkg™ min™') reversed net
absorption to net fluid secretion, whereas infusion of D-NAME in corresponding doses
did not influence control net absorption significantly (Figure 1). Further experiments
with L-NAME were performed at the dose of 0.55 mgkg™' min™'. L-NOARG (0.55
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Figure 1. Effects of infusion of saline ([J), L-NAME (@) and b-NAME (Q) on net fluid
transport in the rat jejunum in vivo. Each point represents the mean+SEM. The figures
indicate the number of experiments; °°p <0.01 compared with saline, " p <0.01 compared with
D-NAME. (From Reference 11 with permission)

mgkg ' min~'), another NO-synthase inhibitor, also elicited net fluid secretion to an
extent similar to the secretion evoked by an equivalent dose of L-NAME (data not
shown).

Infusion of L-arginine (8.88 mgkg™ min™') slightly but not significantly enhanced
net fluid absorption compared with controls (Figure 2). L-Arginine reversed
L-NAME-induced fluid secretion to net absorption. Infusion of sodium nitroprusside
(22.2 pgkg ' min™") showed no effect on control net absorption but also inhibited the
secretory effect of L-NAME (Figure 2).

Effects of NO on PGE,-induced fluid secretion

Close ia infusion of PGE; (79 ngmin~', 30 min) reversed net fluid absorption to net
secretion. Infusion of L-NAME markedly enhanced PGE,-induced fluid secretion.
Administration of L-arginine (8.88 mgkg ' min™' iv) as well as administration of
sodium nitroprusside (22.2 pgkg™ min~! iv) significantly reduced PGE,-induced fluid
secretion (Figure 3).



60 Beubler and Schirgi-Degen

Figure 2. Effects of L-arginine (L-arg) and sodium nitroprusside (SNP) on basal (open
columns) and on L-NAME-influenced (cross-hatched columns) net fluid transport in the rat
jejunum in vivo. Each column represents the mean + SEM. The figures indicate the number of
experiments; °°p<0.01 compared to saline, ""p<0.01 compared with L-NAME. (From
Reference 11 with permission)

Figure 3. Effects of L-NAME, L-arginine (L-arg) and sodium nitroprusside (SNP) on basal
(open columns) and PGE,-influenced (cross-hatched columns) net fluid transport in the rat
jejunum in vivo. Each column represents the mean + SEM. The figures indicate the number of
experiments; °°p<0.01 compared with saline, ""p<0.01 compared with saline plus PGE,.
(From Reference 11 with permission)
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Figure 4. Effects of L-NAME, L-arginine (L-arg), sodium nitroprusside (SNP) and SIN-1 on
net fluid transport in controls (open bars) and on 5-HT fluid secretion (cross-hatched bars).
Each column represents the mean+SEM. The figures indicate the number of experiments;
*p<0.05, ""p<0.01 compared with saline plus 5-HT, **p <0.01 compared with the respective
control.

Effects of NO on 5-HT-induced fluid secretion

Close ia infusion of 5-HT (0.16 pgmin™') for 30 min reversed net fluid absorption to
net fluid secretion. Infusion of L -NAME markedly, though not significantly, enhanced
5-HT-induced net fluid secretion. Infusion of L-arginine (8.88 mgkg™' min™"),
sodium nitroprusside (22.2 pgkg™ min™') and 3-morpholinosydnonimine (SIN-1)
(22.2 pg kg™  min™"), another NO donor, all slightly, but not significantly, enhanced
net fluid absorption compared with controls. All three NO donors, however,
significantly reversed 5-HT-induced fluid secretion to fluid absorption (Figure 4).

Effect of NO on E. coli STa-induced fluid secretion

Intraluminal instillation of E. coli STa (10 Uml™) reversed net fluid absorption to net
secretion. Infusion of L -NAME resulted in a pronounced enhancement of E. coli STa-
induced secretion. Infusion of L-arginine (8.88 mgkg™ min") as well as infusion of
sodium nitroprusside (22.2 pg kg™ min") significantly inhibited E. coli STa-induced
net fluid secretion (Figure 5).
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Figure 5. Effects of iv infusion of saline, L-NAME, L-arginine (L-arg) and sodium nitroprus-
side (SNP) on net fluid transport in controls (open bars) and on E. coli STa-induced fluid
secretion (cross-hatched bars). Each column represents the mean + SEM. The figures indicate
the number of experiments; °p <0.05, °°p<0.01 compared with saline, “p <0.05 compared
with saline plus E. coli STa. (From Reference 11 with permission)

Figure 6. Effects of iv infusion of saline, L -NAME and L -arginine (L-arg) on net fluid transport
in controls (open bars) and cholera-toxin-induced fluid secretion (cross-hatched bars). Each
column represents the mean + SEM. The figures indicate the number of experiments; p <0.05,
**p<0.01 compared with the respective control.
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Effect of NO on cholera-toxin-induced fluid secretion

The 4-h exposure to cholera toxin (0.5 ugml™) caused profuse net fluid secretion.
Intravenous infusion of L -NAME reversed net absorption to net secretion and tended
to enhance the secretory effect of cholera toxin. Infusion of L-arginine (8.88 mg
kg'min~") as well as infusion of sodium nitroprusside (22.2 pgkg™' min™') slightly
enhanced net fluid absorption compared with controls and reduced cholera-toxin-
induced fluid secretion (Figure 6).

Mechanism of action of NO

NO turned out to mediate the proabsorptive tone in the small intestine even in the
conditions when the gut actively secretes fluid after challenge with PGE,, 5-HT or
enterotoxins. The mechanism of action of this proabsorptive effect of NO remains
unexplained. L-NAME did not change cAMP levels or cGMP levels in mucosal
scrapings nor did it enhance luminal PGE; output. The finding that the effect of L-
NAME was inhibited by pretreatment of the rats with indomethacin, however,
suggests the involvement of the cyclo-oxygenase pathway. The observation that, in
Ussing-chamber experiments, stripped preparations reveal a prosecretory role of NO
and full-thickness preparations demonstrate a proabsorptive role of NO implicates the
involvement of myenteric nerves in the NO effect, finally determining the direction of
transport changes. Further experiments will be necessary to evaluate the role of NO in
transport processes under physiological and pathophysiological conditions.
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MECHANISM OF CHOLERA

E. BEUBLER AND A. SCHIRGI-DEGEN
Department of Experimental and Clinical Pharmacology, University of Graz,
Universititsplatz 4, A-8010 Graz, Austria

ABSTRACT

The effect of cholera toxin on intestinal fluid secretion is commonly considered to be mediated by cyclic
adenosine monophosphate. Also, 5-hydroxytryptamine (5-HT), prostaglandin E; (PGE,) and the
action of neuronal structures have been implicated in the pathogenesis of cholera.

To elucidate the role of 5-HT and PGE; in mediating cholera secretion, experiments were performed
in the rat jejunum in vivo. Cholera toxin was administered intraluminally (0.1-0.5 pug/ml™", 1-5 h). 5-
HT receptor antagonists and indomethacin were administered subcutaneously and calcium antagonists
intra-arterially. 5-HT was measured by HPLC and PGE, by radioimmunoassay.

Cholera toxin caused a dose-dependent and time-dependent increase in mean net fluid secretion
with a peak at 4 h. It also caused a dose-dependent release of 5-HT and PGE; into the luminal fluid. The
5-HT, receptor antagonist, ketanserin, and the cyclo-oxygenase inhibitor, indomethacin, both partially
reduced cholera-toxin-induced fluid secretion but not 5-HT release. The 5-HT; receptor antagonists,
tropisetron, ondansetron and granisetron, reduced in a dose-dependent manner and at higher doses
totally blocked cholera-toxin-induced secretion. The most potent blocker was granisetron. Both
nifedipine and verapamil also dose-dependently inhibited cholera-toxin-induced secretion.

In conclusion, our results provide evidence for a predominant role of 5-HT in cholera-toxin-induced
secretion. Our data suggest a model in which cholera toxin may activate the adenylate cyclasecAMP
system in enterochromaffin cells, resulting in 5-HT release. 5-HT then activates 5-HT, receptors, which
cause PGE, formation, as well as 5-HT}3 receptors on neuronal structures. The stimulation of 5-HT,
and 5-HT; receptors leads to profuse secretion, probably via Ca®* as final mediator.

Keywords: cholera toxin; intestinal fluid secretion ; CAMP system, enterochromaffin cells; 5-HT, and 5-
HT; receptors

INTRODUCTION

The diarrhoea of cholera is commonly considered to depend on a cyclic adenosine
monophosphate (c(AMP)-mediated active secretory mechanism. Several other media-
tors have, however, been implicated in the mediation of cholera-toxin-induced
intestinal fluid secretion. In 1970, Bhide and co-workers [1] demonstrated an increase
in 5-HT blood levels in choleraic rabbits. Cholera toxin introduced into the duodenum
of rabbits caused severe degranulation of enterochromaffin cells as revealed by electron
microscopy [2]. From these experiments, a hypothesis was proposed that cholera toxin
stimulates an apical receptor on the enterochromaffin cells and that serotonin and a
polypeptide released by the stimulus may mediate the diarrhoeagenic action of cholera
toxin. After these observations, a lot of evidence accumulated to prove the involvement

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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of 5-HT in the genesis of cholera-toxin-induced fluid and electrolyte secretion. The
involvement of 5-HT in choleraic secretion was proved by inducing tachyphylaxis
against 5-HT in the experimental animals, cats and rats, by intravenous infusion of
increasing doses of 5-HT. In these animals, cholera-toxin-induced secretion was
inhibited [3]. In a histochemical study, cholera toxin was shown to cause a significant
depletion of 5-HT from enterochromaffin cells in the feline small intestine [4].

It has been further suggested that cholera toxin may cause diarrhoea by stimulating
prostaglandin (PG) synthesis [S]. This concept is supported by the observations that
cholera toxin is apparently associated with increased local PG synthesis [6-9] and that
PG-synthetase inhibitors impair the secretory effect of cholera toxin [10-13]. The
finding that indomethacin in some studies has been reported to inhibit cholera-toxin-
induced secretion but not mucosal cAMP accumulation [13,14] favours the notion that
PGs may play a primary role in the secretory mechanism. This view is supported by the
observation that low concentrations of PGs exert a secretory effect by facilitating the
entry of calcium into the cell, rather than by stimulating the adenylate cyclase-cAMP
system [15]. On the other hand, PGE, has been shown to be an important intermediate
in the transduction mechanism which leads to 5-HT-induced intestinal secretion [15].

This review summarizes the results of several papers which aimed to elucidate the
role of 5-HT and prostaglandin PGE, in mediating cholera secretion.

METHODS

The experiments were performed in a tied-off loop model in the rat jejunum in vivo.
Net fluid transfer rates were determined gravimetrically after the instillation of
Tyrode’s solution into the gut lumen. Cholera toxin was administered intraluminally
(0.1-0.5 pgml™, 1-5 h). 5-HT receptor antagonists and indomethacin were adminis-
tered subcutaneously and calcium antagonists intra-arterially. 5-HT was measured by
HPLC, and PGE, by radioimmunoassay. CAMP was measured in mucosal scrapings
with a cAMP assay kit. Sodium and potassium were determined by flame photometry
and chloride was measured in a chloride meter. The experiments in each series were
performed in balanced blocks. The results were given as mean+SEM and the data
were analysed by the two-sample Student’s #-test or by using analysis of variance and
Duncan’s multiple range test. Probability values <0.05 were considered significant.

RESULTS AND DISCUSSION

In the rat jejunum in vivo, cholera toxin dose-dependently increased intestinal fluid
(Figure 1) and electrolyte secretion as well as luminal 5-HT (Figure 2) and
prostaglandin E, output (Figure 3) [16,17]. The dose-response curve for cholera-
toxin-induced fluid secretion was shifted to the right by ketanserin and by indometha-
cin, neither of which caused a change in cholera-toxin-induced release of 5-HT;
however, both reduced the release of PGE, [16]. The 5-HTj; blocker, tropisetron, also
partially inhibited cholera-toxin-induced fluid secretion in these experiments. A
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Figure 1. Dose-response relationship for the effect of cholera toxin (4 h) on net fluid transport
in the rat jejunum in vivo. Each point represents the mean+SEM. The figures indicate the

number of experiments; °°p <0.01 compared with control. (From Reference 16 with permis-
sion)

Figure 2. Dose-response relationship for the effect of cholera toxin (4 h) on luminal 5-HT
output in the rat jejunum in vivo. Each point represents the mean + SEM. The figures indicate

the number of experiments; °p <0.05, °°p <0.01 compared with control. (From Reference 17
with permission)
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Figure 3. Dose-response relationship for the effect of cholera toxin (4 h) on luminal PGE,
output in the rat jejunum in vivo. Each point represents the mean + SEM. The figures indicate
the number of experiments; °p <0.05, °>p <0.01 compared with control. (From Reference 16
with permission)

Figure 4. Effects of ketanserin, tropisetron and the combination of ketanserin plus tropisetron
on cholera-toxin-induced net fluid secretion in the rat jejunum in vivo. Each point represents
the mean + SEM. The figures indicate the number of experiments; **p <0.01 compared with
cholera toxin (CT); °p<0.05, °°p<0.01 compared with cholera toxin in the presence of
ketanserin plus tropisetron (From Reference 17 with permission)



Mechanism of Cholera 69

Figure 5. Effects of verapamil and nifedipine on cholera-toxin-induced fluid secretion in the rat
jejunum in vivo. Each point represents the mean+SEM. The figures indicate the number of
experiments; **p<0.01 compared with cholera toxin plus saline (O, 0). (From Reference 16
with permission)

combination of ketanserin and tropisetron completely abolished choleraic secretion,
indicating the involvement of 5-HT, and 5-HT; receptors in the mediation of the
secretory response to cholera toxin [17] (Figure 4). Furthermore, the calcium-channel
blockers verapamil and nifedipine also dose-dependently inhibited the secretory effect
of cholera toxin (Figure 5) [16]. Cholera toxin enhanced mucosal CAMP levels by
about 70% in this study. The combination of ketanserin plus tropisetron, which totally
abolished the secretory effect of cholera toxin (Figure 4) [17], failed to influence
elevated cCAMP levels (Figure 4) [18]. Similarly, the calcium-channel blocker,
verapamil, which also abolished cholera-toxin-induced secretion, did not influence
elevated CAMP levels. Because the stimulation of the adenylate cyclase in enterochro-
maffin cells results in 5-HT release from these cells [18,20], the elevated CAMP levels
may indicate that cholera toxin causes serotonin release from enterochromaffin cells
via this mechanism.

Observations concerning the involvement of 5-HT in cholera-toxin-induced secre-
tion were also obtained in other species: in dogs with chronic Thiry-Vella loops,
intraluminally administered cholera toxin significantly increased jejunal output and
effluent concentration of 5-HT [21]. Circulating serotonin levels did not change and the
5-HT, receptor antagonist, ketanserin, failed to inhibit cholera-toxin-induced secretion
in these experiments. In mice, ketanserin and tropisetron reduced cholera-toxin-
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Figure 6. Effects of ondansetron and granisetron on cholera-toxin-induced fluid secretion in
the rat jejunum in vivo. Each point represents the mean+ SEM. The figures indicate the
number of experiments; = p<0.01 compared with cholera toxin alone. (From Reference 24
with permission)

induced intestinal fluid accumulation [22]. The inhibitory effect of tropisetron was also
partly confirmed in a conscious rat model [23].

In a further investigation, dose-response curves of the different 5-HT antagonists,
ketanserin, tropisetron, ondansetron and granisetron, were compared concerning their
inhibitory potency on 5-HT- and cholera-toxin-induced secretion [24]. The named 5-
HT antagonists all dose-dependently inhibited 5-HT-induced fluid secretion in the rat
jejunum in vivo. Ketanserin dose-dependently, but even at the highest dose of 2 mg kg™
only partially, inhibited the secretory effect of cholera toxin. Tropisetron, ondansetron
and granisetron all dose-dependently inhibited cholera-toxin-induced secretion, gran-
isetron revealing total inhibition at only 10 pg kg™ (Figure 6) [24]. The observation that
5-HT, receptor antagonists are more potent in inhibiting enterotoxin-induced fluid
secretion than 5-HT, receptor antagonists implicates the involvement of 5-HT;
receptors on enterochromaffin cells, the blockade of which lowers 5-HT release [25]. It
is therefore suggested that 5-HT; receptors located on enterochromaffin cells and on
certain nervous structures are more important in mediating fluid secretion than 5-HT,
receptors, which are located on the epithelial cell.

In another study in the anaesthetized rat, granisetron and ondansetron markedly
diminished cholera-toxin-evoked secretion, whereas ketanserin was without any effect
[26]. The selective 5-HT; receptor antagonist, Y-25130, which dose-dependently
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inhibited net fluid secretion induced by 5-HT, also inhibited net fluid secretion induced
by cholera toxin in rats [27]. So did granisetron and, to a lesser extent, ondansetron in
the same study. Similar results supporting the involvement of 5-HT in cholera-toxin-
induced secretion were obtained by using 5-HT antagonists to reduce cholera-toxin-
induced hypersecretion in pig jejunum [28].

In human volunteers, cholera toxin caused an increase in serum 5-HT levels [29] and
secretion of 5-HT into the gut lumen [30]. 5-HT antagonists, however, were without
inhibitory effect on cholera-toxin-induced secretion in human volunteers [31].

In conclusion, our results provide evidence for a predominant role of serotonin in
cholera-toxin-induced secretion. Our data suggest a model in which cholera toxin may
activate the adenylate cyclase~cAMP system in enterochromaffin cells, resulting in 5-
HT release. 5-HT then activates 5S-HT, receptors which cause PGE, formation, and 5-
HT; receptors on neuronal structures. Stimulation of both 5-HT, and 5-HTj receptors
finally leads to the profuse fluid secretion that can be totally blocked by the
combination of 5-HT, and 5-HT}; blockers.

ACKNOWLEDGEMENTS

This work was supported by the Austrian Scientific Research Funds Nos. 3630, 4920,
6087, 7877 and 10007.

REFERENCES

1. Bhide MB, Aroskar VA, Dutta NK. Release of active substances by cholera toxin. Indian J Med Res.
1970,58:548-50.

2. Osaka M, Fujita T, Yanatori Y. On the possible role of intestinal hormones as the diarrhoeagenic
messenger in cholera. Virchows Arch B Cell Pathol. 1975;18:287-96.

3. Cassuto J, Jodal M, Tuttle R, Lundgren O. 5-Hydroxytryptamine and cholera secretion. Physiological
and pharmacological studies in cats and rats. Scand J Gastroenterol. 1982;17:695-703.

4. Nilsson O, Cassuto J, Larsson PA et al. 5-Hydroxytryptamine and cholera secretion: a histochemical
and physiological study in cats. Gut. 1983;24:542-8.

5. Bennett A. Cholera and prostaglandins. Nature. 1971;231:536.

6. Okpako D. Prostaglandins and cholera: the occurrence of prostaglandin-like smooth muscle contract-
ing substances in cholera diarrhoea. Prostaglandins. 1975;10:769-77.

7. Speelmann P, Rabbani GH, Bukhave K, Rask-Madsen J. Increased jejunal prostaglandin E,
concentrations in patients with acute cholera. Gut. 1985;26:188-93.

8. Bedwani JR, Okpako D. Effects of crude and pure cholera toxin on prostaglandin release from the
rabbit ileum. Prostaglandins. 1975;10:117-27.

9. Tothill A. Prostaglandin E,: a factor in the pathogenesis of cholera. Prostaglandins. 1975;10:117-27.

10. Jacoby HI, Marshall CH. Antagonism of cholera enterotoxin by anti-inflammatory agents in the rat.

Nature. 1972;235:163-4.

. Finck AD, Katz RL. Prevention of cholera-induced intestinal secretion in the cat by aspirin. Nature.

1972;238:273-4.

12. Gots RE, Dormal SB, Giannella RA. Indomethacin inhibition of Salmonella typhimurium, Shigella
flexneri and cholera-mediated rabbit ileal secretion. J Infect Dis. 1974;130:280-4.

13. Wald A, Gotterer GS, Rajendra GR, Turjman NA, Hendrix TR. Effect of indomethacin on cholera-
induced fluid movements, unidirectional sodium fluxes and intestinal cAMP. Gastroenterology.
19777,72:106-10.

—
—



72 Beubler and Schirgi-Degen

14. Wilson DE, El Hindi S, Tao P, Poppe L. Effects of indomethacin on intestinal secretion, prostaglandin
E and cyclic cAMP. Evidence against a role for prostaglandins in cholera toxin-induced secretion.
Prostaglandins. 1975;10:581-7.

15. Beubler E, Bukhave K, Rask-Madsen J. Significance of calcium for the prostaglandin E,-mediated
secretory response to 5-hydroxytryptamine in the small intestine of the rat in vivo. Gastroenterology.
1986;90:1972-7.

16. Beubler E, Kollar G, Saria A, Bukhave K, Risk-Madsen J. Involvement of 5-hydroxytryptamine,
prostaglandin E,, and cyclic adenosine monophosphate in cholera toxin-induced fluid secretion in the
small intestine of the rat in vivo. Gastroenterology. 1989;96:368-76.

17. Beubler E, Horina G. 5-HT, and 5-HT; receptor subtypes mediate cholera toxin-induced intestinal
fluid secretion in the rat. Gastroenterology. 1990;99:83-9.

18. Forsberg EJ, Miller RJ. Regulation of serotonin release from rabbit intestinal enterochromaffin cells. J
Pharmacol Exp Ther. 1983;227:755-66.

19. Schworer H, Racke K, Kilbinger H. Spontaneous release of endogenous 5-hydroxytryptamine and 5-
hydroxyindoleacetic acid from the isolated vascularly perfused ileum of the guinea-pig. Neuroscience.
1987;21:297-303.

20. Racke K, Schworer H, Kilbinger H. Adrenergic modulation of the release of 5-hydroxytryptamine
from the vascularly perfused ileum of the guinea-pig. Br J Pharmacol. 1988;95:923-31.

21. Larosa CA, Sherlock D, Kimura K, Pimpl W, Money SR, Jaffe BM. The role of serotonin in the canine
secretory response to cholera toxin in vivo. J Pharmacol Exp Ther. 1989;251:71-6.

22. Buchheit KH. Inhibition of cholera toxin-induced intestinal secretion by the 5-HT receptor antagonist
ICS 205-930. NS Arch Pharmacol. 1989;339:704-5.

23. Ku P, Lee CH, Smith WL, Jett MF. Effect of 5-hydroxytryptamine agonists and antagonists on cholera
toxin-induced intestinal fluid accumulation in conscious rats. Proc West Pharmacol. 1992;35:221-6.
24. Beubler E, Schirgi-Degen A, Gamse R. Inhibition of 5-hydroxytryptamine- and enterotoxin-induced
fluid secretion by 5-HT receptor antagonists in the rat jejunum. Eur J Pharmacol. 1993;248:157-62.
25. Gebauer A, Merger M, Kilbinger H. Modulation by 5-HT; and 5-HT, receptor of the release of 5-

hydroxytryptamine from the guinea-pig small intestine. NS Arch Pharmacol. 1993;347:137-40.

26. Sjoqvist. A, Cassuto J, Jodal M, Lundgren O. Actions of serotonin antagonists on cholera-toxin-
induced intestinal fluid secretion. Acta Physiol Scand. 1992;145:229-37.

27. Ooe M, Asano K, Haga K, Setoguchi M. Effect of Y25130, a selective 5-HT; receptor antagonist, on
the intestinal fluid secretion in rats. Nippon Yakurigaku Zasshi. 1993;101:299.

28. Hansen MB, Skadhauge E. Combination of ketanserin and granisetron reduce cholera toxin-induced
hypersecretion in pig jejunum. Scand J Gastroenterol. 1994;29:908-15.

29. Thillainayagam AV, Dias JA, Schirgi-Degen A, Beubler E, Clark ML, Farthing MJG. Supportive
evidence that 5-hydroxytryptamine (5-HT) is a mediator of cholera toxin (CT) induced secretion in
man. Gastroenterology. 1991;100:A706.

30. Bearcroft CP, Taylor TM, Perrett D, Farthing MJG. 5-Hydroxytryptamine release into human jejunum
by cholera toxin. Gastroenterology. 1992;102:A199.

31. Eherer AJ, Hinterleitner TA, Petritsch W, Holzer-Petsche U, Beubler E, Krejs GJ. Effect of 5-
hydroxytryptamine antagonists on cholera toxin induced secretion in the human jejunum. Eur J Clin
Gastroenterol. 1994;24:664.

Manuscript received 12 Oct. 95.
Accepted for publication 31 Oct. 95.



TS Gaginella et al. (eds.), Biochemical Pharmacology as an Approach to Gastrointestinal Disorders, 73-82
© 1997 Kluwer Academic Publishers.

CRITICAL EVALUATION OF ACINAR, DUCTAL, VASCULAR
AND INTESTINAL INTRALUMINAL FACTORS
INFLUENCING PANCREATIC CYTOPROTECTION

M. PAPP, B. BURGHARDT, K. KISFALVI AND G. VARGA*

Institute of Experimental Medicine, Hungarian Academy of Sciences, 1450 Budapest,
PO Box 67, Hungary

*Correspondence

ABSTRACT

This paper gives a brief survey on adaptive pancreatic cytoprotection and vasoprotection in the
framework of which noxious agents and factors of defensive mechanism are made known and critically
evaluated. In development of acute pancreatitis, intra-acinar redistribution of lysosomal hydrolases,
colocalization of digestive and lysosomal enzymes, escape of digestive and lysosomal enzymes from
pancreatic ductal system into the interstitium, inflammatory modulators released from macrophages
and evoking local inflammation, ischaemia, and furthermore feedback regulation of pancreatic
secretion can be regarded as motives. Factors of defensive mechanism include prostaglandins, nitric
oxide and unobstructed juice flow which promote the repair of injured membranes in acinar and
vascular endothelial cells, respectively. Their whole sum may be called adaptive pancreatic cyto- and
vasoprotection or pancreatic ‘self-defence mechanism’.

Keywords: pancreatic, adaptation, cytoprotection, vasoprotection, inflammatory mediators, nitric
oxide, intestinal luminal factors

INTRODUCTION

The aim of this overview is to direct attention to some pathogenic agents which may
cause acute pancreatitis (AP) and discuss some aspects of the rapid adaptive or
cytoprotective mechanisms of action against these agents. The original concept of
cytoprotection implies prostaglandins (PG) in short-term adaptation of gastric
epithelium, or in other words rapid gastric mucosal repair [1]. Later, this concept was
widened and extended to other organs: exogenous prostaglandins evoke direct
cytoprotection, and release of endogenous prostaglandins results in adaptive cytopro-
tection [2—4]. Preservation of vascular integrity is called vasoprotection in which
release of nitric oxide can be assigned [5] (Figure 1).

Nitric oxide (NO) is a mediator by which macrophages exert their cytotoxic activity
against, among others, micro-organisms. Activation of macrophages results in
expression of NO-synthase (Figure 2). This enzyme converts L -arginine to L -citrulline
and NO [5]. Vasoactive agents (like acetylcholine, kinins, histamine, etc.) acting on

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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Figure 3. Relationship between vasoactive agents and nitric oxide

superficial receptors of vascular endothelial cells, release NO which evokes relaxation
of vascular smooth muscle cells. NO is thought to be an endogenous vasodilator
(Figure 3). It inhibits platelet aggregation, adherence of neutrophils to endothelium
and, by these means, release of inflammatory modulators [2,5].

Within the framework of pancreatic cytoprotection and vasoprotection, pathogenic
and protective factors in AP are discussed in relation to acinar-enzymatic, ductal-
interstitial, vascular and intestinal luminal components [6,7].

ACINAR-ENZYMATIC COMPONENTS

In most recent investigations, hyperstimulation of the exocrine pancreatic function by
the CCK-analogue, octapeptide caerulein, is used to induce AP.

The most characteristic feature of this AP is glandular oedema. Ultrastructure of
early cellular and subcellular events reveals development of intra-acinar enlarged
secretory and large autophagic vacuoles which contain both digestive and lysosomal
enzymes as a result of fusion of condensing vacuoles and zymogen granules. Due to the
co-localization and interaction of digestive enzyme zymogens and lysosomal hydro-
lases, e.g. cathepsin B, inactive trypsinogen is activated to active trypsin which leads to
acinar cell necrosis [8-10]. However, the pancreas regenerates in hormone-induced AP
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within 6 days [9] and the acinar cell destruction never leads to haemorrhagic necrotic
AP [11]. In ex-vivo isolated and perfused canine pancreas, intra-arterial caerulein
infusion produced depletion of zymogen granules, formation of condensing vacuoles
and basolateral exocytosis. The ex-vivo perfused canine pancreatitis model seems to be
morphologically and biochemically identical to findings seen in an in-vivo model [12].
In vitro, a supramaximal concentration of caerulein evoked cathepsin B redistribution
in a subcellular fraction of rat pancreas only when it was combined with blood plasma
from a rat exposed in vivo to supramaximal caerulein stimulation. This phenomenon
was attributed to a 10-30 kDa plasma protein and its effect was abolished by a
protease inhibitor [13]. Extraluminal trypsinogen activation was demonstrated with a
direct test of trypsin activation measuring the trypsinogen activation peptide. This
peptide is released when trypsinogen is activated to trypsin. Tissue and plasma
concentration of this peptide rises significantly in different AP models in rodents [14].

By contrast with the aforementioned, colocalization of digestive and lysosomal
enzymes is absent in AP of opossums induced by pancreatic duct ligation [15].
Induction of AP results in the rapid and massive rearrangement of the pattern of gene
expression [16].

Ethanol is the best known inducer of human AP. It increases the fragility of zymogen
granules without morphological evidence of glandular injury by permitting contact
between digestive and lysosomal hydrolases [17]. So far, it is suspected that elastase
destroys the vessel walls in AP. It has been published, however, that active elastase
cannot be a principal factor in AP of pigs while its inhibition capacity is higher in
biological fluids than that of trypsin [18]. Reduction of pancreatic digestive enzyme
stores seems to be protective in AP of rats [11,19].

In different models of experimental AP in the rat, an acute-phase protein can be
detected in large amounts in the pancreas. It is synthesized in the rough endoplasmic
reticulum and stored in zymogen granules. Its molecular weight is 12 kDa [20], and the
pathogenic role of such protein has been mentioned before [13].

Inhibition of trypsin activity is believed to block the enzymatic chain reaction related
to activation of zymogen of digestive enzymes. Urinary trypsin inhibitor, as well as
other new synthetic protease inhibitors, such as E3123 [21] and ONO3307 [22], applied
before and during caerulein-induced AP in rats, each exert cytoprotective effects by
stabilizing lysosomal membranes and preventing redistribution of lysosomal enzymes.
Although the low molecular weight protease inhibitor ONO3307 and PG are each
effective in secretagogue-evoked AP, as stabilizers of lysosomal membranes, their
combination is greater and more effective against pancreatic injury [22].

PGE, inhibits CCK-8-, bombesin-, carbachol-, VIP- and secretin-stimulated amy-
lase secretion from isolated rat pancreatic acini. This function is mediated via specific
receptors for PGE [23,24]. On the other hand, intragastric administration of a
synthetic analogue of PGE, increases pancreatic enzyme secretion while its intrave-
nous administration counteracts it in the conscious rat. This effect is not influenced by
CCK-antagonist, secretin antibody or bilateral vagotomy, but is completely inhibited
by atropine showing the role of gastropancreatic reflex in this phenomenon [25]. In the
very early phase of sodium taurocholate-induced pancreatitis, glandular tissue levels of
some PGs (E,, D,) increase significantly, while PGE, remains unchanged [26]. PGE,,
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but not PGE,, prevents dose-dependently the redistribution of cathepsin B and the
intra-acinar increase in amylase and trypsin in secretagogue-induced AP in rats [27].
Other authors find that PGE; is protective in taurocholate-evoked pancreatitis in the
rat [28]. PGE, decreases pancreatic oedema induced by a supramaximal dose of
caerulein and inhibits secretion-stimulated pancreatic secretion in the rat [29]. In the
early phase of sodium taurocholate treatment of rats, PGE, counteracts, while
superoxide dismutase partially influences the conversion of xanthine dehydrogenase
to xanthine oxidase and, by this means, the subsequent production of free radicals
which may extend damage of acinar parenchyma [30].

INFLAMMATORY MEDIATORS

Inflammatory mediators are regarded as markers of severity of AP or common
effectors of acinar cell damage [31]. Markers of severity of AP are: C-reactive protein,
interleukin-6, polymorphonuclears, elastase, trypsin activation peptide and urinary
immunoglobulin G (Figure 4). Suspected mediators of AP are tumour necrosis factor-
a, phospholipase A,, a rate-limiting enzyme in prostaglandins, and platelet-activating
factor formation (Figure 5). Adhesion molecules facilitate leucocyte migration, oxygen
free radicals and mediate tissue damage. Finally, some authors suppose that AP is a
result of an ischaemia—reperfusion injury [31,32].

Blockade of tumour necrosis factor (TNFa) by anti-TNFa antibody, in contrast with
the expected findings, increases oedema formation in caerulein-induced AP [33].
Inflammatory mediators seem to be important in sepsis or in septic complications of
AP. They participate in induction of local or systemic acute-phase response, rather
than in onset of AP.

— C-reactive protein

— Interleukin-6

— Polymorphonuclear elastase

— Trypsinogen activation peptide
— Urinary immunoglobulin G

Figure 4. Inflammatory markers of severity of acute pancreatitis
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— Tumour necrosis factor alpha

— Phospholipase A2
(formation of prostaglandin and
platelet activating factor)

— Platelet activating factor
(activated endothelial cells)

— Adhesion molecules
(leukocyte migration)

— Cytokines
(released by endothelial cells)

— Oxygen free radicals

— Hypoperfusion ,
(ischaemia-reperfusion injury)

Figure 5. Inflammatory mediators of acute pancreatitis

DUCTAL AND INTERSTITIAL FACTORS

In different models of AP, both basal and CCK-stimulated pancreatic secretion are
reduced. Recovery of secretory capacity takes longer in necrotizing than in oedema-
tous AP [34]. Caerulein stimulates the secretion of both amylase and cathepsin B in
pancreatic juice of rats and rabbits. Significantly more cathepsin B is secreted in
pancreatic juice evoked by stimulation when the temporary ductal obstruction is
released. The lysosomal enzymes seem to be present in zymogen granules under
normal conditions [35,36]. The epithelium lining pancreatic ducts is the main barrier
[37] preventing the secreted enzymes from entering pancreatic interstitium and coming
into contact with acinar cells. The increase in ductal permeability induced by different
agents helps the initiation of experimental AP [38]. Transient ductal ligation decreases
protein synthesis and output in the rat [39]; when pancreatic ducts are ligated
pancreatic oedema develops. Digestive enzyme activity in oedema interstitial fluid
reaches 20-30% of the stimulated pancreatic juice collected before duct ligation [40].
Digestive enzymes may reach the pancreatic interstices at the basolateral membranes
too [41]. These findings are important because pancreatic oedema is thought to be the
first stage of acute pancreatic necrosis [42].
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VASCULAR FACTORS

It is suspected that vasoactive agents, like acetylcholine, kinins and histamines, release
nitric oxide (NO) from the vascular endothelial cells; NO relaxes vascular smooth
muscle cells, evoking vasodilatation [2,5]. Caerulein increases pancreatic blood flow
(PBF) [43]. The specific NO synthase inhibitor (LNNA; N-omega-nitro-L -arginine)
inhibits completely the caerulein-induced increase in PBF but this inhibition is
reversed by L-arginine in rats [44]. LNNA causes a significant reduction in canine
PBF [45] and decreases the secretin plus cholecystokinin-stimulated pancreatic
secretion [45,46].

In experimental AP, pancreatic blood flow decreases and pancreatic ischaemia
develops [47,48]. In AP, changes of intrapancreatic vascular pattern are: early
dilatation of pancreatic capillaries followed by increased permeability, with extravasa-
tion of plasma resulting in capillary stasis. Obstruction of the pancreatic duct system
results in pancreatic oedema, which slows capillary blood flow and leads to ischaemia,
haemorrhages and venous congestion [47]. Both vasoactive substances and inflamma-
tory mediators which are released in the inflamed pancreas take part in the production
of local and systemic vascular changes and inflammatory reactions. Such inflammatory
mediators can be demonstrated in pancreatic exudate, pancreatic venous and periph-
eral blood [31,47,48]. Ischaemia aggravates, but does not initiate pancreatitis [47,48].
Arterial hypotension aggravates histological damage in experimental haemorrhagic
pancreatitis in rats [49] and accelerates lysosomal and mitochondrial fragility [50].
Hypovolaemia exerts a deleterious effect on the pancreas [51]. Concentration of
vasoactive substances, like kallikrein, bradykinin and PGE,, increases gradually after
induction of AP in portal venous blood; bradykinin reduces PBF [52,53].

In acute endotoxaemia, inhibition of NO synthesis by LNNA decreases perfusion of
the pancreas in rats [54]. NO may damage pancreatic islet cells and the cells can be
protected by LNNA which inhibits the generation of NO by activated macrophages
[55].

INTESTINAL LUMINAL FACTORS

Reduction in the secretion of pancreatic enzymes is mediated by the presence of
digestive enzymes in the duodenum. The process is termed negative feedback
regulation [56]. As the concentration of enzymes in the duodenum increases, proteases
in the upper small intestine suppress pancreatic exocrine secretion. Suppression of the
exocrine secretion by proteases is attributed to restrained release of CCK and secretin
[56]. Release of CCK and secretin are mediated by peptides secreted from mucosal
cells into the intestinal lumen. These peptides are inactivated by pancreatic proteases,
mainly by trypsin [57,58]. As a consequence, when proteases are inactivated or are
absent from the duodenal lumen - for example by diversion of pancreatic juice - both
CCK and secretin plasma levels increase and they enhance pancreatic secretion [59].
In relapsing chronic pancreatitis, failure of enzyme secretion and its elimination
from the duodenum, due to obstructed outflow of the juice, does occur. In therapy of
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relapsing chronic pancreatitis, the goals of treatment are pain relief and control of
maldigestion by administration of enzyme replacement therapy. Enzyme preparations
in the form of enteric-coated microspheres in hard gelatine capsules and combined
with prostaglandins have a significant advantage over commercial enzyme prepara-
tions: they improve maldigestion and pain relief by diminishing the secretion of juice
and, in this way, decrease the pain induced by distension of the pancreatic ductal
system [60]. Enzyme preparations alone with proteolytic activity seem to control
pancreatic secretion [61]. However, application of pure proteases or enzymes in high
concentrations of proteases as a treatment seems to be ineffective [62] in the treatment
of chronic pancreatitis.

CONCLUSIONS

The total sum of agents promoting rapid repair of injured pancreatic acinar, ductal and
vascular membranes constitutes the basis of pancreatic cyto- and vasoprotection which
may be called the pancreatic ‘self-defence mechanism’ [40].
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PEPTIDE RECEPTOR ANTAGONISTS AND MONOCLONAL
ANTIBODIES RAISED AGAINST PEPTIDES: TOOLS TO
STUDY PHYSIOLOGICAL REGULATION OF PANCREATIC
FUNCTION
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Budapest, Hungary

ABSTRACT

This work is an attempt to demonstrate the applicability of peptide antagonists and monoclonal
antibodies for blocking certain regulatory elements of pancreatic function in vivo. Data from the
experiments using these tools suggest that circulating CCK, indeed, is a primary factor in regulating
pancreatic enzyme secretion acting on CCK-A receptors in rats. Bombesin-like peptides play a minor
role in mediating pancreatic function under physiological conditions, although gastrin-releasing
peptide-preferring receptors are located on pancreatic acini. Immunoneutralization of circulating
somatostatin led to an increased pancreatic secretory response to CCK stimulation, suggesting an
inhibitory role of endogenous somatostatin. Receptor antagonists that antagonize the actions of
galanin in the central nervous system, behaved as partial agonists of the peptide on the exocrine
pancreas. Therefore, these antagonists are not suitable for evaluation of the physiological role of
galanin in this organ. In conclusion, regulation of exocrine pancreatic function is complex, involving
several bioactive peptides, and this control is not completely understood, as yet. Selective receptor
antagonists and monoclonal antibodies are useful tools to identify the role of bioactive peptides in this
function.

Keywords: pancreas, regulation, antagonist, immunoneutralization, CCK, bombesin, somatostatin,
galanin

INTRODUCTION

It is now well established that cholecystokinin (CCK) exerts a major role in the
physiological regulation of pancreatic enzyme secretion, but the role of other putative
peptide regulators, such as gastrin, bombesin-like peptides, somatostatin and galanin,
is less clear [1]. A specific approach to evaluate the importance of bioactive peptides in
the physiological regulation of pancreatic exocrine function is that specific blockade of
the binding of the peptide to its receptor should lessen or abolish the biological
function to endogenous stimulants thought to act through the release of the given
peptide. Immunoneutralization (i.e. administration of specific, high-affinity antibodies)
is one approach to this [2], but the use of a specific and competitive receptor blocker is
generally better. Unfortunately, clear definition of the role of bioactive peptides in the
physiology of pancreatic enzyme secretion has long been hampered by the lack of

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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specific and potent receptor antagonists. The availability of such compounds [3-5] has
stimulated a broad array of investigations into the physiological actions of bioactive
substances and examination of their putative role in certain diseases. In a series of our
experiments, selective receptor blockade by CCK/gastrin, bombesin, and galanin
receptor antagonists, as well as immunoneutralization of circulating CCK and
somatostatin were achieved while pancreatic enzyme secretion was evaluated in
different in-vivo and in-vitro test systems.

CHARACTERIZATION OF PEPTIDE RECEPTOR ANTAGONISTS

Application of selective peptide antagonists in physiological experiments can be
performed only after careful characterization of the antagonists both in vivo and in
vitro. As an example, the following investigation with two CCK antagonists is
described. The effect of two recently developed pentanoic acid derivatives, namely
dexloxiglumide (Dex) [6,7] and spiroglumide (Spiro) [7,8] (both gifts of Dr L. Rovati,
Rotta Research Laboratorium, Monza, Italy), on pancreatic enzyme secretion, gastric
emptying and secretion, as well as their selectivity towards CCK-A and CCK-B
receptors in vivo, was studied in the rat.

Pancreatic enzyme secretion was studied in urethane-anaesthetized rats supplied
with a jugular vein catheter and pancreatic cannula. Gastric emptying and acid
secretion were measured in conscious rats surgically prepared with jugular vein and
gastric cannulas. Emptying of 1% methylcellulose was evaluated using phenol red as a
non-absorbable colour marker. Gastric acid was collected in 30-min periods, and
acidity of samples was determined by titration.

The putative CCK-A receptor antagonist, Dex, administered by the intravenous
route, was able to inhibit CCK-8-induced pancreatic enzyme secretion and delay of
gastric emptying in a dose-dependent fashion, with IDsos of 0.64 and 1.14 mg/kg iv
bolus, respectively. Similarly, the putative CCK-B/gastrin antagonist, Spiro, proved to
be capable of inhibiting dose-dependently pentagastrin-induced (16 ugkg™ h™') acid
hypersecretion, its IDso being 20.1 mg/kg. On the other hand, Dex, at doses able to
almost completely block CCK-A-mediated effects (i.e. delay of gastric emptying), was
ineffective against pentagastrin-induced acid hypersecretion. Similarly, Spiro, at doses
which inhibit by 55% CCK-B/gastrin-mediated effects (i.e. acid secretion), was inactive
when tested against CCK-8-induced delay of gastric empyting. Table 1 summarizes the
effect of the antagonists during agonist administration.

These results demonstrate that dexloxiglumide is a selective antagonist for CCK-A
receptors whereas spiroglumide is selective for CCK-B/gastrin receptors. The observa-
tions are in line with findings of other authors [6,8]. These compounds are therefore
useful tools for discriminating between different subclasses of CCK receptors in vivo.

In the following investigation, the effect of Dex on gastric and pancreatic adaptation
in response to both exogenous and endogenous CCK was studied in rats. Caerulein (1
pg/kg sc, three times daily) was used as a CCK agonist whereas camostate (200 mg/kg
ig, once daily), a potent trypsin inhibitor, was employed as an endogenous CCK
releaser. These compounds were administered to rats alone or in combination with Dex
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TABLE 1

Effect of dexloxiglumide (Dex, 7.5 mg/kg iv) and spiroglumide (Spiro, 25 mg/kg iv) on CCK-
stimulated pancreatic amylase secretion, CCK-evoked delay of gastric emptying and
pentagastrin-stimulated gastric acid secretion

Treatment Amylase output Gastric emptying Acid output
(U/30 min) (% delay) (nEq/30 min)
Saline 1241 +251 46.91+4.0 222 +31
Dex 219+33* 524+1.5* 198 +25
Spiro 1589 +354 41.2+53 111410*

*p <0.01 vs saline

TABLE 2
Effect of dexloxiglumide (Dex, 25 mg/kg sc) on caerulein- (1 pug/kg sc) and camostate- (200
mg/kg ig) induced pancreatic growth in rats

Treatment Pancreas Pancreas Pancreas
weight DNA protein
Caerulein 125+ 5% 124 +6* 151 +9*
Caerulein + Dex 101+6 108 +7 108+5
Camostate 159 +6* 126 +8* 1734+ 7*
Camostate + Dex 112+6 10049 128 + 6*

1% of control; *p <0.01 vs control

(25 mg/kg sc, 20 min before each stimulation) for one week. Rats were then sacrificed,
and the gastric corpus and antrum, as well as the pancreas, were excised, weighed and
analysed for tissue DNA and protein contents. Neither exogenous nor endogenous
CCK affected growth of the corpus and the antrum of the stomach but both caerulein
and camostate treatment resulted in pancreatic hypertrophy and hyperplasia (Table 2).
Dex suppressed both caerulein- and camostate-induced increases in pancreatic weight,
DNA and protein contents (Table 2).

Our results demonstrate the ability of Dex to antagonize the growth-promoting
effects of both exogenous and endogenous CCK on the pancreas, and confirm early
observations [9] that CCK induces pancreatic growth through activation of CCK-A
receptors. In conclusion, results from our laboratories demonstrate that dexloxiglu-
mide is a selective and competitive CCK receptor antagonist. With this compound,
direct evidence was provided for the presence of specific CCK receptors (of the A
subtype) in rat exocrine pancreas and of their involvement in both secretory and
trophic actions of the hormonal peptide. Dexloxiglumide, therefore, can be considered
a useful tool for characterizing CCK-receptor interactions in peripheral organs.
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USE OF CCK IMMUNONEUTRALIZATION AND SELECTIVE CCK-A
RECEPTOR ANTAGONIST TO DIFFERENTIATE BETWEEN ENDOCRINE
AND NON-ENDOCRINE ACTIONS

In the next set of experiments we used well-characterized antagonists and antibodies in
physiological studies. Previous work had revealed that CCK-A blockade inhibits the
pancreatic secretory response to food intake [10] and induces an increased intake of
food [11].

A CCK monoclonal antibody (CCK MADb) was used to immunoneutralize CCK to
test the hypothesis that endogenous CCK stimulates pancreatic enzyme secretion and
produces satiety by an endocrine mechanism [12]. We first characterized the effect of
CCK MAD on pancreatic secretion. Conscious rats with jugular vein and bile-
pancreatic duct cannulas received CCK MAD or control antibody intravenously 30
min before a 2-h maximal dose of CCK-8 (200 pmol kg™ h™") or access to food. CCK
MAD caused a dose-dependent inhibition of amylase secretion. CCK MAb (2 mg/kg)
completely blocked the response to CCK-8 and inhibited the response to food by 89%
(Table 3). In feeding experiments, rats with free access to food received CCK MAb or
control antibodies (2 mg/kg iv) 2 h after lights off. CCK MAb had no effect on 1.5-h or
3.5-h food intake. Another group of rats received CCK MAb (4 mg/kg iv) or a
combined injection of type A and B CCK receptor antagonists devazepide and L-
365,260 (1 mg/kg each iv). CCK MADb had no effect on feeding whereas the receptor
antagonists stimulated 1-, 2-, 3- and 4-h intake by 62, 45, 43 and 29%.

These results suggest that endogenous CCK stimulates pancreatic enzyme secretion
at least partially by an endocrine mechanism. These data confirm that elimination of
the actions of CCK inhibits pancreatic secretory response to food intake [10]. In
addition, we confirmed that blockade of CCK receptors induces an increased intake of
food [11] and provided evidence that CCK produces satiety by a non-endocrine
mechanism.

TABLE 3

Effect of CCK monoclonal antibody (MAb) and control antibody (2 mg.kg iv each) on
cumulative amylase secretory (kU/120 min, basal secretion sustracted) response to CCK-8
(200 pmol kg™ h™") and liquid diet (Sustacal HC)

Stimulation Control antibody CCK MAb
(2 mg/kg) (2 mg/kg)

CCK-8 15.642.1 0.5+2.1*

Liquid food 6.4+1.5 0.9+1.0*

*p<0.01 vs control
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ROLE OF BOMBESIN RECEPTORS IN REGULATING PANCREATIC
FUNCTION

Recent synthesis of specific potent bombesin receptor antagonists allows examination
of the role of bombesin-like peptides in physiological processes in vivo [4]. We
characterized the effects of D-Phe®-bombesin(6-13)-methyl-ester (BME) on pancreatic
enzyme secretion stimulated by the C-terminal decapeptide of gastrin-releasing
peptide (GRP-10), food intake and diversion of bile-pancreatic juice in rats [13].

In isolated pancreatic acini, BME had no agonistic effects on amylase secretion but
competitively inhibited responses to GRP-10, yielding a pA, value of 8.8940.19
(Figure 1a). In conscious rats with gastric, jugular vein, bile-pancreatic and duodenal

120
w BME (M) 1
2 0—0 0 A
100{O0— -
o o -0109 o098 1 i
a A A10-8 g R T _A
54 80 10 /. i it
o A---a107/ : . O
32 60{Q---01076 L A
> / A -1
%< v A 0
= 40 0 L1 o
25 e T
3z 20 -_A._,__A.i/'--—‘-- - Bty O
] el A A A
2 ) ..A..--A“'
-20 —_————————
0 10 102 100 10t 10°
GRP—10 (pM)
,.B
- -
é 8 O—0O Control é l I
71 @- —@ BME 1 N
@ o -0 mol/kg—h 0 | ST ~e
S 61 I
Z.E / l
ZE > T
28 ¢ s
53 3 - /
o% Q /
B2 / .
: ] o o
3 0- G_/_,O_/——— _‘—/L
-1 ———
0 0.0 0.5 5 50

GRP-10 (nmol/kg—h)

Figure 1. Effect of bombesin antagonist BME on gastrin-releasing peptide-10 (GRP-10)-
stimulated amylase secretion from isolated rat pancreatic acini (A) and in conscious rats (B).
Values are mean + SEM
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cannulas, basal enzyme secretion (bile-pancreatic juice recirculated) was not affected
by the antagonist. Maximal amylase response to GRP-10 (0.5 nmolkg™ h™) was
inhibited dose-dependently by BME, reaching 97% inhibition at a dose of 400 nmol
kg'h™'. The dose-response curve of amylase secretion stimulated by GRP-10 was
shifted to the right by 40 nmolkg™' h™' BME but maximal amylase response was
unaltered, suggesting competitive inhibition in vivo (Figure 1b). Liquid food intake and
bile-pancreatic juice diversion caused substantial increases in amylase secretion;
neither response was altered during administration of 400 pmolkg™h~' BME.
Cumulative amylase responses to food intake (minus basal secretion) during vehicle
and BME infusion were 9.98 + 1.88 and 10.21 1 2.22 kU/120 min, respectively.

Our results demonstrated that BME is a potent competitive antagonist of pancreatic
responses to bombesin-like peptides in vitro and in vivo. This observation was
confirmed subsequently by others [14]. Lack of effect of BME on basal pancreatic
secretion or responses to liquid food intake or diversion of bile-pancreatic juice in rats
suggested that endogenous bombesin-like peptides do not act either directly or
indirectly to mediate these responses. Characterization of BME was still very useful
since we were able to use this compound to investigate the role of bombesin-like
peptides in other functions of the gut [15-17].

IMMUNONEUTRALIZATION OF CIRCULATING SOMATOSTATIN

It has been reported that exogenous somatostatin inhibits CCK-stimulated pancreatic
enzyme secretion in rats [18-20]. The involvement of somatostatin in urethane-
anaesthesia-evoked suppression of gastric acid secretion has also been previously
described [2]. In our study [21], we have examined the role of endogenous somatostatin
in diminished pancreatic enzyme secretion during anaesthesia, while monitoring acid
secretion concurrently.

Rats were anaesthetized with urethane or sodium pentobarbital. An indwelling
catheter (PE50) was placed into the right jugular vein. After laparotomy, the
oesophagus and the pylorus were ligated, and two polyethylene cannulas (PE240) were
inserted through an incision in the forestomach. The stomach was continuously
perfused with saline (1 ml/min), the effluent was collected in 10-min fractions, and
acid output was determined. The common bile duct was ligated at the hepatic hilum,
and a cannula (PE50) was introduced into the duodenal end of the duct for collecting
pure pancreatic juice. Pancreatic juice was collected in 30-min fractions and amylase
activity was determined. After monitoring basal pancreatic and gastric secretions for
60 min, purified somatostatin monoclonal antibody (CURE.S6) was injected iv in
increasing doses (0.05, 0.15, 0.5 and 1.5 mg) every 30 min (»=6). Gastric acid and
pancreatic amylase secretions were measured. A control group received control
antibody (keyhole limpet haemacyanin, KLH) instead of CURE.S6 (n =5).

Somatostatin antibody induced a dose-dependent increase in acid output during
urethane anaesthesia. Basal acid secretion averaged 12.3+ 1.8 uEq/30 min, while acid
secretion reached 30.5+ 6.4 uEq/30 min after 1.5 mg CURE.S6 (p <0.01; Figure 2a).
Control antibody did not change acid output. Basal pancreatic amylase secretion
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Figure 2. Dose-dependent effect of somatostatin antibody (a-SRIF) on basal gastric acid
secretion (A) and basal pancreatic amylase secretion (B) in urethane-anaesthetized rats. Values
are mean + SEM; **p <0.01 vs control

(190418 U/30 min) was not affected by either CURE.S6 (179+ 18 U/30 min after
injection of the highest dose, p>0.05) or by KLH (Figure 2b). When sodium
pentobarbital anaesthesia was used instead of urethane, similar modulations were
observed during neutralization of circulating somatostatin: basal acid secretion
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Figure 3. Effect of somatostatin antibody (a-SRIF) on CCK-stimulated pancreatic amylase
secretion in urethane-anaesthetized rats. Values are mean +SEM; **p <0.01 vs control

increased; pancreatic amylase secretion did not change. Pancreatic secretory response
to CCK, however, was found to be elevated following elimination of somatostatin from
the circulation by immunoneutralization (Figure 3).

The results indicate that endogenous somatostatin mediates, at least in part,
suppression of basal gastric acid secretion, as described previously [2], but not that of
pancreatic amylase secretion in anaesthetized rats. Our findings also suggest that this
phenomenon does not depend on the type of anaesthesia. Finally, the data provide
evidence that during stimulation by CCK in vivo, not only exogenous [18-20] but also
endogenous somatostatin plays an inhibitory role in controlling enzyme secretion.

PUTATIVE GALANIN RECEPTOR ANTAGONISTS DO NOT ANTAGONIZE
THE EFFECTS OF GALANIN ON THE PANCREAS

Galanin, a recently described neuropeptide, has a wide range of biological actions [5].
Extensive work led to the discovery of selective galanin receptor antagonists, such as
M15 (galanin,_;,-Pro-substance-Ps_;;), M35 (galanin,_;,-Pro-bradykinin, ¢-amide)
and C7 (galanin,_;-Pro-spantide-amide). These antagonists have blocked the actions
of galanin on flexor-reflex, glucose-induced insulin secretion and acetylcholine release
from the hippocampus [5]. Galanin is also known for its actions in the gut, such as
inhibition of pancreatic enzyme secretion [22] and modulation of intestinal smooth
muscle activity [23]. Our experiment [24,25] was designed to investigate whether M15,
M35 and C7 can affect galanin-induced inhibition of pancreatic enzyme secretion and
stimulation of jejunal smooth-muscle contractions in rats.
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Figure 4. Effect of galanin (GAL) on 0.5 nmolkg™' h™ CCK-stimulated pancreatic amylase
secretion in urethane anaesthetized rats. Values are mean+ SEM

Pancreatic enzyme secretion was studied in urethane-anaesthetized rats supplied
with a jugular-vein catheter and pancreatic cannula. Jejunal muscle strips were isolated
from rats and set up in organ baths filled with modified Krebs solution. Isometric
contractions were recorded. Amylase secretion evoked by submaximal CCK-8 stimula-
tion (0.5 nmolkg™ h™") was inhibited dose-dependently by galanin (IDsy=1.5+0.4
nmol kg™ h™) in anaesthetized rats (Figure 4). Galanin stimulated the contractions of
isolated rat jejunal strips (ECso=45+7 nmol/L) (Figure Sa). Surprisingly, neither
M15, M35 nor C7 (up to 9 nmol kg™ h™" in vivo, and up to 100 nmol/L in vitro) were
able to modify responses of the exocrine pancreas and the isolated jejunal smooth
muscle to galanin (Figure 5a). However, both putative galanin receptor antagonists
have shown some degree of agonistic effects in our experimental models (Figure 5b).

The data presented here confirm earlier studies that galanin inhibits pancreatic
enzyme secretion [22] and stimulates jejunal smooth muscle activity [23] in the rat. Our
results with the putative antagonists suggest that the effects of galanin on pancreatic
enzyme secretion and jejunal contractions are not mediated by M15-, M35- or C7-
sensitive galanin receptors. This observation is original regarding the pancreas and
confirms the findings of Gu and co-workers [23] on the jejunum. Therefore, the galanin
receptors located on the pancreas seem to belong to the same subclass as jejunal
receptors for the peptide. Since heterogeneity of galanin receptors has already been
suggested in the central nervous system [26], it is probable that there are at least three
distinct galanin receptor subclasses. The antagonists that we used in our experiments
are not suitable for blockade of pancreatic galanin receptors.
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CONCLUSIONS

In conclusion, regulation of the exocrine function of the pancreas is complex, involving
several bioactive peptides, and this control is not completely understood, as yet.
Selective peptide receptor antagonists and monoclonal antibodies raised against
peptides are useful tools to identify the role of bioactive peptides in this function. The
studies described in this paper could help to improve understanding of the mechanisms
that control the exocrine pancreas.
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MECHANISMS AND REGULATION OF CI" SECRETION IN
THE LARGE INTESTINE: STUDIES WITH THE RAT DISTAL
COLON

M. DIENER
Institut fiir Veterindr-Physiologie, Universitdt Giessen, Frankfurter Strasse 100,
D-35392 Giessen, Germany

ABSTRACT

Chloride secretion is under the mtracellular control of at least three intracellular second messenger
pathways, the cCAMP-, the Ca”*- and the cGMP-system. An increase in the intracellular cAMP
concentration causes the opening of apical Cl™ channels and a stimulation of the basolateral Na*-K*-
CI™ -cotransporter responsible for intracellular CI™ accumulation. In contrast, the effect of intracellular
Ca is, at least in isolated crypts from the rat distal colon, restricted to the opening of a basolateral
Ca?*-dependent K* conductance, which leads to a hyperpolarization of the membrane and thereby
increases the driving force for CI exit across spontaneously open apical Cl™ channels. In the rat distal
colon, there is evidence for a modulation of cAMP-mediated secretion by intracellular cGMP, which
affects CI” secretion indirectly via a cGMP-sensitive phosphodiesterase, an enzyme which is responsible
for cAMP degradation. These studies suggest a complex interaction of all three signalling pathways in
the intracellular regulation of ClI™ secretion.

Keywords: chloride secretion, colon, calcium, cAMP, cGMP, CI” channels, K* channels

The epithelium of the colon is able to absorb and secrete water and electrolytes. One of
the quantitatively most important anions actively secreted is CI™. Chloride secretion is
activated under physiological conditions, e.g. after distension of the gut wall, and plays
a prominent role under pathophysiological conditions, i.e. during secretory diarrhoea.
Chloride secretion is performed by the colonic epithelial cells, i.e. by polarized cells
with a more or less smooth basolateral membrane and an apical membrane enlarged
by microvilli facing the colonic lumen. Both membranes are equipped with different
transporters, ion channels and pumps in order to secrete Cl~ (Figure 1). The main
active, energy-consuming enzyme among these transporters is the basolateral Na*-K *-
ATPase, which pumps Na* out of the cell in exchange for K*, thereby keeping the
intracellular Na* concentration low. Potassium ions pumped into the cell recycle by
basolateral quinine- and barium-sensitive K* channels. These channels are mainly
responsible for the height of the membrane potential, which is predominated by a K*
diffusion potential. The CI” ions to be secreted enter the epithelium via a basolateral
bumetanide-sensitive Na*-K*-Cl -cotransporter. This cotransporter, which is ener-
gized by the Na* gradient established by the Na*K*-ATPase, accumulates CI” in the
cell above electrochemical equilibrium. The CI™ ions leave the cell by CI™ channels in

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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Figure 1. Ion transporters involved in colonic CI™ secretion

the apical membrane. These channels can be inhibited by NPPB (S5-nitro-2-[3-
phenylpropylamino]benzoate) [1], a typical CI” channel blocker [2]. The final driving
force for the exit of Cl” is the membrane potential because the intracellular CI”
concentration is lower than the extracellular concentration.

The colon is the final station of the gastrointestinal tract, where the organism has the
last chance to alter the electrolyte contents of the faeces and thereby to regulate water
and salt balance. Therefore, electrolyte transport across the colonic mucosa is under
close control of the enteric nervous system, hormones and paracrine substances. The
topic of this review is the extra- and intracellular regulation of ion secretion in the
colon. The experimental data presented were obtained at the rat distal colon using
electrophysiological and pharmacological approaches.

Secretagogues can be classified mainly into four categories (Table 1). The first group
is those stimulating enteric secretomotor neurons and thereby inducing secretion
indirectly. Typical examples are ion secretion induced by electric field stimulation or
that induced by prostaglandin I,, which can be suppressed by the neurotoxin,
tetrodotoxin [3,4]. The secretion induced by prostaglandin I, or electric field stimula-
tion can be partially inhibited by atropine, suggesting the mediation by acetylcholine.
The main non-cholinergic secretory transmitter may be vasoactive intestinal polypep-
tide as revealed by studies with an antibody against this peptide (Diener and Rummel,
unpublished observation). The second group of secretagogues are those acting via an
increase in the intracellular cAMP concentration, like forskolin, vasoactive intestinal
polypeptide or prostaglandin E,. The third group of secretagogues, e.g. acetylcholine,
its stable analogue, carbachol, serotonin and substance P, acts via intracellular Ca2*.
The effect of the last group is mediated by cGMP. Typical examples are guanylin or the
heat-stable enterotoxin (STa) of Escherichia coli.
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TABLE 1
Classification of secretagogues in the colon

Secretion induced by neuronal stimulation
Electric field stimulation
Prostaglandin I,

Secretion mediated by cAMP
Forskolin, vasoactive intestinal polypeptide
Prostaglandin E,

Secretion mediated by Ca?*
Acetylcholine, carbachol
Serotonin
Substance P

Secretion mediated by cGMP
Heat-stable toxin (STa) of Escherichia coli
Guanylin

Figure 2. Effect of forskolin (5 x 10~° mol/L; A) or carbachol (Car; 5 x 10~5 mol/L; B) on the
membrane potential of cells in isolated crypts studied with the whole-cell patch-clamp
technique as indicated by the symbol. C) Current-voltage relationship of a crypt cell in the
absence (control) and presence of forskolin. For comparison, the equilibrium potentials for K*
(Ex+) and CI" (Ec) are given. D) Current-voltage relationship of the current induced by
carbachol (A )
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An adequate method to study the effect of secretagogues at the native colonic
epithelium is to measure membrane currents and membrane voltage at isolated colonic
crypts with the patch-clamp technique [5,6]. Basal potentials in the crypt cells can vary
between —40 and —70 mV. Basal membrane potential is more negative towards the
fundus of the crypts, i.e. the position where the undifferentiated cells are located [5].
Administration of forskolin, the agonist of the cAMP-pathway, induces a membrane
depolarization (Figure 2A). This effect is completely reversible after wash-out and can
be demonstrated repeatedly on the same cells without loss of sensitivity. The effect of
forskolin is mimicked by vasoactive intestinal polypeptide [7], one of the most
important natural secretagogues acting on the cAMP pathway. Measurements of
current-voltage relationships revealed an increase in membrane current in the presence
of forskolin (Figure 2B), suggesting that forskolin opens a CI~ conductance which
would shift the membrane potential closer to the CI™ equilibrium potential of about —25
mV under these experimental conditions. Indeed, the current stimulated by forskolin
has a reversal potential identical to the Cl™ reversal potential and forskolin has no more
effect if the experiment is performed in the absence of CI™. Interestingly, the effect of
forskolin shows some dependence on the localization of the patched cell along the
longitudinal axis of the crypt. A CI™ current cannot be stimulated at the very bottom of
the crypt, that is near the localization of the stem cells [5]. The response is most
pronounced in the middle of the crypt but it can still be induced at cells very close to
the opening of the crypt. In other words, the differentiated cells at the surface of the
epithelium also conserve the ability to secrete CI” ions. Indeed, we have found single
CI” channels at the apical membrane of the surface epithelium of the intact mucosa [6]
and also recent experiments by Fromm and co-workers [8] with a vibrating microelec-
trode confirm that the surface epithelium is able to secrete. The stimulation of CI”
current by forskolin can be suppressed by injecting an inhibitor peptide of the protein
kinase A into the cell, demonstrating that the effect of cCAMP is mediated by protein
phosphorylation, presumably of the apical CI” channels [5].

The nature of the single channels carrying this cAMP-stimulated whole-cell current is
still a matter of debate. Most recent evidence suggests that the final target of cCAMP-
stimulated CI™ secretion is the CFTR channel, the cystic fibrosis transmembrane
regulator, which acts as a 810 pS CI” channel [9]. Also, in the rat distal colon, the current
stimulated by forskolin can be blocked by a typical blocker of CFTR CI” currents,
glibenclamide [10]. However, a CI” channel with a somewhat higher conductance, the so-
called outward rectifier, which seems to be under control of CFTR [11], may contribute to
CI” secretion. Other evidence from the group of Greger and Kunzelmann [12] points to a
subpicosiemens channel, which seems to carry most of the cAMP-stimulated C1™ current
in a colonic tumour cell line, the HT29 cells. Therefore, it is not yet clear whether a single
set of CI” channels is regulated by cAMP-dependent phosphorylation.

Activation of apical CI” channels is not the only action of cAMP. In addition, an
increase in the intracellular cAMP concentration leads to a stimulation of the
basolateral Na*-K*-Cl™ cotransporter. This can be demonstrated when measuring the
serosal uptake of **Rb* as a marker for K* transport. Forskolin causes a significant
increase in basolateral Rb" uptake in the rat distal colon (Figure 3). This effect can be
completely prevented by prior administration of an inhibitor of the Na*-K*-CI
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Figure 3. Serosal uptake of **Rb* under control conditions (open bar), in the presence of
forskolin (5 x 10~° mol/L; horizontally dashed bar), bumetanide (10‘4 mol/L; vertically dashed
bar), and in the combined presence of bumetanide and forskolin (crossed bar). Values are
means +SEM, n=6-7, *p <0.05 vs. control

cotransporter, bumetanide. Thus, in addition to stimulation of apical efflux of CI’,
cAMP also controls the rate of basolateral entry of CI™ [13].

In contrast to forskolin, carbachol, a typical agonist of Ca®*-dependent secretion,
induces a strong hyperpolarization of the crypt cells (Figure 2B). This effect is not
dependent on the localization of the patched cells along the crypt axis; it can be evoked
in the very young cells at the bottom of the crypt. The current stimulated by carbachol
has a reversal potential near —80 mV, i.e. very close to the theoretical K* equilibrium
potential (Figure 2D). The effect of carbachol is completely blocked by a typical K*
channel blocker like Ba®* [5]. There is no direct indication for stimulation of CI”
conductance by carbachol in the isolated colonic crypts.

Measurements at crypts loaded with the Ca**-sensitive dye, fura-2, confirmed that
the effect of carbachol is mediated by intracellular Ca®* [14]. Carbachol induces a
biphasic increase in the intracellular Ca®* concentration: an initial peak in intracellular
Ca?" is followed by a long-lasting plateau phase, which lasts as long as the agonist is
present in the perfusion. The Ca®* ions responsible for the induction of the
hyperpolarization, i.e. the opening of Ca”*-sensitive basolateral K* channels, seem to
originate predominantly from the release of intracellular Ca®* from cellular stores [5].

Consequently, in the native colonic epithelium, the effect of intracellular Ca?t is
restricted to the opening of a Ca2+-dependent K™ conductance. This will, however,
increase the driving force for CI™ secretion across apical CI” channels and thereby
stimulate Cl~ secretion indirectly. This model was originally proposed from radio-
isotope efflux studies by Dharmsathaphorn and Pandol [15]. We have no indication for
a direct activation of apical CI” channels by intracellular Ca®>*. This contrasts with
results obtained at airway epithelium [16] and at colonic tumour cell lines like Tg4 [17]
or HT29 cells [12,18], where there is no doubt about the functional significance of
Ca?*-dependent CI™ channels.
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When comparing these patch-clamp data obtained at the isolated crypts, which
point to an indirect effect of carbachol, and the response in the intact mucosa mounted
in the Ussing chamber, there is an apparent contradiction, i.e. in the intact mucosa
carbachol is one of the most efficient secretagogues [19], whereas the data from the
isolated crypts suggests only an indirect action. The question arises, therefore, of what
the reason may be for this discrepancy. Two fundamental differences between the intact
mucosa and the isolated crypt exist: (1) the presence of subepithelial connective tissue,
producing eicosanoids like prostaglandins, and (2) the presence of the enteric nervous
system, spontaneously releasing neurotransmitters. Prostaglandins or neurotransmit-
ters might either mediate the activation of CI” secretion by carbachol or, alternatively,
they might create a facilitative influence on the epithelium, which makes the epithelium
sensitive for stimulation of CI™ secretion by carbachol. Consequently, in a recent study
[10], we re-evaluated the effect of carbachol in the Ussing chamber with a special look
at the prostaglandin and neuronal system.

Carbachol induces a biphasic increase in short-circuit current due to Cl™ secretion as
confirmed by blocker experiments and anion substitution [10]. This response is
completely blocked when the tissue is pretreated with a combination of both
indomethacin, a cyclo-oxygenase inhibitor, and tetrodotoxin. None of the blockers
alone is able to completely suppress the carbachol response. Elevation of intracellular
cAMP by a low concentration of forskolin, a membrane-permeable cAMP-derivative,
or prostaglandin E, completely overcomes the inhibition induced by the combination
of indomethacin and tetrodotoxin. Consequently, carbachol does not act by releasing
prostaglandins or neurotransmitters because both processes were blocked by indo-
methacin or tetrodotoxin, respectively; i.e. the effect of carbachol in the intact mucosa
is not mediated by nerves or prostaglandins. Instead, the continuous release of both
stimulates basal cCAMP production in the enterocytes, which brings the epithelium to a
state in which it can respond to carbachol with CI™ secretion. This interaction of the
Ca?* and the cAMP pathways takes place presumably at the CI” channel in the apical
membrane, which is kept open by a sufficient CAMP concentration in the cell as
suggested in the original model by Dharmsathaphorn and Pandol [15]. Only if the
epithelial cells possess spontaneously open apical CI™ channels can the hyperpolariza-
tion induced by carbachol induce CI™ secretion due to an increase in the driving force
for CI” exit across these channels. This conclusion is further supported by recent
genetic experiments with a CFTR -/- mouse [20], which demonstrate that, in contrast
to airway epithelium, the intestine does not possess Ca2*-regulated CI” channels. It is
also further supported by electrophysiological experiments on isolated crypts from the
guinea-pig small intestine [21] and rabbit colon [22]. Thus, the native intestinal
epithelium, in contrast to airway epithelium or colonic tumour cell lines, does not
express CaZ*-activated CI” channels, a fact, which is quite important for cystic fibrosis,
a disease with a defect in cAMP-stimulated CI™ channels.

The third intracellular pathway responsible for the regulation of ion transport is the
cGMP-pathway. A typical agonist of this pathway is the heat-stable enterotoxin of
Escherichia coli (STa). This toxin has a segment-specific anion in the rat colon; its
response increases from the distal to the proximal colon [23]. In the distal colon, the
effect of STa can be inhibited by indomethacin. However, as in the case of carbachol,
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Figure 4. Model for the presumed action sites of ;AAMP, cGMP and Ca”* during the induction
of CI” secretion in the rat distal colon

this is an indirect effect. Inhibition by indomethacin can be overcome by prostaglandin
E,. It can also be overcome by forskolin but not by CPT-cAMP (8-[4-chlorophe-
nylthio]-cAMP), a hydrolysis-resistant CAMP analogue. This observation led to the
hypothesis that the effect of cGMP may be related to the inhibition of cAMP
metabolism, mediated, for example, by a cGMP-sensitive phosphodiesterase as it has
been shown for other tissues like the heart (for references see [23]). Indeed, amrinone
and trequinsin, two inhibitors of cGMP-sensitive phosphodiesterases, mimic the effect
of STa in the distal colon and prevent the effect of a subsequent administration of STa
[23]. They have, however, no effect in the proximal colon, a segment where the response
to STa is not inhibited by indomethacin and may consist of a direct activation of CFTR
CI™ channels as suggested by Goldstein et al. [24]. There is controversy in the literature
about whether the effect of cGMP on the apical CI” channels is mediated by protein
kinase G-dependent phosphorylation of the CI™ channel [25] or whether it is mediated
by protein kinase A, which discriminates only poorly between cCAMP and cGMP [26].

To come to the conclusions (Figure 4), these results suggest that, in the rat colonic
epithelium, the cAMP pathway plays the central role in the control of CI” secretion by
regulating the apical CI” conductance and the activity of the basolateral Na*-K*-Cl™-
cotransporter. The only effect of intracellular Ca”" is the regulation of a basolateral K*
conductance, which determines the driving force for Cl™ exit via cAMP-controlled CI”
channels by membrane hyperpolarization. There is, in addition, a control by cGMP,
regulating, at least in the rat distal colon, the hydrolysis of CAMP, and, in other
intestinal segments, regulating apical CI” channels either by protein kinase G or by the
ability of cGMP to stimulate the protein kinase A.
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ABSTRACT

The effect of prostaglandin E, (PGE,) on the circular and longitudinal contractions of the canine colon
was studied in chronic conditions. A mechanical transducer capable of recording simultaneously the
variations of length in two perpendicular directions at 90° to each other was developed and implanted
on the canine colon 10 cm distal to the ileocaecal junction. The recording sessions started on the 6th
postoperative day. The colonic motility was recorded two hours before (control period) and two hours
after the intravenous injection of PGE, in three different doses (0.1, 1.0 and 10 ug/kg). Two sorts of
mechanical activity were identified: contractile phases (mean duration: 8.8 min for longitudinal and 6.7
min for circular contractions) and sporadic contractions (mean duration: 0.37 min for longitudinal and
0.28 min for circular contractions).

PGE,; in the three different doses used induces an important reduction in the duration and in the
amplitude of the circular contractions. These reductions become important only in the 2nd hour after
the injection of PGE,. The duration of the longitudinal contractions was modified by 10 pg/kg of PGE,,
provoking an important and immediate increase of this value. Although the amplitude of longitudinal
contractions remains constant, each dose of PGE; induces strong premature bursts of longitudinal
colonic contractions.

It is concluded that PGE; has a regulating effect on colonic motility, even at small doses, with a
different action on the two muscular layers. According to the dose used, it leads to hypokinesia
(relaxation) in the circular and to strong contractions in the longitudinal colonic muscles.

Keywords: motility, prostaglandins, colon

INTRODUCTION

In the last decade, research on prostaglandins (PGs) has provided a large series of
information concerning the physiological role of prostaglandin E on the gastrointest-
inal (GI) tube. The effects of PGE; and PGE, on the GI mucosa are well documented,
such as the reduction in the absorption and the increased hydroelectrolytic secretion in
the small bowel [1,2].

PGs are largely involved in the regulation of GI motility. PGE,, PGI, and PGF,,,
are synthesized by the muscular microsomes in the circular and longitudinal muscle

This paper was presented at the Section of [IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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layers of the gut [3] and the endogenous PGs are believed to play a physiological role in
the propulsive and non-propulsive movements of the intestine [4-7].

In the small bowel, PGE; delays the induction of the subsequent activity front and
prolongs the quiescent phase [7,8]. Therefore the diarrhoeagenic effect of PGE, cannot
be explained by its action alone on small-bowel motility. Moreover, in-vitro experi-
ments do not supply sufficient data concerning the two muscle layers separately.

The effect of PGE; was studied mainly on circular muscle strips in samples removed
from either the small bowel or the colon. The majority of the results suggests that PGE,
has a relaxing effect on the circular smooth muscles in the GI tract [6,9,10]. In studies
performed on animals or on humans, PGE, was found to inhibit colonic motility
[11,12]. However, these manometric and electromyographic studies supply information
on the movements of the entire gut wall, in which the activity on the circular muscle
layer is preponderant [13]. In chronic conditions, the simultaneous effects of PGs on
the circular and longitudinal colonic muscle contractions remain almost unknown.
Similarly, the mechanisms by which diarrhoea is induced in the different GI
pathologies is unclear [14,15].

The aim of our work was to study the effect of different doses of PGE, on canine
colonic motility in chronic conditions, differentiating and recording simultaneously the
longitudinal and circular contractions.

METHODS

Experimental technique

An implantable extraluminal transducer developed in our laboratory was used for
measuring simultaneously the circular and the longitudinal movements of the canine
colon. The principles of this transducer have been described in detail previously [16].

The detecting unit of the transducer consists of two pairs of lamellae, each pair
formed by two lamellae 4 mm in length, placed face-to-face and embedded perpendi-
cularly in a Wheatstone bridge (dimension: 10 x 10 mm). Strain gauges (CEA - 06 —
062 UW - 120, Micromeasurement Division, USA) were bonded to each lamella. A
metal tip (0.5 mm in diameter, 2 mm in length) bonded to the free end of each of the
four lamellae makes the contact between the lamellae and the intestinal wall. A
constant voltage was supplied to the strain gauges by a 4.5-V DC source. The
sensitivity of the transducer was 0.2 mV/0.05 mm. The variation of the voltage was
directly proportional to the displacement of the free end of the lamellae. The variation
in distance between each pair of lamellae is correlated with the deformation of the
intestinal wall in two perpendicular directions. The transducer collects data from a
small area of 6 x 6 mm?, delimited by the 4 lamellae.
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Surgical implantation

After a midventral laparotomy on the dog under general anaesthesia, the transducer is
sewn onto the colonic serosa, 10 cm distal to the ileocaecal junction, by four stitches of
nylon intestinal thread (3-O). Thus, one pair of lamellae remains on the transverse and
the other on the longitudinal axis of the colon. The four tips remain fixed under the
serosa, in the muscle layers. The transducer unit is taken to a cannula fixed on the
abdominal wall.

Experiments

Experiments were performed on four beagle dogs, of either sex, weighing 15-16 kg
each. Recording sessions were performed once a day beginning on the 6th post-
operative day. The dogs were fasted for 12 h before each recording session. After
connecting the cannula, placed on the abdominal wall, to a polygraphic recorder
(Beckman Dynograph Recorder R 611), the mechanical activity of the colon was
recorded, measuring the contractions in two perpendicular directions, with the
sensitivity set to 0.5 mV/cm and with a cutoff frequency of 30 Hz. The experiments
were performed over a period of 4 h, 2 h before (control period) and 2 h after the
injection of PGE, into the brachial vein over 5 min (prostine E,) (Dinoproston,
Upjohn Laboratories). Three different doses were used (0.1, 1.0 and 10 pg/kg) and
each dog underwent two recording sessions with each dose. At the beginning of each
experiment, in the control period, the liquid used for the dilution of PGE, was injected
as control substance, in the same volume as that used for PGE, administration.

Analysis

Longitudinal and circular mechanical activities were distinguished during the record-
ings. According to their duration and distribution in time, two different types of
mechanical activity were distinguished: contractile phases and sporadic contractions.
Contractile phases were identified, following the definition of Sarna [17], appearing in
bursts of contractions at regular intervals, with a mean duration of 7 min. Sporadic
contractions which were irregular and independent of the bursts of contractions were
identified in the tracing.

In addition to these parameters, we identified contractions with high amplitude
which seem to play an important role in segmental and propulsive colonic movements
[4,14). High-amplitude contractions were defined as those in which the amplitude was
higher than the highest mean amplitude of all the contractions in each individual
tracing [24].

Duration, amplitude and number of contractions were calculated. Comparison was
made between data obtained from the control period and data from the period
following PGE, administration.

The statistical analysis was performed according to the Student’s paired test.
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RESULTS
Duration of colonic contractions

The duration of contractile phases and of sporadic contractions was measured and
calculated for a period of 1 h, and the values before and after PGE, administration are
shown in Figure 1.

Alterations induced by PGE,; in the circular and longitudinal muscle movements are
entirely different. PGE,, at each dose used, diminishes the duration of the circular
contractions (Figure 1, top). This reduction in the contractile activity time (-38% to —

Figure 1. The duration (min) of colonic circular and longitudinal contractions. Values
(mean +SD) represent the total amount of contractile phases and sporadic contractions
recorded during 1 h in the control period (open column), and in the first (hatched column)
and second hour (solid column) following PGE, (0.1, 1.0 and 10 pg/kg) administration.
*p<0.05; **p<0.01
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60%) is significant over the 2nd hour following PG administration but it is absent or
moderate over the 1st hour after PGE, injection.

In comparison, the duration of colonic longitudinal contractions remains un-
changed after administration of PGE; at doses of 0.1 and 1.0 pg/kg (Figure 1, bottom).
However, 10 pg/kg PGE, produces an immediate increase (+103%) in the duration of
the contractions. This period is followed, in the 2nd hour, by a large reduction in the
contractile activity time (-38%).

Amplitude of colonic contractions

The mean amplitude of the contractions, appearing as contractile phases or sporadic
contractions, was measured and calculated for a period of 1 h and the values are
represented in Figure 2.

Figure 2. The mean amplitude (um) of colonic circular and longitudinal contractions. These
values (mean + SD) represent the total amount of contractile phases and sporadic contractions
recorded during 1 h in the control period (open column), and in the first (hatched column) and
second hour (solid column) of experiments following PGE; (0.1, 1.0 and 10 ug/kg) adminis-
tration. *p <0.05; **p <0.01
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Each dose of PGE, administered reduces significantly (-38% to —41%) the amplitude
of circular contractions (Figure 2, top). This reduction is present mainly in the 2nd
hour following PGE, treatment. However, the lowest dose of PGE; (0.1 pg/kg) leads to
a considerable decrease in the amplitude of contractions (—-64%) immediately after
PGE, administration.

None of the doses of PGE, administered changes the amplitude of the longitudinal
contractions (Figure 2, bottom).

Duration and number of high-amplitude contractions

Contractions with a high amplitude (giant contractions) are thought to play an
important role in the concentric segmentation and in the propulsive motor activity of
the colon. The amplitude, the frequency and the duration of these particular
contractions are shown in Table 1 during the control period and following PGE,
infusion. A dose of 0.1 pg/kg PGE, reduces significantly the duration (-70%) and the
frequency (-98%) of circular high-amplitude contractions. However, 10 pg/kg PGE,
induces a significant increase (+175%) in the number of longitudinal high-amplitude
contractions. Otherwise, the inhibitory effect of PGE, on both circular and long-
itudinal high-amplitude contractions remains moderate.

TABLE 1

High-amplitude contractions of the circular and longitudinal muscles of the colon. Values for
amplitude, duration and frequency were obtained in the control period, as well as the
percentage changes (%) in the duration and frequency of contractions found after PGE; (0.1,
1.0 and 10 pg/kg) administration

Percentage change after PGE,

Control period 0.1 ug/kg 1 pug/kg 10 ug/kg

Circular contractions
Amplitude (um) 266194
Duration (min) 0.2540.05 170* 140 130
Frequency (n/h) 12.3+4.9 198* 155 147
Longitudinal contractions
Amplitude (um) 298 4157
Duration (min) 0.4740.23 131 119 129
Frequency (n/h) 11.2+6.8 140 126 1175*

n/h = number of contractions calculated for 1 h period
*p<0.01
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Rhythm of generation of the colonic contractions

The characteristics of colonic transit are the result of co-ordinated longitudinal and
circular muscle contractions. Alterations in this co-ordinated smooth-muscle function,
principally in the rhythm of the generation of either type of contraction, results in
changes in colonic transit. The rhythm of generation of the longitudinal and circular
contractions are influenced differently by PGE, (Figure 3). PGE, at each dose
stimulates rapid or immediate appearance of a premature burst of longitudinal
contractions. In the circular muscle, only a high dose (10 pg/kg) of PGE, induces
premature contractions. Following the PGE;-induced premature contractions, a long-
lasting phase of motor quiescence — compensatory pause — is observed in both types of
colonic muscle.

Figure 3. The rhythm of generation (recurrence) of colonic contractions. This scheme
represents the distribution of the contractile phases of the circular (C) and the longitudinal
(L) contractions in the control state (before) and after PGE, (0.1, 1.0 and 10 ng/kg)
administration. Arrows («+—) represent the duration of the quiescence intervals between two
consecutive contractile phases. The rhythm of generation of the contractile phases after PGE,
administration was compared with that of the control state (before PGE,). a=p<0.05;
b=p<0.02;c=p<0.01; d=p<0.001
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DISCUSSION

Prostaglandins are thought to play an important role in the modulation of the colonic
contractions [2,4,9,11,12]. PGE, is synthesized in the gastrointestinal muscle, in both
circular and longitudinal layers [13]. In the small bowel, indomethacin, a prostaglan-
din-synthetase inhibitor, stimulates circular contractions [6] and inhibits longitudinal
contractions in vitro [3].

On the other hand, studies on the colon in vitro provide divergent results concerning
the effects of PGE, on colonic muscle [4,10] but PGE, alone has no effect on the
isolated and unstimulated colonic muscle cells [9].

Sigmoid manometry on humans has demonstrated an inhibitory effect of PGE, on
colonic segmental contractions [11] but this technique is unable to detect longitudinal
wall movements accurately. EMG recordings in animals suggest the existence of an
inhibitory effect of sennoids and PGE, on colonic motility [12]. The diarrhoeagenic
effect of PGE, is still explained by the stimulation of hydroelectrolytic secretion [2]
increasing the colonic volume, which is rapidly evacuated when giant migrating
contractions appear [18].

However, simultaneous analysis of both longitudinal and circular contractions has
never been made before. We used an extraluminal transducer to record the longitudinal
and circular motor events of the colon.

According to our results, PGE, acts differently on circular and longitudinal colonic
contractions. At each dose used, PGE, reduces the duration and amplitude of the
circular contractions (Figures 1 and 2). The reduction in circular contractile activity
involves both the contractile phases and the sporadic contractions. The reduction in the
duration and amplitude of the circular contractions is more evident in the 2nd hour
following PGE, injection and reflects a slow-developing relaxing effect of PGE; on the
circular muscle.

Regarding the longitudinal contractions, 0.1 and 1.0 pg/kg PGE; do not modify the
amplitude or the duration of these contractions, but the higher dose (10 pg/kg) of
PGE; produces an increase in the duration of the longitudinal contractions (Figure 1)
and in the number of high-amplitude longitudinal contractions (Table 1). Moreover,
these intense longitudinal contractions appear immediately after each dose of PGE; in
the form of premature bursts of contractions (Figure 3). These intense premature
longitudinal contractions may be responsible for the rapid motor events in the colon,
rapidly pushing the colonic contents distally and later triggering the mechanism of
evacuation.

Regarding the literature, our results provide new information about the complex
colonic motor changes induced by PGE,. Only the relaxing effect of PGE; on colonic
muscle had been described in previous in-vivo studies [11,12]. The technique used in
our experiments revealed the intense longitudinal contractions which appear immedi-
ately after PGE, administration and which help to explain more clearly the diarrhoea-
genic effect related to PGEs.

In previous in-vivo studies, the doses of PGE; used to explore colonic motility has
varied with the experiments [2,11,12]. The dose when PGE, was administered
intravenously ranged from 1.6 to 18 pg/kg [2,11]; it was 10 pg/kg via the intra-arterial



PGE,: Actions on Canine Colon 113

and 100 pg/kg by the intracolonic route [12]. In our experiments, PGE, was infused
intravenously, the doses of 1 pg/kg and 10 pg/kg being comparable to those
administered in previous studies [2,11]. The smallest dose employed in our experiments
has never been used by others; however, this dose is below that necessary to develop a
cytoprotective effect in the colonic mucosa [19].

Finally, PGE, has different effects on circular and longitudinal contractions. The
motor alterations of the circular contractions are unidirectional — relaxation — and are
induced dose-independently in our experiments. Longitudinal contractions are also
influenced and each dose of PGE, produced intense premature longitudinal contrac-
tions.

How can we explain the different actions of PGE, on the colonic circular and
longitudinal muscle contractions? Our results, as well as studies performed in vitro,
suggest that different mechanisms are involved in the motor alterations induced by
PGE,. PGs have neurogenic or direct effects on smooth-muscle cells. PGE, possesses
anticholinergic properties on the intestinal circular muscle [6,9,20] and, in this layer,
PGE, may provide a post-junctional negative feed-back effect on the excitatory
transmission [3,21]. In the intestinal longitudinal muscle, PGE, may also interfere with
cholinergic transmission [20]. Another mechanism, a progressive and direct cellular
effect of PGs, may also exist in the circular muscle layer, limiting the excitability of the
myocyte membrane by inducing a decrease in the opening capacity of the calcium
channels [6]. There may be two types of PG receptors in the two different layers of
colonic muscle. Their potentials or their mechanisms of homologous desensitization
could be different in the two layers, explaining the different actions of PGE; in the two
colonic muscle layers. These differentiated receptor mechanisms may also be used to
explain the effects of PGE, on gastric [22] and small-bowel motility [13,23].

CONCLUSION

PGE, has a regulating effect on colonic motility, even at small doses, and has different
actions on the circular and longitudinal colonic contractions. We propose that these
separate motor actions of PGE, may be an important mechanism in several colonic
pathologies producing diarrhoea.
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GASTRIC MOTOR EFFECTS OF ENDOTHELINS IN THE
LOWER BRAINSTEM OF THE RAT
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ABSTRACT

To characterize the modulatory effect of endothelin on brainstem control of gastric motor function,
endothelin-1 (ET-1) and endothelin-3 (ET-3) were applied to the surface of the dorsal medulla
oblongata in a-chloralose and xylazine anaesthetized, artificially ventilated Sprague—Dawley rats, while
intragastric pressure and contractility of the pyloric circular and greater curvature longitudinal muscles
as well as blood pressure were monitored. Endothelin-1 and ET-3 equipotently (at the same range of
doses) increased intragastric pressure and stimulated contractility of the gastric circular muscle as well
as increasing arterial blood pressure. All the gastric effects of endothelins were abolished by bilateral
vagotomy at the midcervical level. These results demonstrate that endothelins have vagally mediated
gastrointestinal effects in the lower brainstem of the rat and support a role for endothelins in
gastrointestinal regulation.

Keywords: endothelin, gastric tone, gastric contractility, brainstem

INTRODUCTION

Endothelins (ETs), namely ET-1, ET-2 (vasoactive intestinal contractor) and ET-3, are
potent vasoconstrictor peptides with a wide spectrum of both vascular and non-
vascular actions in a variety of tissues [1-4]. Among non-mammalian species, the ETs
are structurally and functionally related to the sarafotoxins, which are present in the
venom of the burrowing asp, Atractaspis engaddensis [5]. Endothelin isoforms activate
specific receptor subtypes that have been classified as ET, (selective for ET-1 and ET-2,
distributed on the vascular and non-vascular smooth muscle) and ETg (non-selective,
distributed in brain, kidney, vascular endothelium, and on the isolated longitudinal
smooth muscle cells of guinea-pig small intestine) [6-8]. The existence of a receptor
specific to ET-3 (named ET¢) has been recently demonstrated in cultured endothelial
and anterior pituitary cells [9].

The ETs have been mainly considered as modulators of vascular adrenergic [10,11]
and non-vascular (e.g. intestinal cholinergic) smooth muscle contractile activity [11-
13]. However, there is also a growing body of evidence for a neuromodulatory role of
ETs in the central nervous system. The presence of ET immunoreactivity and mRNA

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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in the brain, hypothalamus and pituitary gland of different mammalian species is well
accepted [14]. Moreover, numerous autoradiographic studies have documented the
presence of ET (mainly ET-1) binding sites in the brainstem nuclei that participate in
the regulation of gastrointestinal and cardiovascular function, including the dorsal
vagal complex (composed of the nucleus of the solitary tract and the dorsal motor
nucleus of the vagus) and rostroventrolateral medulla [4,15-17]. The dorsal motor
nucleus of the vagus is the main source of the vagal preganglionic fibres (for review see
Reference 18). The proximity of the dorsal vagal complex to the cerebrospinal fluid
bathing the fourth cerebral ventricle and its close anatomical association to the area
postrema provides routes through which circulating agents may reach specific
receptors within the nucleus of the solitary tract and the dorsal motor nucleus of the
vagus.

Thus, the primary purpose of this study was to investigate whether ETs, applied to
the surface of the dorsal medulla, affect gastric motor function. Since ET-3 was once
suggested to be a neural form of ET [2], both ET-1 and ET-3 were used in the
experiments.

MATERIALS AND METHODS

Male Sprague-Dawley rats (215410 g; Charles River Laboratories, Wilmington, MA)
were used in the study and all procedures performed were with the approval of the
LSUMC Institutional Animal Care and Use Committee. The animals were initially
anaesthetized with ketamine and xylazine mixture (im, 50 and 5 mg/kg, respectively)
and separate cannulae were placed in left femoral artery and vein. a-Chloralose (80
mg/kg) was administered iv 25 min later. Since ET-1 produces expiratory apnoea in a-
chloralose-anaesthetized rats [19], the experiments were performed on artificially
ventilated rats (tidal volume 1 ml/100 g; rate 60/min) using a small animal respirator
(Kent Scientific Corp., Litchfield, CT). A laparotomy was performed and an
intraluminal latex balloon was inserted into the stomach through an incision in the
fundus for continuous recording of intragastric pressure. Two small strain gauges were
mounted on the surface of the stomach for monitoring of circular smooth muscle
contractility of the pyloric region and longitudinal smooth muscle of the greater
curvature of the stomach [20]. Heart rate was monitored by a tachograph triggered by
the arterial pressure pulse (model 7P4H, Grass Instrument Co., Quincy, MA). In six
rats, bilateral vagotomies were performed at the midcervical level in the presence of full
surgical anaesthesia. Rectal temperature was maintained between 37.0 and 37.5°C.

Animals were placed in a stereotaxic frame and, after a limited occipital craniotomy,
the caudal floor of the fourth ventricle and the surrounding structures of the dorsal
medulla oblongata were exposed by incision of the dura mater and the arachnoid
membrane. Under visual control through a stereoscopic eyeglass magnifier (Stereo-
max), 5-ul aliquots of drug solutions and vehicle (0.9% NaCl with 0.1% bovine serum
albumin RIA grade) were directly applied to the surface of the fourth ventricle, using a
10-pl Hamilton microsyringe.

Mean arterial pressure was calculated as diastolic pressure plus one-third of the



Brainstem Effects of Endothelin on Gastric Motor Function 117

pulse pressure. The area of the response in intragastric pressure for each treatment was
calculated using a microcomputer-based imaging system, as described in detail else-
where [21]. Contractility of the pyloric circular muscle and the fundus longitudinal
muscle was calculated as minute motility index (MMI), as described in detail elsewhere
[21]. In addition, the peak change in intragastric pressure (maximum difference from
baseline), was calculated after application of agents to the dorsal surface of the
medulla.

The differences between groups were assessed by one-way repeated measure analysis
of variance (ANOVA) followed by the Student-Newman—Keuls test. However, due to
the failure of the normality test, the changes in mean blood pressure were evaluated
with Kruskal-Wallis one-way ANOVA on ranks with subsequent Dunn’s test. Values
of p<0.05 were considered statistically significant.

RESULTS
The effects of ET-1 at three doses of 1.6, 16, and 160 pmol and vehicle, applied to the

surface of the dorsal medulla, on gastric motor function in a-chloralose and xylazine
anaesthetized rats are shown in Figure 1. Endothelin-1 increased intragastric pressure
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Figure 1. Effects of vehicle or ET-1 (1.6, 16 and 160 pmol), applied to the surface of the dorsal
medulla, on intragastric pressure (PRIGP, peak response; ARIGP, area of the response),
pyloric circular muscle (PM), and greater curvature longitudinal muscle (GCM) contractility.
Data are mean (bar =SE) changes from baseline for number of animals indicated in the
histogram. *Statistically significant when compared with the effect of vehicle
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Figure 2. Representative chart recording of one experiment in which ET-1 (160 pmol) was
applied to the surface of the dorsal medulla before (A) and after (B) bilateral vagotomy at
midcervical level. A: ET-1 evoked increases in intragastric pressure, pyloric circular and
greater curvature longitudinal muscle contractility, and blood pressure. B: After bilateral
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Figure 3. Effects of vehicle or ET-3 (1.6, 16 and 160 pmol), applied to the surface of the dorsal
medulla, on intragastric pressure (PRIGP, peak response; ARIGP, area of the response),
pyloric circular muscle (PM), and greater curvature longitudinal muscle (GCM) contractility.
Data are mean (bar =SE) changes from baseline for number of animals indicated in the
histogram. *Statistically significant when compared with the effect of vehicle

(both peak response and area of the response) and stimulated pyloric contractility at
doses of 16 and 160 pmol, when compared with the effect of vehicle. However, the
changes in greater curvature contractility did not attain statistical significance. Arterial
blood pressure increased significantly in response to ET-1 and attained statistical
significance at doses of 16 pmol (A, 56+ 13 mmHg, n=5) and 160 pmol (A, 63£15
mmHg, n=6) of the peptide when compared with the effect of vehicle (A=0 mmHg,
n=28).

A chart recording from a representative experiment in which ET-1 was applied to the
surface of the dorsal medulla at a dose of 160 pmol before and after bilateral vagotomy
at midcervical level is shown in Figure 2. In this particular animal, a marked increase
in intragastric pressure (peak =4.5 cm H,O; area of the response=1.7 cm?) is
accompanied by a slight increase in pyloric motility (A=0.4 MMI) and greater
curvature contractility (A=1.0 MMI), and arterial blood pressure (A=95 mmHg;
Figure 2A). Gastric motor effects of ET-1 in this rat were completely blocked by
bilateral vagotomy (Figure 2B).

The effects of ET-3, applied to the surface of the dorsal medulla at doses of 1.6, 16,
and 160 pmol, and vehicle on gastric motor function are shown in Figure 3.
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Figure 4. Representative chart recording of 1 experiment in which ET-3 (160 pmol) was applied
to the surface of the dorsal medulla before (A) and after (B) bilateral vagotomy at midcervical
level. A: ET-1 evoked increases in intragastric pressure, pyloric circular and greater curvature
longitudinal muscle contractility, and blood pressure. B: After bilateral vagotomy, no
discernible gastric responses to ET-3 were noted
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Endothelin-3 evoked increases in intragastric pressure area of the response at all doses
used. However, the increases in pyloric contractility attained statistical significance
only at the highest dose of 160 pmol. The changes in greater curvature contractility did
not reach statistical significance at any dose of ET-3 used in the study. Arterial blood
pressure significantly increased in response to ET-3 at doses of 1.6 pmol (A, 30+ 10
mmHg, n=35) and 160 pmol (A, 60+20 mmHg, n=3) when compared with the effect
of vehicle (A=0 mmHg, n=7).

Tracings from one experiment in which ET-3 was applied to the surface of the dorsal
medulla before and after bilateral vagotomy at the dose of 160 pmol are shown in
Figure 4. Increases in gastric tone (peak response = 3.0 cm H,O; area of the response
= 3.8 cm?), and pyloric contractility (A =4 MMI) were accompanied by an increase in
arterial blood pressure (A=45 mmHg; Figure 4A). Bilateral vagotomy completely
blocked the gastric motor effects of the peptide (Figure 4B).

DISCUSSION

The major finding of the present study was that ET-1 and ET-3, applied to the surface
of the dorsal medulla, increase gastric tone and stimulate gastric contractility in
anaesthetized rats in a comparable manner. To our knowledge, this is the first report
of central effects of ET on gastric motor function. The most likely brainstem site of
action for ET-induced changes in gastric tone and contractility is the dorsal vagal
complex; however, these studies are currently under investigation in this laboratory.

Although selective ET receptor subtype antagonists were not used in the study, the
fact that ET-1 and ET-3 both evoked changes in gastric motor function of a
comparable magnitude at comparable doses of the peptides suggests that these effects
are mediated through ETg receptors. This is because the ETp receptor possesses
similar affinities for all three ET isopeptides [7]. This hypothesis is also supported by
the fact that ETy is the predominant subtype of ET receptor in the brain [7]. Moreover,
although no structure-activity studies in medullary nuclei have been reported, the
binding characteristics of ET-1 and ET-3 have been shown in the cerebellum [22-24]. In
addition, ET-1 and ET-3 are equipotent in stimulating the turnover of inositol
phosphates in various regions of the brain [22,25]. Finally, intracisternal administra-
tion of ET-1 and ET-3 has similar effects on baroreceptor heart rate reflex parameters
in the rat [15].

It is unlikely that the observed changes in gastric motor function were caused by the
leakage of the isopeptides to the peripheral circulation. It has been shown that a bolus
intravenous injection of 100 pmol of ET-3 did not cause the pattern of cardiovascular
changes comparable to those following its intracisternal administration in rats [26).

In our experiments, both ET-1 and ET-3, applied to the surface of the dorsal
medulla, increased mean blood pressure. These observations are in line with previous
communications which showed marked increases in blood pressure in response to
centrally applied ETs [26,27], and a long-lasting vasoconstriction of cerebral blood
vessels [28,29]. However, it has also been reported that intracisternal injection of ET-1
or ET-3 at a dose of 25 pmol/kg did not affect heart rate and blood pressure [15] and
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ET-1 at doses of 3-10 pmol, applied to the surface of the fourth cerebral ventricle of
anaesthetized ventilated rats, decreased mean arterial pressure and heart rate. In the
latter communication, the decrease in mean arterial pressure was usually preceded by
an increase [30].

The significance of ET in medullary sites controlling autonomic function is not
known; however, marked elevation in the plasma levels of ETs and down-regulation of
ET receptors in chronic diabetes mellitus may indicate a role of ET not only in the
genesis of heart dysfunction [31] but also in the pathogenesis of cardiovascular and
gastrointestinal complications in diabetes.
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ABSTRACT

The differences between the postprandial mixing or propulsion and the interdigestive motility of the
gastrointestinal (GI) tract are already known. Earlier studies showed dose-dependent differences in the
effects of erythromycin on interdigestive motility. The various GI side-effects (vomiting, diarrhoea) also
suggest that there are different effects of erythromycin on the GI motility. The aim of our study was to
examine postprandially the propulsive effects of different doses of erythromycin on the movement of
intraluminal contents in the upper GI tract of the rat. The animals were fasted for 24 h before the
experiments but water was given freely. The rats received 1.5 ml 1.5% methylcellulose painted with
0.05% phenol-red intragastrically (test solution). Erythromycin (E. lactobionate) was given intrave-
nously at doses of 0.05, 0.1, 0.25, 0.5, 1.0 and 5.0 mg/kg 15 min before the administration of a test
solution. The animals were sacrificed 20, 60 and 120 min after administration of methylcellulose, when
the distance between the front of the painted intraluminal contents and the pylorus was measured and
expressed as a percentage of the total length of small intestine. The phenol-red content in the stomach
and small intestine was measured spectrophotometrically and the gastric emptying was calculated from
the ratio of the measured total and intestinal phenol-red content. Our results showed that the small
doses of erythromycin (0.1 and 0.25 mg/kg) accelerated gastric emptying after 20 min but did not
change significantly the propulsive motility of upper small intestine; however, large doses of
erythromycin (1.0 and 5.0 mg/kg) decreased gastric emptying and upper GI motility after 20 and 60
min. In summary, the prokinetic action of small doses of erythromycin was demonstrated, but its effect-
time on GI motility is short and the ratio of the stimulating and inhibitory doses is 1:10.

Keywords: erythromycin, postprandial propulsive motility, gastrointestinal tract

INTRODUCTION

Recently, some studies named erythromycin and the erythromycin-like drugs the new
family of the prokinetic agents [1]. The prokinetic action of small doses of erythromy-
cin on gastric emptying and on interdigestive motility, measured by migration motor
complexes (MMC) was proved [2]. However, the varied gastrointestinal (GI) side-
effects of large doses of erythromycin in clinical practice, such as a vomiting and
diarrhoea [6], suggest that erythromycin has different effects on GI motility. Earlier
studies also demonstrated the dose-dependent effects of erythromycin on interdigestive
motility (MMC) [2]. On the other hand, the pattern of interdigestive motility
disappears after a meal because it does not play any role in postprandial motility [3].
The measurement of MMC by manometric methods did not show clearly the efficiency

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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of the propulsive motility on the movement of intraluminal contents. The aim of our
study, therefore, was to examine the effects of different doses of erythromycin on the
propulsive movement of intraluminal contents in the upper GI tract of the rat.

MATERIALS AND METHODS

The observations were carried out on Sprague-Dawley rats weighing 250-300 g
(LATI, Go6dolls, Hungary). The animals were fasted for 24 h before the experiments
but they received tap water ad libitum. The experiments were started at 1 pm.

GI motility was examined by the distribution in the GI tract of 1.5 ml of 1.5%
methylcellulose (Sigma Chemical Co., St. Louis) intragastrically (ig) administered
painted with 0.05% phenol-red (test solution) [4].

Erythromycin (Erythromycin-Lactobionat, Antibiotice S.A.-Iasi, Romania) dis-
solved in 0.5 ml saline was given intravenously (iv) at doses of 0.05, 0.1, 0.25, 0.5, 1.0
or 5.0 mg/kg 15 min before the ig administration of methylcellulose. Saline (0.5 ml)
was given iv to the control group at the same time.

Rats were sacrificed by inhalation of carbon dioxide at 20, 60 and 120 min after
methylcellulose administration. The pylorus was clamped and the total GI tract was
removed. The distance between the front of the painted intraluminal contents and the
pylorus was measured in centimetres and was expressed as a percentage of the total
length of the small intestine.

The stomach and small intestine with their contents were homogenized in 20 ml of
0.1 N NaOH for 30 min. Supernatant (7.5 ml) was added to 0.8 ml of 25%
trichloroacetic acid. After centrifugation (2400g, for 20 min), 2 ml of supernatant were
added to 2.5 ml of 0.5 N NaOH. The absorbance of the phenol-red in each sample was
measured at a wavelength of 560 nm with a spectrophotometer (Hitachi 124, Japan).
Gastric emptying was expressed as a percentage value, as a ratio of the absorbance in
the small intestine and the absorbance in the stomach plus small intestine.

Previously, we had studied the metabolism and the absorption of phenol-red content
of the test solution in the GI tract. More than 100% of the applied phenol-red was
measurable in the GI tract at 60 and 120 min after its ig administration. Phenol-red
was not found in the serum, urine and bile after 60 and 120 min in the rats. These
results proved that this test solution was a useful tool to measure the distribution of
intraluminal contents in the GI tract because the phenol-red is not absorbed from the
GI tract and is not digested or involved in the entero-hepatic system in significant
quantities. The test solution appeared in the caecum 180 min after its ig administration.

Statistical analysis

The results were calculated as means + SEM. The non-paired Student’s -test was used
for statistical analysis of results. Differences were considered significant when a p value
<0.05 was obtained.
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RESULTS

At 20, 60 and 120 min, respectively, the control gastric emptying was 55.65 1 3.05%,
85.9+1.5% and 95+ 0.9%, and the control values for the distance between the front of
painted intraluminal juice and the pylorus were 49.76+2.27%, 78.95+3.67% and
98 +1.2%.

Small doses of erythromycin (0.1 and 0.25 mg/kg) significantly accelerated gastric
emptying after 20 min, but no significant differences were found after 60 and 120 min
(Figures 1 and 2). No significant changes were found in the distances between the front
of bulk and the pylorus after 20, 60 or 120 min (Figures 3 and 4).

Large doses of erythromycin (1.0 and 5.0 mg/kg) significantly decreased gastric
emptying after 20 min but did not cause significant changes in gastric emptying after 60
or 120 min (Figures 1 and 2). These doses significantly decreased the distance between
the front of bulk and the pylorus after 20 and 60 min but not after 120 min (Figures 3
and 4).

DISCUSSION

The erythromycin-induced dose-dependent effects on the propulsive movement of
intraluminal contents in the upper GI tract of rats were examined in this study. Earlier
studies and clinical observations suggested that different doses of erythromycin have

Figure 1. Effect of different doses of erythromycin on gastric emptying after 20 min. The results
are expressed as percentage values of the control group (control=100%). (Means + SEM; n=12;
NS: not significant; “p <0.05)
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Figure 2. Effect of different doses of erythromycin on gastric emptying after 60 min. The results
are expressed as percentage values of the control group (control=100%). (Means + SEM; n=12;
NS: not significant

Figure 3. Effect of different doses of erythromycin on the distance between the front of painted
intraluminal content and the pylorus after 20 min. The results are expressed as percentage
values of the control group (control=100%). (Means +SEM; n=12; NS: not significant;
*p<0.05)
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Figure 4. Effect of different doses of erythromycin on the distance between the front of painted
intraluminal content and the pylorus after 60 min. The results are expressed as percentage
values of the control group (control=100%). (Means+SEM; n=12; NS: not significant;
*p<0.05)

different effects on the interdigestive and postprandial GI motility [2,6]. Small doses of
erythromycin accelerate gastric emptying after a meal [5] while large doses induce
different GI side-effects (vomiting, diarrhoea) [6].

Our results showed that single small doses of erythromycin (0.1 or 0.25 mg/kg)
accelerated gastric emptying at 35 min after erythromycin administration (20 min after
methylcellulose administration ig) but did not change significantly the distance
between the front of bulk and the pylorus. On the other hand, large doses of
erythromycin (1.0 and 5.0 mg/kg iv) significantly decreased the gastric emptying 20
min after the administration of the test solution. The distance between the front of the
bulk and the pylorus was also decreased in parallel with the inhibition of gastric
emptying at 35 and 75 min after administration of 1.0 or 5.0 mg/kg erythromycin.
Other studies also demonstrated that microbially ineffective doses of erythromycin
inhibited small intestinal motor activity in the fed state while it had no significant effect
in the fasted state (using the manometric method) [3].

The stimulatory and inhibitory effects of small and large single iv doses of
erythromycin disappeared in the stomach after 20 min and in the small intestine after
60 min. These results suggest that the effect-time of erythromycin in the GI tract is very
short. Other studies found that the half-life of iv-administered erythromycin in the
circulation is between 30 and 90 min in different species [2,3].
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On the other hand, our results showed that the stimulatory and inhibitory effects of
erythromycin on GI motility could only be detected in the stomach and upper small
intestine. Some studies have proposed that the prokinetic action of small doses of
erythromycin is connected with the motilin receptors [1], while the GI side-effects of
large doses are independent of the motilin receptors [7]. Motilin receptors are mainly in
the upper GI tract, the numbers decreasing aborally in the small intestine [8,9].

In summary, a biphasic motor effect of erythromycin on the postprandial motility of
upper GI tract in rats was proved: small doses of erythromycin had a prokinetic effect
on the stomach while large doses had an inhibitory effect on upper GI motility after a
meal. However, the effect-time of erythromycin, given as a single iv dose, on GI
motility was very short and the ratio of stimulating to inhibiting doses was rather small
(1:10).
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BICUCULLINE BLOCKS THE INHIBITORY EFFECTS OF
SUBSTANCE P BUT NOT VASOACTIVE INTESTINAL
POLYPEPTIDE ON GASTRIC MOTOR FUNCTION IN THE
NUCLEUS RAPHE OBSCURUS OF THE RAT
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ABSTRACT

We have shown previously that substance P (SP) and vasoactive intestinal polypeptide (VIP),
microinjected into the caudal nucleus raphe obscurus (nROb) of the rat decreases intragastric pressure
via vagally mediated pathways. Since y-aminobutyric acid (GABA) is a transmitter of interneurons
innervating non-adrenergic, non-cholinergic pathways that modulate gastric peristalsis, we tested the
hypothesis that peripheral GABA is a mediator of inhibitory effects of SP and VIP in the nROb on
gastric motor function. Substance P (135 pmol) or VIP (100 pmol) were microinjected into the nROb of
the same a-chloralose-anaesthetized rats before and 60 min after peripheral administration of bicucul-
line methiodide (0.4 mg/kg sc), a GABA, receptor antagonist. As expected, both SP and VIP,
microinjected into the nROb, evoked marked decreases in intragastric pressure before bicuculline.
However, the gastric motor effects of SP, but not VIP, were abolished by bicuculline. Therefore we
conclude that SP-evoked gastric relaxation in the nROb is mediated through a peripheral GABA-ergic
pathway.

Keywords: y-aminobutyric acid, bicuculline, substance P, vasoactive intestinal polypeptide, gastric tone,
gastric motility, brainstem, nucleus raphe obscurus

The nucleus raphe obscurus (nROb) in the caudal medulla oblongata has recently
emerged as an important structure involved in the brain control of gastric functions [1-
4]. This raphe nucleus maintains direct anatomic and functional connections with the
dorsal motor nucleus of the vagus (DMV) [1,5], a major site of origin of vagal gastric
preganglionic fibres (for review see Reference 6). Substance P (SP)-immunoreactivity is
present in both cells [7] and fibres [8] of the raphe nuclei along with SP receptor
immunoreactivity [9] and tachykinin binding sites [10]. Substance P microinjected into
the nROD of the rat decreases intragastric pressure and tends to inhibit gastric motility
via a vagally mediated pathway [11]. Moreover, gastric inhibition caused by micro-
injection of SP into the nROb is mediated by central [12] and peripheral nitric oxide
(NO)-containing pathways [13].

Vasoactive intestinal polypeptide (VIP)-positive fibres have been found in the dorsal
vagal complex [14-16] and raphe nuclei [16]. Preliminary data show that microinjec-
tion of VIP into the nROb at doses of 1-100 pmol dose-dependently decreases

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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intragastric pressure and inhibits contractility of gastric smooth muscle [17].

Recent studies revealed that, in the enteric nervous system, y-aminobutyric acid
(GABA,) is a transmitter of interneurons innervating not only excitatory (cholinergic)
but also inhibitory (non-adrenergic, non-cholinergic; NANC) pathways [18,19] that
modulate intestinal peristalsis and gastric acid secretion [20]. Although a majority of
evidence supports NO as a NANC inhibitory neurotransmitter in the vagus nerve and
vagally mediated relaxation of the stomach is dependent on NO [21-25], other
transmitters are also involved. Specifically, a recent study by Krantis and Glasgow
demonstrated that NO-mediated relaxations of the gastro-duodenum are targeted by
GABA [26] and VIP-induced relaxations of the antrum are mediated by NO [27].

It was therefore the primary purpose of this study to investigate the involvement of
peripheral GABA in mediating the inhibitory gastric motor effects of SP and VIP in
the nROb.

MATERIALS AND METHODS

Male Sprague-Dawley rats (180-380 g; Charles River Laboratories, Wilmington, MA)
were used in the study and all procedures were performed with the approval of the
LSUMC Institutional Animal Care and Use Committee. The animals were initially
anaesthetized with ketamine and xylazine mixture (im, 50 and 5 mg/kg, respectively)
and separate cannulae were placed in the left femoral artery and vein. Afterwards, a-
chloralose (80 mg/kg iv) was administered and a tracheotomy performed to ease
respiration. After laparotomy, an intraluminal latex balloon was inserted into the
stomach through an incision in the fundus for continuous recording of intragastric
pressure. Two small strain gauges were mounted on the surface of the stomach for
monitoring of circular smooth muscle contractility of the pyloric region and long-
itudinal smooth muscle of the greater curvature of the stomach [28]. Rectal tempera-
ture was maintained between 37.0 and 37.5°C.

Animals were placed in a stereotaxic frame and the dorsal surface of a medulla and
obex were exposed by an occipital craniotomy. Five-barrelled glass micropipettes
(FHC, Brunswick, ME; 20 um total external tip diameter) were used in all experiments.
The micropipette tip was stereotaxically placed in the nROb (co-ordinates: 0.7 mm
rostral to the obex, 0.0 mm lateral from the midline, and 1.3 down from the surface of
the brain at the level of the obex). All microinjections (vehicle, agents and 1%
pontamine sky blue) were delivered in a volume of 30 nl (30 psi) using a pneumatic
pico-pump model PV 830 (World Precision Instruments, New Haven, CT). At the end
of each experiment the animals were perfused transcardially, and the brains were
removed for later histological determination of the injection sites, as described in detail
elsewhere [2].

Substance P (Bachem California, Torrance, CA) was dissolved in 0.9% saline
containing 0.2% ascorbic acid (as an antioxidant); VIP (American Peptide Co.,
Sunnyvale, CA) was dissolved in 0.9% saline with 0.01% bovine serum albumin. The
doses of SP and VIP were chosen to produce submaximal gastric responses on the basis
of our previous study using a range of doses [11,17]. Bicuculline methiodide (BMI, 0.4
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mg/kg sc), a GABA 4 receptor antagonist, or vehicle (0.9% saline) were administered
60 min before repeat microinjections of vehicle, SP and VIP into the nROb.

The area of the response in intragastric pressure for each treatment was calculated
using a microcomputer-based imaging system, as described in detail elsewhere [28]. In
addition, the peak change in intragastric pressure relative to preinjection levels was
calculated. Contractility of the pyloric circular muscle and the fundus longitudinal
muscle was expressed as minute motility index (MMI), as described in detail elsewhere
[28].

The differences between groups were assessed by one-way repeated measures
analysis of variance (ANOVA) followed by Student-Newman-Keuls test. However,
due to the failure of the normality test, the changes in greater curvature contractility in
response to VIP treatment were evaluated with Friedman repeated measures ANOVA
on ranks. Values of p <0.05 were considered statistically significant.

RESULTS

Figure 1 shows the effects of SP (135 pmol) microinjected into the nROb before and
after BMI on intragastric pressure, expressed as both peak change from the baseline
and the area of the response, as well as on pyloric and greater curvature contractility.
Microinjection of SP into the nROb elicited a significant decrease in both peak and
total area of the response of intragastric pressure when compared with the effect of
vehicle. Pyloric, but not greater curvature, contractility was also significantly reduced.
Repeated microinjections of SP into the nRODb in the same animals 60 min after
administration of BMI resulted in small changes in intragastric pressure and pyloric
motility that did not differ from the effect of vehicle.

Chart recordings from a representative experiment where SP (135 pmol) was
microinjected into the nROb before and after BMI are shown in Figure 2. In this
particular animal, BMI completely blocked the inhibitory effect of SP on gastric motor
function.

Figure 3 illustrates the effect of VIP (100 pmol) microinjected into the nROb before
and after BMI on intragastric pressure and gastric contractility. Microinjection of VIP
into the nROD significantly decreased intragastric pressure and pyloric motility.
Repeated microinjection of VIP (100 pmol) into the nROb 60 min after peripheral
administration of BMI did not influence the effect of peptide on intragastric pressure.
The inhibitory effect of VIP in the nRODb on the contractility of pyloric smooth muscle
did not attain statistical significance when compared with the effect of vehicle;
however, the changes in pyloric contractility in response to VIP before and after BMI
did not differ from each other.

Figure 4 shows a chart recording from a representative experiment which illustrates
that after microinjection of VIP (100 pmol) into the nROb there was a decrease in
intragastric pressure and inhibition of pyloric contractility. The inhibitory effect of VIP
on intragastric pressure was even more evident when repeated after peripheral
administration of BMIL
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Figure 1. Effects of vehicle or SP (135 pmol), microinjected into the nROb before and after
bicuculline methiodide (BMI), on intragastric pressure (PRIGP, peak response; ARIGP, area
of the response), pyloric circular muscle (PM), and greater curvature longitudinal muscle
(GCM) contractility. Data are mean (bar = SE) changes from baseline for number of animals
indicated in the histogram. *Statistically significant when compared with the effect of vehicle;
°Statistically significant when compared with the effect of SP

DISCUSSION

In the present paper, we confirm that SP and VIP in the nROb have inhibitory effects
on gastric motor function in a-chloralose-anaesthetized rats [11,17] and show that the
central inhibitory effect of SP (but not VIP) on intragastric pressure and circular
muscle contractility in the pyloric region of the stomach is mediated via peripheral
GABA4 receptors.

We have reported previously that neither atropine, VIP-antagonist nor NO synthase
inhibitor alone could abolish the inhibitory effect of SP in the nROb on gastric tone
and contractility [13]. However, as we have shown in this study, blockade of GABA,
receptors is sufficient alone to prevent the gastric motor effects of SP in the nROb.

There is ample evidence that the GABA is a neurotransmitter in the enteric nervous
system [18,29,30]. GABA has been localized within nerve bundles innervating the
circular muscle layer of the gastrointestinal tract [18,31-33]. Also, GABA receptors are
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Figure 2. Representative chart recording of one experiment in which SP (135 pmol) was
microinjected into the nROb before (A) and after (B) bicuculline methiodide (BMI). A: SP
evoked a decrease in intragastric pressure and pyloric circular muscle contractility. B: after
BMI, no discernible gastric responses to SP were noted

present on myenteric nerves and in this way GABA modulates the motor innervation
of the gastrointestinal tract [29,34]. GABA is believed to control the motility of the
gastrointestinal tract through cholinergic neurons [30,35] and central GABAergic
mechanism [36,37]. Nonetheless, little is known regarding the mechanism of GABA
action in the control of gastric motor function. At low concentration, GABA was
considered to bind to high-affinity GABAA receptor on the cholinergic neurons,
causing the release of acetylcholine that evoked contraction of the smooth muscle. At
high concentrations (>107'" mol/L), GABA binds to both high affinity GABA,
receptors on the cholinergic neurons and low affinity GABA 4 receptors on the smooth
muscle, resulting in its contraction [18]. However, GABA also inhibits both release of
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Figure 3. Effects of vehicle or VIP (100 pmol), microinjected into the nROb before and after
peripheral administration of bicuculline methiodide (BMI), on intragastric pressure (PRIGP,
peak response; ARIGP, area of the response), pyloric circular muscle (PM), and greater
curvature longitudinal muscle (GCM) contractility. Data are mean (bar = SE) changes from
baseline for number of animals indicated in the histogram. *Statistically significant when
compared with the effect of vehicle

acetylcholine and intestinal smooth muscle contractions evoked by electrical stimula-
tion. This inhibitory effect of GABA is not antagonized by bicuculline or picrotoxin
and is, therefore, not mediated through GABA, receptors [38]. Thus, GABAg
receptors of the enteric nervous system are believed to be responsible for the
presynaptic inhibition of cholinergic excitatory neurons resulting in gastrointestinal
relaxation [39]. It has been shown that both cholinergic and adrenergic receptors are
involved in the postsynaptic regulation of GABA release. Specifically, acetylcholine
inhibits K *-evoked release of [’HJGABA from the isolated small intestine [40].
Krantis and co-workers [41] have recently demonstrated that the blockade of
GABA, receptors significantly reduces or even abolishes antral relaxations in the
anaesthetized rat in a manner similar to the effect of a NO synthase inhibitor and NO-
mediated relaxations of the gastroduodenum are targeted by GABA [26]. Therefore, we
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Figure 4. Representative chart recording of one experiment in which VIP (100 pmol) was
microinjected into the nROb before (A) and after (B) bicuculline methiodide (BMI). A: VIP
evoked a decrease in intragastric pressure and inhibited pyloric muscle contractility. B: BMI
did not change gastric relaxation in response to VIP

conclude that SP in the nROb must activate NO pathways that are dependent on
GABA4 receptor activation as well as presynaptic inhibition of acetylcholine. The
peripheral pathways and mechanism of VIP in the nROb-induced gastric relaxation is
not elucidated by the present study. Since relaxant activity occurring in the rat
gastroduodenum in vivo can be distinguished by its dependence upon either NO (A-
GABAergic mediated) or adenosine 5'-triphosphate (ATP) [41], it is possible that VIP
mediated in the nROb gastric relaxation involves ATP. Further experiments are needed
to test this hypothesis. Nonetheless, we hope that our communication adds a new scope

to the understanding of the involvement of GABA in vagally mediated gastric
relaxation.
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ABSTRACT

Among oesophageal motility disorders gastro-oesophageal reflux disease (GORD) affects a substantial
number of population, whereas other motility disturbances including achalasia, hypertensive lower
oesophageal sphincter, diffuse oesophageal spasm, and nutracker oesophagus occur relatively rarely.
GORD is a complex motility disorder affecting the upper gut, which results in a pathologic reflux of
gastric and intestinal contents to the oesophagus. Hypomotility changes involve both the oesophagus and
the lower oesophageal sphincter (LOS), as well as the stomach. Pharmacologic basis of oesophageal
motility disorder is not clearly understood, an improper release of acetylcholine or a vagally-mediated
noncholinergic nonadrenergic inhibitory mechanism (candidate neurotransmitters are vasoactive
intestinal peptide (VIP) and nitric oxide (NO)) is suspected. Failure of the motility defense mechanisms
and tissue resistance of the oesophagus will lead to the development of symptoms and morphological
alterations, e.g. reflux oesophagitis. In the development of atypical symptoms such as non-cardiac chest
pain and respiratory complications, local factors, aspiration of the refluxed material and a vagally
mediated coronary or bronchial spasm may be involved. Achalasia or cardiospasm is characterized by
lack of relaxation of the LOS and loss of peristalsis in the lower two-thirds of the oesophagus. Motility
disorder is caused mainly be denervation of postganglionic non-cholinergic non-adrenergic inhibitory
neurons, resulting in a marked impairment of both acetylcholine and VIP or NO release. On the contrary,
hypertensive LOS is characterized by increasing resting LOS pressure associated with normal sphincter
relaxation and oesophageal peristalsis. In diffuse oesophageal spasm simultaneous or repetitive non-
propagating contractions are recorded, while in nutcracker oesophagus manometry shows a pattern of
high-amplitude but peristaltic contractions. In spastic motility disorders neural dysfunction may involve
both afferent (sensory) and efferent fibres resulting in exaggerated response of the oesophagus to
cholinergic stimulation. Nonspecific oesophageal motility disorders are associated with broad spectrum
of manometric abnormalities including frequent nontransmitted contractions, retrograde contractions,
low amplitude contractions, prolonged duration of peristaltic waves, and isolated incomplete LOS
relaxation and their clinical significance is yet unknown.

Keywords: oesophageal motor disorders, gastro-oesophageal reflux disease, achalasia, diffuse oesopha-
geal spasm, nutcracker oesophagus

INTRODUCTION

During the past two decades, there has been remarkable progress in methodology for
the study of oesophageal motility in experimental animals, as well as in humans.
Experimental studies have revealed basic mechanisms involved in the control of motor
function of the oesophagus, while application of precise intraluminal pressure
measurements, radiological techniques, particularly cineradiography and radionuclide

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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scintigraphy have expanded our understanding of oesophageal motility disorders and
their relationships with symptoms. Unfortunately, research in this area has been
hampered by the inability to gather pathological specimens of muscle and nerves in
diseases that are not life threatening. Many tools are available now for evaluating
oesophageal function to assist in the diagnosis of patients with oesophageal motility
disorders; however, to provide adequate treatment, understanding of the pathophysio-
logical bases of these disorders is of the utmost importance.

NORMAL MOTILITY PATTERN OF THE OESOPHAGUS

Normal motility pattern of the oesophagus represents a peristaltic movement, which is
propagating distally and, by reaching the lower oesophageal sphincter (LOS), induces
relaxation. Peristaltic reflex, which results in an aborally propagating oesophageal
muscle contraction, is initiated by swallowing or by intraluminal distension. Peristalsis,
a co-ordinated propulsive movement of the circular and longitudinal muscles, consists
of a contraction front, which is preceeded by a relaxation that propels the bolus in an
aboral direction. The contraction front consists of a contraction of circular muscle and
relaxation of longitudinal muscle behind the bolus, whereas receptive relaxation is the
result of contraction of the longitudinal muscle and relaxation of the circular muscle.
The tonically contracted ring of circular muscle that forms the LOS relaxes in response
to swallowing. This relaxation is followed by a transient contraction, also called
hypercontraction [1-4].

Neurohumoral control of oesophageal peristalsis

Peristaltic movement of the oesophagus is controlled by a complex neural mechanism,
which is modulated by peptidergic and hormonal effects. Neural regulation is exercised
at three levels:

1. The enteric nervous system (ENS), composed of the myenteric and submucosal
plexuses;

2. The extrinsic preganglionic parasympathetic motor neurons that synapse with
secondary (postganglionic) nerve cells in the myenteric plexus, the postganglionic
sympathetic nerves, passing from the superior cervical ganglion in some species
and from cervical and thoracic, as well as celiac ganglia, in others, which
terminate in the myenteric and submucous plexus and in relation to blood vessels;

3. The central nervous system through the autonomic nervous system’s parasympa-
thetic and sympathetic connections.

Afferents arising in the oesophagus enter the ENS ganglia, the sympathetic
prevertebral ganglia and the CNS via the vagus and sympathetic nerves. The system
also receives extra-intestinal input through gastrointestinal hormones and neuropep-
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tides. All this information is integrated into commands that act through the smooth
muscle cell activity to produce the motility pattern described above [1,5-7].

The terminal motor innervation to the smooth muscle of the oesophagus arises from
cell bodies in the myenteric ganglia, making them postganglionic nerves [8,9].
Numerous non-peptide and potential peptide neurotransmitters have been identified
in axons coursing through the smooth muscle [10-15]. To date, two non-peptide
substances, acetylcholine and nitric oxide (NO), are the only proven neurotransmitters
released from these neurons, which play a basic role in the development of oesophageal
peristalsis [3,16-23]. These mediators may act directly on smooth muscle cell
membranes or their effect may be transferred by interstitial cells of Cajal, which are
located between neurons and smooth muscle and make gap junctions with adjacent
smooth muscle cells.

Peristaltic reflex may be elicited by swallowing (primary peristalsis) or by oesopha-
geal distension (secondary peristalsis). The swallowing centre plays an important role
in the initiation of oesophageal peristalsis, while its organization into a progressing
front of contraction depends entirely on a programming mechanism within the
oesophagus [24-27]. The electrophysiological events in the smooth muscle of the
oesophagus that underlie peristaltic contractions in vivo are well described [28,29].
Both swallowing and vagal nerve stimulation result in a prompt hyperpolarization of
the circular smooth muscle membrane potential along the length of the smooth muscle
oesophagus. This hyperpolarization is followed by a transient depolarization of the
plasma membrane that is associated with a burst of smooth muscle spike potentials,
which result in oesophageal contraction. The progressive nature of the peristaltic
contraction depends, therefore, on the timing of the depolarization and spike
potentials. The timing of these excitatory events appears, in turn, to be determined by
the preceding membrane hyperpolarization.

There is strong evidence that membrane hyperpolarization, which elicits delayed
contractions (‘off contraction’ or an ‘off response’) following a latency period is induced
by NO synthesized in the non-adrenergic non-cholinergic (NANC) nerves within the
myenteric plexus [16,17,30-32], since inhibitors of NO synthesis attenuate the nerve-
induced hyperpolarization, the depolarization, and the off contraction in a dose-
dependent manner. In the membrane depolarization and generation of peristaltic
contractions, the cholinergic pathway plays a role since atropine decreases the
amplitude of peristaltic contractions produced by swallowing, vagal stimulation or
intrinsic nerve stimulation [3,20-23]. Earlier studies suggested that cholinergic nerve
activity is responsible for controlling the timing of peristalsis in the proximal portion of
the smooth muscle oesophagus [22,23]. Neither the timing nor the progression of these
off contractions, at any level of the smooth muscle oesophagus, was changed, however
after muscarinic receptor blockade by atropine, whereas inhibitors of NO synthesis
shortened the time between swallowing and the appearance of peristaltic contractions,
and resulted in nearly simultaneous contractions [19]. These results indicate that NO,
produced in response to nerve stimulation, plays an important role in the genesis and
the timing of the off contraction [16,17]. Oesophageal peristalsis, therefore, is the result
of an NO-induced event that programs the appearance of acetylcholine-evoked spike
potentials. The cellular mechanisms that underlie nerve-induced hyperpolarization of
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the circular oesophageal smooth muscle are debated. One body of evidence supports
the hypothesis that both intrinsic nerve stimulation and exogenous NO hyperpolarize
the plasma membrane by increasing potassium ion conductance [34-37]. Other
evidence supports the hypothesis that intrinsic nerve stimulation results in a decrease
in chloride ion conductance [38]. Smooth muscle spike potentials result in the opening
of plasma membrane calcium channels and the inward movement of calcium ions. This
by raising the free cytosolic calcium ion concentration, activates the contractile
machinery and produces contraction of the circular muscle. The off contraction of
circular oesophageal muscle depends upon this mechanism and upon the extracellular
calcium [39,40]. Thus, the depolarization and spike potentials are the electrophysiolo-
gical correlates of the off contractions.

The basic motility pattern of the oesophagus is modulated by extrinsic innervation
as well as by CNS. Parasympathetic innervation is predominantly stimulatory, whereas
sympathetic innervation is inhibitory [1].

Neurohumoral control of the lower oesophageal sphincter

LOS is a tonically contracted muscle ring located at the distal end of the oesophagus. The
increased tone of the LOS depends mainly upon the intracellular pool of calcium, since
depletion of intracellular calcium stores in the absence of extracellular calcium leads to
the loss of LOS tone. This tone may be modulated both by neural and hormonal
influences. Cholinergic and sympathetic nerves supplying this region are both excitatory
[24,41-43]. Gastrin, substance P and motilin all increase the tone of the sphincter [44—
46), while the effect of dopamine is inhibitory [47]. The prostaglandins have been
postulated as participants in the determination of LOS pressure [48] and, certainly,
many prostanoids can affect the sphincter. They are thought to be responsible for the low
sphincter tone that occurs in the presence of experimentally induced oesophagitis.

The relaxation of the sphincter induced by swallowing and by other manoeuvres,
such as oesophageal distention, clearly neurogenic. Axons of the postganglionic
inhibitory neurons terminate within the circular muscle of the LOS where they release
an inhibitory neurotransmitter, almost certainly NO, that mediates LOS relaxation
[16,17,19,31]. The electrophysiological correlate of LOS relaxation, whether caused by
swallowing, vagal nerve stimulation or electrical stimulation of intrinsic nerves, is
hyperpolarization of the smooth muscle membrane [28,49,50]. This hyperpolarization
differs somewhat from that recorded from neighbouring oesophageal muscle in that it
is not followed by membrane depolarization.

At least two neuropeptides, VIP and calcitonin gene-related peptide, have also been
proposed as neurotransmitters that may mediate LOS relaxation in response to nerve
stimulation, but their physiological roles have not yet been established [11,12,51,52].

There are other bioactive substances capable of relaxing the LOS, but many of them
are not yet demonstrated in oesophageal innervation. Some may act through
oesophageal inhibitory innervation as paracrine or endocrine agents. These include
cholecystokinin, somatostatin, glucagon, some prostaglandins, dopamine, the female
sex hormones, secretin, neurotensin and gastric inhibitory peptide [1,47,53-55].
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GASTRO-OESOPHAGEAL REFLUX DISEASE

Gastro-oesophageal reflux disease (GORD) and reflux oesophagitis are broad terms
used to describe pathological events related to the exposure of the oesophagus or
oropharynx to gastric content. Simple gastro-oesophageal reflux occurs physiologically
but, due to effective oesophageal clearance activity, the oesophagus—gastric juice
exposure time is rather short and does not result in morphological damage or clinical
symptoms. In sharp contrast, GORD involves more frequent (pathological) reflux
which may lead to the development of endoscopically observable damage to oesopha-
geal tissue (reflux oesophagitis etc.) and characteristic clinical symptoms (heartburn
etc). Although simple gastro-oesophageal reflux, GORD and reflux oesophagitis can
be regarded as lying on a continuum, these terms should not be confused with each
other. GORD is considered to be a separate clinical entity, caused by a complex
motility disorder of the oesophagus and LOS (and sometimes the stomach), whereas
reflux oesophagitis is simply one of the morphological consequences of GORD [56].

The clinical picture presented by the patient with GORD is highly variable. The
majority of patients with GORD have occasional or chronic but mild symptoms, such
as heartburn, with no objective evidence of the disorder and these patients rarely seek
medical assistance. The other group of patients who do seek physician’s help have more
troublesome and frequent symptoms and will evidence some degree of objective
pathology on examination. Finally, a group of patients described as ‘the tip of the
iceberg’ have chronic persistent symptoms, associated with serious complications [57].

It seems that symptoms of GORD affect a large proportion of the population.
However, proper statistical information on the epidemiology of GORD and reflux
oesophagitis is limited for the reasons described above.

Pathogenesis of GORD

GORD is the result of disturbed motility of oesophagus and LOS, which enables
gastric or intestinal contents to reflux into the oesophagus. Motility disorder affects
mainly the LOS, although impaired oesophageal clearance or delayed gastric emptying
may also contribute to the development of pathological reflux. GORD, therefore, is a
multifactorial disease whose initiating event is a true motility disorder that leads to the
reflux of gastric contents into the oesophageal lumen. Reflux oesophagitis and
symptoms develop in susceptible persons due to prolonged contact between oesopha-
geal epithelium and noxious substances in the refluxate. In healthy subjects, there is a
three-tiered defence system, including antireflux barrier, luminal clearance mechan-
isms, and tissue resistance, which protects oesophagus against noxious gastric content.
Failure of the defence mechanisms described above allows gastric and intestinal
contents (offence mechanisms) to reflux into the oesophagus and leads to the develop-
ment of symptoms and morphological alterations.
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Defence mechanisms

Antireflux barriers: These barriers, which protect the oesophagus by limiting the
frequency and volume of refluxate entering the lumen, include the LOS, the intra-
abdominal segment of the oesophagus, the diaphragmatic crura, the phrenoesophageal
ligament, the mucosal rosette, and the acute angle of His [58]. The major antireflux
barrier is the high-pressure zone of approximately 10-30 mmHg at the gastro-
oesophageal junction. The high-pressure zone is generated predominantly by contrac-
tion of the LOS. In resting states, the high-pressure zone due to LOS contraction
creates a barrier to the transfer of acid—pepsin from stomach to oesophagus. However,
since reflux occurs in everyone, the LOS is an imperfect barrier. In healthy subjects,
this imperfection is due to phenomenon known as transient LOS relaxation (TLOSR).
In GORD, the antireflux barrier may become insufficient by three mechanisms:

1. Increase in the frequency of TLOSRs (spontaneous reflux) is the main mechanism
that leads to pathological reflux into the oesophagus. TLOSRs are spontaneous
non-swallow-initiated events that permit reflux by obliterating the high-pressure
zone by way of a vagally mediated NANC mechanism; the candidate neurotrans-
mitters are VIP or NO [59,60]. The increased frequency of reflux noted after meals
is probably the result of gastric distention, inducing more frequent TLOSRs
permitting gas to be vented from the stomach. In healthy individuals the entry of
reflux into the oesophagus is almost immediately followed by an increase or no
change in the contractility of the oesophageal body that may inhibit acid reflux
into the oesophagus. In GORD patients the contraction of the oesophagus
decreases in response to the reflux, favouring the rise of the acid in the
oesophageal body during TLOSRs, which suggests that GORD may ensue at least
in part from a failure in the excitatory (cholinergic) pathway [61].

2. Stress reflux results from a transient increase in intra-abdominal pressure that
creates enough force to overcome the poor squeeze of the otherwise competent
LOS [62,63].

3. Free reflux can occur any time when LOS tone is low or absent. The mechanisms
responsible for impaired LOS contractility have not yet been established. LOS
incompetence could be a primary neuromuscular defect or, alternatively, a
secondary defect, i.e. the result and not the cause of reflux oesophagitis [64,65].

Hiatus hernia: The relationship between sliding hiatus hernia and GORD remains
controversial. Once considered synonymous, now they clearly are not. Most subjects
with hernias do not have reflux oesophagitis, while most subjects with oesophagitis,
particularly when severe, do have hernias, suggesting that sliding hernias may be the
consequence, rather than the cause, of reflux oesophagitis [66—70].

Luminal clearance mechanism: The second tier in oesophageal defence against reflux
damage is luminal clearance. In healthy individuals, pH in the oesophagus is rapidly
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normalized after acid reflux. Two components account for this effect: neutralization by
saliva and clearance by oesophageal peristalsis. In patients with GORD, abnormalities
in clearance mechanisms, peristaltic dysfunctions (impairment of both primary and
secondary peristalsis) and reduced salivary flow have all been demonstrated [56,57,71].
It is very important to emphasize that, during sleep, oesophageal clearance is virtually
inoperative. Thus, due to prolonged acid—oesophagus contact time, the oesophageal
mucosa is completely unprotected at night [72,73].

Tissue resistance: This is a group of oesophageal structure/functions that interact to
prevent or minimize epithelial damage from noxious luminal contents [71]. They are
subdivided into pre-epithelial (mucus—unstirred water layer-bicarbonate complex)
epithelial (membranes and intercellular junctions, bicarbonate secretion and ability to
extrude H* ions), and postepithelial (blood flow) defences. Tissue resistance in the
oesophagus is weaker than that in the stomach. Therefore, these defence mechanisms
are unable to protect oesophageal mucosa when pathological reflux occurs.

Offence mechanisms

Composition and potency of refluxate: The substances found in the stomach that can
contribute to the noxious quality of the refluxate include: hydrochloric acid, pepsin,
bile salts and pancreatic enzymes. The overwhelming majority of subjects with GORD
secrete acid and have acidic refluxate. Although oesophagitis is more frequent in acid
hypersecretory states, such as Zollinger-Ellison syndrome, hyperacidity itself does not
necessarily lead to the development of reflux oesophagitis unless oesophageal defences
are impaired. The main problem in GORD is that, due to disturbed motility, acid
occurs in the wrong place, that is in the oesophagus where resistance to acid is limited.
Neutral or alkaline reflux is rather rare and mainly occurs in postgastrectomy patients
or persons who have atrophic gastritis or pernicious anaemia, where the major
injurious agents are deconjugated bile salts and pancreatic enzymes [74].

Clinical manifestations

Oesophageal symptoms

1. Heartburn: the most common symptom, characterized by retrosternal burning
and discomfort or pain, which is exacerbated by hydrogen ions or by spicy or fried
food.

2. Waterbrash: heartburn with bitter taste and sensation of excess mucus secretion in
the pharynx.

3. Dysphagia: difficulty in swallowing.
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4. Odynophagia: pain in swallowing; occurs mainly in patients with severe erosive
(infectious) oesophagitis.

5. Globus: ‘lump in the throat’ sensation induced by high acid reflux.

6. Belching: noisy voiding of gas from the stomach through the mouth [72,75].

Non-oesophageal signs and symptoms

1. Non-cardiac chest pain is an angina-like pain caused by acid stimulation of pain
receptors or acid-induced spasm of the oesophagus. In ischaemic heart disease,
real coronary spasm may be induced by reflux oesophagitis through a vagal reflex
arch.

2. Respiratory complications: Regurgitation and aspiration is a sensation of fluid in
the pharynx or airways, associated with choking or cough. Aspiration may cause
apnoea and sudden death in infants. In adults, respiratory tract involvement
(asthma with wheezing and dry coughing, pneumonitis, nocturnal choking,
morning hoarseness) is due to acid stimulation in damaged mucosa that elicits
bronchoconstriction directly or by a vagal route [72,75,76].

Patients with GORD can present with a variety of symptoms, described above, that
may range from mild and intermittent to severe and persistent. Neither the type of
symptom nor their severity correlates well with the degree of injury to the oesophagus.
Just as reflux symptoms vary widely among patients, the course of the disease is also
variable. In some patients, symptoms may remit spontaneously without treatment. In
others, symptoms may be intractable despite treatment, and complications may
develop. It is important to emphasize that serious complications, including Barrett’s
oesophagus, strictures, bleeding etc., may develop even in those patients who are
relatively asymptomatic [72,75].

Complications of GORD
Stricture

Repetitive, prolonged exposure to acid refluxate can cause transmural inflammation
and consequent fibrosis of the oesophageal wall with loss of compliance and/or
development of frank stricture in approximately 10% of patients with severe GORD
[72]. The risk of stricture formation is increased in patients with Barrett’s oesophagus
or with oesophageal motor dysfunction.
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Haemorrhage

Insidious blood loss is more common in GORD than frank haemorrhage. It results
from either diffuse ulcerative oesophagitis or, more often, from a single penetrating
ulcer. It is generally associated with inflamed hiatus hernia or Barrett’s oesophagitis.

Perforation

This is a rare complication in GORD, generally occuring in patients with severe
oesophagitis associated with Zollinger—Ellison syndrome or Barrett’s oesophagus.

Barrett’s oesophagus

Barrett’s oesophagus can be a serious complication of GORD because of its malignant
potential. In this condition, the normal squamous epithelial cell lining of the
oesophagus is replaced by metaplastic columnar-type epithelium during cell regenera-
tion initiated when the oesophagus is injured by reflux. The incidence of adenocarci-
noma in patients with Barrett’s oesophagus is estimated to be 30-40 times higher than
in the general population. In addition, Barrett’s oesophagus is frequently associated
with stricture or ulcer [72,77,78].

Oesophageal cancer

Barrett’s metaplasia and chronic reflux oesophagitis have been implicated as contribut-
ing to an increased risk of oesophageal adenocarcinoma. Nearly all patients with
adenocarcinoma have Barrett’s metaplasia. Therefore, screening endoscopy for the
early detection of dysplasia in Barrett’s metaplasia is highly recommended since it may
identify malignant transformation at a stage that will permit curative resection in time
[77].

Diagnostic studies

Barium studies

Oesophagography yields little information in mild cases of GORD. However, in
moderate to severe cases, it may detect thickened oesophageal folds and strictures.

Radiography can also demonstrate the presence and size of a hiatus hernia and screen
for oesophageal, stomach and duodenal abnormalities [68].
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Endoscopy and biopsy

Endoscopy is a very accurate diagnostic tool when GORD is associated with reflux
oesophagitis and can be conveniently performed as an outpatient procedure [79].
Diagnostic accuracy of endoscopy can be improved by histological examination of a
biopsy specimen. Tissue biopsy is also required to confirm Barrett’s oesophagus, which
is suggested macroscopically by reddened tongues of columnar epithelium extending up
the oesophagus. Endoscopy also permits staging of GORD based on objective findings.
Among different classifications of reflux oesophagitis, the Savary—Miller classification is
the most widely accepted. Reflux oesophagitis is divided into four categories:

Stage I: Linear erosions that remain solitary;

Stage II: Confluent erosions, occupying a considerable part of the circumference but
not yet circular;

Stage III: Circular erosions and/or ulcerations, occupying the whole of the circumfer-
ence;

Stage IV: Deep ulcerations resulting in peptic stricture and associated with fibrous
atrophy or endobrachyoesophagus.

In approximately 30-50% of cases of GORD, no macroscopic changes are detected
by endoscopy; this is often described as Stage 0.

Continuous intraoesophageal pH monitoring

Due to its superb specificity, 24-h monitoring of oesophageal pH levels S cm above the
oesophagogastric junction has become increasingly accepted as a major method for
diagnosis of GORD [72]. Reflux can be evaluated at near-physiological conditions
because the patient is supplied with portable equipment and is permitted to sleep, drink
and eat. It provides information on number, severity and timing of reflux episodes
(evaluation is based upon rapid computerized data analysis which allows generation of
different scoring systems to describe pathological reflux, e.g. the DeMeester score) and
the success of treatment. In addition, abnormal continuous pH monitoring results have
been used to confirm reflux as a cause of pulmonary symptoms and of angina-like pain
[80].

Acid infusion testing

Based on a proven correlation between oesophageal acid infusion and oesophagitis
symptoms and the provocation of heartburn, the Bernstein acid infusion test helps to
determine whether symptoms originate in the oesophagus.
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Radionuclide scintiscanning

Radionuclide techniques have been developed for evaluating reflux, gastric emptying
and oesophageal function [80-82]. The technique is not as sensitive as acid reflux
testing; however, it is more reliable in detecting reflux than barium studies and is the
simplest way to demonstrate pulmonary aspiration which is otherwise difficult to
assess [83]. Oesophageal transit and clearance can also be measured by scintigraphy.

Oesophageal manometry

Manometry measures basal pressure at the LOS and the body of the oesophagus.
Sphincter relaxation, after-contraction and peristalsis are assessed by measurements
taken after liquid is swallowed [84]. Manometry is not part of routine evaluation.
Nevertheless, manometry can be important, notably in averting the performance of
inappropriate antireflux surgery and in identifying associated or unassociated abnorm-
alities in oesophageal motility [72].

Medical management

The goals of treatment in GORD are to relieve subjective complaint, to heal oesophagitis
and to prevent recurrence. These goals may be achieved by reducing exposure of the
oesophagus to acid. Although acid exposure of the oesophagus can be reduced surgically,
the vast majority of patients should initially be managed medically. Medical management
can be separated into two categories: (a) lifestyle modifications and (b) drug therapy. Both
therapies work to either reduce the noxious potency of the refluxate or increase the
effectiveness of oesophageal defences (i.e. antireflux barrier, clearance mechanisms,
epithelial resistance). Although GORD is considered to be pirmarily a motility disorder,
historically, reduction of the potency of acidic refluxate first became the therapy of choice.
Prokinetic agents that are capable of stimulating oesophageal clearance and gastric
emptying, as well as increasing the tone of LOS, were introduced later.

Lifestyle changes

Initial therapy should include simple lifestyle modifications that can produce mean-
ingful long-term results in mild or even moderate cases. Desirable lifestyle modifica-
tions include: at least a 6-inch elevation of the head of the bed, dietary modifications
(low-fat diet, small-size meals), avoidance of irritants (citrus juices, tomato products,
coffee, tea, alcohol, peppermint etc.), weight loss if overweight, avoidance of bending
and clothing that constricts, and avoidance of medication that inhibits motility or
relaxes LOS (anticholinergics, sedatives, tranquilizers, theophylline, prostaglandins,
calcium channel blockers etc.). Patients should be advised not to lie down after meals
and to decrease or stop smoking and alcohol consumption [85-87].
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Drug therapy

Antacids and alginates: Antacids or antacid-alginate combinations are often the first
choice in managing mild to moderate symptoms in GORD since they provide quick
symptomatic relief in most patients [84,88,89]. However, neither of these substances
promotes histological evidence of healing.

Histamine H-receptor antagonists: In clinical practice, H,-receptor antagonists,
including cimetidine, ranitidine, nizatidine and famotidine, have gained the greatest
acceptance in the treatment of GORD because of their potency to achieve effective
acid neutralization when properly applied [84]. Dosing of H,-receptor antagonists in
GORD strikingly differs from that in ulcer disease. In ulcer disease, night-time
administration is usually appropriate in most patients; however, in GORD, 24-h acid
neutralization (i.e. maintenance of the pH at a level consistently above the critical
threshold of 4) is required. In proper dose-distribution (two or four times daily), H,-
blockers not only provide fast symptom relief but also promote significant healing in
reflux oesophagitis [90].

Proton pump inhibitors: Proton pump inhibitors (omeprazole, lansoprazole and
pantoprazole) which block the H*/K* pump within the parietal cell have recently been
added to the armamentarium of GORD treatment. Because of its potent inhibition of
acid production, omeprazole has proved outstandingly successful in treating even
severe resistant cases of reflux oesophagitis. Results of several clinical trials [91,92]
show omeprazole to be superior to ranitidine for short-term treatment of GORD, with
endoscopic evidence of healing in 88-96% of patients after an eight-week course.
Indications for its use appear to be erosive or more severe ulcerative complications of
GORD.

Prokinetic drugs: These include metoclopramide, domperidone and cisapride. Through
varying mechanisms and to varying degrees, they increase LOS tone, accelerate gastric
emptying and improve oesophageal clearance. Although all of them provide significant
symptomatic relief in the various forms of GORD, with the exception of cisapride, they
failed to achieve significant histological and endoscopic improvement. In a double-
blind trial, cisapride (10 mg qid), which stimulates SHT, receptors at the level of the
myenteric plexus, proved to be equivalent to ranitidine (150 mg bid) in improving
objective findings [93]. Therefore, cisapride monotherapy has been approved in the
treatment of milder forms of reflux oesophagitis. Cisapride, which provides a causative
therapy in GORD, has increasingly been recommended in combination with both H,-
blockers and proton pump inhibitors. Erythromycin, a macrolide antibiotic, has been
shown to initiate migrating motor complexes through the stimulation of motilin
receptors and is considered to be the first member of a new prokinetic family (members
are called motilides). Erythromycin has been used to promote gastric emptying in
patients with diabetic gastroparesis [94]; however, elucidation of the prokinetic activity
of the other synthetic motilide analogues awaits future studies.



Oesophageal Motor Disorders 153

Sucralfate: Sucralfate, a polysaccharide sulphate that has long been used as an antiulcer
drug, has been tried in GORD. Surprisingly, it failed to achieve improvement in stage I
or stage I oesophagitis but it exerted a significant healing effect in stage III oesophagitis.

Maintenance therapy: Recurrence of symptoms of GORD is common; up to one third
of patients may relapse within six months. Therefore, maintenance therapy (often life-
long) may be required. Maintenance treatment with a conventional dose of H,-
blockers is often disappointing. However, high-dose therapy with these drugs does
lower the relapse rate. There is evidence that cisapride also prevents relapses, and the
use of this prokinetic drug for maintenance therapy seems to be promising. In severe
relapse, however, it is often necessary to opt for maintenance treatment with
omeprazole or other proton pump inhibitors [84,87,90-93].

Dilatation of peptic strictures

Peptic strictures in the oesophagus can generally be easily dilated. Several endoscopic
techniques are available, that can be performed on an outpatient basis with a
significant success rate. It should be emphasized that, following a successful dilatation
of a stricture, its cause, namely pathological reflux, must also be treated.

Surgical intervention

Patients requiring surgery represent a relatively small percentage of patients with
GORD. Intractable symptoms or rapid relapse when therapy is discontinued suggests
the need for surgery in this group. Patients with complications of GORD should also
be evaluated for surgery. Surgery, such as the Nissen fundoplication or Belsey
procedure, is indicated in patients with persistent chest pain, bleeding, chronic
aspiration, intractable asthma, stricture formation or dysplastic Barrett’s oesophagus.
Some patients object strongly to the idea of long-term medication; they prefer an
operation. A gradual increase in the demand for antireflux surgery has already been
seen, especially in young patients, and a further increase can be expected when a
laparoscopic surgical approach becomes readily available.

ACHALASIA

Achalasia, or cardiospasm, was the first motor disorder of the oesophagus to be
recognized clinically [95]. In this disease, there is a double defect in oesophageal
function. The LOS does not appropriately relax, offering resistance to the flow of
liquids and solid materials from the oesophagus into the stomach. In addition, there is
a loss of peristalsis in the lower two thirds of the smooth muscle portion of the
oesophagus. Therefore, both the outflow tract and the pumping mechanism of the
oesophagus are abnormal in achalasia.
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Achalasia usually presents in persons between 25 and 60 years of age but onset in
childhood is also well documented [96]. Most studies find that men and women are
affected equally. Achalasia is uncommon but not rare. A study from the British Isles
estimated a prevalence of 10 cases of achalasia per 100 000 population [97].

Pathophysiology

Abnormalities in both muscle and nerve components can be detected in achalasia,
although the neural lesion is thought to be of primary importance. Three major
neuroanatomical changes have been described:

1. Loss of ganglion cells within the myenteric plexus;
2. Degeneration of the vagus nerve; and

3. Qualitative as well as quantitative changes in the dorsal motor nucleus of the
vagus.

Of these three findings, the loss of ganglion cells is best substantiated. Along with the
destruction of ganglion cells, there is a reduction in nerve fibres within the wall of the
oesophagus in achalasia [98,99].

It has been postulated that postganglionic neurons that mediate LOS relaxation are
selectively damaged in achalasia. Immunohistochemical studies have demonstrated a
marked reduction in VIP staining in neurons as well as a reduction in the concentration
of VIP in the lower oesophagus of achalasia patients [100]. In view of the potent
smooth-muscle-relaxing effects of VIP, this could account for the incomplete relaxa-
tion of the LOS characteristic of achalasia. Because peristalsis in the smooth-muscle
portion of the oesophagus is triggered by an initial phase of inhibition by NANC
postganglionic neurons, selective destruction of these inhibitory neurons in achalasia
could conceivably explain aperistalsis as well [101].

Neurophysiological studies have confirmed the presence of denervation of the
smooth-muscle segment of the oesophagus in patients with achalasia. Muscle strips
from the circular layer of the oesophageal body in achalasia contract if directly
stimulated by acetylcholine but not in response to ganglionic stimulation by nicotine.
Similarly, strips from the LOS do not relax in response to ganglionic stimulation in
achalasia patients but they do in normal controls [102]. Further evidence of denerva-
tion is shown by the exaggerated response of the oesophageal body and the LOS to a
sympathetic acetylcholine, mecholyl [103,104]. This heightened response has been
interpreted as evidence of denervation hypersensitivity. While pathological damage to
inhibitory neurons is well documented, recent studies have suggested that postganglio-
nic cholinergic stimulatory fibres to the LOS may be spared in achalasia. The LOS
pressure in achalasia increases after administration of the acetylcholinesterase in-
hibitor, edrophonium, and decreases after administration of the muscarinic antagonist,
atropine [105].
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Clinical features

Cardinal symptoms of achalasia include dysphagia, regurgitation and chest pain which
are associated with weight loss and severe bronchopulmonary complications.

Dysphagia

All patients have solid food dysphagia, with the majority of patients usually having
variable degrees of liquid dysphagia [96,106]. The onset of dysphagia is usually gradual,
beginning with solids but including liquids intermittently. Patients may report the use
of specific manoeuvres, e.g. certain postural manoeuvres, slow deliberate swallowing,
use of liquid or carbonated beverages etc., to improve oesophageal emptying [106].

Regurgitation

Regurgitation of undigested food in the oesophagus is a common complaint, occurring
in 60-90% of patients with achalasia [106,107]. The material brought up is often
recognized as food that has been eaten many hours previously. Typically, patients note
food or saliva backing up in the mouth while they are asleep. Regurgitated food and
saliva may end up on the pillowcase or sometimes in the trachea, producing severe
bouts of coughing or choking [108].

Chest pain

Chest pain is reported by one third to one half of patients with achalasia and tends to
improve with the course of the disease [96,106]. Chest pain is often precipitated by
eating, can awaken the patient at night, and may be so severe that it is confused with
chest pain evoked by ischaemic heart disease.

Heartburn

Between 25% and 45% of patients with achalasia may complain of symptoms
compatible with heartburn [96,106]. The pyrosis, however, is not caused by acid reflux
but rather results from the production of lactic acid by bacterial fermentation of
retained food in the oesophagus [109]. This explains why heartburn in achalasia is not
improved by antacids or H, antagonists.
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Weight loss

Weight loss is very common and usually increases with the duration of the disease. It
may be the best historic parameter for assessing the severity of achalasia and usually
correlates with the degree of oesophageal emptying before and after treatment [106].

Bronchopulmonary complications

Approximately 10% of achalasia patients may have significant bronchopulmonary
complications as a result of regurgitation of material from the oesophagus [110].
Patients with oesophageal symptoms of long duration may actually come to medical
attention because of pulmonary complications. Organisms involved most commonly
are aerobic and anaerobic oropharyngeal flora, which are aspirated, leading to
bronchitis, bronchial pneumonia or lung abscess.

Diagnostic approach

Achalasia is suspected from characteristic symptoms and the diagnosis is usually not
difficult. Early cases, however, may be misdiagnosed if the diagnosis is based mainly
upon radiographic studies, which at this time, fails to reveal oesophageal dilatation or
marked distortion of the LOS.

Radiographic studies

Radiographic studies are the primary screening test in patients with achalasia. Plain
film may outline the widened mediastinum as well as pulmonary infiltrates in long-
standing achalasia. The barium swallow may reveal the dilated oesophagus, the lack of
peristalsis and the LOS relaxation.

Endoscopy
Endoscopic examination is always required to exclude neoplastic processes. Typical
endoscopic findings include dilatation and atony of the oesophageal body with normal

mucosa. The LOS does not open with air insufflation; however, the instrument should
easily pass through the sphincter into the stomach with gentle pressure.

Oesophageal manometry

The diagnosis of achalasia should always be established by oesophageal manometry.
This is particularly important if radiographs are normal or inconclusive. Four



Oesophageal Motor Disorders 157

manometric features are characteristics of achalasia: absence of peristalsis in the distal
smooth muscle segment of the oesophageal body, incomplete or abnormal LOS
relaxation, elevated LOS pressure, and elevated intraoesophageal pressures relative to
the gastric baseline [111].

Radionuclide studies

Radiolabelled liquid or solid test meal studies show an adynamic pattern because the
material lies in the atonic oesophagus. A similar finding may be seen in malignant
obstruction. Therefore, these tests lack the specificity of manometry and have not been
widely used.

Treatment

Due to the irreversible nature of neural lesions, treatment is directed at palliation of the
symptoms and prevention of complications. This is mainly accomplished by reducing
LOS pressure by three modalities: drug therapy, forceful dilatation and surgical myotomy.

Pharmacotherapy

A number of drugs acting on LOS smooth muscle have been tried with inconsistent
results. The most experience has been reported with isosorbide dinitrate and the
calcium channel blocker, nifedipine [112-114].

The sublingual use of isosorbide dinitrate, 5-10 mg before meals, has been shown to
decrease mean resting LOS pressure, the relaxation lasting at least 90 min. Long-term
therapy for up to 19 months results in marked relief of dysphagia [112]. After 20 mg
nifedipine sublingually, LOS pressure was reduced by 30-40% [113,114]. In placebo-
controlled clinical studies, excellent results have been reported with long-term
nifedipine administration by Italian groups [115,116]. However, results from other
groups showed only minimal clinical improvement [117,118].

Two new treatment modalities have been applied recently. Low-frequency transcu-
taneous electric nerve stimulation (TENS) has been shown to alleviate the dysphagia in
achalasia patients probably by releasing VIP [119]. A preliminary report demonstrated
that endoscopic intrasphincteric injection of botulinum toxin totally relieved symp-
toms and markedly improved objective markers of delayed emptying in 80% of
achalasia patients for up to 6 months [120].

Since the results of pharmacotherapy are inconsistent, the mainstay of therapy
remains oesophageal dilatation and surgical myotomy. Gastroenterologists should be
aware of this fact and, if an initial trial of pharmacotherapy fails to induce convincing
improvement, endoscopic dilatation and/or surgical myotomy should be indicated
before the development of a marked oesophageal dilatation and severe bronchopul-
monary complications.
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SPASTIC MOTILITY DISORDERS OF THE DISTAL OESOPHAGUS

In addition to GORD and achalasia, a variety of new oesophageal motility disorders
have been recognized, particularly in patients with non-cardiac chest pain syndromes.
Manometric patterns of these disorders are characterized by normal peristalsis
intermittently interrupted by simultaneous contractions, high-amplitude or long-
duration waves, or dysfunction of the LOS. There has been great confusion in the
literature as to whether these manometric abnormalities represent separate distinct
entities or variations of diffuse oesophageal spasm. It seems appropriate to accept the
latter possibility. According to this concept, diffuse oesophageal spasm has recently
been split into four categories: diffuse oesophageal spasm, nutcracker oesophagus,
hypertensive LOS and a group of non-specific oesophageal motility disorders [121-
124]. It was suggested that these manometric disorders should be grouped under the
general term spastic motility disorders of the distal oesophagus [125].

Pathophysiology

The most striking gross change reported in the spastic motility disorders of the
oesophagus is diffuse muscular thickening, mainly of the lower two thirds of the
oesophagus [126,127). However, there are well-documented cases of these motility
disorders in which thickening was not found at thoracotomy [128].

Little specific evidence of neuropathology has been reported. In contrast to
achalasia, loss of ganglion cells in the intramural plexus has not been demonstrated in
these disorders. However, some patients with diffuse oesophageal spasm have exhibited
changes in the vagus nerve which were much more diffuse than those reported for
patients with achalasia [127].

Despite little evidence of neuropathology, physiological studies suggest that there
may be some neural dysfunction. In these disorders, the oesophagus is particularly
sensitive to cholinergic stimulation, which produces an exaggeration of abnormal
manometric findings in many patients [129-131]. An impaired NANC inhibitory
neural mechanism and an imbalance between excitatory and inhibitory innervation
was also suggested to play a role in the development of the motility changes seen in
these spastic disorders. However, some of the motor abnormalities described above are
also seen in healthy subjects in response to edrophonium chloride, a cholinesterase
inhibitor, and even to normal physiological stimuli [132-134].

Increasing evidence indicates that central nervous system processing could partici-
pate and produce some of these spastic manometric abnormalities. Psychologically
stressful interviews may produce simultaneous and repetitive contractions in normal
subjects that resemble the described contraction abnormalities [135]. Perception of
these manometric abnormalities, however, differs strikingly between normal subjects
and patients suffering from psychiatric disorders, particularly anxiety disorders, panic
attacks, depression or somatization disorders [136].

A model has recently been proposed to explain the possible role of the central
nervous system in the interaction between the motility disorders and pain perception,
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that is, in symptom development [111,125]. According to this model, the location of
pathology (disease locus) is not known but appears to include both a motor component
and a sensory component. These two limbs may not be involved equally in all cases and
can be stimulated independently by various manoeuvres. Balloon distension studies
have been shown to reproduce pain at low distending volumes without noticeable
motor changes in these patients [137], while, in others, high distending volumes did not
provoke any subjective complaints. This evidence for lower visceral pain thresholds
suggests that a sensory disorder may play an important role in pathological pain
perception in some patients. In this model, the oesophageal contraction abnormalities
may only be markers or epiphenomena for the disease and may only occasionally
provoke the sensory limb.

Manometric features

The manometric features of the spastic motility disorders are restricted to the smooth-
muscle portion of the oesophagus, particularly the distal segment proximal to the LOS.
The motility findings of these disorders are discussed as if they were separate entities so
as to emphasize specific manometric features and their prevalence. However, this
segregation may be artificial because the spastic motility disorders are quite variable,
changing patterns from day to day and even from hour to hour.

Diffuse oesophageal spasm

The clinical syndrome of diffuse oesophageal spasm was first described by Hamilton
Osgood in 1889 [see Reference 138]. Characteristic manometric findings in diffuse
oesophageal spasm include simultaneous contractions, repetitive contractions, high-
amplitude contractions, contractions of prolonged duration, and abnormalities of the
LOS, which consist of incomplete sphincter relaxation or hypertensive sphincters [125].
Simultaneous waves, usually in the distal oesophagus, are mixed with normal
peristaltic sequences, showing that the oesophagus has not completely lost its ability
to produce propagating contractions and thereby suggesting a partial or intermittent
effect [111].

Nutcracker oesophagus

In 1977, Brand and associates reported that 41% of non-cardiac chest pain patients
with abnormal oesophageal manometry showed a pattern of high-amplitude peristaltic
contractions [123]. Two years later, Benjamin and colleagues confirmed these observa-
tions and coined the term nutcracker oesophagus [139]. Nutcracker oesophagus is a
descriptive term for the manometric findings in a patient with chest pain or dysphagia
characterized by average distal oesophageal peristaltic pressures greater than two
standard deviations above a well-documented normal range. The average peristaltic
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pressure (mean of 10 wet swallows) may exceed 180 mmHg. These extremely strong
peristaltic waves can be shown to respond appropriately to pharmacological agents
that attenuate oesophageal contractions, such as atropine, or nitrates.

Hypertensive lower oesophageal sphincter

The presence of an excessively high resting LOS was first described in 1960 by Code
and colleagues at the Mayo Clinic [140]. Although many of these patients had other
oesophageal motility abnormalities (particularly diffuse oesophageal spasm), approxi-
mately 50% showed only isolated abnormalities of the LOS, characterized by increased
resting LOS pressures associated with normal sphincter relaxation and normal
peristalsis. A subsequent report also found excessively large and prolonged contrac-
tions of the sphincter after relaxation, a phenomenon called hypercontracting
sphincter [141].

Non-specific oesophageal motility disorders

Oesophageal contraction patterns that are outside the range of normal findings but
that do not readily fit into the previously described categories have been classified into
the general category of non-specific oesophageal motility disorders. These miscella-
neous manometric abnormalities include frequent non-transmitted contractions, retro-
grade contractions, low-amplitude contractions, prolonged duration peristaltic waves
and isolated incomplete LOS relaxation [142].

Clinical features

Spastic disorders of the oesophagus appear at any age; the mean age of presentation is
approximately 40 years. In contrast to achalasia, a female predominance seems to be
present in most studies [122,143]. The cardinal symptoms of spastic oesophageal
motility disorders are dysphagia and chest pain. Patients often present with a combina-
tion of both symptoms. The prevalence of chest pain is constant across the various
spastic disorders but the prevalence and severity of dysphagia increase as patients have
more manometric features consistent with classic diffuse oesophageal spasm [143].

Dysphagia

Dysphagia for liquids and solids is present in 30-60% of patients with spastic motility
disorders [122,143]. The symptom is intermittent in nature, varying on a daily basis
from mild to very severe, and there may be periods of relatively normal swallowing.
Dysphagia is usually not progressive or severe enough to interfere markedly with
eating or to produce weight loss.



Oesophageal Motor Disorders 161

Chest pain

Intermittent anterior chest discomfort is reported by 80-90% of patients with spastic
motility disorders [122,143]. Chest pain is usually described as squeezing, is substernal
in location, and may radiate into the back, neck, jaw or arms, making it sometimes
indistinguishable from angina. Pain episodes may last from minutes to hours. Relief of
symptoms may require narcotics or nitroglycerin, further confusing the distinction
between oesophageal and cardiac pain.

The mechanism producing pain in these spastic motility disorders is poorly under-
stood. A popular hypothesis is that oesophageal motility disorders produce chest pain
as a result of high intramural oesophageal tension that inhibits blood flow for a critical
time period [130]. However, the arterial blood supply to the oesophagus is extensive
[144] and it is unlikely that oesophageal blood flow could be critically compromised by
local contractions. Furthermore, chest pain improvement does not predictably
correlate with amplitude reduction of contractions by pharmacotherapy [145] or
surgical myotomy [146]. Since the relationship between chest pain and motor
abnormalities does not appear to be causal, an altered pain perception with a lower
visceral pain threshold may play an important role in symptom development.

Heartburn

Heartburn is present in as many as 20% of patients with spastic motility disorders
[143]. Some of them may concurrently have GORD [123,147] or acid reflux may be the
primary cause of their motility disorders [148].

Diagnosis

Although spastic motility disorders are defined by oesophageal manometry, the
intermittent nature of these abnormalities frequently requires the use of other
oesophageal tests, which include: radiological studies, endoscopy, radionuclide studies,
different provocative tests with intravenous edrophonium chloride [149], and balloon
distension [137], 24-h pH and motility testing [125].

Medical treatment

The most important step in patients with chest pain and spastic motility disorders is to
be as certain as possible of its distinction from angina pectoris.

Having excluded ischaemic heart disease, nitrates, calcium-channel blocking agents
and psychotropic drugs may be tried. Symptomatic improvement and a manometric
response to nitroglycerin has been reported [150]. However, no controlled studies with
nitrates are available in patients with spastic oesophageal motility disorders.

A dramatic dose-response effect on oesophageal contractions has been reported in
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patients with nutcracker oesophagus with nifedipine therapy [151] but double-blind
placebo-controlled studies with calcium-channel blockers have been disappointing
[145].

A double-blind placebo-controlled study has provided evidence that anxiolytic or
antidepressant agents may alter visceral pain perception and may evoke significant
symptom relief [152].

Oesophageal dilatation

In selected cases with spastic motility disorders, oesophageal dilatation may promote
transient symptom relief from dysphagia or chest pain [153].

Surgical myotomy

If dysphagia becomes so severe that weight loss is observed or if pain is unbearable,
surgical relief, usually Heller myotomy, should be considered [146].
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ABSTRACT

Five subtypes of cholinergic muscarinic receptors (M1-MS5) have been cloned and characterized by
pharmacological and molecular biological methods during the past decade. The M3 subtype was
demonstrated in acid-secreting cells, both by functional measurements and binding assays, while the
M1 subtype is reported in the intramural ganglionic cells. In the present study, the distribution of M1-
M5 mRNAs was mapped by in-situ hybridization histochemistry. Sections (12-um thick, frozen) from
different parts of the stomachs from control or immobilized (3 h immobilization on two consecutive
days) rats were hybridized with [**SJUTP labelled ribonucleotides (400-500 nucleotides each) directed
to mRNAs of the M1-M5 subtypes. M1 and M3 mRNAs were present in different locations and in
different densities in the rat stomach; however, there was a complete lack in detection of mRNAs of the
M2, M4 or M5 subtypes. M1 mRNA was found over the enteric ganglionic cells and over some deep
epithelial and tunica propria cells of the prepyloric area. No labelling was seen over the epithelial cells
of the fundic mucosa. The distribution of M1 mRNA was not changed by immobilization. M3 mRNA
was detected over a portion of parietal cells (immunolabelled using a monoclonal antibody) of fundic
mucosa and over smooth muscle cells of the tunica muscularis. A large number of tunica propria cells
and some enteric ganglions were also labelled for M3 subtype. Weak labelling was seen over the surface
mucous cells. The density of the labelling was increased in stressed rats, particularly over the tunica
propria cells. These data complete earlier observations obtained by pharmacological and radio ligand
binding assays on M1 and M3 subtypes in the rat stomach and support the existence of a non-epithelial,
non-neuronal cell regulatory system in the GI tract.

Keywords: acetylcholine, muscarinic acetylcholine receptor, stomach, immobilization, in-situ hybridi-
zation histochemistry, immunohistochemistry, messenger RNA, rat

INTRODUCTION

Acetylcholine (ACh) released by enteric neurons has a crucial role in the regulation of
gastric secretion and motility [1]. Binding sites for ACh have been classified
traditionally on the basis of actions of cholinergic agonists as muscarinic acetylcholine
receptors (mAChRS) or nicotinic acetylcholine receptors. Muscarinic receptors were
initially demonstrated by pharmacological methods in the autonomic effector cells
(innervated by parasympathetic neurons) and in the central nervous system [2].

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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TABLE 1
Classification of muscarinic acetylcholine receptors based on pharmacological properties and cloned
cDNA sequences

Ml M2 M3 M4 M5
Previously Neural M, Cardiac M, Glandular M, M,
used name M, A My, M2a, C Smooth muscle M,

Mg, M2, B

‘Selective’ McNA-343 Carbachol Carbachol BMS5
agonist Xanomeline [60] Bethanechol Bethanechol

L-689,660 BMS L-689,660

AF 102B
‘Selective’ Pirenzepine Methoctramine ~ Hexahydrosila— AF-DX 384
antagonist Telenzepine AF-DX 116 difenidol,

Dicyclomine AF-DX 384 p-fluorohexa-

UH-AH 37 AQ-RA 741 hydrosiladifenidol

BMS5 Himbacine UH-AH 37

4-DAMP Pancuronium BMS5

Stercuronium 4-DAMP
Gallamine LG 50643
NPC-14695

Sequence name  ml m2 m3 m4 mS5
Previously used mAChHR I mAChHR II mAChHR III mAChR IV
sequence name M1, HM; M2, HM, M4, HM, M3, HM,
Site of first Porcine brain Porcine heart Rat brain Rat brain Rat brain
cloning
Number of 460 466 589/590 478/479 531/532
amino acids

Abbreviations: BMS: N-methyl-N-(methyl-4-pyrrolidino-2-butynyl) acetamide [54]; UH-AH 37: 6-chloro-
5,10-dihydro-5-[(1-methyl-4-piperidinyl)acetyl]-11H-dibenzo-[b,e][1,4]diazepine-11-one hydrochloride
[55]; AF-DX 116: 11,2-(diethylamino)methyl-1-piperidinyl acetyl-5,11-dihydro-6H-pyrido-2,3-b 1,4-
benzodiazepine-6-one [56); AF-DX 384: (+-)-5,11-dihydro-11-([(2-(2-[(dipropylamino)methyl]-1-
piperidinyl)ethyl)amino]carbonyl)-H-pyrido(2,2-b)(1,4)benzodiazepine-6-one [37];, 4-DAMP: diphenyl-
acetoxy-4-methylpiperidine methiodide [56]; L-689,660: 1-azabicyclo[2,2,2]octane,3-(6¢chloropyrazinyl)
maleate [57]; NPC-14695: 3-(4-benzyl-piperazinyl)-1-1-cyclobutyl-1-hydroxy-1-phenyl-2-propane-one
[58]; AQ-RA 741: 11-[[4-[4-(diethylamino)butyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-pyridol[2,3-
b][1,4]benzodiazepine-6-one [59]
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Nicotinic receptors are located in the neuromuscular junction (in the striated muscles)
and in the autonomic ganglia [3].

Using muscarinic agonists and antagonists, three subtypes of mAChRs (M1-M3)
have been characterized in the gut, as detailed below [4]. In an attempt to reduce the
still existing confusion in terminology of mAChRs, we applied the nomenclature of
Hulme et al. [S] (Table 1).

Binding sites at acid-secreting parietal cells, demonstrated by Ecknauer et al. [6],
Black and Shankley [7] and Soll and Berglindh [8], were later characterized as M3
subtypes in the rat, human and rabbit [9-12]. Based on H-labelled quinuclidinyl
benzilate (a muscarinic antagonist) binding, Culp et al. also claimed muscarinic
receptors in mucous and chief cells [13] without further subclassification. Muscarinic
receptors were also reported in cells involved in the regulation of gastric secretion, i.e.
M1 subtypes in G cells (secreting gastrin) [14] and D cells (producing the antisecretory
mediator, somatostatin) [14,15], but M3 subtypes (M2 in the terminology of the cited
authors) in enterochromaffin-like/mucosal mast cells (producing histamine) [16-19].
ACh is also the ligand on the smooth muscles of the gut and a transmitter in the enteric
ganglia [20]. Both M3 (smooth muscle M2, glandular M2) and M2 (cardiac M2)
subtypes are suggested in the smooth muscles of the gut by Ladinsky et al. [21], Hanack
and Pfeiffer [22] and Bellido et al. [23]. In the enteric ganglia, M1 excitatory receptors
are present in the perikaria of cholinergic, noradrenergic and non-cholinergic non-
adrenergic postsynaptic neurons and interneurons, while M3 receptors (called M2 by
the terminology of the cited authors) were characterized on both presynaptic and
prejunctional nerve endings [24-26]. However, Soejima et al. [27] argued for the
presence of presynaptic M1 receptor involvement in the agonist-mediated enhance-
ment of acetylcholine release evoked by electrical stimulation instead of autoinhibition
by M3 receptor stimulation. Dietrich and Kilbinger [28] reported M1 prejunctional
receptors in the circular smooth muscle of the guinea-pig ileum.

Molecular sequences of five mAChRs (m1-mS5) have been published so far [29-34]
(Table 1). Pharmacological properties of cloned and native mAChRs have been
compared by transfecting the receptor cDNAs into different cell lines [35-38]. In this
model, mAChR-coupled intracellular events were also extensively investigated [39-45]
(Table 2). Maeda et al. [46] confirmed the existence of M1 and M3 mRNAs in exocrine
glands and M2 and M3 mRNAs in smooth muscles by blot hybridization technique. In
a previous study, using oligonucleotide probes for in-situ hybridization histochemistry
(ISHH), Mezey and Palkovits [47] were not able to detect the messenger RNA
(mRNA) of any of mAChRs in epithelial cells (including parietal cells) of the gastric
mucosa. In contrast, very consistent labelling for certain mAChR subtypes was found
in the non-epithelial cells of the tunica propria in the gut wall. Although the intensity of
the signal in these cells might have been amplified by a series of chemical interactions,
it was confirmed to be specific [48]. In the present study, we decided to try to repeat
these unexpected results using highly sensitive ribonucleotide probes in the ISHH
protocol. We also planned to investigate stress-related changes in the mAChR mRNA
expression using immobilized rats. Immobilization is one of the most consistently
ulcerogenic stressors in the stomach [49].
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TABLE 2
Postreceptor events coupled to expressed muscarinic receptors”

Sequence name ml m2 m3 m4 m5

PI response Stimulates No effect Stimulates No effect Stimulates
cAMP response Stimulates Inhibits Stimulates Inhibits Stimulates
Arachidonic acid response Stimulates No effect Stimulates No effect Not tested

Ca?*-dependent K* channel
in A9 and NG-108 cells Opens No effect Opens No effect Not tested

M-current in NG-108 cells Inhibits No effect Inhibits No effect Not tested

Ca”*-independent current
in Xenopus oocytes None Stimulates None Stimulates ~ Not tested

"Based on studies by Bonner [34]

MATERIALS AND METHODS

Animals and tissue handling

Adult male Sprague-Dawley rats (250-300 g) were used, five animals in both the
control and immobilized groups. The animals were kept under standard laboratory
conditions. Food (pellets) and tap water were allowed ad libitum. In order to produce
gastric and duodenal erosions, five animals were stressed by immobilization. This
procedure consisted of taping the limbs of the animals to a metal frame for 3 h twice,
on two consecutive days. At the end of the second immobilization, the animals were
sacrificed by decapitation under pentobarbital anaesthesia (80 mg/kg pentobarbital
sodium ip). No immobilization procedure was carried out on control animals. They
were sacrificed by the same decapitation method.

Stomachs of the animals were rapidly removed, opened at the fornix, washed out by
1 x phosphate buffered saline (PBS) and immediately frozen on dry ice. Frozen sections
(12 um thick) were cut on a cryostat for both immunohistochemistry (IHC) and ISHH.
The sections were thaw-mounted and air-dried at 37°C onto silanized slides, frozen and
stored at —80°C until used. Parallel-treated and hybridized rat brain sections were used
as positive controls.
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In-situ hybridization histochemistry (ISHH)

We used the ISHH procedure described by Young [50] and modified by Bradley et al.
[51]. In brief, still-frozen sections were fixed in 4% formaldehyde in 1 x PBS (pH 7.4)
fixative for 10 min at 20°C, and treated subsequently with 0.25% acetic anhydride in
0.1 mol/L triethanolamine-HCI (pH 8.0) over a 10-min period to reduce non-specific
hybridization of the probe. Then, the sections were rinsed in 0.3 mol/L NaCl-0.03
mol/L sodium citrate solution, dehydrated in ethanol, delipidated with chloroform for
5 min, rinsed in ethanol and air dried. Sections were hybridized overnight at 55°C with
0.8-1 x 10® cpm/section labelled probes (described next) in a humid chamber. Non-
specifically hybridized probes were washed out, then the sections were dried, dipped
into NTB3 nuclear track emulsion (Eastman Kodak, Rochester) and stored desiccated
for 28 days at 4°C, when they were developed using Kodak Dektol at 15°C. Non-
immunolabelled sections were counter-stained with Giemsa solution (Sigma). Finally,
the sections were washed, dried and mounted by Cytoseal 60 mounting medium
(Stephens Scientific).

[**S]UTP-labelled riboprobes were prepared by SP6 RNA polymerase according to
the Maxiscript kit (AMBION) using the following templates kindly given by Dr Tom
Bonner: nucleotides 820-1194 of rat M1 cDNA (gene bank accession number
M16406), 728-1285 of human M2 cDNA (M16404), 1559-2244 of rat M3 cDNA
(M16408), 654-1195 of rat M4 cDNA (M16409), and 1206-1758 of rat M5 cDNA
(M22926). We did not possess a cDNA template for the rat M2 receptor, but this shows
a 98% homology with the human M2 receptor cDNA.

Immunohistochemistry (IHC)

Additionally, some sections were immunostained for the proton pump (known to be
exclusively present in parietal cells in the gastrointestinal system) by a mouse
monoclonal antibody, a kind gift of Dr Adam Smolka [52], before the ISHH
procedure. Sections from the freezer were fixed with the above fixative and conditions.
To decrease non-specific staining, fixed sections were pretreated for 30 min at 20°Cin a
blocking solution containing 1% normal donkey serum (the host species of the
secondary antibody) and 0.6% Triton X-100 in 1 x PBS (pH 7.4). After several rinses
in PBS, the primary antibody, diluted 1:1000 in the blocking solution, was applied to
the sections for 1 h at 20°C. After repeated washes in PBS, the sections were incubated
in a Cy3-red fluorescent conjugated anti-mouse IgG (made in donkey, Jackson
ImmunoResearch) secondary antibody in a dilution of 1:1000 in the blocking solution
for 1 h at 20°C. Immunofluorescent labelling was viewed with a Leitz Dialux 20
fluorescent microscope both before and after the ISHH procedure. Negative controls
included stainings with non-immune mouse IgG or serum, and leaving out the primary
or secondary antibodies. ISHH protocol started on the immunostained sections at the
dehydration stage.
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RESULTS

M1 and M3 mRNAs were present in different locations and in different densities in the
rat stomach (Table 3). By contrast, there was a lack in detection of mRNAs of the M2,
M4 or M35 subtypes, although all of our riboprobes (including the M2 riboprobe made
using the human template) did label the mAChR mRNAs in the control rat brain
sections, with the known distribution [46,53].

TABLE 3
Distribution of M1 and M3 muscarinic receptor subtype mRNAs in different cell types in the
stomach of control or immobilized rats

Control rats Immobilized rats
Ml mRNA M3 mRNA MImRNA M3 mRNA

Enteric ganglia +++ + +++(0) +(0)
Smooth muscle cells - ++ - ++(0)
Tunica propria cells + + +(0) ++(1)
Epithelial cells

Parietal cells - ++ - +++(1)

Chief cells - ++(7) - ++(0)

Mucous cells - ? - ?

Endocrine cells ++ ? ++(0) ?

-, not expressed; +/++/+++, density of mRNA expression; 0, not changed; 1, increased; ?, insufficient
data.

No labelling for M1 mRNA was seen in the fundic epithelium, including mucous
cells, proton pump immunoreactive parietal cells and chief cells (Figure 1). For every
visualized enteric ganglion, a relatively large number (5-8%) of deep epithelial cells in
the prepyloric area of the stomach (where parietal and chief cells are rare) and some
tunica propria cells were labelled for M1 mRNA (Figure 2). The distribution and
density of M1 mRNA were not affected by immobilization, although the immobiliza-
tion provoked deep erosions on the stomach mucosa.

M3 mRNA was detected unevenly in the epithelial cells of the parietal-cell-rich
fundic portion of the stomach mucosa (Figure 3). In the subsequent study, where
parietal cells were additionally immunostained, we were able to colocalize the M3
mRNA to a portion (20-25%) of parietal cells (Figure 4). The other portion of proton
pump immunoreactive cells was negative for M3 mRNA. We also found labelled non-
parietal epithelial cells over the bases of gastric glands in the fundic mucosa (Figure 3).
These cells can be considered as chief cells based on their shape and position. The
number of labelled cells has characteristically decreased in the prepyloric area (where
parietal and chief cells are rare). The signal for M3 mRNA in the mucin-secreting cell



Muscarinic Receptor mRNAs in the Rat Stomach 177

Figure 1. M1 receptor mRNA was not detectable in the fundic epithelium of rat stomach.
Vertical section. Bright field photograph. Bar scale: 100 pm

layer was very weak, if any (Figure 3). Furthermore, we were able to demonstrate M3
mRNA in a large number of certainly not epithelial cells in the tunica propria of rat
stomach (Figures 3 and 6). Smooth muscle cells of the tunica muscularis were also
positive for M3 subtype (Figure 5). Moreover, M3 mRNA was found in some enteric
ganglia (not shown).

Both the intensity of the M3 subtype labelling in epithelial and tunica propria cells
and the number of labelled cells markedly increased in stressed rats (Figure 6),
characteristically in the middle and lower part, and in the tunica propria of fundic
(oxyntic) mucosa.

DISCUSSION

In the present study, we completed our previous results on expression of mAChR
mRNAs in the rat stomach [47]. In addition to the large number of tunica propria cells
found by labelled oligonucleotide probes for both M1 and M3 mRNAEg, in this study,
using ribonucleotide probes, we were able to detect mAChR mRNAs in epithelial and
smooth muscle cells of the gastric mucosa. Recent success in demonstration of
mAChR mRNAs can be explained by the modified hybridization protocol, both the
improved sensitivity of ribonucleotide probes and the reduced artificial signal
amplification in some tunica propria cells [48]. Nevertheless, demonstration of both



178 Hunyady et al.

Figure 2. M1 receptor mRNA-labelled epithelial cells (blank arrows) located in the antral
mucosa are probably gastrin-producing G cells. Myenteric ganglia (blank arrowheads)
between the internal (i) and external (¢) muscular layer, and some tunica propria cells
(arrowheads) were also labelled for M1 mRNA. Vertical section. A =bright field, B=dark
field photographs of the same area. Bar scales: 50 pm
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Figure 3. M3 receptor mRNA in different cell types of the fundic (oxyntic) glands of rat
stomach. Very low or no signal over the surface layer(s). Uneven distribution of the signal over
the parietal-cell-rich middle part (arrows) and chief-cell-rich deep part (blank arrows) of
gastric glands. Vertical section. A =bright field, B =dark field photographs of the same area.
Bar scales: 100 pm

Figure 4. M3 receptor mRNA-labelled proton-pump immunoreactive parietal cells (arrows),
and non-immunoreactive epithelial or tunica propria cells (arrowheads). A high proportion of
parietal cells did not express the M3-receptor mRNA (blank arrows). A = photograph of the
fluorescent field, filtered in the emission spectrum of CY3-red, where the proton pump
immunoreactive parietal cells are visible (blank arrows). B, C and D =summarized photo-
graphs of both the fluorescent fields and the dark fields, where additionally bright greys of the
mRNA signal are visible (arrowheads). Tangential section. Bar scales: 25 um
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Figure 5. M3 receptor mRNA in smooth muscle cells (arrowheads) in the rat stomach.
Longitudinal section. A =bright field, B = dark field photographs of the same area. Bar scales:
50 pm
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M1 and M3 mRNAs in tunica propria cells confirms our previous data obtained by
oligonucleotide probes. Expression of muscarinic receptor mRNAs in these cells
indicates the capability, while the observed elevation of M3 mRNA density in stressed
rats emphasizes their role in the regulation of gastric functions.

Our data on M3-subtype mRNA in parietal cells of the rat gastric mucosa supports
the findings of Pfeiffer et al. obtained by radio ligand binding assays in rats [9] and
human [10], and of Kajimura et al. based on radio ligand binding and DNA blot
techniques in rabbit [12]). The presence of M3 mRNA in a portion of parietal cells,
obviously demonstrated by concomitant IHC and ISHH, suggests that parietal cells
are not a homogeneous population. The problem of the sensitivity of the ISHH method
can be one possible reason for the observed inhomogeneity. For example, the actual
mRNA content of a low-activity cell might be below the detection limit, even if the
mRNA is present, and only the highly active cells can be visualized. However, the
question of whether this difference among the parietal cells reflects their functional
status, their life cycle, or can be explained by ab ovo genetic differences, remains open
for further investigations. Differential expression of M3 mRNA in parietal cells
correlates with the relatively low density of muscarinic binding sites in these cells
hinted at by Angus and Black [16] and Black and Shankley [7].

Demonstration of M3 mRNA in chief cells supports the finding of Culp et al. [13]
but the very low level of M3 mRNA signal in mucous cells is in partial contradiction
with their results. In fact, we were not able to confirm either the existence or the lack of
expression of muscarinic receptor mRNAs in mucous cells. If any, there must be a very
small amount compared with other labelled cells.

M1 subtype mRNA in epithelial cells, found exclusively in the prepyloric area of the
stomach, might be expressed by the endocrine cells in this area. These cells cannot be
easily distinguished in our hybridized sections from other epithelial cells. We could
surely differentiate these cells from proton pump immunoreactive parietal cells.
Considering the microscopic shape, the localization, the number of these cells, and
also the cholinergic gastrin release reported by Sue et al. [14], the M1 mAChR-positive
cells are certainly gastrin-producing G cells in the prepyloric area of the rat stomach.
Non-parietal cells labelled for either M1 or M3 mRNAs might be, furthermore, other
endocrine or paracrine cells since, for example, somatostatin-producing D cells (M1
subtype suggested) [14,15] and histamine-releasing enterochromaffin-like/mucosal
mast cells (M3 subtype suggested) [7,19] are reported to respond to cholinomimetics.

In the literature, M3 and M2 mAChRs are reported in gastrointestinal smooth
muscles based on pharmacological studies [21-23] and blot hybridizations [46]. We
were able to detect M3 mRNA in the smooth muscle cells of the rat stomach but we
failed to detect M2 receptor mRNA, although our M2 riboprobe made with a human
template did label with the known distribution [46] in the control rat brain sections.
This lack of detection of M2 receptor mRNA might be explained by either organ/
species-specificity or very low expression of this subtype.

We were able to detect both M1 and M3 mRNAs in the enteric ganglia of the rat
stomach. Presynaptic-postsynaptic differentiation is not possible at the light-micro-
scopic level. M1-type pharmacological response of gastrointestinal smooth muscle
might rather reflect to the M1 receptors in the enteric ganglia than to either
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prejunctional or postjunctional receptors since we did not see the M1 mRNA signal
over the smooth muscle layer of the rat stomach. On the other hand, species- and/or
organ-specific manifestations of receptors can be also presumed.

Further distinction of mAChR subtypes in different cell types of the stomach is in
progress, combining ISHH demonstration of mRNAs and IHC detection of different
cell types by specific antibodies. We hope that precise knowledge of receptors in specific
cell types will lead us to a better understanding of physiological and pathological
processes in the stomach, and, upon availability of highly selective compounds, opens
up the possibility of more reliable therapy of gastric diseases.
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ABSTRACT

Calcitonin gene-related peptide (CGRP) is a marker of afferent fibres in the upper gastrointestinal tract,
being almost completely depleted following treatment with selective neurotoxin capsaicin. Decreased
levels of gastric CGRP-like immunoreactivity (li) were observed during acetic acid-, cysteamine-,
concentrated ethanol- and water immersion stress-ulcers. The ulcerogens did not affect tissue content of
other peptides, suggesting that reduction in gastric CGRP-li cannot be attributed only to the tissue
damage and, moreover, restoration of CGRP-li was observed in animals with ulcers in healing status.
These findings, together with the observation that CGRP could be released during increased acid-back
diffusion, suggest the involvement of CGRP during gastric ulcer formation.

Similar results were obtained in duodenal ulcers produced by cysteamine, dulcerozine or mepir-
izole. Decrease in duodenal CGRP-li and substance P (SP)-li was associated with the development of
gastroduodenal ulcers. In a rat model of colitis, such as that induced by trinitrobenzenesulphonic acid
(TNB), decreased levels of colonic CGRP-li were observed during both acute and late phases of colitis.

These findings show that sensory neuropeptides are involved in several experimental diseases and
may play a significant role in their pathogenesis.

Keywords: calcitonin gene-related peptide (CGRP), capsaicin, substance P (SP), tachykinins, ulcers

Capsaicin is the pungent ingredient in a wide variety of red peppers of the genus
Capsicum and, chemically, it is a derivative of vanillyl amide, 8-methyl-N-vanillyl-6-
nonenamide. Many studies have established capsaicin as an important probe to study
sensory neuron mechanisms. In fact, low doses of capsaicin (in the pug/kg range) induce
transient excitation of thin primary afferent neurons whilst systemic administration of
high doses of the drug (in the mg/kg range) to small rodents causes long-lasting
damage to these neurons [1]. The extent of injury, seen as ultrastructural changes or
degeneration of unmyelinated C fibres and thinly myelinated ad afferent fibres, depends
on the dosage, route of administration and animal species [1]. Characteristically, these
neurons subserve a dual afferent and local effector role. The afferent function enables
information to be conveyed to the central nervous system. The local effector function
arises from the release of neuropeptide transmitters from the peripheral nerve
terminals of sensory endings. These peptides govern several local tissue functions, such
as vasodilatation. In recent years, these latter functions have been extensively studied
in the gastrointestinal tract [2].

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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The present article reviews the changes in neuropeptides of sensory origin caused by
experimental diseases in stomach, small intestine and large intestine.

DECREASE IN CGRP-li DURING GASTRIC ULCER FORMATION

There is a wide range of experimental evidence for a protective role of capsaicin-
sensitive sensory nerves in the stomach. Firstly, ablation of capsaicin-sensitive afferent
neurons with high doses of capsaicin caused aggravation of experimentally induced
lesion formation in the gastric mucosa produced by several stimuli [3-5]. Secondly,
activation of capsaicin-sensitive fibres in the stomach enhanced the resistance of the
gastric mucosa to experimentally imposed damage [3,6].

The Hungarian scientists, Szolcsanyi and Bartho, were the first, in 1981, to suggest
an impaired defence mechanism in ulcers induced by pylorus ligation or acid
distension in animals treated with high desensitizing doses of capsaicin [3]. They
hypothesized that the basis of the mechanism leading to this aggravation was a lack
of vasodilating neurotransmitters. After this fundamental observation, many studies
have demonstrated the pivotal role played by CGRP, a marker of gastric sensory
nerves [7], in the protective effects produced by capsaicin-sensitive afferent fibres.
Capsaicin-sensitive afferent neurons in general contain a number of bioactive peptides,
including CGRP, tachykinins (SP and neurokinin A (NKA)), vasoactive intestinal
peptide (VIP), somatostatin, dynorphin and others [1]. Since regional and species
differences might exist [8], the data reported thereafter are almost exclusively related to
the rat, the species most commonly used in experimental gastrointestinal diseases. As
shown in Figure 1, capsaicin pretreatment produced a selective depletion of peptides in
the rat stomach. In fact, CGRP was markedly decreased after capsaicin pretreatment
while galanin, neuropeptide Y (NPY), NKA and VIP were unaffected in both the
secretory and non-secretory zones of the rat stomach (Figure 1). Inmunohistochemical
studies have shown that neonatal capsaicin pretreatment causes a depletion of fibres
displaying CGRP immunoreactivity in the oesophagus and stomach of the rat [9].

Further, CGRP is considered the likely mediator of sensory neurons in the stomach.
In fact, low doses of peripherally administered CGRP were effective in antagonizing
certain types of experimentally induced gastric ulcers in rats [10] and the close intra-
arterial infusion of the peptide, at doses without systemic hypotensive effects, produced
protection against ulcers induced by ethanol, aspirin [11,12] or endothelin-1 [13]. The
effect of intra-arterial CGRP, through a route which mimicks its local release in the
stomach, resembles that of stimulation of afferent nerve endings by intragastric
capsaicin, which likewise protects against both ethanol- and aspirin-induced lesion
formation [6,14]. On the other hand, capsaicin-induced protection against ethanol
lesions were dose-dependently antagonized by human (h)CGRPg_3;, the recently
discovered CGRP antagonist [15], and significantly attenuated by anti-CGRP anti-
bodies [16]. Further, worsening of the damaging effect of ethanol in the rat gastric
mucosa was obtained by blocking the endogenous CGRP by active immunization [17].
These findings indicate that sensory neurons are important in maintaining the integrity
of the mucosa in the face of not only injurious stimuli but also acid-pepsin digestion to
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Figure 1. Effect of neonatal capsaicin pretreatment (50 mg/kg sc; solid colums) on CGRP-,
galanin-, NKA-, NPY-, SP- and VIP-like immunoreactivity in the non-secretory (upper panel)
and secretory (lower panel) regions of the rat stomach. Mean + SE of 7-8 rats for each group.
** =p<0.01 compared with the respective vehicle-treated group (open columns)
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Figure 2. Effect of acetic acid (50 pl of 20% acetic acid/rat injected into the serosal region of the
stomach, sacrificed 24 h later), cysteamine (900 mg/kg po, sacrificed 24 h later), water
immersion stress (WIS, for 3 h) or 96% ethanol (5 ml/kg po, sacrificed 1 h later) on rat gastric
CGRP-li. Open or solid columns indicate controls or treated animals, respectively. Mean + SE
of 8-12 rats for each group. * =p <0.05 and ** = p <0.01 compared with the respective control

group

which the mucosa is exposed. In keeping with these findings, reduced tissue levels of
CGRP derived from a capsaicin-sensitive pool in the rat stomach following acetic acid-,
cysteamine-, concentrated ethanol- or water-immersion stress-ulcers are shown in
Figure 2. The ulcerogens did not affect tissue content of other peptides[18,19] suggesting
that reduction in gastric CGRP-li cannot be ascribed to generalized damage of the
tissue. On the other hand, restoration of CGRP-li levels was observed in animals with
ulcers that were healing [18,19]. As recently reported [18], gastric CGRP-li had already
decreased 5 min after concentrated ethanol administration and returned to control
values 10 days after the challenge in animals with lesions in the process of healing.
Similar results were obtained in subchronic gastric ulcers induced by acetic acid
injection in rats [19]. A relative decrease in gastric CGRP-li persisting up to 2 weeks
after ulcer induction was observed. Lack of this potent vasodilating peptide and
therefore inadequate blood supply to the ulcer bed and margins could be the cause of
delayed healing observed in capsaicin-pretreated rats [19]. These findings and the
observation that there is a tonic flow of CGRP, involving 80% of the peptide bulk [20],
towards the peripheral endings of sensory fibres suggest that the peptide is restored in
connection with the healing of ulcers after its release induced by the ulcerogen.
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Taken together, these observations strongly suggest that CGRPis the likely mediator of
the protective functions of sensory nerves in the stomach where it exerts a trophic effect.

DECREASE IN CGRP-li AND SP-li LEVELS IN DUODENAL ULCERS

It has been reported that, in the duodenum, the capsaicin-induced changes in vascular
permeability are confined to the first centimetres caudal to the pyloric sphincter [21]
and the authors of this paper have suggested that the resulting trophic effect on the
duodenal mucosa might serve to counteract the irritation produced by the sudden drop
in duodenal pH following gastric emptying. Recent observations indicate that acid
stimulating a selective and Ca®*-dependent release of sensory neuropeptides from
capsaicin-sensitive primary afferents [22] can modulate acid back-diffusion [23]. Acid
accumulation in the lumen and its penetration into the duodenal wall during the
formation of ulcers might be the signals for these mechanisms mediated by primary
afferents. Removal of these protective mechanisms by systemic capsaicin treatment
leads to an increase in incidence and severity of duodenal ulcers induced by cysteamine
or dulcerozine [21]. In view of the above, the observed reduction in duodenal CGRP-li
following cysteamine-, dulcerozine- or mepirizole-induced ulcers [24] might originate
from an intensive stimulation of the ‘efferent’ function of these sensory nerves. The
temporal relationship of this phenomenon shows that duodenal CGRP-li decreased
almost concomitantly with the formation of duodenal and gastric lesions induced by
cysteamine administration [25] and there was an inverse correlation between degree of
ulcers and peptide levels [24].

Unlike duodenal CGRP, which is decreased by 84% after neonatal capsaicin
pretreatment [25], SP-neurons in the duodenum derive entirely from an intrinsic source
[26]. In view of the above, it is noteworthy that SP-li was decreased in the presence of
cysteamine ulcers [27]. On the other hand, SP has been described to be involved in
neurogenic inflammation [28] and, local release of SP-li after capsaicin application in
vascularly perfused rat duodenum has been reported recently [29]. Overall, extractable
SP-li has been described to increase in jejunum of rats infected with Trichinella spiralis
[30]. In spite of this and of the different mechanisms of the ulcerogenic agents used, the
role of SP in small intestinal ulcers is so far unknown. Further studies are necessary to
ascertain whether changes in this intrinsic neuropeptide are among the factors involved
in the pathophysiology of small-intestinal ulcers rather than the results of them.

CHANGES IN NEUROPEPTIDES IN EXPERIMENTAL COLITIS

Gut calcitonin gene-related peptide (CGRP) is found in the intrinsic neurons of the
myenteric and submucosal plexuses or in the extrinsic fibres arising from sensory
primary neurons in dorsal root ganglia [9]. About 50% of CGRP in the rat colon is
capsaicin sensitive and is characterized as o-CGRP, while the other 50% is not
capsaicin sensitive and is referred to as B-CGRP [31].

Capsaicin-pretreated animals showed an increased formation of recto-colitis in-



192 Evangelista and Renzi

duced by TNB in the rat [32] or by immunocomplexes in rabbits [35] confirming the
presence of afferent fibres playing a functional role at this level.

Figure 3 shows that CGRP-li is reduced in both the acute and chronic phases of
TNB-induced colitis in rats. TNB colitis is known to be histologically similar to the
classical inflammatory bowel diseases, namely ulcerative colitis and Crohn’s disease
[34]. In fact, intrarectal administration of the hapten TNB in the presence of a mucosal

A
Bl

Figure 3. Time course of changes in rat recto-colon CGRP-li after intrarectal administration of
trinitrobenzenesulphonic acid (TNB; upper panel) or its vehicle (50% ethanol; lower panel).
Results are mean + SE of 4-5 rats for each group * =p <0.05 and ** =p <0.01 compared with
controls (time 0)
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barrier breaker produces a colitis involving an immune-cell-mediated mechanism [34].
Ethanol, which is in itself a potent proinflammatory agent [35}, did not produce any
change in colonic CGRP-li (Figure 3). The decrease in CGRP was seen also in dry
tissue samples, suggesting a real depletion of this peptide in spite of the tremendous
increase in wet weight of the tissue [32]. The observation that tissue VIP increased after
TNB suggests that CGRP depletion cannot be attributed only to tissue damage
produced by the ulcerogen. Immunohistochemical studies confirmed that CGRP
immunoreactivity is dramatically reduced for up to 1 week from the TNB challenge
and, at 2 weeks, reinervation occurred [36].

The tissue levels of CGRP were similarly decreased using other experimental models
of colitis and/or in other animal species, such as intraluminal administration of
formalin and albumin immune complexes to rabbits or rats [37,38].

It has been reported that B-CGRP, which is present in the intrinsic neurons [31],
might have an important role in the control of gut motility [39]. On the other hand,
CGRP found in the extrinsic nerve fibres innervating the gut is involved in the
regulation of intestinal blood flow [40]. At this level, the involvement of a hypothetical
defensive mechanism produced by sensory fibres is supported by the observation that
capsaicin desensitization worsens chronic rectocolitis induced by TNB [32] and by the
findings that topical capsaicin administration [41] or exogenous CGRP [42] acutely
protect against a colonic injury through the induction of mucosal colonic hyperaemia
[43]. Whatever the mechanism(s), the decrease in CGRP-Ii in all phases of TNB colitis
suggests that this peptide could be involved in inflammatory mechanism(s) leading to
the ulcer.

CONCLUSION

The findings surveyed in the present article reported evidence that sensory peptides
might play a role in the pathogenesis of gastrointestinal ulcers. In the stomach, it is
now well established that they exert a protective role and that CGRP is the likely
neurotransmitter mediator of these effects.

On the other hand, sensory neuropeptides are able to monitor noxious challenges to
the tissue and dysfunction of this neural emergency system weakens resistance to the
injurious stimuli and may be an aetiological factor in ulcer development in the entire
gastrointestinal tract.
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ABSTRACT

Many observations have been carried out to clarify the possible correlations between the gastric secretory
responses and gastric fundic (corpus) mucosal biochemistry in animals. However, only a few studies have
been performed in human beings (or patients) and even these gave contradictory results.

The aims of our observations were:

1. To evaluate the possible correlations between the gastric basal acid output (BAO) or maximal acid
output (MAO) and tissue content of adenosine triphosphate (ATP), adenosine diphosphate (ADP),
adenosine monophosphate (AMP), adenylate pool (ATP+ADP+AMP) and ‘energy charge’ [(ATP+0.5
ADP)/(ATP+ADP+AMP)] in gastric corpus mucosa of patients with ‘genuine’ peptic ulcer disease;

2. To identify the affinity, intrinsic activity curves and the values of pAj, pD2, %ouabain a0d Gpentagastrin fOT
the main hormones and drugs involved in the gastric inhibitory (ouabain) and stimulatory (pentagas-
trin, histamine) secretory responses.

The observations were carried out in patients with ‘genuine’ peptic ulcer or in their stomach (corpus)
resecata obtained from surgery. The gastric basal and maximal acid output (over 1 h after 6 pug/kg sc
application of pentagastrin) were measured before operation on the patients (but one week after
cessation of medical treatment, except of antacids). The resecates of gastric corpus mucosa and
muscular layer were obtained immediately after their resections, put into liquid nitrogen and the ATP,
ADP and AMP determined from them. Adenylate pool (ATP+ADP+AMP), ratio of ATP/ADP and
‘energy charge’ [(ATP+0.5ADP)/(ATP+ADP+AMP)] were calculated. At the same time, the Mg**-
Na*-K*-dependent (total), only Mg2*-dependent and Na*-K*-dependent ATPases were prepared from
the corpus mucosa and their activities expressed in umol of P; liberated (mg membrane protein™ h™").
The affinity and intrinsic activity curves for acetylcholine, pentagastrin and histamine (and pA, and
pD;, values) were determined on the transformations of ATP-ADP and ATP-cAMP.

It was found that:
1. A positive and close correlation exists between the:

a) BAO vs MAO (p<0.001, n=41); b) BAO vs. corpus mucosal (c.m.) ATP (p <0.05, n=41); ¢
MAO vs. c.m. ATP (p <0.001, n=41); d) BAO vs. c.m. ADP (p<0.001, n=41); ¢) MAO vs. cm.
ADP (p<0.001, n=41); f) BAO vs. cm. AMP (p<0.05, n=41); g) MAO vs. cm. AMP (p <0.05,
n=41); h) BAO vs. adenylate pool (p <0.05, n=41); i) MAO vs. adenylate pool (p <0.05, n=41); j)
BAO vs. adenine-adenosine (p <0.05, n=41); k) MAO vs. adenine-adenosine (p <0.05, n=41); )
BAO vs. ratio of ATP/ADP in the gastric corpus mucosa (p <0.05, n=41); m) MAO vs. ratio of
ATP/ADP in the gastric corpus mucosa (p <0.05, n=41); n) c.m. ATP vs. ADP (p <0.001, n=41); 0)
cm. ATP vs. Na*-K*-dependent ATPase (p <0.001, n=41); p) c.m. ADP vs. Na*-K*-dependent
ATPase (p <0.001, n=41);

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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2. Acetylcholine stimulates, while histamine and pentagastrin inhibit, the activity of Na*-K*-
dependent ATPase;

3. Pentagastrin and histamine stimulate the Mgz*'-dependent ATPase; however, Ach. had no effect on
its activity;

4. The extent of ATP-cAMP transformation is stimulated by histamine and pentagastrin while it is
inhibited by Ach.

It has been concluded that:

1. The gastric BAO (and MAO) secretory responses depend on the energy metabolism of the gastric
corpus mucosa (ATP, ADP, AMP, adenylate pool, ratio of ATP/ADP and ‘energy charge’) and not only
on the number of parietal cells;

2. The energy liberation from ATP (into ADP or cAMP) is regulated by acetylcholine, histamine and
pentagastrin in different pathways (acetylcholine via ATP-ADP, while histamine and pentagastrin via
ATP-cAMP transformation);

3. The ATP-ADP transformation is more sensitive than the ATP-cAMP pathway for energy liberation
necessary for gastric H' secretion;

4. The gastric H" secretion is due to (2) ATP-ADP transformation and (b) ATP-cAMP transformation;

5. The biochemical background of energy liberation for gastric H* secretion — by ATP-cAMP
transformation - exists only after the inhibition of ATP-ADP transformation.

Keywords: patients with ‘genuine’ peptic ulcer; gastric secretory responses; gastric mucosal energy
metabolism; hormonal regulations; dual energy metabolism for gastric H* secretion

INTRODUCTION

The gastric secretory responses are consequences of an active and special metabolic
process of the gastric mucosa, when the H, Na*, K*, CI", Ca®*, Mg®* move against
their chemical gradients (from the plasma into the gastric juice). The gastric H" is an
extreme example of active transport because it is concentrated (from the plasma to
gastric juice) from pH 7.4 to pH 1. No similar degree of ion transport can be found in
the human body or in other living animals; however, the moving (transport) of H* is
closely associated with Na*, K*, CI", Ca®* and Mg?* [1].

The physiology, biochemistry and pathology of the transport of cations and anions
across the cell membrane have been much studied in animals, however, relatively few
observations have been made in patients.

The transport of Na* and K* across the cell membrane is called the ‘sodium pump’
in the literature. The electrophysiological background of sodium pumps has been
extensively studied in the nervous system, muscle [2-5] and erythrocyte [6]. ATP-
ADP transformation by Na*-K*-dependent ATPase, was found by Skou [6] to be the
biochemical background to active transport of cations. The biochemical background
and explanations of ion transport was found to be more complicated when the cAMP
system was discovered and its key role in the regulation of cells was internationally
accepted [7].
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Gastric physiology and pathophysiology has provided a special area to study the
mechanisms of ion transport across the cell membrane in the stomach during recent
decades. The basic observations were usually carried out in amphibian, guinea pig or
rabbit stomach [8]. Interestingly, these results obtained from animals have been applied
to humans (including the discovery of H-antagonists, gastrin-antagonists, H"-K*-
inhibitors) [8-11]; however, the most clinicians would like to obtain direct (or indirect)
experimental data from patients too.

Many studies have been performed by our work team in human beings (patients) to
clarify the basic physiological, pathophysiological and biochemical aspects of gastric
secretory responses.

The aims of our observations were:

1. To study the correlation between gastric basal (BAO) and maximal (MAO) acid
secretory responses in patients with ‘genuine’ peptic ulcer;

2. To evaluate the possible correlation between gastric acid secretory responses
(BAO, MAO) and the biochemical constituents (tissue ATP, ADP, AMP, Mg2+-
Na*-K*-dependent, only Mg**-dependent and Na*-K*-dependent ATPases)
prepared from the resecates of corpus mucosa obtained from patients (with peptic
ulcers) who underwent a partial resection of the stomach;

3. To analyse the affinities and intrinsic activity curves for atropine, epinephrine,
cAMP, PGE and PGE,, pentagastrin, histamine and g-strophanthin (ouabain) on
the transformations of ATP into ADP and ATP into cAMP;

4. To clarify the correlations that exist between gastric corpus mucosal levels of ATP,
ADP, AMP, ratio of ATP/ADP, adenylate pool (ATP+ADP+AMP) and ‘energy
charge’ [(ATP+0.5ADP)/(ATP+ADP+AMP)];

5. To find correlations between biochemical constituents of human gastric corpus
mucosa and musculature.

MATERIALS AND METHODS

The observations were carried out in patients with ‘genuine’ gastric, duodenal and
jejunal ulcers. The observations could be divided into two parts:

1. In vivo studies: The gastric BAO and MAO were determined in the patients with
peptic ulcer who underwent partial gastrectomy (according to Billroth II). The
gastric secretory responses were measured one week before the surgical interven-
tion at which time the patients had received antacids only for one week. Gastric
maximal acid output was provoked by sc administration of pentagastrin (6 pug/kg,
Peptavlon, ICI, England). The gastric basal and maximal acid outputs were
determined for one-hour periods over which the gastric juice was collected. The
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quantity of gastric H* was measured by titration with 0.1 mol/L NaOH. The
amount of 0.1 mol/L NaOH needed to reach pH 7.0 was measured (detected by a
PH titrimeter, Radelkis, Budapest). The H" output was expressed in mmol/h
(mean + SEM) under the circumstances with (MAO) and without (BAO) a
supramaximal dose of pentagastrin due to gastric acid secretory responses.

2. In vitro studies: Tissue specimens of human gastric corpus mucosa and muscula-
ture were obtained at the time of gastric surgery when the mucosa and
musculature were separated and thereafter put into liquid nitrogen. The adenosine
triphosphate (ATP), diphosphate (ADP), monophosphate (AMP) and adenine—
adenosine were separated according to methods published earlier [12] from human
gastric corpus mucosa and musculature. The deoxyribonucleic acid was prepared
from both human gastric corpus mucosa and musculature according to the
method of Schmidt and Thannhauser [13]. The tissue levels of ATP, ADP and
AMP were expressed as pmol/mg DNA (mean+SEM). The adenylate pool
(ATP+ADP+AMP), ratio of ATP/ADP and ‘energy charge’ [(ATP+0.5ADP)/
(ATP+ADP+AMP)] were calculated [5].

The Mg®*-Na*-K*-dependent (total), Mg?*-dependent and Na*-K*-dependent
ATPases were prepared from the human gastric corpus (mucosa and musculature)
according to our method published previously [1,14]. The membrane ATPase activity
was measured by the liberation of inorganic phosphate (P;) during the breakdown of
ATP into ADP. The membrane ATPase activity was expressed as P; (mg membrane
protein) ' h™! (mean+SEM). The membrane protein content was assayed by the
method of Lowry et al. [15].

The affinity and intrinsic activity curves for atropine, epinephrine, cAMP, PGE, and
PGI,, histamine, pentagastrin and g-strophanthin (ouabain) were identified according
to the method of Csaky [16]. The values of pA,, pD, and intrinsic activity
(%touabain = 1.00) were also determined for these drugs.

Statistical analysis

The results were expressed as mean+SEM. The values of pA,, pD, and intrinsic
activities (datropine is 1.00 for the drugs inhibiting the extent of ATP-ADP transforma-
tion, While pentagastrin 1S 1.00 for stimulating the extent of ATP-cAMP transformation)
were calculated from the dose-response curves. The correlation, equation of regression
line, correlation and p values were calculated and expressed by the method of Fisher
[described in Reference 17].
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RESULTS

Correlation between the gastric BAO and MAOQ in patients with ‘genuine’ (gastric,
duodenal and jejunal) ulcer diseases

The gastric secretory responses were expressed as mmol/h (mean + SEM; n=41):

BAO=2.40+0.34
MAO=14.75+1.04

The regression equation is y = 2.5x+8.2; r =0.80; p <0.001.

Gastric BAO and gastric corpus mucosal biochemistry in patients
The results were (Figures 1-7):

a) BAO (2.68 +0.33 mmol/h) vs. gastric mucosal ATP (476.1 +47 pymol/mg DNA);
y=1739x-0.456; n=41; r=0.31; p<0.05;

b) BAO (2.68 +0.33 mmol/h) vs. gastric mucosal ADP (291.5+ 63 pmol/mg DNA);
y =46x+166; n =41, r =0.24; p-value not significant (NS);

¢) BAO (2.68 +0.33 mmol/h) vs. ratio of ATP/ADP in gastric mucosal (1.63 +0.35);
y=0.16x+0.65; n=41; r=0.56; p<0.001;

d) BAO (2.68+0.33 mmol/h) vs. gastric mucosal AMP (4994 42435 umol/mg
DNA); y=2375x-1.38; n=41; r=0.32; p<0.05;

e) BAO (2.68 +0.33 mmol/h) vs. gastric mucosal adenylate pool (5762 +2558 pmol/
mg DNA); y=2564x-1.115; n=41; r=0.33; p<0.05;

f) BAO (2.68 +0.33 mmol/h) vs. ‘energy charge’ in the corpus mucosa (0.41 +0.03);
y=0.03x+0.49; n=41; r=-0.38; p <0.05;

g) BAO (2.68 +0.33 mmol/h) vs. gastric mucosal adenine-adenosine (5222 + 1499
umol/mg DNA); y =165x+687; n=41; r=0.36; p<0.05.

The gastric MAO and gastric corpus mucosal biochemistry in patients

The results were (Figures 8-14):

a) MAO (14.754+1.04 mmol/h) vs. gastric mucosal ATP (476.1+47 pmol/mg
DNA); y=61x-0.42; n=41; r=0.43; p<0.05;
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b) MAO (14.754+1.04 mmol/h) vs. gastric mucosal ADP (291.5+63 pmol/mg
DNA); y=27x-103; n=41; r=0.44; p<0.05;

¢) MAO (14.75+1.04 mmol/h) vs. ratio of ATP/ADP in gastric mucosa
(1.6340.35); y=0.04x+0.42; n=41; r=0.45; p<0.05;

d) MAO (14.75+1.04 mmol/h) vs. gastric mucosal AMP (499512435 umol/mg
DNA); y =849x-17.5; n=41; r=0.36; p-value NS;

e) MAO (14.75+1.04 mmol/h) vs. gastric mucosal adenylate pool (5762 + 2558
umol/mg DNA); y =937x-8.06; n=41; r=0.38; p <0.05;

f) MAO (14.75+1.04 mmol.h) vs. ‘energy charge’ in the corpus mucosa
(0.4140.03); y=0.009x+0.43; n=41; r=0.04; p-value NS;

g) MAO (14.75+ 1.04 mmol/h) vs. gastric mucosal adenine-adenosine (5222 + 1499
umol/mg DNA); y =637x+357; n=41; r=0.44; p<0.05.

The gastric BAO, MAO and gastric corpus musculature energy metabolism in patients

The ATP, ADP, AMP and adenine-adenosine were measured directly and the ratio of
ATP/ADP, adenylate pool and energy charge were calculated from the above
parameters in the gastric corpus musculature in patients.

The correlation between each of biochemical parameters and gastric BAO or MAO
values were studied; however, no significant correlation could be proved (n=21)
(Figures 1-14).

Affinity and intrinsic activity curves for acetylcholine, histamine and pentagastrin on the
membrane ATPases and adenylate cyclase prepared from the human gastric mucosa

The atropine, epinephrine, (AMP, PGI,, PGE,, pentagastrin, histamine and ouabain
inhibit the Na*-K *-dependent ATPases prepared from human gastric corpus mucosa.
The actions of these compounds offered a new speculative (or causal) approach to
possible correlations between the transformation of ATP-ADP (by membrane
ATPase) and ATP-cAMP (by adenylate cyclase).

The analysis of the actions of acetylcholine, histamine and pentagastrin was chosen
for further analysis on adenylate pool. Surprisingly, we found that the values of pD,
and pA, for these compounds are higher for transformation of ATP-cAMP than for
transformation of ATP-ADP (Table 1).
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Figure 1. Correlation between the corpus mucosal (above) and musculature (below) ATP vs.
BAO in patients
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Figure 2. Correlation between the corpus mucosal (above) and musculature (below) ADP vs.
BAO in patients
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Figure 3. Correlation between the corpus mucosal (above) and musculature (below) ratio of
ATP/ADP vs. BAO in patients
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Figure 4. Correlation between the corpus mucosal (above) and musculature (below) AMP vs.
BAO in patients
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Figure 5. Correlation between the corpus mucosal (above) and musculature (below) adenylate
pool vs. BAO in patients
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Figure 6. Correlation between the corpus mucosal (above) and musculature (below) ‘energy
charge’ vs. BAO in patients
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Figure 7. Correlation between the corpus mucosal (above) and musculature (below) adenine-
adenosine vs. BAO in patients
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N=41; r=0.43; p<0.05 MAO (Mean £+ S.EEM)=14.75 +1.04
Y=61*X-0.42

Figure 8. Correlation between the corpus mucosal (above) and musculature (below) ATP vs.
MAQO in patients
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Figure 9. Correlation between the corpus mucosal (above) and musculature (below) ADP vs.
MAO in patients
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Figure 10. Correlation between the corpus mucosal (above) and musculature (below) ratio of
ATP/ADP vs. MAO in patients
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Figure 11. Correlation between the corpus mucosal (above) and musculature (below) AMP vs.
MAO in patients
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Figure 12. Correlation between the corpus mucosal (above) and musculature (below) adenylate
pool vs. MAO in patients
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Figure 13. Correlation between the corpus mucosal (above) and musculature (below) ‘energy
charge’ vs. MAO in patients
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Figure 14. Correlation between the corpus mucosal (above) and musculature (below) adenine—
adenosine vs. MAO in patients
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TABLE 1
Actions of acetylcholine, histamine and pentagastrin in human beings

Intrinsic activities

Affinity values
Mediators Actions (pD») a PA,
ATP-membrane ATPase-ADP
Acetylcholine Stimulation 5.50 1.007cn 5.50
Histamine Inhibition 9.70 1.000yuabain 9.70
Pentagastrin Inhibition 10.55 0.87 0uabain 10.55
ATP-adenylate cyclase-cAMP
Acetylcholine Inhibition 5.30 —0.70pentagastrin 5.30
Histamine Stimulation 9.30 1.00pentagastrin 9.30
Pentagastrin Stimulation 9.40 1.00 9.40

DISCUSSION

The biochemical background of gastric H* secretion is closely associated with changes
of cations and anions in the gastric juice of patients. Positive and significant correlation
exists between total chloride vs. H* (=0.46; n=32; p<0.01); Ca** vs. H* (r=0.498;
n=31; p<0.01); total chloride vs. Na* (r=0.40; n=32; p<0.05); neutral chloride
(total chloride — chloride related to gastric H*) vs. Na* (r=0.74; n=32; p<0.001);
meanwhile a negative and mathematically significant correlation exists between Na*
vs. H* (r=-0.41; n=32; p<0.02); and neutral chloride vs. H" (r=-0.50; n=32;
p<0.01) [20].

Details of the biochemical backgrounds were studied mainly between 1970 and 1980
in animal experiments; however, only a few observations were made in human beings.

The existence of Na*-K*-dependent and Mg?*-dependent ATPase [14] and adeny-
late cyclase [18] in the human gastric mucosa was proved by us.

Later on, a positive and significant correlation was proved between gastric BAO and
Na*-K*-dependent ATPase activity [19]; a biochemical and energy background existed
between gastric corpus vs. antral, antral vs. duodenal mucosa [12] in patients.

A causal and mathematically positive correlation was proved between the gastric
BAO, corpus mucosal ATP, ADP and Na*-K*-dependent ATPase [20]. Some similar
observations were obtained between the gastric MAO and gastric corpus mucosal
biochemical parameters [21,22]. However, the other biochemical parameters — such as
AMP, adenylate pool, ratio of ATP and ‘energy charge’ — were not measured. On the
other hand, these studies were carried out in patients with gastric BAO and MAO
responses, who underwent gastric surgery for various reasons (resection of stomach,
perforation, polyps).
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The regulatory mechanisms of tissue energy content in the human gastric corpus
mucosa are not clearly understood; the details are extremely complicated. It has been
shown that the ATP-ADP transformation occurs under cholinergic influence
[20,26,27], while it is inhibited by histamine and pentagastrin [23].

In the present work, the study of biochemistry of gastric corpus mucosa was carried
out in patients with ‘genuine’ peptic ulcer who underwent surgical resection of stomach
or small intestine.

Energy release is necessary for the active transport of anions and cations and the
energy comes from the tissue ATP (in which the energy is stored) by membrane-located
ATPase [2-4] and adenylate cyclase [7] in the presence of Mg>*. The ATP is a common
substrate for both membrane ATPase (ATP-ADP transformation) and adenylate pool
(ATP-cAMP transformation) [21,22,24].

In our present study, the complex adenosine metabolism was studied simultaneously
in patients’ gastric corpus mucosa and musculature. This type of biochemical
evaluation is needed to understand tissue biochemistry in a complex way.

The calculation ratio of ATD/ADP is widely accepted as a fundamental method to
the biochemical background to transport processes (under various circumstances in
animals and humans).

The calculation of ‘energy charge’ [(ATP+0.SADP)/(ATP+ADP+AMP)] was in-
troduced by Atkinson [5]. According to this formula, the value of ‘energy charge’ is one
when the adenosine compounds are in phosphorylated form, while its value theoreti-
cally (practically) is 0 when adenosine compounds are in dephosphorylated form.

The presented results clearly indicate that the gastric secretory responses (BAO,
MAO) correlated with not only membrane-bound ATP-dependent energy systems, but
with the whole metabolism of adenosine compounds. Interestingly, the ‘energy charge’
is the same in the corpus mucosa of patients with different gastric acid secretory
responses (BAO, MAO).

Earlier, it was proved that the gastric secretory responses and the number of parietal
cells correlate well [25]. The levels of ATP, ADP, AMP, adenylate pool and ‘energy
charge’ were expressed in relation to 1.0 mg DNA, representing the same proportion of
cells to parietal cells, and their biochemical make-up changes significantly in the
corpus mucosa of patients with different secretory responses.

The results of affinity, intrinsic activity curves, pA,, pD, and Oguapain (for drugs
inhibiting the ATP-ADP transformation) and Gyentagastrin (for drugs stimulating the
ATP-cAMP transformation) for acetylcholine, pentagastrin and histamine indicate
clearly that energy metabolism (in the human gastric fundic mucosa) can be separated
biochemically into two parts due to gastric acid secretion: the ATP-ADP transforma-
tion gives the biochemical background for BAO, while the ATP-cCAMP transformation
supplies the energy liberation for MAO (Figure 15).
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Figure 15. Schematic diagram of the relationships between ATP-membrane ATPase~-ADP and
ATP-adenylate cyclase-cAMP ATP-splitting enzymes
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ABSTRACT

The yearly intake of alcoholic beverages in the population of Hungary is very high. It is about 12 L/y
per capita. The mortality rate from micronodular liver cirrhosis is 43/100 000 each year; the cumulative
survival over 5 years is 50% of the total number of patients, including those treated and untreated. The
mechanism by which the alcohol produces a toxic effect on the liver is oxidative stress. The different
diseases are: fatty liver, alcoholic hepatitis and liver cirrhosis. Much evidence is presented that
nutritional antioxidants, e.g. vitamin E and certain drugs, namely flavonoids from Silibum marianum,
exert a protective effect on several immune dysfunctions. The toxic reactions of the liver can be
investigated by different methods. In clinical and experimental studies, silymarin and silibinin exerted
favourable effects on acute and chronic hepatitis, liver cirrhosis and toxic hepatic injury. Our studies
show that, in hyperlipidaemic rats and in patients with chronic alcoholic liver disease, the extra-
hepatically detectable oxidative stress state is favourably influenced by silymarin treatment. Therapy
should achieve decreased lipid peroxidation and improve the antioxidant protection of patients.

Keywords: oxidative stress, liver disease, alcoholism, silibinin

INTRODUCTION

In recent years, there has been growing interest concerning the role of free oxygen
radicals in several physiological and pathological processes. Free radicals may play a
role in the pathomechanism of fatty liver, alcoholic liver cirrhosis and in metabolic
alterations [1-7].

Medical plants and their curative effects have been known for hundreds of years, but
the mechanisms of their medical actions are not very well established even nowadays.
Aromatic and medical plants have many free radical scavenger molecules, some of
them are excellent antioxidants and have anti-inflammatory effect in wonderful
variations [6-10].

Among the active compounds of medical plants, free radical scavengers are the
flavonoids, flavolignanes, polyphenols, catechines, non-steroidal sesquiterpenes and so
on [3-5,11,12].

Since flavonoid-type compounds exert cytoprotection, we examined whether silibi-
nin and its isomers are able to decrease the damaging effect of free-radical reactions
and lipid peroxidation in experimental hyperlipidaemia and in alcoholic liver disease.

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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Silibinin is a well-known free-radical scavenger and antioxidant. This drug is widely
used in the therapy of liver diseases of different aetiologies.

The aim of this study was to prove the exact effect of silibinin with in-vitro
physicochemical and biochemical methods, as well as with in-vivo experimental and
clinicopharmacological studies.

IN-VITRO PHYSICOCHEMICAL STUDIES

Azide radicals produce tryptophan radicals via oxidation and subsequent deprotona-
tion of the amino acid. Tryptophan radicals decayed by second-order kinetics, with
2k=6x108dm=>mol™' s, in good agreement with earlier data [13]. In the presence of
silibinin, the decay observed at the absorption maximum, 510 nm, turns into pseudo-
first order in silibinin concentration (k=1 x 10’ dm~>mol's™") and is accompanied by
the build-up of the oxidized silibinin radical, Apa, =390 nm. This is illustrated by the
oscilloscope traces shown in Figure 1 [13].

Figure 1. Oscilloscope traces of transients produced by an 80-ns pulse of 8 Gy dose in a
solution containing 0.1 mol/L NaN3, 4 mmol/L tryptophan, 0.4 mmol/L silibinin saturated
with N,O at pH 7.4. Full scale represents 2 ms; A 510 nm (A, of tryptophan radical); B 390
nm (Apax Of silibinin radical)
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IN-VITRO CLINICAL STUDIES

Free radical formation was detected by the chemiluminometric method with a CLD-1
Medicor-Medilab luminometer. Luminescent light was measured with a sensitive
photomultiplier. The electrical signals of the multiplier are processed by means of an
MMT microprocessor system. In the H,O,/°OH-luminol system, we demonstrated a
dose-dependent effect of silibinin on oxygen free radicals (Figure 2).
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Figure 2. H,0, scavenging activity of silibinin

BIOCHEMICAL EXPERIMENTS

Wistar rats weighing 150-200 g were fed a fat-rich diet (2% cholesterol, 0.5% cholic
acid and 20% sunflower oil added to the normal LATI chow). Sunflower oil had the
worst parameters (Table 1) in view of the content of diene conjugates and intensity of
chemiluminescence. This is why sunflower oil was chosen for feeding.

In a ‘short-term’ experiment rats were treated with 15 mg (kg body weight)™' day™
silibinin which was given intraperitoneally for 5 days from the 4th day to decapitation.
After the 5 days treatment followed by decapitation, their livers were removed in ice-
cold potassium chloride isotonic solution and microsomal fractions were prepared by
ultracentrifugation. The microsomal pellet was irradiated with Co® isotope (7).

The malondialdehyde content, and activities of NADPH cytochrome ¢, NADH bs
reductases and N-demethylase were measured by standard methods. Statistical analysis
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TABLE 1
Changes in diene conjugation and in chemiluminescence intensity of commercial quality edible

oil

Diene
conjugates Chemiluminescence
Samples (ABS. 233 nm) intensity
n=9) (in 100 pl sample) (mV x 180 s)
Sunflower oil 8.74 200.62 x 10°
Soya oil 4.44 8.80 x 10°
Corn oil 2.50 5.12x 10
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Figure 3. In-vitro effect of silibinin treatment on the lipid peroxidation of rat liver microsomes
in an in-vitro %°Co () irradiated system



Oxidative Stress in Toxic Liver Lesions 229

[] controL
M swenn

2
=

—

(nmol red. cyt.c /mg prot. min)

) 02 ,OH, 02 (30 min)

Figure 4. Effect of in-vivo silibinin treatment on the activity of NADPH cytochrome c
reductase in an in-vitro °°Co () irradiated system

was performed with the Student’s -test. Confidence limits were added at p <95%.

At a silibinin concentration of 10~ mol/L in vitro, MDA content was lowest in
comparison with the untreated sample. On the figures, each point represents five
experiments in duplicate (Figure 3). NADPH cytochrome c reductase was sensitive to
lipid peroxidation, and the enzyme integrity could be protected by silibinin (Figure 4).

In-vivo antioxidant treatment produced a protective effect on the activity of NADH
bs reductase (Figure 5) and of N-demethylase (Figure 6). The activity was higher than
that of irradiated controls, showing the improved results of treatment.

Free radicals generate chain reactions, causing damage to membranes and leading to
the production of lipid peroxides with the destruction of membrane-bound enzymes,
such as NADPH cytochrome ¢ reductase, NADH bs reductase, cytochrome P45, and
cytochrome bs and N-demethylase. The silibinin treatment non-significantly increased:
the rate of NADPH cytochrome ¢ (Figure 7) and NADH bs reductases (Figure 8), N-
demethylase activity (Figure 9), cytochrome bs content (Figure 10) and, considerably,
the P45 concentrations (Figure 11) when the rats were fed on a fat-rich diet.

These data demonstrate that silibinin has a membrane-protecting effect and is able
to increase the natural scavenger capacity [3].
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Figure 5. Effect of in-vivo silibinin treatment on the activity of NADH ferricyanide reductase
in an in-vitro %°Co (y) irradiated system

Figure 6. Effect of in-vivo antioxidant treatment on the activity of N-demethylase in an in-vitro
0Co (y) irradiated system
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Figure 11. Effect of silibinin on the cytochrome P45 content

HUMAN CLINICOPHARMACOLOGICAL STUDIES

The yearly intake of alcoholic beverages in the population of Hungary is very high. It is
about 12 L/y per capita. The mortality rate of micronodular liver cirrhosis is 43/
100 000. The increase in alcohol consumption in Hungary is demonstrated in Figure
12.

Because of the high mortality rate in alcoholic liver cirrhosis, we examined the
protective effect of silymarin in patients with alcoholic liver disease.

The efficacy of silymarin (Legalon) was investigated in a double-blind study, in
patients with chronic alcoholic liver disease. Thirty-six patients with chronic alcoholic
liver disease participated in this study: 27 men, 9 women (average age 46+ 7 years).
Daily alcohol consumption exceeded 60 g in men and 30 g in women. Period of chronic
alcohol consumption was 8+4 years. The patients were vascularly compensated,
symptoms of encephalopathy were not observed, malnutrition did not occur and there
was no other associated disease. The virus and immunological (antinuclear antibody,
anti-smooth muscle antibody) markers were negative. Silymarin-placebo randomiza-
tion was done by the pharmaceutical company (MADAUS, Cologne); the placebo

contained the vehicle of silymarin in the same form. The treatment lasted for 6 months
[3-5].
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Figure 12. Alcohol consumption in Hungary
TABLE 2
Liver function after six months’ therapy with silymarin
Group SeBi AST ALT GGT AP
(umol/L) (U/L) (U/L) (U/L) (U/L)
(2-26) (1-20) (1-30) (1-25) (70-170)
Silymarin
I: 0 months 384+11.7 37.3+75 33.948.2 263.7449.5 152.3426.6
II: 3 months 17.243.7 21.4+438 20.1+4.4 79.1+18.9 151.1+21.4
III: 6 months 194439 22.845.1 21.745.3 111.24+21.3  143.6+17.3
Placebo
IV: 0 months 37.8+10.2 38.5+9.6 32.7+7.4 22494423 143.1424.2
V: 3 months 30.4+8.3 35.6%8.1 28.7+6.3 156.5+34.9 1353+17.7
VI: 6 months 325476 31.31+4.5 27.415.6 170.4+37.1 163.91+18.6
Significance
IvsIV NS NS NS NS NS
IvsIl p<0.01 p<0.02 p<0.05 p<0.001 NS
Ivs IIT p<0.02 p<0.02 p<0.05 p<0.01 NS
IVvsV NS NS NS p<0.05 NS
IV vsVI NS NS NS p<0.05 NS
ITvsV p<0.05 p<0.02 NS p<0.02 NS
IIT vs VI p<0.05 p<0.05 NS p<0.02 NS
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TABLE 3
Effect of silymarin treatment on lipid peroxidation and antioxidant system in chronic alcoholic
liver diseases, in a six-month double-blind investigation (average + SEM)

Serum
GPX Erythrocyte Lymphocyte
Group MDA (U/g plasma Free SH SOD SOD
) (nmol/ml) protein) (umol/ml) (U/ml) (U/ml)
Silymarin
I: 0 months 151425 0.65+0.28 0.44+0.20 72.9+14.5 32.6+10.3

II: 6 months 10.2+1.0 0.94+0.25 0.63+0.17 130.8+19.6 7494193

Placebo
III: 0 months 14.742.3 0.67+0.21 0.4540.12 76.5+20.1 29.4+14.2
VI: 6 months 159+2.1 0.5440.26 0.43+0.15 85.7+21.7 27.7+16.1

Significance
IvsII p<0.02 p<0.05 p<0.05 p<0.001 p<0.01
IIvsIV p<0.02 p<0.02 p<0.05 p<0.01 p<0.01

The code was disclosed by the factory after the end of treatment. Seventeen (15 men
and 2 women, average age 38 +7 years) took 3 x 140 mg silymarin per day (3 x 1
Legalon capsule) and 19 patients (12 men and 7 women, average age 44 + 6 years) took
3 x 1 capsules of placebo. For statistical analysis, the two-sample Student’s t-test was
used.

The liver function test showed a significant improvement in the therapy group (Table
2). The level of malondialdehyde (MDA), a marker of serum lipid peroxidation (LPO)
decreased significantly during the silymarin treatment (p <0.02). There was a sig-
nificant difference between the values for the two groups following treatment (p <0.02;
Table 3).

Following silymarin administration, serum glutathione peroxidase (GPX) activity
significantly increased (p <0.05) and the values between placebo and therapy groups
following treatment were significantly different (p <0.02; Table 3). Silymarin treatment
significantly enhanced the SH group level (p <0.05). The values of the two groups
following treatment were also significant (p <0.05).

During silymarin treatment the superoxide dismutase (SOD) activity of erythrocytes
and lymphocytes significantly increased regarding both types of cells (erythrocyte
SOD: p<0.001, lymphocyte SOD: p<0.01). The values for the two groups following
treatment were significantly different (erythrocyte SOD: p <0.01, lymphocyte SOD:
p<0.01; Table 3). During the 6-month administration of placebo, considerable
changes in SOD expression of lymphocytes were not observed.
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Figure 13. Ten-year follow-up of patients with alcoholic liver cirrhosis

Furthermore, we have found, in follow-up observations, that the silymarin treatment
reduced the mortality rate and diminished hepatic collagen deposition. Figure 13
shows the ten-year follow-up of patients with alcoholic liver cirrhosis. The survival rate
after 10 years is 0.15 without treatment and 0.35 with silymarin therapy.

CONCLUSION

These studies show that experimentally induced toxic liver lesions and the extrahepa-
tically detectable oxidative stress state — its typical biochemical parameters — in patients
with chronic alcoholic liver disease were favourably influenced by silibinin or silymarin
treatment.

Applied therapy decreased lipid peroxidation and improved the patients’ antioxidant
protection. Following the six-month treatment, all these favourable effects resulted in
the setting or significant improvement of liver function values of patients, proving the
liver protective effect of the silymarin.

Follow-up observation of patients with alcoholic liver disease showed that long-term
silymarin treatment could increase the survival time of patients.

On the basis of these results, we can recommend free radical scavenger therapy in
alcohol-induced liver injury, with, of course, alcohol abstinence.
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THE EFFECT OF DRUGS ON LIVER FUNCTION AND BILIARY
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ABSTRACT

A number of different agents are used for the quantitative assessment of deranged hepatic function
which includes abnormalities of:

1. Various metabolic processes,
2. Hepatic flow, and
3. Biliary secretion.

In the last 10-15 years, we have gained considerable experience in assessing liver function in
relation to the stage and/or the progression of chronic liver disease (CLD) by means of antipyrine
clearance, the galactose elimination capacity and, more recently, the cytochrome P,so-mediated
formation of monoethylglycinexylidide (MEGX) following lidocaine administration. The changes in
the metabolism of these agents provide a useful tool to monitor the influence of other drugs (for
example, silymarin, ursodeoxycholic acid and interferon) on CLD of different aetiology. Moreover,
evaluation of drug metabolizing activity is also used to optimize the timing of liver transplantation and
to quantify the functioning liver mass in potential liver donors. As regards biliary secretion, it is well
known that a number of drugs may influence biliary flow, biliary lipid output and biliary bile acid
composition. For example, ursodeoxycholic acid reduces biliary cholesterol secretion and is used as a
litholytic agent for cholesterol gallstones. However, it is also beneficial in chronic cholestatic and non-
cholestatic liver disease because of its choleretic, membrane-stabilizing and immunomodulatory effects.
Conversely, silymarin, which is currently used in the management of acute poisoning as well as of CLD,
may be regarded as a potential litholytic agent since it reduces biliary cholesterol concentration and
secretion. In conclusion, the study of the pharmacokinetics of different drugs may provide useful
information to the clinicians about the stage and the progression of CLD. On the other hand, it seems
important to evaluate the influence on biliary secretion of cytoprotective agents commonly used in the
treatment of CLD with or without cholestatic features.

Keywords: quantitative liver function tests, interferon treatment, hepatitic C virus, biliary secretion

INTRODUCTION

The liver plays a key role in the metabolism of lipophilic substances which are
converted into polar metabolites. These are excreted into bile and eliminated from the
body. Usually the metabolites produced by this process are less active and less toxic
than their parent compounds and the process is termed detoxification. Sometimes,
however, reactive metabolites are formed and the process is called toxification.

This paper was presented at the Section of [IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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A number of different enzymes, including cytochrome P45y, oxidases, reductases,
hydrolases and transferases, are involved in these reactions. Genetic polymorphism
creates subpopulations of patients with either decreased, absent or increased activities
of certain enzymes. Besides, environmental factors, such as the intake of other drugs,
diet, alcohol, and cigarette smoking, may induce or inhibit the drug-metabolizing
activity and cause intra-individual variations. Drug toxicity develops as a result of an
imbalance between detoxification and toxification, with an excess of the latter.

Given this background, we will first focus our attention on a particular aspect of
drug metabolism, that is the use of some drugs in the assessment of liver (dys)function
and of the influence of different cytoprotective/therapeutic agents in chronic liver
disease (CLD). Second, we will look at the effect of a few compounds on biliary
secretion. The two topics may appear unrelated but a link between them may be found,
for example, in the role of bile acids in bile formation as well as in their use in the
evaluation of biliary secretion in chronic cholestatic disorders [1].

QUANTITATIVE LIVER FUNCTION TESTS

It is well known that, whatever the cause of CLD (viral, drug- or alcohol-induced or
autoimmune), the period of compensated liver disease lasts much longer than the
period of decompensation which ultimately leads to a stage which is incompatible with
life. From this point of view, we definitely need some biochemical tests which are
reproducible, not or little invasive (unlike liver biopsy) and which are able to assess
reliably the functional capacity and integrity of the liver. Besides, they must provide
information about the stage of CLD, the rate of progression of CLD and the prognosis
of CLD. These tests are called quantitative or ‘dynamic’ liver function tests (LFTs) to
distinguish them from the ‘static’ conventional LFTs (serum bilirubin, transaminase,
etc). Quantitative LFTs are usually divided into:

1. Those evaluating metabolic homeostasis,
2. Those estimating detoxification reactions, and
3. Those assessing biliary secretion.

Table 1 shows the most commonly used substrates together with the main functions
studied and their location within the hepatocyte. The galactose tolerance test reflects
the capacity of hepatocytes to phosphorylate carbohydrates by galactokinase, whereas
the functional capacity for urea synthesis can be estimated by infusion of amino acids.

Drug-metabolizing activity (DMA) can be estimated by the administration of drugs
metabolized by the hepatic cytochrome Pyso isoenzyme system. Examples of detox-
ification reactions include the aminopyrine breath test, antipyrine and caffeine
clearances, and the conversion of lidocaine to monoethylglycinexylidide (MEGX-test).
Apart from the estimation of serum bilirubin as a classical excretory test, a more up-
to-date approach to evaluate the secretory function of the liver is based on the iv
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TABLE 1
Quantitative liver function tests

Location Substrate Function
Cytosol Galactose Phosphorylation
Amino acids Urea synthesis
Microsomes (cytochrome Pysq) Aminopyrine N-Demethylation
Caffeine N-Demethylation
Lidocaine N-De-ethylation
Antipyrine Hydroxylation
Demethylation
Hepatocellular membranes 7’SeHCAT Bile acid uptake/
excretion

injection of a y-labelled bile acid analogue — ">Selena~homocholic acid-taurine
(">SeHCAT). This bile acid analogue behaves like the naturally occurring taurocholate
with regard to the enterohepatic circulation of bile acids [2] and is specifically taken up
and excreted by the liver [3], thus providing information on these two important steps
of bile secretion. Jazrawi and co-workers have recently employed the hepatic scinti-
graphy with 7>SeHCAT to study the kinetics of hepatic bile acid handling in cholestatic
liver diseases. They found that hepatic excretion, but not hepatic uptake, of the bile
acid analogue was deranged during cholestasis, thus confirming that bile acid retention
is a feature of cholestasis in man [1]. They also used this test to evaluate the effect of
ursodeoxycholic acid (UDCA) treatment in patients with primary biliary cirrhosis [1].

INFLUENCE OF DRUGS ON LIVER FUNCTION

We have prospectively evaluated the cytoprotective effect of UDCA and of an
antioxidant agent, silymarin, (given alone or in combination) on conventional LFTs
and on liver function in patients with compensated active cirrhosis of the liver [4]. At
the end of the two-year treatment period, we observed a 31-43% decrease in the serum
markers of liver cell necrosis as well as the maintenance of the functioning liver mass as
assessed by the GEC test and of the detoxification function as estimated by APCL.
These results confirm those reported by Lotterer et al. [S] and Leuschner et al. [6]
who showed no significant changes in GEC, indocyanine green or aminopyrine breath
tests during treatment of primary biliary cirrhosis with UDCA. Further support for the
safety of UDCA in advanced non-cholestatic CLD comes from a retrospective study in
which we looked at the long-term (4 years) effect of UDCA treatment in patients with
compensated cirrhosis of different aetiologies. The response to UDCA was greater in
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patients with alcoholic or cryptogenic cirrhosis than in those with hepatitis-C-related
cirrhosis. However, GEC values remained, on average, stable over the four-year follow-
up study, irrespective of the aetiology, and only diminished in the patients experiencing
one or more episodes of ascites [7].

By contrast, a number of reports suggest that interferon (IFN) depresses DMA, at
least after short-term administration of the drug [8-11]. Such an effect has been shown
to occur after a single dose, ranging from 4.5 to 18.0 MU of recombinant leukocyte
IFN-a in patients with chronic active hepatitis B and healthy controls [8,9], as well as
following administration of lymphoblastoid IFN-a for 4 weeks at a dose of 6 MU/day,
or after iv injection of IFN-B (3-9 MU/day) for 8 weeks [10,11]. The mechanism(s) by
which IFN depresses hepatic DMA is still unclear, although it might be mediated by
several cytokines [11]. However, all the studies mentioned above suggest that the
depressant effect of IFN on DMA might be a property which is inseparable from its
antiviral or antitumour activity.

These reports prompted us to set up a clinical study with the aims of verifying
whether standard treatment with IFN actually impairs the DMA and whether there is
any correlation between the dose of, and response to, IFN and the degree of DMA
inhibition. These questions appear to be of particular clinical relevance since nowadays
IFN is increasingly associated with other drugs, both in hepatological and oncological
patients to enhance the response rate. Hence, depression of hepatic mixed function
oxidases by IFN might result in potentially toxic drug interactions.

Instead of evaluating antipyrine or theophylline clearances following IFN adminis-
tration [8,11], we studied the kinetics of MEGX formation from lidocaine (1 mg/kg
body weight as an iv bolus injection). The reaction is catalysed by the cytochrome P,s,
system in the microsomes (Table 1) and represents, therefore, a quantitative estimation
of hepatic DMA. Besides, as lidocaine undergoes first-pass clearance, MEGX
formation may be partly affected by changes in splanchnic haemodynamics.

The test was first validated by Oellerich and colleagues in Hannover in 1987 [12].
They employed this dynamic test to evaluate liver function in healthy volunteers, liver
donors and patients with liver cirrhosis. Subsequently, MEGX formation was
specifically used by these authors as a measure of pre-transplant liver function in order
to estimate the probability of survival in graft recipients [13]. They found that a cut-off
value of 90 ng/ml of MEGX determined 15 min after lidocaine injection could reliably
predict short-term survival in transplanted patients [13]. Besides, the test is easy to
perform and MEGX concentrations can be rapidly determined in the laboratory using
a fluorescence polarization immunoassay [12].

We used the 45-min MEGX concentration as a measure of liver function since, in
previous kinetics studies, it was shown that the 45-min and the 60-min samples had the
best sensitivity, specificity, diagnostic accuracy and predictive values [14]. We also
performed the GEC test in order to gain information about the functioning liver mass,
using a low-extraction rate compound.



Effect of Drugs on Liver Function and Biliary Secretion 243

CHRONIC HEPATITIS C, INTERFERON AND LIVER FUNCTION

Twenty-one patients with HCV-related CLD were selected for the trial. All had a
biopsy-proven diagnosis of chronic active hepatitis (n =13) or cirrhosis (»=8). HCV
genotypes were also determined and were classified according to Okamoto et al. [13].
Patients received recombinant IFN-a 2b at a dose of 6 MU three times a week (tiw) for
4 months, followed by 3 MU tiw for 8 months in cases with response to treatment.
Patients were usually asked to stop treatment if no decrease in serum transaminase was
observed by month four. Conventional markers of liver function were determined
monthly, whereas MEGX formation and GEC were measured at month 0, 4 and 12
and, in 8 patients, also 6 months after IFN withdrawal. Complete or partial response
was seen in 10 patients; 8 patients were considered non-responders, whereas the
remaining three withdrew from treatment for severe side-effects. As expected, response
was associated with less-advanced CLD and a lower percentage of type II HCV (the
type more resistant to IFN therapy) in comparison with the non-responder group [16].

In responders, the 45-min MEGX values at entry were 63 + 6 ng/ml (mean+ SEM)
and did not vary significantly at months 4 and 12 during treatment (68 +7 ng/ml and
65+ 8 ng/ml, respectively) or 6 months after IFN withdrawal (70 +7 ng/ml). In the
non-responders, MEGX values increased by 21% at month 4, although not signifi-
cantly so. Pre-treatment GEC values were similar in responders and non-responders
(2.340.2 mmol/min and 1.94+0.2 mmol/min, respectively) and remained stable
throughout the treatment period as well as after IFN withdrawal in both groups. Thus,
long-term therapy (612 months) with IFN-a given at a standard dose of 3-6 MU
three times a week, does not seem to impair the detoxification function and the
functioning liver mass as assessed by MEGX formation and GEC test, respectively.
These results do not support previous reports in which different IFN treatment
schedules were used (higher doses of IFN given for shorter periods).

If confirmed in larger study groups, these results would encourage the association of
IFN with other drugs, such as antioxidants (N-acetyl-cysteine, glutathione, silibinin),
antivirals (ribavirin) or UDCA in HCV-related CLD, and/or would not contraindicate
the concomitant intake of other agents which may represent life-long therapy for
individual patients, such as theophylline.

BILIARY SECRETION: A REAPPRAISAL

Moving now to the influence of drugs on biliary secretion, we extensively reviewed this
topic ten years ago [17]. Since then, a lot of progress has been made in the understanding
of the bile secretory process mainly at intracellular level, including the role of hormonal
regulation and of bile ductular cells [18-20). However, a fundamental concept remains:
hepatocytes behave as epithelial cells and possess various secondary and tertiary active
transport systems located either on the basolateral or the canalicular membrane. These
transporters are specific for certain anions or cations and show coordination between
sinusoidal uptake and canalicular secretion for a number of compounds, including bile
acids, lipids, protein and various anions and cations which are found in bile.
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Of paramount importance in drug metabolism is the Na*-K*-ATPase system which
is located on the basolateral membrane of hepatocytes. Drugs and hormones
decreasing or increasing the bile-acid-independent fraction of bile flow usually
decrease or increase the activity of this pump. Na*-K*-ATPase is also essential for
sodium-dependent uptake of bile acids, which are the most potent agents which
increase bile flow. Hepatocyte uptake of sodium taurocholate is inhibited by a number
of compounds such as progesterone, bumetamide, furosemide, verapamil, phalloidin
and also cyclosporin A.

Bile acids are transported within the hepatocytes by three different mechanisms:

1. By means of cytosolic binding proteins (Y’, glutathione-S-transferase and fatty
acid binding protein), which represent the major mechanism for transcytotic bile
acid movement;

2. Through the vesicular pathway, which is estimated to account for less than 10% of
total bile flow under basal conditions and is inhibited by colchicine, which blocks
the polymerization of tubulin to form microtubules;

3. By means of a rapid vesicular transport which is not blocked by colchicine and is
likely to involve intracellular organelles, such as the Golgi apparatus and the
endoplasmic reticulum.

At least three transport systems have been so far identified at canalicular levels:
1. A bile acid transport system,;
2. A separate multiple organic anion transporter, and
3. A transporter for organic cations.

The latter seems to be responsible for canalicular secretion of a number of drugs,
including daunomycin, vinblastine, vincristine and adriamicin [21].

The integrity of the tight junctions joining adjacent hepatocytes is essential for the
maintenance of the osmotic gradient between blood and bile which is necessary for bile
secretion. In certain experimental conditions, phalloidin and oestradiol make this
barrier ‘leaky’ and cause cholestasis [22,23].

The role of intracellular messengers, such as CAMP, protein kinase C and cytosolic
Ca?"* or various hormones, on bile formation and secretion has also been characterized
in the last few years [18,24].

Similarly, recent studies have investigated some of the mechanisms involved in
ductular secretion (and their hormonal regulation) which seems to account for 40% of
basal bile flow, at least in man. Hepatocellular bile is extensively modified while
flowing through the biliary system by secretion and/or reabsorption of water,
electrolytes, including HCO;~ and CI7, and other solutes [25]. Also, bile duct
epithelium is involved in the so-called cholehepatic shunting where dihydroxy bile
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acids, such as ursodeoxycholic acid, are passively reabsorbed in the unconjugated form
at ductular level, then are conjugated with glycine and taurine and subsequently
excreted from the basolateral membrane to the periductular plexus. By this mechan-
ism, a bicarbonate-rich hypercholeresis is produced. It is still controversial whether the
increase in bile flow and biliary bicarbonate secretion originates from the hepatocytes
or the ductular cells. Experimental studies in isolated rat hepatocyte couplets would
favour this second hypothesis [26-28].

EFFECTS OF DRUGS ON BILIARY SECRETION

UDCA-induced hypercholeresis is not the only effect exerted by this bile acid. UDCA
improves liver function and survival in patients with primary biliary cirrhosis [29] and
other cholestatic disorders [30]. A possible explanation for the improvement of
cholestasis is the enrichment of bile with more hydrophilic (and therefore less toxic)
bile acids [31]. This has been shown also in the rat model with ethinyl oestradiol-
induced intrahepatic cholestasis [32].

We too have observed amelioration of conventional LFTs during treatment with
UDCA in patients with non-cholestatic CLD (chronic active hepatitis plus cirrhosis) of
different aetiology [4]. Although we did not measure the changes in the pattern of
biliary bile acids, the 30-fold increase of UDCA in the serum of treated patients
suggests that the spill-over of this agent from the enterohepatic circulation into the
blood could mirror the enrichment of bile with less detergent bile acids. In addition to
these properties, UDCA also inhibits the intestinal absorption of other bile acids [33]
and possesses immunomodulatory effects which are likely to contribute to the
beneficial effect in patients with cholestatic disorders of autoimmune origin [34].

Thus, UDCA represents an interesting example in clinical pharmacology of a drug
which was originally contraindicated in CLD and was used as a litholytic agent for
cholesterol stones and which, by contrast, has been increasingly used in chronic
cholestatic and non-cholestatic liver disease [17] since the first report by Leuschner et
al. (1985) on its beneficial effect in chronic hepatitis [35].

An opposite story applies to silymarin, a drug which was originally used in acute
poisoning of the liver due to the stimulation of protein synthesis and to its membrane-
stabilizing effects and subsequently employed also in CLD of various aetiologies
because of its free-radical scavenger properties. In 1989, Ferenci and his group [36]
clearly showed that survival was significantly better in the patients treated with
silymarin than in those receiving placebo, and this was especially true in those with
alcoholic cirrhosis.

We were interested to see whether silibinin, which is the main component of
silymarin, could influence biliary lipid composition and, if that was the case, by which
mechanism(s). We investigated this both in the rat and in gallstone and cholecystecto-
mized patients. Rats treated with silibinin for 7 days at a dose of 100 mg/kg body

weight showed a significant decrease in biliary cholesterol concentration and secretion
and also in biliary phospholipid secretion but no changes in bile acid secretion or bile
flow [37]. The decrease in hepatic cholesterol output was confirmed in the clinical
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studies following oral administration of silymarin at a daily dose of 420 mg for four
weeks [37]. As regards the possible mechanisms explaining the reduction of biliary
cholesterol secretion, we found a dose-dependent inhibition of the activity of hydroxy-
methyl-glutaryl Co-A reductase, suggesting a reduction of cholesterol neosynthesis in
the liver [37].

CONCLUSIONS

Thus, its seems advisable to consider and/or set up experimental studies to investigate
possible effects on bile flow and composition of drugs which are mainly eliminated by
the biliary route. Although some of them may adversely affect bile flow and/or biliary
lipid secretion (fibrates, somatostatin, ocreotide, ceftriaxone) or even gallbladder
contraction (for example nifedipine), others might be given in combination in order to
potentiate their favourable influence on bile flow and composition and decrease drug-
related side-effects.
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ABSTRACT

The microvascular network of the gastrointestinal tract is characterized by the rich distribution of the
perivascular autonomic nerves.

During the process of acetic acid-induced gastric ulcer healing, an increase in vascular permeability
has been shown in the regenerated vessels by the intra-aortic infusion of horseradish peroxidase.
During the healing process, the immunoreactivities of basic fibroblast growth factor and platelet-
derived growth factor were increased in the granulation tissues. The administration of CS23, acid-
stable human recombinant basic fibroblast growth factor, decreased the increase in vascular perme-
ability and accelerated the regeneration of a microvascular network from the point of localization of the
E-selectin and CD36 immunoreactivity.

In conclusion, bFGF was shown to stimulate microvascular regeneration as well as autonomic
reinnervation in the healing process of acetic acid-induced gastric ulcers.

Keywords: gastric microcirculation, acetic acid-induced gastric ulcer, microvascular permeability, basic
fibroblast growth factor, platelet-derived growth factor

INTRODUCTION

The microvascular network of the gastrointestinal tract, especially of the stomach, is
characterized by the rich distribution of perivascular autonomic nerves [1]. On the
other hand, few microvessels regenerated after ulcer formation were found to be
accompanied by autonomic reinnervation. Our recent histochemical studies on the
effect of basic fibroblast growth factor (bFGF) have demonstrated an accelerated
regeneration of perivascular autonomic nerves in granulation tissues after acetic acid-
induced gastric ulcer formation [2]. However, the interaction of autonomic nervous
and microcirculatory regeneration remains to be determined.

In the present study, the histochemical characteristics of regenerated microvessels
after acetic acid-induced gastric ulcer formation were studied using Wistar strain male
rats. In addition, alteration of the distribution of bFGF and platelet-derived growth
factor (PDGF) immunoreactivities and the effect of human recombinant bFGF on the
regeneration of the microvessels were discussed.

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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MATERIALS AND METHODS

Wistar strain male rats, weighing 200250 g, were used in the following experiments.
Rats were divided into the following five groups: control, three and seven days after
acetic acid alone, and three days and seven days after acetic acid plus CS23 (acid-stable
recombinant human bFGF, Takeda Chemical Industries Ltd., Osaka, Japan) [3].
Ulcers were induced by the application of 100% acetic acid to the anterior serosal
surface of the rat stomach at the border of the fundic and antral region for 30 s three or
seven days prior to the experiments. Uniform gastric ulcers with a diameter of 5 mm
developed three days after treatment. In the CS23-treated groups, CS23 was dissolved
in 0.01 mol/L phosphate-buffered saline (pH 7.4) with 5.0% fetal calf serum; 0.5 ml of
an aqueous solution of CS23 (1 pg/100 g body weight) was given via oral gastric
intubation every 12 h after the formation of the gastric ulcers until just before fixation.

Histochemical procedures to observe the microvascular network, autonomic nerves and
permeability

The chronological changes in the microvascular architecture were observed by the
intra-aortic infusion of horseradish peroxidase (HRP; Sigma type II; 20 mg/100 g
body weight, Sigma Chemical Company, St. Louis, MO., USA), followed by the
reaction with diaminobenzidine [4,5].

For immunohistochemical observation of CD36, Factor VIII, E-selectin and
laminin, the stomach tissues were fixed with Zamboni’s fixative, followed by treatment
with phosphate-buffered saline (PBS) with graded concentration of sucrose. The
cryostat sections were made and indirect immunoperoxidase staining was performed
using monocloncal antibody against CD36, Factor VIII, E-selectin or laminin
(Cambridge Research Biochemicals, Cheshire, UK).

To observe the localization of unmyelinated nerve fibres in the gastric mucosa, small
tissue blocks were fixed with a mixed solution of 4% formaldehyde and 1%
glutaraldehyde in 0.06 mol/L phosphate buffer (pH 7.4) for 6 h at 4°C, followed by
postfixation with 1% osmic acid for 2 h. After dehydration in a graded ethanol series,
all the tissue blocks were embedded in Epon. The ultrathin sections were made using
LKB ultramicrotome, stained with lead citrate and uranyl acetate and observed with a
Hitachi H-300 electron microscope [1].

Histochemical procedures to observe the localization of bFGF and PDGF
immunoreactivity

For immunohistochemical observation of bFGF and PDGF, the stomach tissues were
fixed as mentioned above and the cryostat sections were made and indirect immuno-
peroxidase staining was performed using monoclonal antibody against bFGF (MAb
3H3, Wako Pure Chemicals Industries, Osaka, Japan) and against PDGF-AA and BB
(Chemicon International Inc., Temecula, CA, USA).
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To verify the intensity of the immunoreactivity, images were digitized using an image
processing and analysis software Ultimage (Graftek, France) [6]. The images were
managed in the computer as 512 x 512-pixel matrices with 256 grey levels. Three
hundred images were transferred for analysis of grains. The area having silver grains
was calculated using grey-level threshold. Student’s -test was used in this study.

Radioautographic procedures to observe the localization of [ 12311 PDGF-BB-binding
sites

The effector sites of PDGF-BB were studied by the radioautography of soluble
compounds using [!1]PDGF-BB. The binding sites of PDGF-BB were studied by
the intra-aortic infusion of [>’IJPDGF-BB, followed by freeze-drying, fixation of
osmium gas, direct Epon embedding, semithin sectioning with ethylene glycol, and
application of radioautographic emulsion film by the wire-loop method. After 30-60
days exposure, the sections were developed, fixed and observed by light and electron
microscopy [7,8]. The specificity of the binding sites was assessed by the addition of
cold PDGEF to the infusion solution.

RESULTS
Microvascular structure revealed by the histochemical method

The microvascular structure in gastric mucosa is composed of the true capillary
network and the collecting venules that drain the blood flow from the capillaries in
the tip portion of the gastric mucosa into the submucosal venules. The microvessels in
the mucosal and submucosal layer were clearly visualized by the immunohistochemical
method using anti-Factor VIII or CD36 monoclonal antibodies (Figure 1). The anti-
Factor VIII immunoreactivity was rather stronger in the venules than in the arterioles
and capillaries.

CD36 immunoreactivity also had a similar distribution in the rat stomach.
Unmyelinated nerve fibres were seen adjacent to the microvessels by the electron
microscopic observation of the gastric mucosa. Most of the synaptic vesicles of these
nerves were small, agranular and characteristic of cholinergic nerves.

Alterations in microvascular permeability and related immunoreactivities during healing
of acetic acid-induced gastric ulcers

During the healing process of acetic acid-induced gastric ulcers, an increase in vascular
permeability is seen in the regenerated vessels by the intra-aortic infusion of horseradish
peroxidase (HRP; Sigma type II), while CS23 treatment decreases the alteration in
vascular permeability [2]. Laminin and E-selectin immunoreactivities increased sur-
rounding the regenerated microvessels in acetic acid-treated gastric mucosa (Figure 2).
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Figure 1. Immunohistochemical observation of anti-Factor VIII immunoreactivity and
electron microscopic observation in the control rat stomach. a: In the mucosal layer,
immunoreactivity is seen on the collecting venules as well as the surrounding true capillaries.
x 640. b: By electron microscopic observation, unmyelinated nerve fibres (arrow) are seen
adjacent to the microvessels in control rat gastric mucosa. x 6400. c: In the submucosal layer,
immunoreactivity is clearly seen on the endothelial cells of the venules (Ve) and hardly found
on the arterioles (Ao). x 360. Left half: Original pictures. Right half: Pictures processed for
enhancement of FITC-fluorescence
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Figure 2. Immunohistochemical observation of antilaminin immunoreactivity in control and
acetic acid-treated rat gastric mucosa. a: In the control mucosal layer, immunoreactivity is
found surrounding the true capillaries and basement membrane of the epithelial cells. The
immunoreactivity is very strong near the tip portion of the gastric mucosa. x 640. b: In the
acetic acid-treated gastric mucosa three days after the acetic acid treatment, a marked increase
in immunoreactivity is detected in the erosive region. x 640
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Figure 3. Comparison of the immunoreactivity of CD36 and E-selectin in gastric mucosa
treated with acetic acid alone and acetic acid plus CS23. a: The relative amplitude of the CD36
immunoreactivity in the gastric mucosa treated with acetic acid alone is 237 4 32.7 units, while,
in rats treated with acetic acid plus CS23, the strength of the fluorescence is 273 +25.4 units
(p =0.088). x240. b: The amplitude of E-selectin immunoreactivity in the gastric mucosa
treated with acetic acid alone is 177 +39.6 units, and that in the gastric mucosa treated with
acetic acid plus CS23 is 219+ 30.1 units (p = 0.096). x 240
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Figure 4. Immunohistochemical observation of bFGF immunoreactivity in the control rat
stomach. a: In the mucosal layer, bFGF immunoreactivity is seen exclusively in the true
capillary network. x480. b: In the proper muscular layer, immunoreactivity is seen in the
myenteric plexus. x320. c,d: In the submucosal layer, immunoreactivity is found in the
endothelial cells of the venules and in the perivascular nerve plexuses (arrows). c: x 320, d:
x 640
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Figure 5. Immunohistochemical observation of bFGF immunoreactivity in the rat gastric
mucosa treated with acetic acid. a: Three days after acetic acid treatment, immunoreactivity is
detected in the endothelial cells of the regenerated gastric mucosa as well as in the interstitial
cells of the granulation tissues. x 260. b,c: Seven days after acetic acid treatment, immunor-
eactivity is mostly seen on the endothelial cells of the capillary network. b: x 200, c: x 600

By repeated treatment with CS23, increased immunoreactivities of CD36, E-selectin
(Figure 3) and laminin were observed three and seven days after the acetic acid
treatment, compared with the group treated with acetic acid alone.

Localization of bFGF and PDGF immunoreactivity and effector sites of PDGF-BB in the
gastric mucosa

The bFGF immunoreactivity in control rats was mostly seen in the microvascular
network as well as in the autonomic nerves, including myenteric plexuses (Figure 4).
After acetic acid treatment, immunoreactivity of bFGF was seen not only in the
endothelial cells of the microcirculatory system but also in the interstitial cells in the
granulation tissues, composed of macrophages and monocytes (Figure 5).
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Figure 6. Immunohistochemical and radioautographic observation of PDGF-BB immunor-
eactivity and ['>’IJPDGF-BB binding sites in the rat stomach three days after the acetic acid
treatment. a: PDGF-BB immunoreactivity is strongly detected in the tip portion of the gastric
mucosa. x 320. b: ['>’I]PDGF-BB binding sites are accumulated on the interstitial cells just
under the erosive lesion, probably corresponding to the fibroblasts. x 320. Left: original
picture; Middle: enhanced by image processor; Right: silver grains are selected by image
processing
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PDGF-AA and PDGF-BB immunoreactivity in control rats was also seen in the
microvascular system and in the autonomic nerves. In the acetic acid-treated gastric
mucosa, the immunoreactivity was seen in the tip portion of the gastric mucosa,
coinciding with the localization of platelet aggregation in the collecting venules and
true capillaries (Figure 6). [’ I]PDGF-BB binding sites were seen on the fibroblasts
and undifferentiated mesenchymal cells, both in the control and acetic acid-treated rats
by the radioautography of soluble compounds.

DISCUSSION

Revascularization during epithelial repair is thought to be composed of various kinds
of cells, including endothelial cells, smooth muscle cells, fibroblasts and other
undifferentiated mesenchymal cells. Cytokines and growth factors are possible
mediators between these cells but the relative significance of these factors varies from
tissue to tissue. The present study shows that bFGF and PDGF immunoreactivities are
richly distributed both in the endothelial cells and the enteric nerves in control rats.
External addition of rhbFGF increased the immunoreactivity of E-selectin [9] and
CD36, two of the markers of endothelial cells, during the healing of acetic acid-induced
gastric ulcers. These results show that bFGF plays an important role in the healing
process of the gastric ulcer.

PDGF is another candidate for an important role in gastric ulcer healing because
this growth factor is localized adjacent to the ulcerative lesion, especially in the
congested microvessels, as shown in this study.

Vascular permeability is a very useful marker to clarify the maturation of the
microvascular network. In the present study, HRP intra-aortic infusion was used and
this method has already been proved to be a very useful tool to investigate the
alteration in permeability at a very early stage [5].

CONCLUSIONS

Cell adhesion molecules, cytokines and extracellular matrices have been shown to play
some roles in the healing process of acetic acid-induced gastric ulcer.

bFGF was shown to have normalizing effects on microvascular permeability, as well
as accelerating microvascular regeneration and autonomic reinnervation.
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ABSTRACT

The process of wound repair and the role of growth factors were investigated using primary cultured
rabbit gastric mucosal cells. A confluent monolayer gastric epithelial cell sheet or fibroblasts was
wounded to make a cell-free area of constant size. The changes in the cell-free area were analysed
quantitatively by image analysis. In the epithelial cell model, the wound recovered in 3648 h in
controls; wound repair was accelerated by the addition of fetal calf serum (FCS) and hepatocyte growth
factor to the medium. In the fibroblast model, repair was accelerated by the addition of bFGF. In these
models, the wound was repaired in two steps; an initial cell migration stage and a later proliferation
stage. In the epithelial restoration, migration was much more impo:tant than proliferation and in the
fibroblast model, proliferation was important as well as migration. In conclusion, growth factors
modulate wound repair with the induction of both epithelial and mesenchymal cell migration and
proliferation.

Keywords: gastric ulcer, growth factor, cytoskeleton, migration, proliferation, wound healing

INTRODUCTION

It has been shown that damage to the gastric surface epithelium is followed by rapid
epithelial cell migration called ‘restitution’ after removal of causative agents [1]. For
example, exposure of gastric mucosa to hyperosmolar sodium chloride caused
extensive damage to the surface epithelium and epithelial restitution occurred within
several minutes after removal of sodium chloride [2]. Silen and his colleagues have
extensively investigated the process of restitution and have shown its importance in the
initial stage of gastric wound repair [3]. However, many questions remain about the
mechanism of gastric mucosal repair. In order to resolve these questions, we recently
established a new wound-repair model using primary cultured gastric epithelial cells
and fibroblasts. This model allows investigation of cellular capacity for mucosal
restoration without the effects of systemic factors. In this paper, we review this
wound-repair model and discuss the role of growth factors.

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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PREPARATION AND CULTURE OF PRIMARY CULTURED GASTRIC
MUCOSAL CELLS

There are several wound-repair models using cancer cell lines and cloned epithelial
cells. Each model has its merits and demerits. In our model, we use primary cultured
rabbit gastric epithelial cells which do not transform. Therefore, our model is much
more physiological than those using cancer cells and transformed cloned cells. Also, we
established a similar model using primary cultured rabbit gastric fibroblasts.

Gastric mucosal cells were isolated from male Japanese white rabbits (body weight 2
kg) according to methods described previously [4] with some modifications. Rabbits
were anaesthetized by intraperitoneal administration of nembutal (50 mg/kg). The
rabbit stomach was rapidly removed and the fundic mucosa was quickly separated with
a razor blade and minced into small pieces (2-3 mm?). Minced mucosal pieces were
incubated in a medium containing 0.07% type I collagenase (Sigma Chemicals Co., St.
Louis, MO, USA), 130 mmol/L NaCl, 12 mmol/L NaHCO3, 3 mmol/L NaH,PO,, 2
mmol/L MgSO,, 1 mmol/L CaCl,, 0.1% bovine serum albumin and 0.2% glucose for
15 min in a shaker bath at 37°C. After the incubation, minced tissue was washed with
Ca?*- and Mg?*-free Hanks balanced salt solution (HBSS) with 1 mmol/L EDTA.
These procedures were repeated twice and the cells were filtered through metal mesh
(diameter 300 pm). Subsequently, cells were washed in Ca**- and Mg**-free HBSS
containing 1 mmol/L EDTA and 0.1% bovine serum albumin.

Coon’s modified Ham’s F-12 medium supplemented with inactivated 10% fetal
bovine serum, 100 U/ml of penicillin, 100 pg/ml of streptomycin and 0.25 pg/ml of
amphotericin was used for this study. Isolated gastric mucosal cells were inoculated
onto collagen (type I)-coated plastic culture dishes (diameter 60 mm, Corning Glass
Works, Corning, NY, USA) at a concentration of 5 x 10%/dish. Cells were incubated in
a 5% CO;, incubator at 37°C throughout the study.

The viability of isolated gastric mucosal cells was 95% at the time of cell inoculation
and 90% 96 h later at the end of the experiment. Inoculated cells attached to culture
dishes within 24 h, then spread and grew, becoming a complete monolayer cell sheet 48
h after inoculation.

Histochemical studies indicated that more than 90% of the cells in the monolayer
sheet were positive for PAS, indicating that they were mucous cells [4]. Parietal cells
and chief cells, assessed by succinic dehydrogenase and Nile blue staining, respectively,
were minor components of the monolayer sheet [4]. Four weeks after the epithelial cell
culture, all epithelial cells were detached and a complete monolayer cell sheet of
fibroblasts was formed.

ARTIFICIAL WOUNDING AND MONITORING OF WOUND REPAIR

Inoculated cultured gastric epithelial cells formed a complete monolayer cell sheet in
48 h. The method of making an artificial wound of constant size in the cell sheet is the
key point of this model. An artificial wound was made in the centre of the gastric
mucosal cell sheet by cell denudation using a modified pencil type mixer with a rotating
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silicon tip, resulting in a cell-free area with a constant size (2 mm?) [4]. It is best to use a
silicon tip to make the wound since the silicon tip is too soft to damage the surface
coating material of the culture dish. Identical equipment was used for artificial
wounding of the fibroblast monolayer. The process of repair was monitored using an
inverted phase contrast microscope (Nikon TMD, Nikon, Tokyo, Japan) equipped with
a time-lapse videodisc recorder (SONY LVR-3000N, Tokyo, Japan). The recording
interval in this model is 1 frame every 90 s from just after wounding until the end of
experiment. Using this model, we can analyse the factors affecting the repair process by
adding agents to the medium. Therefore, the effects of various concentrations of
hepatocyte growth factor (HGF) and basic fibroblast growth factor (bFGF) on the
repair process in these models can be assessed (Figure 1).

In the epithelial cell model, in controls, several minutes after artifical wounding by
mechanical denudation, the cells at the edge of the wound began to form pseudopodia-
like structures (lamellipodia) and to move toward the centre of the wound with a
continuous ruffling movement of the lamellipodia (Figure 2). The cell-free area was
repopulated gradually with migrated cells. Although the shape of the cells was
polygonal before wounding, the cells in the wounded lesion became flat and spindle-
shaped and extended toward the centre of the wound as repopulation progressed. The
artificial wound was completely repaired 48 h after wounding (Figure 3). The
lamellipodia disappeared, and the monolayer cell sheet resembled the original culture
by several hours after complete recovery. As expected, addition of fetal calf serum to
the medium caused acceleration of wound repair in this model. Therefore, we used
serum-free conditions to investigate various factors. Using this model, HGF led to
significant acceleration of epithelial restoration [6] but not of fibroblasts.

In the model with fibroblasts, the fashion of wound repair was very different from
that of epithelial cells. Although epithelial cells showed sheet migration after wound-
ing, fibroblasts lost their cell contacts around the wound and migrated individually
rather than as a sheet. The speed of migration was much slower in fibroblast cultures
than in epithelial cultures, with a period of 6 days being required to restore the cell-free
area (1.5 mm®). Basic fibroblast growth factors significantly accelerated this process
(Figure 4) [7]; however, HGF did not affect fibroblast wound repair.

ROLE OF CELL PROLIFERATION

In the process of wound repair, cell proliferation plays an important part. Therefore,
we investigated the role of cell proliferation in the whole process of gastric mucosal
restoration in vitro. DNA-synthesizing cells were detected by indirect immunohisto-
chemical methods using monoclonal anti-5-bromodeoxyuridine (BrdU; Sigma Chemi-
cal Co.) [5] antibody. Four groups were compared. In the first group, BrdU was added
to the culture medium at a concentration of 10 pg/ml immediately after the artificial
wound was made followed by incubation for 12 h (0-12-h group). In the second group,
BrdU was added 12 h after wounding and incubation was continued for 12 additional
hours (12-24-h group). In the third group, BrdU was added 24 h after wounding and
incubation was continued for 12 h (24-36-h group). In the fourth group, BrdU was
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Figure 1. Phase contrast microscopy. (a) Monolayer cell sheet of gastric epithelial cells.
(b) Monolayer cell sheet of gastric fibroblasts
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Figure 2. Phase contrast microscopy. After wounding, lamellipodia (arrow heads) showed
active ruffling movement

Figure 3. Phase contrast microscopy. The artificial wound in the epithelial cell sheet was
completely repaired within 48 h. HGF accelerated wound repair; however, bFGF did not affect
the repair process
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Figure 4. Phase contrast microscopy. Basic fibroblast growth factor accelerated the repair of
wounds in fibroblasts

Figure 5. BrdU staining for proliferating cells during the repair process [6]. (a) 12 h after
wounding, (b) 24 h after wounding, (c) 36 h after wounding and (d) 48 h after wounding, BrdU-
positive cells were detected around the wound (w)
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added 36 h after wounding and incubation was continued for 12 h (36-48-h group).
Samples were processed and stained for BrdU by standard techniques, and photo-
micrographs were taken with a phase contrast microscope. Cell proliferation during
the process of wound repair was detected by BrdU staining. BrdU-positive cells were
rarely detected in the area far from the wound; however, they were detected around the
lesion. BrdU-positive cells were not detectable around the wound in the first 12 h (0-
12-h group), and, in the second 12-h period (12-24-h group), they were rarely identified
around the wound. However, in the third 12-h period (24-36-h group), the number of
BrdU-positive cells increased. Subsequently, the number of BrdU-positive cells
decreased as wound recovery occurred and were not detected after the wound was
completely repaired (36-48-h) (Figure 5). HGF promoted cell proliferation in this
model [6].

The similar sequential staining of proliferating fibroblasts using BrdU showed that
cell proliferation was very important in fibroblast restoration. Wound repair and
migration was much slower for fibroblasts than for epithelial cells, while the labelling
index of proliferative cells around the wounds was much higher in fibroblast cultures
than epithelial cell cultures, suggesting an important role for proliferation in restora-
tion by mesenchymal cells. Basic fibroblast growth factor significantly induced cell
proliferation fibroblasts as well as wound repair [7].

THE MECHANISM OF MUCOSAL RESTORATION IN THIS MODEL

In the present model, gastric epithelial cells covered the wound within 48 h after
wounding without the addition of any growth factors. Therefore, this model may be
quite suitable for examining factors which stimulate or retard the process of wound
repair in serum-free conditions.

Results of a control study showed that wound repair of gastric mucosal cells in vitro
(i.e. the ability of cultured cells to fill the artificially made cell-free area) requires
activation of both cell migration and proliferation [4]. However, in this model, the role
of cell migration is much more important than that of proliferation because more than
three-quarters of wound repair occurred before the detection of BrdU-positive cells.
Most of the process, especially the initial stage of repair, is completed by cell migration
only and the late stage might include cell proliferation. Factors which might modulate
the healing process have been investigated. Addition of hepatocyte growth factor [6]
induced wound repair in the monolayer gastric epithelial cell sheet. Takahashi et al.
reported the effect of HGF on gastric epithelial cell proliferation [8]. This induction
was observed in both the cellular migration and proliferation stages. This effect is
thought to be mediated by a direct interaction with the specific receptor for HGF, a
transmembrane tyrosine kinase encoded by the c-met proto-oncogene [9] because the
stimulation was inhibited by the addition of a tyrosine kinase inhibitor to the medium
[6].

In a series of experiments, we examined the mechanism of subcellular events during
gastric mucosal restoration using the actin inhibitor cytochalasin B [4], the myosin
light chain kinase inhibitor wortmannin [10], and the calmodulin inhibitor w-7 [4].
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Although, these inhibitors might have some side-effects, these agents were widely used
in cell biological experiments. In normal cell migration, the ruffling movement of
lamellipodia is a major force for cell movement. Addition of these blockers of
cytoskeletal proteins prevented the formation of lamellipodia in cells lining the wound,
resulting in inhibition of wound repair [5,10]. We also found that extracellular matrix
modulated the speed of restoration [11].

Therefore, the integrity of the cytoskeletal system and the interaction of cytoskeleton
and extracellular matrix are essential for gastric epithelial cell migration and gastric
mucosal restoration.

A similar phenomenon was observed in mesenchymal cell restoration. And the
restoration process of mesenchymal cells was modulated by other growth factors, such
as bFGF. As is well documented, each growth factor has its own receptors on target
cells and the network system of various growth factors play an important role in the
higher quality of ulcer healing in vivo.
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ABSTRACT

Capsaicin-sensitive sensory nerves are involved in modulation of gastric mucosal integrity. The present
study aimed to evaluate the effect of the capsaicin analogue, resiniferatoxin (RTX), on gastric mucosal
damage produced by different ulcerogenic agents in the rat. Gastric mucosal damage was evoked in
pylorus-ligated rats by the administration of intragastric (ig) HCI (2 ml of 0.6 N), ig ethanol (2 ml of
96% or 50% v/v), ig acidified aspirin (200 mg/kg dissolved in 2 ml of 0.15 HCI), subcutaneous (sc)
aspirin (200 mg/kg plus ig 2 ml of 0.15 N HCI) and sc indomethacin (20 mg/kg). Animals were
sacrificed at different time intervals after administration of the above ulcerogens, when gastric secretory
responses, and the number and severity of mucosal lesions were noted. Intragastric RTX (0.6-2 pg/kg)
protected against mucosal injury by 0.6 N HCl in a dose-dependent manner. Resiniferatoxin at 0.4 pg/
kg prevented mucosal injury by sc indomethacin or sc aspirin in the 4-h pylorus-ligated rat.
Resiniferatoxin (0.6 and 1 pg/kg) co-administered with ethanol reduced mucosal injury caused by
50% ethanol. The protective effect of RTX was more marked if the drug was given 15 min prior to
ethanol. Resiniferatoxin protected against damage by 96% ethanol if given 15 min prior to challenge,
but, when co-administered with 96% ethanol, RTX aggravated the ethanol-induced mucosal damage.
Resiniferatoxin by itself did not produce visible gastric mucosal damage in the saline-treated controls.
Data indicated that the capsaicin analogue, resiniferatoxin, exerts potent gastroprotective effects in
various experimental ulcer models in the rat.

Keywords: resiniferatoxin, capsaicin, experimental gastric ulcer

INTRODUCTION

Capsaicin (8-methyl-N-vanillyl-6-nonenamide), the active ingredient of hot peppers of
the plant genus Capsicum, is a widely used probe to investigate the participation of
afferent sensory nerves in a number of physiological processes. This is due to the
remarkable selectivity of the drug in stimulating and subsequently in large doses
desensitizing a specific subset of primary afferents with C and A3 thin fibres [1-3].
Experimental data provided evidence that capsaicin sensitive sensory nerves (CSSN)
are involved in the modulation of gastric mucosal defence against ulcerogenic agents
[4]. High systemic doses of capsaicin, that induced selective ablation of these sensory
nerves, aggravated gastric ulcer induced in the rat by pylorus-ligation, acid distension
[4], ethanol [5], cysteamine [6] or indomethacin [6,7]. However, application of the agent
in low concentrations into the rat stomach protected the mucosa against mucosal

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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damage produced under different experimental conditions [4,5,7-9]. The release of
vasodilator mediators from CSSN endings upon their stimulation with capsaicin in low
concentrations and the consequent enhancement of the microcirculation was for-
warded as the mechanism underlying these gastroprotective effects of capsaicin [4].
Capsaicin-sensitive sensory nerves containing vasodilator peptides were demonstrated
to form a dense plexus around the gastric submucosal arterioles [10,11]. Stimulation of
these nerves with capsaicin evoked the release of vasodilator peptides in the stomach
[12,13] and enhanced gastric mucosal blood flow as measured by different techniques
[14-16] while submucosal application of capsaicin resulted in submucosal arteriolar
dilatation [17].

Resiniferatoxin is a phorbol-related diterpene occurring in the latex of plants of the
Euphorbia family [18]. The compound has been shown to act as potent analogue of
capsaicin, not only at the whole animal and tissue level, but also at the cellular level,
and shares the same receptor specificity with capsaicin [19-21]. Resiniferatoxin can
thus be considered as a selective probe of capsaicin-sensitive neuronal pathways [20],
including those involved in gastric mucosal protection [9]. Resiniferatoxin is used in the
present study to evaluate the participation of the vanilloid (capsaicin/RTX)-sensitive
neural mechanisms in gastric mucosal protection against noxious injury. This study
presents the first systematic study of the acute protective effects of RTX in the rat
stomach.

MATERIALS AND METHODS
General

Sprague-Dawley strain rats, of both sexes, 180-200 g body weight, were used
throughout the experiments. Animals were housed under standardized conditions for
light and temperature and kept in cages with wide-meshed floors to help prevent
coprophagy. Animals were fasted for 24 h prior to the experiment but allowed free
access to tap water. Pylorus ligation was performed under light ether anaesthesia, care
being taken not to interfere with the blood supply to the stomach and duodenum. The
antiulcer effect of resiniferatoxin was evaluated in different experimental models of
mucosal injury, i.e. ethanol, HCI, aspirin and indomethacin. The ulcerogenic agents
were administered immediately after pylorus ligation, either alone or simultaneously
with RTX. In some experiments, RTX was given prior to the injurious agents. In
certain circumstances, capsaicin or prostacyclin was used to compare its effect with
that of RTX. Animals were sacrificed at different time intervals after application of the
ulcerogens by cervical dislocation after being lightly anaesthetized with ether. The
oesophagus was ligated and the stomach excised. Gastric juice was collected in
graduated tubes after removal of the oesophageal ligature and the stomachs were
opened along the greater curvature and inspected for the presence of gastric mucosal
damage.
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Aspirin study
Intragastric aspirin

Acetylsalicylic acid was dissolved in 2 ml of 0.15 N HCIl and suspended in 1%
methylcellulose solution. Aspirin was given orally in a single dose of 200 mg/kg
through a soft orogastric tube immediately after pylorus ligation. Various doses of
RTX (0.6, 1.0, 1.4 and 1.8 pg/kg) were given ig together with aspirin. The doses were
chosen on the basis of previous studies with the laser Doppler flowmetry technique and
were found to produce a highly significant increase in gastric mucosal blood flow in the
rat (sent for publication). In order to study the time course of RTX action, animals
were sacrificed at 1, 2 and 4 h after its administration. In separate series of
experiments, the effect of RTX and capsaicin, both applied at 36 pg/kg, was
investigated in the 4-h pylorus-ligated plus aspirin-treated rats. Control rats received
the vehicle in an equal volume of saline.

Subcutaneous aspirin

Aspirin was dissolved in 5% sodium bicarbonate, adjusted to pH 7.4 and given sc in a
single dose of 200 mg/kg in 0.2 ml volume immediately after pylorus ligation. At the
same time, 2 ml of 0.15 N HCl solution was given ig. When the protective effect of RTX
was examined, the drug was administered ig at a dose of 0.4 pug/kg together with the
0.15 N HCI while controls received the vehicle in an equal volume of saline. A separate
group of rats received only 0.15 N HCI (2 ml) ig after pylorus ligation. Animals were
sacrificed 4 h later.

Indomethacin study

Indomethacin was dissolved in 5% sodium bicarbonate and given sc in a single dose of
20 mg/kg immediately after pylorus ligation. At the same time, animals were given 2 ml
of physiological saline orally. Resiniferatoxin was given orally at a dose of 0.4 pg/kg
with the saline. Controls received the vehicle. Animals were sacrificed 4 h later.

Ethanol study

Immediately after pylorus ligation, 2 ml ethanol (50% or 96% v/v) were given ig either
alone or with RTX at 0.6 and 1.0 pg/kg. Animals were sacrificed 1, 2 and 4 h later in
order to study the duration of the RTX action. In other animal groups, RTX was
administered 15 min prior to pylorus ligation and ethanol. Control rats received the
vehicle. Animals were sacrificed 1 h later. The effect of capsaicin on the gastric mucosal
damage induced by 96% ethanol was compared with that of RTX.
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HCI study

Two ml of 0.6 N HCI were given ig immediately after pylorus ligation. Resiniferatoxin
was administered orally at 0.6, 1 and 2 pg/kg 15 min earlier. Controls received the
vehicle in saline. Animals were sacrificed 1 h later.

Assessment of gastric mucosal damage

Stomachs were excised, opened along the greater curvature, briefly rinsed with saline
and inspected for the presence of gastric mucosal lesions, including haemorrhagic
bands, red streaks and mucosal redness. The number and severity of mucosal lesions
were noted. Lesions were scaled as follows: petechial lesions = 1; lesions less than 1
mm = 2; lesions between 1 and 2 mm = 3; lesions between 2 and 4 mm =4; and lesions
more than 4 mm =5 [22].

Histology

The gastroprotective effect of RTX was also evaluated histologically. The 0.6 N HCI
and 96% ethanol models were used for this purpose, the first being an HCl-dependent
model and the latter a non-HCl-dependent model of gastric mucosal injury [23].
Resiniferatoxin was given orally at doses of 0.6 or 1 ug/kg 15 min prior to ligation
and the administration of either 0.6 N HCI (2 ml) or 96% ethanol (2 ml). The effect of
RTX was compared with those of prostacyclin (5 pg/kg) or capsaicin (1 pg/kg).
Prostacyclin (PGI,) was also given orally (in 0.5 ml volume) after being dissolved in
saline 15 min prior to pylorus ligation and the administration of either 0.6 N HCI or
ethanol. Control rats received saline in an equal volume 15 min prior to ligation and
HCI or ethanol. After macroscopic evaluation of mucosal lesions, stomachs were
pinned flat on cardboard, immersed in 10% formalin solution and later embedded in
paraffin. From the paraffin-embedded tissue blocks, haematoxylin- and eosin-stained
sections were coded. Sections were evaluated qualitatively under light microscopy in a
blinded manner so that the observer was unaware of the treatment group from which
each slide came. Sections were evaluated for three grades of histological injury, namely,
damage to the surface epithelium, superficial mucosal damage involving the upper one
third of the gastric mucosa, and deep mucosal damage extending for more than the
upper one third of the mucosa.

Gastric secretory studies

The volume of gastric contents was noted and acid output was determined by titration
with 0.1 N NaOH to pH 7 (using a Radelkis pH automatic titrimeter, Budapest,
Hungary) and H* output expressed in pEq/rat. Gastric H* back-diffusion was
calculated as follows: net ion flux =[ions recovered] — [(ions instilled) — (initial ions)],
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i.e. net ion flux = [the amount of H" recovered at the end of the experimental period at 1
or 2 h in the HCI or acidified salicylate-treated groups] - [(the acid instilled into the
stomach; 2ml of 0.15 N HCI) — (the initial amount of H" in the stomach)). Positive values
indicate a net gain of ions, while negative values indicate loss of ions from the lumen (H*
back-diffusion) [24]. Results are expressed in pEq/rat; values are mean + SEM.

Drugs

Indomethacin, aspirin (acetylsalicylic acid; Chinoin, Hungary), resiniferatoxin, capsai-
cin (Sigma, USA) and methylcellulose (Sigma, USA) were used. Stock solutions of
resiniferatoxin (0.5 mg/ml) and capsaicin (10 mg/ml) contained 10% ethanol, 10%
Tween 80 and 80% saline solution. Resiniferatoxin or capsaicin was freshly dissolved in
isotonic NaCl immediately before the experiments to obtain the necessary doses.

Statistical analysis

The results were expressed as mean + SEM. Data were analysed by unpaired Student’s
t-test and values of p <0.05 were regarded as significant. The Mann-Whitney’s U-test
was applied for mathematical analysis of non-parametric results (ulcer severity).

RESULTS
Aspirin-induced gastric lesions
Intragastric aspirin

Resiniferatoxin (0.6-1.8 ug/kg) co-administered with topical acidified aspirin pre-
vented in a dose-dependent manner the development of gastric mucosal damage by
aspirin. The protection by RTX in this dose range lasted for 1 h; no significant
protective effect of the drug was seen in the 2-h or 4-h pylorus-ligated plus aspirin-
treated rats (Figure 1). Resiniferatoxin in a dose of 1.8 pg/kg produced a 69.1%
inhibition of lesion severity caused by aspirin in the 1-h pylorus-ligated rat. A twenty-
times higher dose of RTX, however, significantly reduced the aspirin-induced injury in
the 4-h pylorus-ligated rat by 36.7% (p <0.01). Similar protective action of capsaicin
was seen but did not reach statistical significance (Figures 2 and 3).

Subcutaneous aspirin

Aspirin given sc together with the ig application of 0.15 N HCI resulted in a minor
degree of gastric mucosal damage in the 4-h pylorus-ligated rat. The number and
severity of gastric mucosal lesions were 1.2+0.6 and 2.0+ 1.2, respectively (n=6),
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Figure 1. The effect of graded doses of resiniferatoxin (RTX) on the severity of gastric mucosal
injury produced by topical acidified aspirin (ASA, 200 mg/kg in 2 ml of 0.15 N HC)) in the 1-h
and 2-h pylorus-ligated rat. RTX was given ig together with aspirin immediately after pylorus
ligation and animals were sacrificed 1 or 2 h later. Control rats received the vehicle. Results are
mean +SEM; n=6-8 per group. Asterisks indicate significant change from control values in
the corresponding time period: * =p <0.05; ***=p <0.001 relative to their controls. Abdel-
Salam et al. [25]

Figure 2. The effect of resiniferatoxin (RTX; 36 pg/kg) or capsaicin (36 pg/kg) on the severity
of the gastric mucosal injury produced by topical acidified aspirin (200 mg.kgin 2 ml of 0.15 N
HC]) in the 4-h pylorus-ligated rat. RTX or capsaicin were given ig together with aspirin
immediately after ligation and animals sacrificed 4 h later. Control rats received the vehicle.
Results are mean+ SEM; n=6 per group; * =p <0.05; NS =not significant compared with
control values
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Figure 3. Gross appearance of the rat gastric mucosa 4 h after exposure to acidified aspirin
(ASA) showing control rat stomachs (above) and stomachs from rats treated with resinifer-
atoxin (RTX) 36 pg/kg (below). Aspirin was given in a single dose of 200 mg/kg in 2 ml of 0.15
N HCI immediately after pylorus ligation with or without RTX. Control rats received the
vehicle. Rats were sacrificed 4 h later

while the incidence of lesions was 50%. This was not significantly different from gastric
mucosal lesions seen in rats given 0.15 N HCI only (the number and severity of
mucosal lesions corresponded to 1.8 +0.8 and 2.3 + 1.2, respectively, and the incidence
of lesions was 50%; n=>5). No lesions were seen in the systemic aspirin-treated group
that received RTX in 0.4 pg/kg (n=6). The effect of sc aspirin plus ig acid contrasted
markedly with the severe gastric mucosal damage caused by topical acidified aspirin in
the 4-h pylorus-ligated rats (the number and severity of mucosal lesions corresponded
to 10.8+1.0 and 22.2+3.0, respectively, with 100% incidence of lesions; n=17).
Aspirin given by both routes, however, resulted in a highly significant and nearly equal
disappearance of intraluminal acid for the 4-h period (Table 1).

Indomethacin-induced gastric lesions

Resiniferatoxin at 0.4 pug/kg prevented the development of gastric mucosal lesions by sc
indomethacin for a 4-h period. The number and severity of gastric mucosal lesions
were reduced from control values of 3.2+1.4 and 5.64+0.5 (n=7), respectively, to
0.2140.2 and 0.6 +0.5, respectively (n=6). The above dose of RTX had no significant
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TABLE 1
Comparison of intragastric (ig) and subcutaneous (sc) aspirin administration in the 4 h
pylorus-ligated rat

Parameter Aspirin (ig) Aspirin (sc)  p value
Number of lesions/rat/4 h 10.8+1.0 1.240.6 <0.001
Severity of lesions/rat/4 h 22.2+3.0 20+1.2 <0.001
Gastric secretory volume (ml/rat/4 h) 6.8+0.5 3.6+0.2 <0.001
Gastric acid output (uEq/rat/4 h) 427.7+30.0 296.7+22.0 <0.01

Extent of H" back-diffusion (uEq/rat/4 h) -788.0+65.0 -919.6+56.0 NS

Values are means + SEM. For calculation of H* back-diffusion see Methods.
p value = the statistical significance of the difference between ig and sc aspirin-treated groups
NS=p>0.05

Figure 4. The effect of resiniferatoxin (RTX) on the severity of gastric mucosal lesions induced
in the rat by ig ethanol (50% v/v, 2 ml). RTX (in doses of 0.6 and 1.0 pg/kg) was given ig
together with ethanol immediately after pylorus ligation and animals sacrificed 1 and 2 h later.
Control rats received the vehicle. Results are mean+SEM; n=6-7 per group. Asterisks
indicate significant change from control values in the corresponding time period:
** =p<0.01, NS =not significant relative to their controls. From Abdel-Salam et al. [25]
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Figure 5. The effect of resiniferatoxin (RTX) on the severity and the number of gastric mucosal
lesions induced in the rat by ig ethanol (50% v/v, 2 ml). RTX at doses of 0.6 and 1 ug/kg was
given ig 15 min before pylorus ligation and ethanol administration and rats were sacrificed 1 h
later. Control rats received the vehicle. Results are mean + SEM; n=6-7 per group. Asterisks
indicate significant change from control values: *** =p <0.001 compared with their control
values. From Abdel-Salam et al. [25]

Figure 6. Gross appearance of the gastric mucosa exposed to 96% ethanol with or without the
simultaneous administration of resiniferatoxin (RTX) (0.6 and 1 pg/kg). Ethanol (2 ml), with
or without RTX, was given immediately after pylorus ligation and animals were sacrificed 1 h
later. Control rats received the vehicle
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Figure 7. The protective effect of resiniferatoxin (0.6-2 ug/kg) on the severity of gastric
mucosal damage produced by 0.6 N HCl in the rat. Resiniferatoxin was given ig in 0.5 ml
volume 15 min prior to pylorus ligation and HCl administration. Control rats received the
vehicle in an equal volume of saline. Rats were sacrificed 1 h later

Figure 8. Gross appearance of rat gastric mucosa exposed to 0.6 N HCI for 1 h showing
stomachs from control rats (above) and rats pretreated with resiniferatoxin (RTX) at 2 pg/kg
(below). Resiniferatoxin was given orally 15 min prior to pylorus ligation and HCI adminis-
tration. Controls received the vehicle. Rats were sacrificed 1 h after HCI
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effect on gastric acid output in the 2-h [24] or 4-h [25] pylorus-ligated rat given ig saline
(2 ml) and did not change the gastric acid output in the 4-h pylorus-ligated plus
indomethacin-treated rats in the present study.

Ethanol-induced gastric lesions

When RTX (0.6 and 1 pg/kg) was given simultaneously with 50% ethanol, the drug
reduced both the number and severity of the gastric mucosal lesions compared with the
control group. The lesion-preventive effect of RTX was evident for 1 h (Figure 4). The
protective effect of RTX was most marked when the compound was administered 15
min prior to ethanol (Figure 5). Resiniferatoxin (0.6 and 1 pg/kg) given 15 min prior to
96% ethanol similarly reduced the ethanol-induced damage for 1 h. On the other hand,
when RTX was given simultaneously with 96% ethanol, the degree of macroscopic
damage was significantly greater than that in the control group in the first hour after its
administration (Figure 6). Capsaicin (1 pg/kg) given simultaneously with 96% ethanol,
however, did not aggravate gastric mucosal damage by ethanol. The severity and
number of gastric mucosal lesions in the ethanol control group were 32.5+4.2 and
16.54+2.5 vs. 34.7+ 5 and 14.5+2.7 in the ethanol plus capsaicin group.

HCl-induced gastric lesions

Resiniferatoxin, at 0.6, 1 and 2 pg/kg, significantly prevented the development of HCI
damage in a dose-dependent manner. Resiniferatoxin at 2 pg/kg reduced the severity of
gastric mucosal damage caused by 0.6 N HCl in the 1-h pylorus-ligated rat by 68.9%
(Figures 7 and 8).

The histological study

Histological sections from the gastric wall of the ethanol control rats (which received
saline 15 min before being exposed to 2 ml of 96% ethanol, n=5) showed diffuse or
multiple desquamation of the surface epithelium and deep multifocal necrotic lesions
extending into more than two thirds (3/5) or involving the entire thickness of the
gastric mucosa (2/5). Haemorrhage was evident in all cases (Figure 9A). Histological
sections from the gastric wall of the HCI control rats (which received saline 15 min
before being exposed to 2 ml of 0.6 N HCl, n = 4) revealed desquamation of the surface
epithelium, deep necrotic lesions of focal character involving more than two thirds of
the gastric mucosa and focal interstitial haemorrhage (Figure 10A).

In both models of gastric mucosal injury, pretreatment with RTX (0.6 or 1 pg/kg),
capsaicin (1 pg/kg) or PGI, (5 pg/kg) prevented the development of deep haemor-
rhagic lesions. Superficial epithelial disruption, however, was not prevented, although
in some cases the gastric mucosa exhibited normal appearance (Figures 9B and 9C and
10B and 10C).
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DISCUSSION

The present study provided the evidence that the capsaicin analogue RTX adminis-
tered in very low concentrations to the rat stomach exerts antiulcer effects in different
models of gastric mucosal injury. The protective effect of RTX was evident in both
acid-dependent (e.g. HCI and acidified aspirin) and non-acid-dependent (e.g. ethanol)
[23] models of gastric mucosal damage. Resiniferatoxin thus possesses the same
mucosal protective properties previously described for capsaicin in the rat stomach
[4,5-9]. The degree and duration of protection by RTX varied, however, depending on
the model used. Resiniferatoxin at the very low concentration of 40 ng/ml (0.4 pg/kg)
was able to prevent mucosal injury by sc indomethacin or aspirin for 4 h, while much
higher concentrations of 3.6 ug/ml (36 pg/kg) were needed to protect against injury by
acidified aspirin in the 4-h ligated rat. Further, the ethanol-induced gastric lesions
differed from the HCl-induced lesions regarding the protective effect of RTX.
Resiniferatoxin was a potent protective agent against HCl-induced damage, although,
if given simultaneously with 96% ethanol, the result is potentiation of the ethanol-
damaging effect.

In recent years, experimental evidence has emphasized the important role of
microcirculatory events in the pathogenesis of gastric mucosal injury. Severe gastric
mucosal damage ensues under conditions of reduced mucosal blood flow [26,27]. The
microcirculation was shown to be the initial site of damage following challenge with
absolute ethanol and the site where prostaglandins are likely to exert their cytoprotec-
tive effects by maintaining blood flow at appropriate levels [28-32]. Aspirin [33-35] and
indomethacin [36-38] were found to reduce gastric mucosal blood flow (GMBF) under
different experimental conditions and vascular endothelial injury was an early event
following their application [39,40]. Non-steroidal anti-inflammatory drugs (NSAIDs)
inhibit cyclo-oxygenase, the key enzyme in prostaglandin synthesis [41]. Prostaglan-
dins, especially prostacyclin, exert potent vasodilatory effects on the gastric mucosa
[42] and prostacyclin at non-antisecretory doses inhibited the development of acute
gastric mucosal lesions by aspirin [41]. Administration of prostaglandins increased
GMBF and protected against damage caused by indomethacin in the rat stomach
[36,37].

The mechanisms underlying the gastroprotective effects of sensory nerve stimulation
are thought to primarily involve an increase in GMBF through the local release of
vasodilator peptides contained in sensory nerve endings [4,12,15]. In our studies with
the laser Doppler flowmetry technique, RTX has also been found to produce a
pronounced and dose-dependent increase in gastric blood flow in the rat (sent for
publication). In addition, we have demonstrated that capsaicin or RTX inhibit gastric
acid secretion in pylorus-ligated rats [43]. An inhibitory effect on gastric acid secretion
might, therefore, be an important additional mechanism underlying the mucosal
protective effect of sensory nerve stimulation [25]. Administration of these compounds,
at very low concentrations, to the stomach thus not only enhances defence mechanisms
in the stomach but reduces the aggressive side of the balance. Although, in the present
study, it is difficult to correlate the protective action of RTX against topical acidified
aspirin with inhibition of gastric acid secretion since acid was given exogenously (in
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which the aspirin was dissolved), it remains likely that the antisecretory effect of ig
RTX contributes to its ulcer preventive properties. As remarked by Guth et al. [44] “it
might be acid in the depth of glands which is more important in pathogenesis of gastric
mucosal injury”.

Concentrated ethanol rapidly penetrates the gastric mucosa and is associated with a
complete blockade of blood flow in the damaged area due to submucosal venular
constriction [45]. Severe segmental constriction of the large submucosal venules by
52% of its original diameter occurred 22 s after exposing the mucosa to absolute
ethanol [32]. The ethanol-induced microcirculatory derangement is thus too rapid to be
prevented by co-administration of protective agents. Resiniferatoxin stimulates the
sensory nerve ending and evokes the release of their neuropeptide content [20]. It has
been proposed that calcitonin gene-related peptide (CGRP), as a consequence of its
potent vasodilator activity, can act in synergy with mediators of increased micro-
vascular permeability or neutrophil accumulation to promote the inflammatory
response [46—48]. The secondary vascular reaction and the increase in vascular
permeability after 96% ethanol are thus increased by the simultaneous administration
of RTX, with enhanced mucosal damage as seen in the present work.
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ABSTRACT

AIDS has several manifestations in the gastrointestinal tract — 2',3’-dideoxycytidine (ddC) as an anti-
AIDS drug will also produce some effects on the alimentary tract: it causes inflammation. The analysis
of the expression of the heat shock proteins (hsp60 and hsp70) is a new marker of the inflammation
caused by external stress. The hsp60 is located mainly in the mitochondria; hsp70 is found in both
cytoplasm and the mitochondria. The aim of the present study was to reveal whether ddC can produce
any expressive biochemical changes in the oral cavity or generally in the gastrointestinal tract.

Methods

The rats were treated with intraperitoneal administration of 1 mg ddC/day for two weeks. The animals
were killed by cervical dislocation, then the buccal, lingual, oesophageal, gastric, duodenal and colon
mucosae were removed, and frozen in liquid nitrogen. Protein extract was obtained and separated by
SDS-PAGE, followed by the Western blotting of the proteins to the nitrocellulose membrane. After
binding the first antibody (mouse-derived anti-heat shock protein), a second antibody was administered
(anti-mouse IgG, labelled with peroxidase). The antigen-antibody reaction was detected by 3,3'-
diaminobenzidine tetrahydrochloride dihydrate.

Results

1. In the control and in the treated groups, the hsp60 monoclonal antibody binding was visible in the
oesophageal, gastric, duodenal and colon mucosae, but, in the buccal and lingual mucosae, it was
not detectable in the treated group.

2. The hsp70 was detectable in every tissue of both treated and non-treated groups. To verify whether
the cause was indirect oxidative damage, the NADH-dihydrogenase (complex I), cytochrome-
oxidoreductase (complex III) and cytochrome-oxidase (complex IV), members of the respiratory
chain, were examined but no alterations were found. Our results indicate that the disappearance of
hsp60 in the oral cavity is a unique phenomenon following ddC treatment. This damage might be
caused by the ddC interaction with hsp60; however, the exact mechanism is not yet known.

Keywords: AIDS, dideoxycytidine, inflammation, heat shock protein

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
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INTRODUCTION

AIDS is a widely examined disease: much is known about the replication of the virus
from the cell attachment to the final step, to the release of the infectious virions.
However, it is not clear whether the anti-AIDS therapy can alone produce deleterious
side-effects. The first agent developed for the treatment of AIDS was 3'-azido-3'-
deoxythimidine (AZT) which causes myopathy and cardiomyopathy, showing mater-
nal inheritance (personal communication from Sumegi et al.). This effect is due to the
inhibition of mitochondrial DNA replication and mutation in mitochondrial DNA [1-
4]. Like other nucleotide inhibitors, ddC requires intracellular activation to an active
triphosphate for activity, basing its effect on blocking viral reverse transcriptase
enzyme [5]. The inhibition of cellular DNA polymerase, particularly in the mitochon-
dria, is another site of action of nucleotide analogues; this is an important site due to
the lack of a mitochondrial DNA-repair mechanism. Thus, this could lead to
mitochondrial DNA damage, leading to inappropriate respiratory complexes and
deterioration of terminal oxidation [1,2]. Furthermore, ddC treatment is associated
with peripheral neuropathy, rash, pancreatitis and inflammation, e.g. stomatitis in the
early stages of AIDS therapy [5]. These inflammatory effects could lead to cellular
stress, altering the levels of stress-responsive heat shock proteins (hsp) [6-10]. The rapid
synthesis of a number of such proteins is a nearly universal cellular response to a
variety of exogenous, environmental stresses (heat, ethanol, amino acids, steroid
hormones, toxic chemicals, oxidative stress due to anoxia) [11]. A wide variety of
‘stress’ occurs in the life of the cell. Induction of extremely high levels of hsps has been
observed for a number of diseases, infections, fever, inflammation, trauma and cancer
[8,10,12,13]. The hsps protect the cell from developmental defects and lethality [12,13].
It is commonly accepted that the function of the hsps is to protect the organism from
subsequent heat stress or to enhance the ability of organism to recover from the toxic
effects of heat or other stress [10,13,14]. The induction of hsp is involved in preventing
the denaturation of proteins; they assist in the refolding of damaged proteins or
facilitate proteolytic degradation of protein too damaged to refold. The hsps have also
been identified as molecular chaperons, involved directly in the process of protein
biogenesis. The hsps are grouped on the basis of their molecular weight and amino acid
sequence homologies into families (hsp20, hsp60, hsp70, hsp90, hsp100). The hsps are
abundant proteins in the cell, i.e. they do not exist only in an inducible form. Mostly,
hsp60 are present under non-stress conditions; however, hsp70 proteins have stress-
inducible and constitutive forms. The hsp70 are involved in protein synthesis, folding,
assembly and degradation. They stabilize unfolded precursor proteins, and they enter
pathways for protein translocation into subcellular organelles. The hsp60 play a centrol
role in folding of protein assembly mechanisms [12-17].
Therefore, our aim was to reveal whether:

1. ddC expresses biochemical effects in the tissues of the oral cavity due to the
inflammatory side-effects — stomatitis,, or
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2. ddC causes cellular stress and thus alters hsp levels generally in the whole gastro-
intestinal tract

3. A further aim of recent observations was to reveal whether the above effect is due
to indirect oxidative damage.

The analysis of the expression of the hsp, mainly hsp60 and hsp70, might be a new
marker of inflammatory conditions, obtaining information about the inflammation—
protective cascade mechanism within the cell at the same time. It would give more
information about the protective cascade than the analysis of the levels of prostaglan-
dins (PGs) because these PGs themselves induce the synthesis of hsp70 [18].

To protect the cell from suspected secondary oxidative damage induced by ddC, one
can treat the animal with various types of antioxidant agents — vitamin C, vitamin E,
dihydrolipoamide. The first has a strong acid character; vitamin E shows differences in
in-vitro and in-vivo administration. Lipoamide is converted to dihydrolipoamide by
cellular enzyme lipoamide dehydrogenase, and the dihydrolipoamide is a very effective
antioxidant agent, penetrates through membrane unhindered, and does not have an
acid character [19].

MATERIALS AND METHODS

Young Wistar rats weighing 80-100 g were treated with intraperitoneal administration
of 1-2 mg kg™' day™! ddC for two weeks; a group of animals also received
dihydrolipoamide (150 mg kg™ day™). Rats were sacrificed by cervical dislocation
then the buccal, lingual, oesophageal, gastric, duodenal and colon tissues were
removed; the mucosal layer was dissected off the muscularis propria layer and frozen
in liquid nitrogen. Cell extracts were made in Laemmli buffer containing B-mercap-
toethanol from about 50 mg of each tissue. Aliquots (20 pl) of these extracts were
subjected to electrophoresis in 12% sodium-dodecyl-sulphate polyacrylamide gel, using
120 V DC. The protein extracts were transferred onto a nitrocellulose sheet using 30 V
DC for 2 h. The non-specific binding sites of the blot were blocked with 2% (w/v)
powdered low-fat milk in Tris-buffered saline (TBS, 20 mmol/L Tris-HCI and 150
mmol/L NaCl, pH 7.5) for 3 h at room temperature. Primary mouse-derived
monoclonal antibodies against hsp60 were used at 1:400 and hsp70 at 1:1000 dilution
(supplied by Sigma-Aldrich) [20,21] rabbit-derived polyclonal anti-complex-I in 1:500,
anti-complex-IV (own product) at 1:500 dilution for overnight at 4°C and subsequently
treated with second antibodies peroxidase conjugated with anti-rabbit IgG at 1:1000
dilution for 3 h at 4°C. Binding of the conjugates was visualized by using 3,3'-
diaminobenzidine tetrahydrochloride dihydrate (supplied by Fluka) in Tris-buffered
saline (50 mmol/L Tris, pH=7.5) and hydrogen peroxide 0.7% containing NiSOj,.
Complex-I and complex-IV were detected using alkaline-phosphate conjugated goat
anti-rabbit IgG (supplied by Sigma-Aldrich)) at 1:1000 dilution, developed in alkaline
buffer (100 mmol/L Tris—-HCI, 100 mmol/L MgCl,, pH=9.5) containing the sub-
strates, nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate (supplied by
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Sigma-Aldrich). The reactions were quenched by washing with distilled water.

The complex-I-III and complex-IV enzyme activity was measured using 50 mg of
each tissue which was homogenized in 0.5 ml Na-phosphate buffer (50 mmol/L,
pH=7.4). The complex-IV enzyme activity was measured at 555 nm, using the samples
at 1:50 dilution with Na-phosphate buffer with 0.04% (v/v) cytochrome c; in the case of
complex-I-III, at 1:50 dilution in Na-phosphate buffer containing 1 mmol/L sodium
azide and 0.1% (w/v) NADH. The data, obtained by photometric measurements, were
statistically analysed.

At the time of sacrificing the animals, we examined the buccal, lingual, oesophageal,
gastric, duodenal and colon tissues for macroscopic and microscopic traces of
inflammation.

RESULTS

No macroscopic or histological signs of inflammation were detected at the time of
sacrificing the animals; however, we examined whether ddC can cause alterations at
the molecular level.

We examined the expression of hsp60 and hsp70 in the buccal mucosa at first. We
found a considerable quantity of hsp60 in buccal mucosa derived from liver and male
and female controls, but we were not able to detect it in the buccal mucosa of ddC-
treated male or female rats or in ddC plus dihydrolipoamide-treated male or female
rats (Figure 1A).

Figure 1. A. Immunoblot of the level of hsp60 in the buccal musoca. B. Immunoblot of the level
of hsp70 in the buccal mucosa. L: liver control; 1: male control; 2: female control; 3: ddC-
treated male; 4: ddC-treated female; 5: ddC plus dihydrolipoamide-treated male; 6: ddC plus
dihydrolipoamide-treated female
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Figure 2. A. Immunoblot of the level of hsp60 in the lingual mucosa. B. Immunoblot of the
level of hsp70 in the lingual mucosa. L: liver control; 1: male control; 2: female control; 3: ddC-
treated male; 4: ddC-treated female; 5: ddC plus dihydrolipoamide-treated male; 6: ddC plus
dihydrolipoamide-treated female

The hsp70 level was the same in the buccal mucosa of the untreated, the ddC-treated
and the ddC plus dihydrolipoamide-treated animals (Figure 1B). We could not see any
alterations in the expression of hsp70 with this technique.

We found no differences in the enzyme activity of the respiratory chain, and no
alterations were detected on the blots of complex-I or complex-IV (results not shown).

We also found similar results in lingual mucosa. The hsp60 level was detectable in
the liver and male and female controls, but hsp60 could not be detected in the ddC-
treated male or female or in the ddC plus dihydrolipoamide-treated male or female rats
(Figure 2A).

However, there were no differences in the level of hsp70 between the controls and
treated groups (Figure 2B) and no differences between the blots of complex-I and
complex-I1V. There were no differences in respiratory enzyme activity between the
control and treated groups.

The results from other parts of the gastrointestinal tract were surprising. There were
no differences in the hsps examined or enzyme activity in the mucosa of treated and
untreated animals. In the oesophageal mucosa, we did not detect any alterations in the
levels of hsp60, hsp70, complex-I or complex-IV, and the same enzyme activity was
measured in the different groups (Figure 3). Similar results were obtained from the
gastric mucosa — no changes in the expression of hsp60 or hsp70 (Figure 4). The
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Figure 3. A. Immunoblot of the level of hsp60 in the oesophageal mucosa. B. Immunoblot of
the level of hsp70 in the oesophageal mucosa. L: liver control; 1: male control; 2: female
control; 3: ddC-treated male; 4: ddC-treated female; S: ddC plus dihydrolipoamide-treated
male; 6: ddC plus dihydrolipoamide-treated female

Figure 4. A. Immunoblot of the level of hsp60 in the gastric mucosa. B. Inmunoblot of the level
of hsp70 in the gastric mucosa. L: liver control; 1: male control; 2: female control; 3: ddC-
treated male; 4: ddC-treated female; 5: ddC plus dihydrolipoamide-treated male; 6: ddC plus
dihydrolipoamide-treated female
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Figure 5. A. Immunoblot of the level of hsp60 in the duodenal mucosa. B. Immunoblot of the
level of hsp70 in the duodenal mucosa. L: liver control; 1: male control; 2: female control; 3:
ddC-treated male; 4: ddC-treated female; 5: ddC plus dihydrolipoamide-treated male; 6: ddC
plus dihydrolipoamide-treated female

duodenal and colonic mucosa also gave these results — no differences in hsp60 or hsp70
between untreated controls (liver, male, female) and ddC-treated males and females or
ddC plus dihydrolipoamide-treated males and females (Figures 5 and 6).

DISCUSSION

Our results show that ddC treatment has no effect on the hsp levels in the oesophageal,
gastric, duodenal and colonic mucosa, but the results obtained from the tissues of the
oral cavity are the opposite of those expected. The hsp60 level decreases considerably in
rat buccal and lingual mucosa following ddC treatment. This decrease of hsp60 in the
buccal and in the lingual mucosa is, to our knowledge, a unique phenomenon. The
proper mechanism is not known but it is not due to a secondary oxidative effect of ddC
because the antioxidant agent, dihydrolipoamide, does not have a protective effect on
the decrease in hsp60 level. If there had been an oxidative effect, the enzyme activity of
the respiratory chain would have been altered. However, these results were the same
from both treated and untreated groups.

In our view, the deterioration might be caused by an interaction between the ddC
and the hsp60, resulting from the peculiar environment of the oral cavity; the O,
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Figure 6. A. Immunoblot of the level of hsp60 in the colon mucosa. B. Immunoblot of the level
of hsp70 in the colon mucosa. L: liver control; 1: male control; 2: female control; 3: ddC-
treated male; 4: ddC-treated female; 5: ddC plus dihydrolipoamide-treated male; 6: ddC plus
dihydrolipoamide-treated female

tension is higher in the cells here. The suppression of hsp60 gene expression could also
cause these results.

Higher hsp levels were expected after ddC treatment to protect the cell from the
cellular stress. However, such results were not found [8,10,11]. Perhaps the inflamma-
tory effects of ddC contribute to the decrease in hsp60 level, missing a protective
mechanism.

Analysis of the hsp level highlights deeper molecular interaction not yet completely
known. Whether the decrease in hsp60 is permanent or whether it returns to the
normal level is yet to be examined. Maybe when the proper mechanism is known this
phenomenon will be understood and treatment or prevention of the inflammatory
effects of different agents will be possible.
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ABSTRACT

Time-dependent changes of duodenal and gastric mucosal levels of bFGF and PDGF were examined in
rats after oral administration of the duodenal ulcerogen cysteamine-HCl. The animals were killed at 12
h, 24 h, 48 h, 7 days or 14 days after the first dose of cysteamine and the duodenal ulcers were evaluated.
The gastric and duodenal mucosa was scraped and homogenized for Western blot and ELISA studies.
The ulcer formation was macroscopically detectable at 12 h while the largest ulcers were seen at 48 h. In
parallel, the duodenal mucosal concentration of bFGF increased at 12 and 24 h and reached its
maximum at 48 h, while the PDGF concentration was slightly elevated at 12 and 48 h, and a more than
3-fold peak was seen at 24 h. The gastric mucosal level of bFGF and PDGF did not change during the
development and healing of duodenal ulcers.

Conclusions
1. The early (24-48 h) elevation of duodenal mucosal bFGF and PDGF might be a tissue-specific
response to duodenal ulceration.

2. These high endogenous levels of growth factors are not sufficient to prevent the ulcer formation and
are not maintained in the spontaneous healing phase (7-14 days)

3. Thus, bFGF and PDGF may have a role in the natural history of duodenal ulcer disease.

Keywords: basic fibroblast growth factor, platelet-derived growth factor, cysteamine, duodenal ulcer,
ulcer development and healing

INTRODUCTION

Growth factors stimulate virtually all the cellular responses of ulcer healing such as
angiogenesis, granulation tissue production and re-epithelialization, but their specifi-
city and potency vary. Epidermal growth factor (EGF) which inhibits acid secretion
was first found to exert antiulcer activity [1,2]. Subsequently, basic fibroblast growth
factor (bFGF) was also found to have anti-ulcerogenic effect in rats [3,4] as well as in

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical

pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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humans [5]. More recently, platelet-derived growth factor (PDGF) was also shown to
exert a strong healing effect, both in experimental chronic duodenal ulcers and chronic
gastritis [6,7).

Cysteamine causes severe duodenal ulcers with perforation within 2448 h after its
administration in rats. This animal model resembles the human duodenal ulcer disease
by several morphological and functional parameters [8-10]. Because of its simplicity
and reproducibility, this animal model offers a good opportunity to examine the
biochemical changes in the duodenal mucosa during the early pre-ulcerogenic as well
as the later healing phase.

In addition to the pharmacological use of exogenous bFGF and PDGF, we recently
tested the hypothesis that endogenous bFGF and PDGF play a role in the healing of
gastric and duodenal ulcers, e.g. that neutralizing antibodies would delay the healing of
experimental ulcers [11]. The results demonstrated that the anti-bFGF and anti-PDGF
neutralizing antibodies delayed the healing of duodenal ulcers both in the 7- and 14-
day experiments. The size of the ulcer craters was more than doubled after the
decreased availability of bFGF and PDGF while the non-neutralizing antibodies were
ineffective [11]. These observations indicate that endogenous growth factors may have
a role in the natural history and pathogenesis of gastrointestinal ulceration.

As a follow-up to these pharmacological studies, we performed biochemical
experiments to assess the possible time-dependent changes in duodenal and gastric
mucosal levels of bFGF and PDGF during experimental duodenal ulceration and
healing. We used ELISA methods to actually measure the concentrations of these
growth factors, in addition to Western blotting which allows the characterization of
molecular forms of these peptides.

DUODENAL ULCER DEVELOPMENT

For these studies, Sprague-Dawley (Harlan Sprague-Dawley, San Diego, CA) female
rats were maintained on Purina laboratory chow and tap water ad libitum. Every
group consisted of 3-5 rats and the experiments were repeated at least once, the results
being pooled.

Duodenal ulcers were induced by oral administration of cysteamine-HCI at 25 mg/
100 g intragastrically 3 times, with about 4-h intervals, in the first day. The rats were
killed at 12, 24 and 48 h (acute ulcers) and 7 and 14 days (chronic or healed ulcers) after
the first dose of cysteamine. The stomach and duodenum were rapidly removed (within
1 min), the diameters of duodenal ulcers were measured and the severity of ulcers was
scored [14].

Morphological studies revealed that duodenal ulcer formation was macroscopically
detectable from 12 h after the first dose of cysteamine. Ulcers in the proximal
duodenum were barely visible at 12 h, about 3 mm? at 24 h and about 20 mm?at 48 h
when they peaked. Ulcers began to heal spontaneously and decreased in size in a time-
dependent manner at 7 and 14 days. Similar changes were seen in the case of ulcer
severity using a semiquantitative scale system (Table 1).
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TABLE 1
Duodenal ulcer development and changes in duodenal mucosal concentration of bFGF and
PDGEF after cysteamine administration in rats

Duodenal ulcer

Time of Severity Size bFGF PDGF
autopsy (Scale:0-3) (mm?) (pg/mg protein)

Controls 0+0 0+0 442+178 26+6
12h 0.14+0.1 0.02+0.02 587491 46116
24h 09+0.3 1.740.6 748 +277 107 +29*
48 h 21403 18.0+11.0 978 +98* 28+8
7d 1.5+0.2 49422 862+ 149 1248
14d 0.9+0.1 1.840.3 5144159 11+5

p<0.05. The statistical significance of differences of the group means were calculated (for parametric data)
by two-tailed Student’s r-test or (for non-parametric statistics) by the Mann-Whitney U-test

ELISA

The glandular stomach and proximal duodenum were scraped and frozen in liquid
nitrogen and stored at —-80°C until assay. The samples were homogenized for 2-3 x 15 s
on ice with an ultrasonic homogenizer in a 1:3 ratio lysis buffer (2 mol/L NaCl, 10
mmol) TRIS buffer (pH 7.4) with protease inhibitors (100 pg/ml phenylmethylsulpho-
nyl fluoride, 1 pg/ml leupeptin, 1 ug/ml aprotinin)). After homogenization, the samples
were centrifuged at 4°C (14 000 rpm, 10 min) to obtain a supernatant, which was used
for Western blot and ELISA assays. Protein concentration was measured by the
Bradford microassay [12].

The Fibroblast Growth Factor, basic and Platelet-derived Growth Factor AB
Quantikine Immunoassays (R&D Systems, Minneapolis, MN) were used for the
ELISA. The supernatant was diluted in phosphate-buffered saline (PBS, pH 7.4) at
1:2 ratio for the PDGF and 1:100 ratio for the bFGF measurement. The assays were
carried out in duplicate for each sample. The plates were covered by monoclonal anti-
bFGF or anti-PDGF-AA antibody. The secondary antibodies were polyclonal against
bFGF or PDGF-BB conjugated to horseradish peroxidase. The optical density of each
well was determined after the colour development, using a Microplate Autoreader
(Bio-Tek Instruments, Inc., Winooski, VT) at 450 nm wavelength. The final concentra-
tions were determined by extrapolation from the standard curve and expressed as pg/
mg protein [13,14].

The endogenous levels of duodenal mucosal bFGF started to increase from 12 h and
reached maximal values at 48 h when they were significantly higher than the basal
value (Table 1). Similarly, the duodenal mucosal PDGF-AB concentration showed
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some elevation at 12 h and reached its peak at 24 h. It decreased to the control value at
48 h after the first dose of cysteamine and decreased further during the healing phase of
experimental duodenal ulcer (Table 1).

The bFGF and PDGF-AB concentrations in the gastric mucosa did not change
during the entire induction and healing of duodenal ulcers, despite the intragastric
administration of the duodenal ulcerogen, cysteamine (Figure 1). This indicates a high
degree of specificity of changes in the availability of growth factors in the proximal
duodenum where the lesions occur.

WESTERN BLOT

For Western blot studies, Hoefer’s gel electrophoresis unit was used: 10% acrylamide
gel was prepared and 100 pl supernatant plus 100 pl 2 x treatment buffer (Hoefer
Pharmacia Biotech, San Francisco, CA) placed into the gel and 25 mA current was
applied for each gel. A tank electro-transfer unit (Transphor, Hoefer Pharmacia
Biotech, San Francisco, CA) was used for transferring the protein to nitrocellulose
membrane (0.45 pm pore). The primary antibodies, bFGF rabbit polyclonal antibody
(Sigma, St. Louis, MO), PDGF-BB monoclonal rabbit antibody (Creative Biomole-
cules, Hopkinton, MA) was applied at 1:1000-1:2000 dilution. For secondary anti-
body, anti-rabbit IgG alkaline phosphatase conjugate (Sigma, St. Louis, MO) was used
at 1:5000 dilution [15].

Western blot studies confirmed the presence of duodenal mucosal bFGF and PDGF.
The results were in agreement with ELISA studies, i.e. showing prominent bands at 18
kDa and 30 kDa, respectively, at 24-48 h after initiation of experimental duodenal
ulceration. The corresponding bands were barely visible in the duodenum of control
rats and in animals with partially or completely healed duodenal ulcers.

Figure 1. Gastric mucosal bFGF and PDGF concentrations after intragastric administration
of the duodenal ulcerogen cysteamine. NS = not significant
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The time-course studies revealed that the duodenal mucosal concentrations of
bFGF and PDGF correlated with the severity of duodenal ulcers and they returned to
normal as the ulcers healed. It is important that, during the entire natural history of
duodenal ulcers, the levels of gastric mucosal bFGF and PDGF did not change,
suggesting a local pathogenetic role of growth factors in duodenal ulceration.

Taken together, endogenous bFGF and PDGF play an important role in the natural
history and spontaneous healing of duodenal ulcers.
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BIOLOGICAL OXIDANTS AS INTESTINAL SECRETAGOGUES
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ABSTRACT

Inflammatory bowel disease (IBD) is associated with the release by granulocytes of a variety of
oxidants. These oxidants include hydrogen peroxide, hypochlorous acid, superoxide radicals and
nitrogen-containing compounds, such as N-chloramines and nitric oxide and its metabolites. In-vivo
experiments and clinical observations suggest that some or all of these oxidants may be involved in the
pathophysiology of the diarrhoea that is a hallmark symptom of IBD. In vitro, all of these oxidants
stimulate to varying degrees small intestinal and/or colonic electrolyte secretion. This chapter will focus
principally on the action of monochloramine (formed from hypochlorous acid and ammonia) and nitric
oxide (NO). Evidence is presented to support the idea that these oxidants act through direct and
indirect mechanisms in the mucosa to stimulate electrolyte secretion. This may contribute to the
accumulation of fluid in the intestine of patients with IBD and contribute to diarrhoea. NO is intriguing
because it may physiologically stimulate absorption yet, at higher concentrations, stimulate secretion
(as in IBD) and be involved in the diarrhoeagenic action of several laxatives.

Keywords: diarrhoea, electrolyte secretion, oxidants, free radicals, nitric oxide, monochloramine,
inflammatory bowel disease, laxatives, short-circuit current

INTRODUCTION

Inflammatory bowel disease (IBD) is accompanied by the generation of a complex
array of mediators capable of directly or indirectly causing mucosal injury. Secretory
diarrhoea is a common symptom associated with IBD. Free radicals and other
oxidants originating oxygen and nitrogen metabolism in inflammatory cells are
implicated in the pathogenesis of the diarrhoea associated with IBD [1]. The focus of
this review will be on one group of these inflammatory mediators — biochemical
oxidants. These include reactive oxygen and nitrogen metabolites produced by
activated neutrophils and macrophages. Some of these labile but highly reactive
molecules yield other, more stable and/or more potent biological oxidants. In turn,
these evoke changes in mucosal electrolyte transport, resulting in luminal fluid
accumulation and clinically significant diarrhoea.

Mucosal inflammation can arise from a variety of causes, including Crohn’s disease,
ulcerative colitis, acute enteric infections (e.g. Salmonella, Shigella, E. coli/O157:H57),
food allergy (eosinophilic enteritis) and pelvic irradiation [1]. A common feature of
these conditions is secretory diarrhoea. Patients with ulcerative colitis can excrete up to
1500 g/day faecal water, far exceeding the volume that defines secretory diarrhoea

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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clinically [2-4]. Compared with healthy volunteers, patients with Crohn’s disease [5]
and proctocolitis [6] absorb fluid from the intestine at a lower rate, resulting in more
luminal fluid than in normal individuals. Whether this result is due to stimulation of
plasma-to-lumen flux or inhibition of lumen-to-plasma ion transport in IBD is not
precisely known. It is likely that factors such as increased mucosal permeability [7-9]
and inhibition of sodium/potassium-ATPase [10] contribute to the ‘secretory’ diar-
rhoea. Indeed, the response of inflamed mucosa in experimental studies is actually less
than the response in normal tissue [11-13], indicating a possible defect in signal
transduction for secretory stimuli rather than enhanced sensitivity to secretagogues.

GRANULOCYTE-DERIVED OXIDANTS

Reactive oxygen metabolites (ROM) include superoxide, hydrogen peroxide (H,0,)
and hypochlorous acid (HOCI). Subsequent reaction of HOCl with ammonia and
proteins yields monochloramine (NH,Cl) and N-chloramines, respectively [14]. NH,Cl
is a lipophilic molecule that can readily penetrate cell membranes. This ROM can react
with components of extracellular membranes and at many intracellular sites, possibly
effecting changes in membrane-associated receptors and cell metabolism.

Nitric oxide (NO) is derived from arginine, through the action of NO synthase, and
is thus a reactive nitrogen metabolite; as a free radical it is highly reactive and capable
of oxidizing enzymes (e.g. guanylyl cyclase) and other cell components [14]. NO can
have functionally opposite effects, being either beneficial or detrimental, depending
upon whether it is derived from constitutive (¢c(NOS) or inducible (iNOS) nitric oxide
synthesis [15]. Superoxide and NO can react to form peroxynitrite which is believed to
produce cellular injury, either through its own action or indirectly via its potent free
radical metabolites, OH and NO, [16-19] (Figure 1).

ROM and NO have direct and indirect effects that can contribute to their secretory
action on the intestinal mucosa. The effects may be indirect due to injury to
mesenchymal and mast cells and myenteric neurons. Such an effect may evoke the
release of eicosanoids, histamine/5-HT, kinins, acetylcholine and substance P — all of
which are intestinal secretagogues [20-22] (Figure 2).

ROM AS SECRETAGOGUES: NEURAL VERSUS DIRECT EFFECTS

Hydrogen peroxide, HOC] and NH,Cl increase short-circuit current (Isc) and evoke
net anion secretion in rat colon, rat ileum and human Tg, cells in culture [23]. Indirect
and direct effects on ion transport thus have been demonstrated. The indirect
component involves neural and non-neural aspects. The response to ROM, particularly
NH,Cl in the colon is biphasic. A portion of the Isc response to H,O, and NH,Cl can
be blocked by tetrodotoxin and atropine [24-26], indicating that cholinergic (and
perhaps other) nerves are involved. This finding is supported by results showing that
NH,CI stimulates the release of acetylcholine from a cholinergically innervated
preparation of mucosa/submucosa of rat colon [27].
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Figure 1. The formation of superoxide from hypoxanthine in a granulocyte, such as a
neutrophil. Superoxide dismutase (SOD) forms hydrogen peroxide from the superoxide
radical. In the presence of granulocyte myeloperoxidase (MPO) and halide (here chloride)
ions, hypochlorous acid (HOCI) is formed. Subsequent reaction with ammonia yields
monochloramine, a stable, lipophilic and potent biological oxidant. The monochloramine can
oxidize extracellular and intracellular sulphydryl moieties to alter metabolism and possibly
perturb calcium homeostasis, leading to calcium-evoked chloride secretion. Nitric oxide (NO)
is produced from L -arginine by constitutive and inducible forms of NO synthase. The former is
calcium dependent and exists primarily in neurons, endothelial and epithelial cells; the latter is
independent of calcium modulation and is present in granulocytes, macrophages, nerves,
epithelia and smooth muscle cells. The NO free radical can activate soluble guanylyl cyclase
and guanylin, an endogenous activator of guanylyl cyclase
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Figure 2. Illustration of how superoxide, hydrogen peroxide, hypochlorous acid and nitric
oxide might release other mediators of intestinal secretion upon injury to subepithelial tissue,
including nerves, mast cells and mesenchymal cells. NO and superoxide can react to form
peroxynitrite (ONOO), which may produce oxidation of tissue components. In addition, this
labile radical can yield hydroxyl and the nitrogen dioxide radicals, which are potent oxidants

The neural component of the response is also associated with the release of E-type
prostaglandins [24-27]. These findings fit with the observations that there are
abnormalities in enteric nerve structure and/or function and prostaglandins are
released to a greater extent (than normal) in tissue obtained from patients with IBD
[28]. The extent to which these are epiphenomena is not known. Based on partial
inhibition of the ROM-induced response by inhibitors of cyclo-oxygenase, the data
support a connection between the increased tissue levels of prostaglandins and the
neural component of the Isc response. Because prostaglandins stimulate anion
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secretion through direct interaction with epithelial cells [22,28], some of the Isc
response is undoubtedly due to direct effects of the prostaglandins. This may arise
from a direct effect of ROM on epithelial cell membranes.

Verification of the direct effects of ROM on epithelial cells comes from the data
showing stimulation of Isc in non-innervated monolayers of Tg, cells [29]. In this
preparation, NH,Cl increased Isc without increasing intracellular levels of cyclic AMP
or cyclic GMP; nor was there evidence for increased phosphatidylcholine turnover or
cytotoxicity. There was an increase in intracellular calcium (believed to arise from
intra- and extracellular sources). The mechanism was speculated to involve ROM-
induced lipoprotein oxidation and aberrations in the epithelial cell membranes.
Consistent with this, but on a more macroscopic scale, are the findings that ROM,
including NH,Cl, increase mucosal permeability when perfused through the lumen of
the rat ileum at concentrations from 0.1 mmol/L to 1.0 mmol/L [30]. Oxidation of
intracellular thiols also seems to be involved in the action of NH,Cl [31] (see Figure 1).

The biological effects of the ROM are related to a great extent to their stability and
oxidizing potential. In aqueous media, superoxide anion radical has a half-life of 10—
205, hydroxyl radical about 1 ns, and hydroxyperoxyl radical about 7 s. NH,Cl (and
other chloramines), HOC] and H,0, are ‘stable’ [14]. However, NH,Cl is more
lipophilic than H,0O,, which is believed to be, at least in part, responsible for its greater
potency than H,0, as a secretagogue [29,30]. In vitro, NH,Cl produces maximal
effects at <100 pmol/L (generally 50 pmol/L), whereas H,0, requires concentrations
10-fold higher than this [24-26]. It is estimated that it is possible to achieve a
concentration of 50 pmol/L NH,Cl in inflamed tissue [30].

NITRIC OXIDE AS A SECRETAGOGUE

Mucosal NO synthesis is increased and nitrite, a major metabolite of NO, is elevated in
the lumen of patients with active ulcerative colitis (see Reference 15 for review). As
early as 1982, it was noted that nitroprusside (0.5 mmol/L) evoked fluid secretion into
tied-off intestinal loops of mice [32]. Subsequently, this NO donor was shown to
produce secretion in the rat colon [33] and guinea-pig ileum [34]. Through the use of
synthesis inhibitors and antagonists, the effect of nitroprusside was found to be
partially neurally mediated, dependent to some extent on prostaglandins and possibly
associated with increases in intracellular cAMP levels; nitrite and nitrate were not
responsible for the effect of nitroprusside on the Isc [33]. E. coli-stable toxin-a (STa)
stimulates chloride ion secretion in the rat ileum by activating reflex myenteric neural
activity involving NO [see Reference 15]. It is possible that the NO is released by the
nerves in response to the toxin (followed by effects of the NO on neighbouring
mesenchymal, epithelial and mast cells) to directly or indirectly cause the secretory
response.

As a follow-up to the NO donor studies, Tamai and Gaginella [35] added NO gas to
the fluid bathing rat colon in Ussing chambers, and demonstrated that NO itself causes
an increase in Isc (bumetanide inhibitable, net chloride secretion). The comparative
response to the NO donor sodium nitroprusside in the same study was delayed slightly
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and the sodium nitroprusside was of lower apparent potency than NO itself. Thus, the
effects of sodium nitroprusside in earlier studies were not likely to be due to intrinsic
activity of the nitroprusside molecule. The response to NO gas was also inhibited by
tetrodotoxin, confirming the neural involvement in the secretory effect of NO, as
shown for the ROM hydrogen peroxide and NH,Cl (see above).

Laxatives (e.g. castor oil, phenolphthalein, bisacodyl, bile acids and magnesium
sulphate) stimulate fluid accumulation in the lumen of experimental animals and
humans. In vitro, those laxatives that have been tested for effects on Isc and anion
secretion cause a net movement of chloride ions in the serosal-to-mucosal direction.
Castor oil, bile salts, phenolphthalein and bisacodyl cause ‘diarrhoea’, net fluid
secretion and mucosal injury in vivo. Based upon studies with L-NAME and other
inhibitors of NO synthase (including dexamethasone, an inhibitor of iNOS synthesis),
and in some instances measurements of NOS activity, this response is proposed to be
partly due to NO [36-39]. The laxative effect begins in about three hours, which is
enough time for iNOS synthesis [14,15]. Surprisingly, the effect of magnesium sulphate
(a so-called osmotic laxative) on luminal fluid accumulation is associated with
increases in NO [40]. This seems reasonable if one assumes a primary effect of
magnesium sulphate on enteric nerves.

The final mediator of NO-induced secretion is unknown, but guanylyl cyclase is an
inescapable choice as a candidate. NO activates soluble guanylyl cyclase [41-43] in the
intestine, but the source of the enzyme is probably nerves or cells, rather than the
epithelial cells. The intestinal epithelial cells contain only about 5% soluble guanylyl
cyclase [44,45]. Othe components (nerves, smooth muscle, blood vessels) could be the
source of the particulate form of the enzyme, which when activated by NO generates
cAMP that diffuses to the epithelial cells. An alternative explanation is that guanylin is
responsible for generating the cGMP subsequent to activation of soluble guanylyl
cyclase. Guanylin is an endogenous stimulant of STa/epithelial-cell-responsive parti-
culate guanylyl cyclase, and the enzyme requires oxidation for its activation [46).
Studies have confirmed that guanylin stimulates intestinal chloride secretion in vitro
[47,48]. It seems reasonable, therefore, that activation of guanylin by NO could elevate
intracellular levels of cGMP, a proven second messenger for certain secretagogues
[49,50].

NO AS A PHYSIOLOGICAL REGULATOR OF ABSORPTION

Although NO is a secretagogue under some conditions, it also tends to enhance
absorption of water and electrolytes in some situations. In anaesthetized rats, L-
NAME (25 mg/kg iv) reversed jejunal fluid absorption to secretion [S1]. NO synthase
inhibitors are “secretagogues” in some instances in guinea-pig [52], rabbit [53], mouse
[54] and rat [55] small intestine. Furthermore, L-NAME increased prostaglandin- and
STa-induced jejunal fluid secretion in the rat, suggesting that NO promotes absorption
and is an antagonist of secretion in the small intestine [51]. L-NAME also increases
pancreatic and gastric secretion [56,57].

Together the studies present the possibility that, physiologically, NO promotes
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absorption, possibly by an effect on mucosal blood flow or selective activation of
noradrenergic myenteric neurons. Pathophysiologically, at higher concentrations NO
may have the opposite effect. NO generated in response to endotoxin application to rat
enterocytes is associated with cytotoxicity to the epithelial cells [58]. This would impair
absorption, cause intraluminal accumulation of fluid and would be observed as net
secretion in experiments performed in vivo.

CONCLUSION

ROM and NO are undoubtedly involved in mucosal pathology and pathophysiology in
IBD. There is not just one mechanism or mediator responsible for the pathogenic
effects of NO and ROM.

NO is intriguing because of its duplicity of action. Its potential to act as a
secretagogue is revealed during mucosal injury. On the one hand, NO can increase
absorption. The complexity of action of NO is illustrated by the example of
dissociation of the mucosal injury and diarrhoea produced by castor oil: L-NAME
ameliorates the diarrhoea but exacerbates the mucosal injury produced by oral dosing
of castor oil [38]. It is probable that the ‘protective’ tissue level of NO generated
normally by cNOS is masked in the presence of a higher concentration of NO
produced in response to castor-oil-induced mucosal injury.

New approaches to therapy for mucosal injury and/or diarrhoea associated with
ROM and NO will focus on more effective antioxidants and free radical scavengers, as
well as selective inhibitors of iNOS. Further research will certainly enlighten our
understanding of the dual role of NO and other biological oxidants in mucosal
function. Hopefully this will lead to safe and more effective therapy for the diarrhoea
and other sequelae of IBD.
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ABSTRACT

Tissue metabolism was studied in the corpus, antral, duodenal and jejunal mucosa and musculature in
patients with decreased, normal and increased gastric acid output, with and without the presence of a
‘genuine’ ulcer. The term ‘genuine’ means that no clinically detectable reason was found for ulcer
development in the antrum, duodenum and jejunum.

The tissue levels of ATP, ADP, AMP, RNA and DNA were measured and Mg®*-Na*-K*-dependent
ATPase prepared and its activity measured in vitro, with and without the administration of various
drugs.

It has been found that:

1. Energy and biochemical gradients exist between corpus vs. antral, antral vs. duodenal (jejunal) and
corpus vs. duodenal (jejunal) mucosa in patients, dependent on their gastric acid secretions;

2. Energy and biochemical gradients exist between non-ulcerated and ulcerated mucosal tissues of the
antrum, duodenum and jejunum (with ‘genuine’ ulcers);

3. The membrane ATPase activity is proportional to the amount of ATP-ADP transformation.

It has been concluded that:
1. Energy turnover is much higher in human gastric corpus mucosa than in antral or duodenal
(jejunal) mucosa, and its extent depends on gastric acid secretion;

2. Energy turnover is 2-3 times higher in ulcerated antral, duodenal and jejunal mucosa than in non-
ulcerated specimens;

3. The appearance of ‘genuine’ ulcers in the antral, duodenal and jejunal mucosa is a consequence of
exhaustion of metabolic adaptation.

A uniform biochemical explanation can be found for the development of ‘genuine’ gastric, duodenal
and jejunal ulcers and their location in patients.

Keywords: ‘genuine’ antral, duodenal and jejunal ulcer; mucosal biochemistry
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INTRODUCTION

Peptic ulcer disease is very common, appearing in about 10% of the inhabitants of
Hungary.

The definition of peptic ulcer disease (PUD) suggests the presence of injury to the
muscularis mucosa histologically. Many drugs (non-steroidal anti-inflammatory drugs,
steroids, etc.) produce mucosal damage in the gastrointestinal (GI) tract, but no typical
histological picture occurs due to ulcer. Furthermore, the symptoms of patients with
non-ulcer dyspepsia (NUD) are typical of those of patients with ulcer disease.
However, no endoscopic evidence supports the findings.

Clinicians frequently observe patients with histologically proven GI ulcer but no
clinically detectable reason(s) for the presence of the ‘classical’ ulcer. Aetiological roles
of drugs, alcohol and other diseases (like liver, pulmonary, circulatory or endocrine
diseases) can be clinically excluded. Under these circumstances, we use the term
‘genuine’ ulcer, which is located in the gastric (usually antral), duodenal and jejunal
(after Billroth II type of partial gastrectomy) mucosa.

The exact ratio of unidentified (‘genuine’) to identified factor(s) inducing PUD is
unknown, the estimated value being approximately 80% (i.e. 4:1 ratio) in Hungary.

Theories about the impaired balance between the aggressive (HCI, pepsin) and the
defensive (mucus secretion, blood flow, biochemical background) factors causing
development of mucosal damage are very attractive; however, the details are still
unclear in human beings [1-6].

We have applied biochemical-pharmacological approaches to ulcer disease in the
past [7-10], and recently a shift towards a biochemical-pharmacological approach has
been observed internationally [11]. Studies performed in animals can improve our
understanding of the details of GI mucosal damage and help in prevention. However,
extending these experimental observations to make assumptions about human pathol-
ogy is quite difficult.

There are many unresolved contradictions in the theories accepted as ‘classical’
impaired balance between the aggressive and defensive factors located in the upper
part of the GI tract of patients (stomach, duodenum, jejunum), like:

1. GI mucosal ulceration does not represent a specific injury to a particular type of
cell (thus, the appearance of an ulcer is a result of an unspecific reaction of the GI
mucosa);

2. There is no generally accepted explanation for the location of PUD in the
stomach, duodenum and jejunum;

3. The biochemical reactions of GI mucosal tissues cannot be separated according
only to ulcer development (aggressive functions, e.g. HCI, pepsin secretion) or to
ulcer healing (blood flow, mucus production, mucosal biochemistry, etc.);

4. Early published observations described only fractions of the whole phenomenon;
however, these appeared at different levels of tissue reactions (GI functions,
morphology, biochemistry, blood flow, oxygen free radicals etc.);
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5. Surprisingly, we can apply the metabolic blocking compounds (anticholinergic,
antimuscarinic agents, H,-blockers, H*-K*-ATPase blockers) in the treatment of
patients with PUD.

We used biochemical pharmacology as an approach to study the GI mucosa in the
event of gastric acid secretion [12] and ulcer development in patients with ‘genuine’
PUD. The biochemical measurement of adenosine triphosphate (ATP), diphosphate
(ADP), monophosphate (AMP), adenine-adenosine and the calculation of different
ratios (like ATP/ADP, ‘energy charge’) could provide a good and general information
on tissue metabolism. Tissue metabolism represents the actual energy state of the GI
mucosa (and musculature), which gives us information on possible mechanisms
existing in the tissues. The tissue level of ATP informs us of the actual equilibrium of
ATP breakdown and resynthesis (Figure 1). Intact oxidative phosphorylation is
necessary for the resynthesis of ATP. The ‘energy charge’ [(ATP+0.5ADP)/
(ATP+ADP+AMP)] gives more information on the cells [13]: this value is theoretically
1 when all adenosine compounds are phosphorylated, while its value is 0 when all
adenosine compounds are dephosphorylated. By measuring the substrate (ATP), the
substrate-splitting (membrane-bound) ATP-dependent enzymes and the results of the
enzyme activities (ADP, AMP) at the same time, we obtain a possible dynamic
approach to studying the equilibrium (balance) between the adenosine compounds
(ATP, ADP, AMP).

We used these methods widely in animal experiments, where it was possible to alter
only one (or a few) circumstances in the processes of mucosal damage and prevention
[14,15].

In this paper we aimed:

1. To characterize biochemically the tissue metabolism around ‘genuine’ gastric,
duodenal and jejunal ulcers in patients;

2. To obtain biochemical evidence for the existence of biochemical and energy
gradients between:

a. Corpus vs. antral, corpus vs. duodenal and antral vs. duodenal mucosa in
patients with gastric hyperacidity;

b. Corpus (antral) vs. duodenal mucosa in patients with normal gastric secretory
responses;

c. No difference between corpus vs. antral vs. duodenal mucosa in hypoacid
patients;

3. To give a brief summary of the regulation of membrane-bound ATP-dependent
enzymes; and

4. To create a uniform biochemical explanation for the development of ‘genuine’
ulcer and its location in human antral, duodenal and jejunal mucosa.
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MATERIALS AND METHODS

The experiments were carried out on resecata of stomach and small intestine
(duodenum and jejunum) of patients who underwent gastric surgery. All patients
suffered from ‘genuine’ gastric or small intestinal ulcer. Those patients who suffered
from jejunal ulcer underwent earlier Billroth II type gastric resection.

The patients had been treated with different drugs (mostly with different generations
of Hj-blocking compounds) at least for 46 weeks. The patients did not heal over this
time period, and requests for gastric surgery were given by physicians or by the
patients themselves.

The gastric secretory responses (basal acid output and maximal acid output) were
measured one or two days before surgery (the patients received higher doses of
antacids for a one-week period before the operation).

The tissue specimens were obtained immediately in the operation room, where the
‘genuine’ ulcers were cut into two parts (for histological and biochemical examina-
tions). There was no suspicion of malignancy before the operation in these patients.
The histological examination indicated a typical microscopic picture of PUD in all
patients included in the present study. The corpus, the antral and duodenal parts as
well as the mucosa and the musculature were separated and put into liquid nitrogen
immediately.

The adenosine compounds were measured chromatographically or enzymatically
(Boehringer, Ingelheim, Germany) [see details in Reference 7]. The ribonucleic acid
(RNA) and deoxyribonucleic acid (DNA) were measured with the method of
Thannhauser [16]. The substrates were expressed as nmol (ATP, ADP, AMP) or mmol
(adenine-adenosine) corresponding to 1.0 mg DNA. Two or three parallel measure-
ments were obtained simultaneously from one tissue sample. All biochemical measure-
ments were made simultaneously on all tissue specimens obtained from one patient
(ulcerated and non-ulcerated GI mucosa, corpus, antral, duodenal mucosa and
musculature). The ratio of ATP/ADP, adenylate pool (ATP+ADP+AMP) and ‘energy
charge’ [(ATP+0.5ADP)/(ATP+ADP+AMP)] were calculated. Results were taken as
the average of two or three biochemical measurements.

The membrane ATPase was prepared according to the method published earlier
[17,18]. Membrane ATPase activity was measured by the liberation of inorganic
phosphate (P;) from ATP. The protein content of the membrane was assayed by the
method. of Lowry et al. [19]. The enzyme activity was expressed as pmol of P;(mg
protein)™ h™.

Acetylcholine (acetylcholine chloride, Fluka), pentagastrin (Peptavlon, ICI, UK),
histamine (Perermin, Chinoin, Hungary), PGE, and PGE, (Chinoin, Hungary),
atropine (EGYS, Hungary) and cAMP (Sigma Chemical Co., St Louis) were dissolved
and diluted in the aliquot for membrane ATPase determination. The effects of the
drugs were expressed as percent values of ATPase activity (obtained without drugs).

The results were expressed as mean+ SEM. The unpaired Student’s #-test was used
for statistical analyses. Fisher’s U-test was applied for correlation calculation, when the
regression equation, r and p values were calculated for the patients [20].

The biochemical results were expressed as mean+SEM in the same patients



Mucosal Biochemistry of ‘Genuine’ Gastric, Duodenal and Jejunal Ulcers 317

(mucosal and musculature specimens). It was of course, not possible to carry out all
measurements in one patient, so the results were compared with the relevant
measurements in the same group of patients.

RESULTS

Changes in the membrane-bound ATP-dependent energy systems in ulcerated antral,
duodenal and jejunal mucosa around the ‘genuine’ ulcer

The results of biochemical measurements in the control group (non-ulcerated mucosa 2
cm from the ulcer) were taken to be 100%, and the results obtained in the ulcerated
mucosa (location up to 2 cm from the ulcer) were expressed as percentage values of
their controls.

The tissue levels of ATP (Figure 1), ADP (Figure 2) and AMP (Figure 3) increased
significantly around the ulcerated antral, duodenal and jejunal mucosa.

The ratio of ATP/ADP slightly decreased in the ulcerated antral mucosa (p <0.05),
while it was significantly higher in the ulcerated duodenal (p<0.001) and jejunal
(»<0.001) mucosa.

Adenylate pool (ATP+ADP+AMP) increased significantly around antral, duodenal
and jejunal tissues (Figure 5).

Figure 1. Changes in the ATP level of ulcerated mucosa in patients with antral, duodenal and
jejunal ulcers compared with patients with intact mucosa in the same places
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Figure 2. Changes in the ADP level of ulcerated mucosa in patients with antral, duodenal and
jejunal ulcers compared with patients with intact mucosa in the same places

Figure 3. Changes in the AMP level of ulcerated mucosa in patients with antral, duodenal and
jejunal ulcers compared with patients with intact mucosa in the same places
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Figure 4. Changes in the ATP/ADP ratio of ulcerated mucosa in patients with antral, duodenal
and jejunal ulcers compared with patients with intact mucosa in the same places

Figure 5. Changes in the adenylate pool (ATP+ADP+AMP) of ulcerated mucosa in patients
with antral, duodenal and jejunal ulcers compared with patients with intact mucosa in the
same places
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Figure 6. Changes in the ‘energy charge’ (ATP+0.5ADP)/(ATP+ADP+AMP) of ulcerated
mucosa in patients with antral, duodenal and jejunal ulcers compared with patients with intact
mucosa in the same places

Figure 7. Changes in the RNA/DNA ratio in ulcerated mucosa of patients with antral,
duodenal and jejunal ulcers compared with patients with intact mucosa in the same places
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Figure 8. Changes in membrane-bound (Mg”*-Na*-K*-dependent, Na*-K*-dependent and
only Mg**-dependent) ATPases prepared from the non-ulcerated and ulcerated antral,
duodenal and jejunal mucosa

Surprisingly, no significant differences was obtained in values (extents) or ‘energy
charge’ in these types of ulcerated and non-ulcerated antral, duodenal and jejunal
mucosa (Figure 6). However, the absolute values of biochemical parameters were
higher in the non-ulcerated antral mucosa than in the duodenum and jejunum.

The changes in the ratio of RNA/DNA also increased in the tissues around antral,
duodenal and jejunal ulcers (Figure 7).

When measuring the membrane (total, Mg?*-dependent and Na*-K *-dependent)
ATPase activity, we found a significant increase in the ulcerated mucosal specimens
(Figure 8).

Adenosine phosphate compounds in the gastric (corpus, antral) and duodenal mucosa
and musculature

The adenosine triphosphate (ATP), diphosphate (ADP), monophosphate (AMP), ratio
of ATP/ADP, adenylate pool (ATP+ADP+AMP) and ‘energy charge’ were measured
simultaneously from the gastric (corpus and antral) and duodenal mucosa and
musculature in 41 patients with different gastric BAO and MAO values (Figures 9-14).

Significant amounts of ATP (Figure 9), ADP (Figure 10), AMP (Figure 11),
adenylate pool (Figure 12) were measured in the corpus compared with antral and
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Figure 9. ATP content in gastric (corpus and antral) and duodenal mucosal and muscle tissue
of the corpus, antrum and duodenum in patients

duodenal mucosa. Smaller (but mathematically significant) differences were obtained
in the antral vs. duodenal mucosa.

The ratio of ATP/ADP indicated a similar tendency in the gastric (corpus) vs.
duodenal mucosa (Figure 13), while no difference was obtained in ‘energy charge’
(Figure 14).

The tissue content of adenine-adenosine was higher in corpus vs. antral vs. duodenal
mucosa than in the musculature (Figure 15). However, no significant alteration was
detected between the musculature specimens.

The average values of BAO (2.68 +0.33 mmol/h) and MAO (14.75 + 1.04 mmol/h)
indicated normal acidity in the examined 41 patients.
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Figure 10. ADP content in gastric (corpus and antral) and duodenal mucosal and muscle tissue
of the corpus, antrum and duodenum in patients

After sorting the patients into hyperacidic, normacidic and hypocidic groups, the
following results were obtained:

1. The biochemical contents were significantly higher in corpus vs. antral vs.
duodenal mucosa in hyperacidic patients (Figure 16);

2. The biochemical results showed similarities in the antral and duodenal mucosa,

and were significantly higher in the corpus mucosa of the patients with normacid-
ity (Figure 17);
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Figure 11. AMP content in gastric (corpus and antral) and duodenal mucosal and muscle
tissue of the corpus, antrum and duodenum in patients

3. No differences were obtained in the biochemical parameters of the gastric vs.
duodenal mucosa of patients with decreased gastric BAO and MAO values
(Figure 18).

Interestingly, the values of ATP/ADP and of ‘energy charge’ were practically the
same in the corpus, antral and duodenal mucosal specimens of the different groups.

The membrane ATPase (including total, Mg®*-dependent and Na*-K*-dependent)
activities indicated a close correlation between the tissue levels of ATP and ADP.
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Figure 12. Adenylate pool (ATP+ADP+AMP) in gastric (corpus and antral) and duodenal
mucosal and muscle tissue of the corpus, antrum and duodenun in patients

Molecular—pharmacological regulations of membrane-bound ATP-dependent energy
systems in GI mucosal and musculature tissue specimens in patients

Many drugs, hormones and mediators regulate the activities of membrane-bound
ATP-dependent energy systems [10,13]. The ATP-ADP transformation is more
sensitive to the agents mentioned above than the ATP-cAMP transformation.

The affinity and intrinsic activity curves (and furthermore the pA,, pD; and o values)
of these compounds were determined. The possible physiological or pharmacological
regulation due to these compounds and the causal interrelationships between the two
energy systems were revealed by the results of these observations.
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Figure 13. ATP/ADP ratio in gastric (corpus and antral) and duodenal mucosal and muscle
tissue of the corpus, antrum and duodenum in patients

The results were the same as those published in other papers [12]. Furthermore, the
magnitudes of the effects of these drugs, mediators and hormones were dependent on
the original magnitudes of the enzyme activities [see Reference 12].

DISCUSSION
The goals of this work were approached in several different ways:

1. By the biochemical evaluation of the ulcerated tissues located in the stomach,
duodenum and jejunum,;
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Figure 14. ‘Energy charge’ in gastric (corpus and antral) and duodenal mucosal and muscle
tissue of the corpus, antrum and duodenum in patients

2. By the evaluation of the biochemical build up in the GI mucosal tissue specimens
of patients with different basal (BAO) and maximal (MAO) secretory responses;

3. By the molecular-pharmacological approach to the membrane-bound ATP-
dependent energy systems.

Before making these observations, similar experiments were performed on animals
[7-9]. Of course, the conclusions drawn from the animal experiments were transformed
to match the human problems, a process which was started at the end of the 1970s.

The biochemical measurements were made on the different tissue specimens of one
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Figure 15. Adenine-adenosine content in gastric (corpus and antral) and duodenal mucosal
and muscle tissue of the corpus, antrum and duodenum in patients

patient in parallel so that possible technical errors would appear in the same manner.
Furthermore, the measured contents were related to 1.0 mg of DNA, which represents
the same number of cells in all cases.

A general biochemical approach to tissue biochemistry was used, involving the
measurement of different biochemical parameters, such as adenosine compounds.

Cellular ATP is a storage molecule in animal cells. The actual level of ATP, in the
different tissues, is determined by the equilibrium between ATP breakdown and its
synthesis [10]. ATP is split in two ways, namely ATP-ADP transformation (by
membrane ATPase) and ATP-cAMP transformation (by adenylate cyclase); ATP
resynthesis occurs by intact oxidative phosphorylation. Intact oxidative phosphoryla-
tion can occur by two pathways:



Mucosal Biochemistry of ‘Genuine’ Gastric, Duodenal and Jejunal Ulcers 329

Figure 16. Absolute values of ATP, ADP, and RNA in the corpus, antrum and duodenum in
hyperacid patients

Figure 17. Absolute values of ATP, ADP, AMP and RNA in the corpus, antrum and
duodenum in normacid patients
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Figure 18. Absolute values of ATP, ADP, AMP and RNA in the corpus, antrum and
duodenum in hypoacid patients with intact mucosa in the same places

1. In which the tissue lactate level does not change; and

2. In which the changes in the membrane-splitting enzyme and its substrate indicate
parallel tendencies.

In our present study, the ATP-ADP transformation was detailed in different clinical
situations: in ulcerated vs. non-ulcerated antral, duodenal and jejunal ulcers; in gastric
corpus, antral and duodenal mucosa, without any ulceration; and, by the pharmaco-
logical testing of membrane ATPase and adenylate cyclase, gastric corpus, antral,
duodenal and jejunal mucosa. Furthermore, the ratio of ATP/ADP, values of adenylate
pool (ATP+ADP+AMP) and ‘energy charge’ [(ATP+0.5ADP)/(ATP+ADP+AMP)]
were calculated based on biochemical results of observations.

The splitting of ATP to ADP by membrane ATPase provides a biochemical
background of active movement of cations across the cell membrane. About 60-70%
of total energy production of the cells is consumed by active transport of cations across
the cell membranes.

The analysis of the biochemical results — in ulcerated vs. non-ulcerated mucosa of the
antrum, duodenum and the jejunum — excludes hypoxaemic damage to mucosal tissues
around antral, duodenal and jejunal mucosa in patients with ‘genuine’ ulcers. These
statements are based on:
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Differences in:

Adenine adenosine contents (/1 mg DNA)
AMP contents (/1 mg DNA)

ADP contents (/1 mg DNA) Decrease
Increase ATP contents (/1 mg DNA) ec
< : Adenylate pool >
Ratio of ATP/ADP
No differences in:
"Energy charge"
[(ATP+0.5 ADP)/(ATP+ADP+AMP)]
Corpu Antral Duodenal
mucosa
Hyperacid cells Hypacid cells

Figure 19. Schematic conclusions representing the comparison of corpus, antral and
duodenum mucosal biochemistry in hyperacid and hypoacid patients

1. Increased tissue levels of ATP and ADP, in association with increased membrane
ATPase activity in all types (antral, duodenal and jejunal) of mucosa around the
ulcers. Interestingly, the value of ‘energy charge’ is unchanged,;

2. The biochemical make-up of ulcerated antral, duodenal and jejunal mucosa is
similar to that obtained from the gastric fundic mucosa of hyperacid patients.
These patients showed gastric hypersecretion (the biochemical results were
calculated per 1.0 mg DNA; membrane ATPase activity was calculated per 1.0
mg membrane protein).

These results demonstrate that increased energy metabolism exists in the ulcerated
antral, duodenal and jejunal mucosa of patients with ‘genuine’ ulcers. These results are
in contrast with suggested hypoxaemic damage of mucosal tissues in proven forms of
ulcers. The biochemical observations give a cross-section of tissue energy metabolism.
The changes in blood-flow can be obtained under physiological circumstances or
massive bleeding.

Similar results were obtained in animal experiments under different experimental
conditions [7-9]. If the tissue level of ATP decreases rapidly (without increase in tissue
lactate), this indicates an enormous ATP breakdown (so that ATP breakdown and
resynthesis can be separated under experimental conditions) [10].

The appearance of ‘genuine’ ulcer represents the insufficient metabolic adaptation to
stimuli reaching the upper part of the GI tract (primarily HCI). The extent of positive
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metabolic adaptation depends on the original biochemical build up (reserves) of
mucosal tissue in the stomach as well as in the proximal part of the small intestine (in
the duodenum when there has been no previous surgery and in the jejunum after
partial gastrectomy according to the Billroth II method). There are energy and
biochemical gradients between corpus vs. antrum and antrum vs. duodenum in
patients with gastric hyperacidity; similar gradients exist between corpus vs. antrum
and smaller gradient between antrum vs. duodenum in patients with normal gastric
secretions. Interestingly, no biochemical and energy gradient exists between corpus vs.
antrum or between antrum vs. duodenum in patients with decreased gastric acid
secretion (Figure 19).

The endogenous HCI produced by parietal cells located in the gastric corpus mucosa
suggests a high energy production. The HCI reaches the antral and duodenal mucosa,
in contrast with the jejunal mucosa after Billroth II resection. The gastric or small
intestinal mucosa responds by increasing metabolic adaptation (theoretically only a
positive or a negative metabolic adaptation due to the different endogenous or
exogenous stimuli). The mucosal injury can be produced by an extremely increased
metabolism (as in acute pancreatitis) or by an extremely decreased metabolism (as in
massive bleeding). Of course, ulcer disease is a multifactorial process in the initial
phase of the disease; however, a few factors will dominate in the tissues around the
ulcer. There is no question that the biochemical structure (in terms of adenosine
metabolism) is exactly the same in ulcerated gastric antral, duodenal and jejunal
mucosa as in corpus mucosa (without ulcer). Furthermore, significant energy and
biochemical gradients exist between corpus vs. antral and antral vs. duodenal (or
jejunal) mucosa in patients with different gastric acid secretion rates (without ulcer);
also, significant energy and biochemical gradients exist between non-ulcerated vs.
ulcerated mucosa in the antrum, duodenum and jejunum. The capacity of mucosal
tissues for positive metabolic adaptation is limited by the original energy and
biochemical background of normal mucosal tissues. The duodenal mucosa is a more
vulnerable tissue, in terms of metabolic adaptation, than the antral mucosa in
hyperacid patients. A similar situation can be found in the jejunal mucosa vs. corpus
(or antral) mucosa in patients after Billroth II gastric resection. This could be due to a
positive metabolic adaptation caused by the endogenously produced HCI. In patients
with normal or decreased gastric acidity, the HCI usually reaches the antral mucosa
(and not the duodenum) so this situation may explain the location of ‘genuine’ ulcer in
the duodenum. The ‘genuine’ ulcer (with typical histological features) without any HCI
production is a rarity in clincial practice.

The mediators, hormones and drugs regulate adenosine metabolism in gastric and
small intestinal mucosa at the level of the cell membrane (involving the membrane
ATPase and adenylate cyclase) and intracellularly (involving the different products of
ATP breakdown) [17]. The existence of a very complex feedback system has been
proven between membrane-bound ATP-dependent energy systems in different experi-
mental [10] and clinical [10] circumstances.

The effects of drug actions and surgical vagotomy await detailed description in terms
of this biochemical explanation of ‘genuine’ gastric (antral), duodenal and jejunal
ulcers.
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ABSTRACT

Tumour immunology is one of the most intensively studied fields of the medical/biological sciences this
century. However, the clinical problems of tumour patients have not yet been completely solved.
Immunological control of tumour growth has been investigated thoroughly and different escape
mechanisms for tumour cells have been discovered recently. In spite of promising results, no
appropriate generally accepted strategy has been developed. Targeting the tumour-associated antigens
seems to be advantageous for both diagnosis and therapy.

Various monoclonal antibodies for diagnostic use have already been developed at our institute.
During a retrospective study, remarkable prognostic relevances were defined with transforming growth
factor (TGFa) and tumour necrosis factor (TNFa) on 82 breast-cancer patients.

In another experimental series, a new photoimmunotargeting method was developed for selective
destruction of unwanted cell populations including tumour cells in vitro and (experimentally) in vivo.
Gastrointestinal adenocarcinomas transplanted into nude mice were targeted successfully by this
technique.

The paper reviews the main aspects of current tumour immunology using some of our own new
results.

Keywords: tumour immunology, tumour-associated antigens, TNFo, TGFa, cytokines, immunotarget-
ing, photoimmunotargeting

INTRODUCTION

Tumour immunology is one of the most intensively studied fields of the medical/
biological sciences this century. The first experiments on transplanted tumours of
experimental animals began more than one hundred years ago. These early investiga-
tions resulted in one of the biggest discoveries of molecular immunology: Goerer and
his co-workers described the major histocompatibility antigens (named MHC) and the
heredity and genetic localization of these antigens. It is peculiar: the discovery of MHC
(in human named HLA) due to the tumour immunology [1]. During this century other
important theoretical and practical immunological results were developed as ‘side-
products’ of tumour biology. However, the clinical problems of the tumour patients
have not been completely solved so far. Immunological control of tumour growth has

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pecs, Hungary.
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been investigated well and different escape mechanisms for tumour cells have been
discovered recently. In spite of promising results in detail, no appropriate generally
accepted strategy has been established [2].

A hypothesis for a basic role in human tumour development of immunological
responsiveness and insufficiency against tumours and the theory of tumour-specific
antigens have been put forward occasionally but have never been confirmed. These
misconceptions have led to new research activities for possible specific immunotherapy
of tumours [3,4]. However, these investigations for tumour-specific antigens have
resulted in the correct analysis of the differences between chemically induced, virus-
induced and spontaneously occurring tumours. A further important result of the
tumour-biological experiments in recent decades is the discovery of different oncofetal
(e.g. AFP, CEA) and differentiation antigens (e.g. PhCG, EGF, TGF) expressed by
different tumour tissues. These tumour-associated antigens probably play no major
role in tumour genesis; however, they have significant practical importance both in the
diagnosis and treatment of tumour patients [5].

Practical applications of monoclonal antibodies for diagnostic use were developed at
our institute. During a retrospective study, remarkable prognostic relevance was found
of transforming growth factor (TGFa) and tumour necrosis factor (TNFa) in breast-
cancer patients [6,7]. Similar analysis of the malignant tumours of the gastrointestinal
system is under investigation.

In another experimental series, a new photoimmunotargeting method was devel-
oped for selective destruction of unwanted cell populations, including tumour cells in
vitro and (experimentally) in vivo. Different tumour models, including gastrointestinal
adenocarcinomas, were transplanted into nude mice and were targeted successfully by
this technique [8].

The main goal of the present paper is to suggest new applications of tumour-
associated antigens in experimental and clinical oncology.

PROGNOSTIC RELEVANCE OF IMMUNOHISTOCHEMICAL DETECTION
OF TGFo AND TNFa ON TUMOUR TISSUES

It has already been confirmed that different cancer cells are able to synthesize and
secrete various tissue hormones, growth factors (e.g. EGF, TGFa) and their receptors
[9,10]. These cytokines may stimulate tumour growth by autocrine and/or paracrine
mechanisms [11,12]. According to another hypothesis, cytotoxic cytokines, e.g. tumour
necrosis factor (TNF) are applicable in antineoplastic treatment based on experi-
mental and clinical investigations [13,14]. Though direct antitumour action of TNFa
was described in accordance with in vitro and in vivo experiments, in many patients
with malignant tumours, elevated endogenous TNF production was found [15,16]. The
detection and function of different cytokines in tumour-bearing patients may have
prognostic relevance concerning the disease [17,18]. The local effect of these cytokines
on tumour cells is significantly greater in importance than the general effect.
Histological/immunohistochemical techniques for the analysis of cytokines in tumour
tissues seems to be optimal.
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Monoclonal antibodies against TGFa and TNFa have been developed in our
department previously [6,7] and used in routine pathohistological specimens in a
retrospective study. The prognostic role of these cytokines in breast-cancer cases was
analysed statistically [6].

A retrospective study was performed on 82 primary-breast-cancer patients (age 34—
79 years) treated between January 1, 1986 and December 31, 1988 at the Department
of General Surgery of Markusovszky Hospital (Szombathely, Hungary). TNM stages
of tumour patients were clinically classified, and tumour recurrence, lymph-node
involvement, and survival time were regularly recorded for more than 5 years after
surgical treatment. The recording of data from patients ended on 31 May, 1994. All the
patients were treated by generally accepted protocols [7]. The surgically removed
tumour tissues were examined using our monoclonal antibodies.

Synthetic peptide fragments of TGFa (sequence 34-43) and TNFa (sequence 115-
130) were the original antigens for hybridoma production in the classic way [19]. The
specificity of our antibodies was controlled by human recombinant TNFa (E. Duda,
BRC Szeged, Hungary) and TGFa (Peninsula Labs, USA). Monoclonal antibodies
were selected by simple binding and competition ELISA [20] examined by both
synthetic and human recombinant antigens. The anti-TGFa and anti-TNFa mono-
clonal antibodies were characterized immunocytochemically as well. Clones were
selected for immunoreactivity both in native (frozen) and formol-paraffin tissue
sections [21]. Monoclonal antibodies were prepared by in vitro hybridoma fermenta-
tion using Harvestmouse (Serotec, UK) hollow-fibre fermentor and purified by protein
G affinity chromatography (FPLC, Pharmacia, Sweden).

The surgically removed tumour tissues were fixed routinely in formaldehyde solution
(4% v/v) and embedded in paraffin as usual. Tissue sections (4 um) were stained for
daily histopathological examination. The tumour-positive samples were analysed
immunohistochemically by our anti-TGFa and anti-TNFa monoclonal antibodies by
direct immunoperoxidase technique according to the standard protocols [20,23]. The
immunoreactivity of anti-TNFa and anti-TGFa monoclonal antibodies was examined
microscopically and scored visually.

The statistical correlation between TGFa and TNFa expressed in the tumours, and
the clinical prognostic factors (TNM stage, lymph node involvement, survival time,
tumour recurrence) were evaluated by chi-square probe.

Results and discussion of the immunohistochemical study of 82 breast cancers

The histological localization of TGFa and TNFa showed focal appearance in the
tumour tissues. TGFa occurred mainly in the cytoplasm of tumour cells localized in
scars. TNFa staining was found both in the cytoplasm and in the extracellular space
around the tumour cells.

Distribution of the TGFo and TNFa expression in 82 breast cancers is shown in
Table 1. The correlation between TGFa and TNFa expression and survival time and
tumour recurrence can be seen in Table 2. Significant negative correlation (p <0.05)
was found between TGFa production in tumour cells and the recurrence of tumours
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TABLE 1
The TGFa and TNFa expression of 82 primary breast cancer tissues detected
immunohistochemically

TNFo+ TNFa- Total number
TGFo+ 24 17 41
TGFa- 12 29 41
Total number 36 46 82

TABLE 2
Correlation between TGFo/ TNFa expression and the survival time and tumour recurrence

TNFo+ TGFa- TGFa+ TNFa-
Survival <5y 5 8 15 18
Recurrent tumour 7 4 4 1
Tumour free 24 29 22 27
Total number 36 41 41 46

TABLE 3
Correlation between the co-expression of TGFa and TNFa and the prognostic values

TGFo- TGFa+ TGFa- TGFa+

TNFoa+ TNFoa+ TNFa- TNFo—
Survival <5y 1 4 6 11
Recurrent tumour 3 4 1 0
Tumour free 8 16 22 6

Total number 12 24 29 17
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and/or survival time. Co-expression of both TGFa and TNFa, or exclusive expression
of TNFq, indicates a relatively good prognosis (p <0.05; Table 3). The TGFa and
TNFa expression were not significantly associated with TNM score or the pathohisto-
logical type in our preliminary study (data not shown) [6,7].

The technique of surgical treatment of malignant tumours has recently been changed
from radical mastectomy to the partial quadrectomy or the simple mastectomy [24].
Finding new prognostic factors has great clinical importance. According to different in
vivo and in vitro studies, TGFa has been described as an autocrine and paracrine
mediator of tumour growth [11,23]. Several laboratories have described the expression
of TGFa in different tumour tissues [24,25] but it was not associated with TNM score
or lymph node status [24] corresponding to our results.

Some literature data suggests that TNFa might be an endogenous antineoplastic
agent [26] but the role of increased TNF production in malignancy has remained
unclear [14,27]. According to other experiments, TNFa increases the number of EGF
receptors which may be related to the mitogenic activity of TNF [28,29]. On the other
hand, TGFa and EGF interfere with the cytostatic activity of TNF on cervix
carcinoma cell lines in vitro in a dose-dependent manner [30].

Our study was initiated to determine the TGFa and TNFa content of primary breast
cancers, investigated by monoclonal antibodies immunohistochemically on a statisti-
cally homogeneous group of breast-cancer patients. We compared the levels of TGFa
and TNFa in the tumour tissue to the progression and recurrence of disease after
surgical treatment for more than five years. Our findings that TGFa occur in a
proportion of breast cancers and that they can be detected by monoclonal antibodies
corresponds to some other observations [16]. However, in our follow-up study, TGFa-
positive patients had a significantly worse prognosis (p <0.05) than patients who were
TNFa-positive, TGFa/TNFa co-expressing, or who expressed neither of them. The
interaction of TGFa and other growth factors with TNFa in tumour proliferation is
poorly understood [30]. Some results suggest that production of growth factors by
certain tumour cells might account for their TNFa-resistant phenotype in vitro [30].
Further studies are necessary to investigate the biological effect of locally occurring
TNFa and/or TGFa on the progression and recurrence of malignant tumours. It
would be important both theoretically and clinically to learn more details about the in
vivo effects of these cytokines.

According to our experiments, the immunohistological detection of TGFa and
TNFa in breast-cancer tissues seems to be a simple technique suitable for routine
pathohistology. A series of human tumours, including some of gastrointestinal origin,
are under examination for anti-TGFa and anti-TNFa monoclonal antibodies in a
multicentre study.

The conclusion of our current immunohistochemical investigations is that exclusive
TGFa expression (without TNFa) can predict unfortunate biological behaviour of
breast carcinomas in the early stages. TNFa expression suggests a beneficial clinical
prognosis.



342 Nemeth et al.

EXPERIMENTAL PHOTOIMMUNOTARGETING OF DIFFERENT CELL
SURFACE ANTIGENS

The use of different photosensitizer dye molecules activated by visible or laser light has
provided new possibilities in the treatment and diagnosis of different malignant
tumours [31]. This so-called photodynamic therapy (PDT) [31,32] is based on the toxic
effect of light-activated photosensitizer molecules, accumulated in the neoplastic tissue
[33,34]. The haematoporphyrin (HP) molecules and their modified analogues (the so-
called haematoporphyrin derivative, HPD) [33] are the most widespread photosensiti-
zers. They become active and destructive to the living cells after light irradiation only
[35]. Photon energy of visible light activates the molecule to its triplet energy state [36],
which initiates a free-radical-generating chain reaction [37,38] finally causing perox-
idation of lipid [39] and protein molecules present in the biological membranes [40—42]
and thus leading to the destruction of different cellular components [32].

The specificity of the photosensitization can be enhanced by conjugating photo-
sensitizer molecules to different carrier molecules, e.g. monoclonal antibodies (mAbs)
recognizing surface markers of the targeted cell types [43]. In our previous study, an a-
PNATr-I monoclonal antibody (IgG;), reacting with human gastric cancer cells (and
with the normal gastric mucosal chief cells as well ) [8,43], was used as carrier for the
photosensitizer haematoporphyrin (HP) molecules. The complex was used as immu-
notoxin in vivo in an animal model (human-gastric-cancer-bearing nude mice) [8]. The
ability of the antibody—HP conjugate to kill the labelled tumour cells after irradiation
was tested both macroscopically and microscopically.

Recently, we developed an in-vitro targeting model where mouse T lymphoid cell
lines (EL4) and thymocytes (bearing the Thy-1. antigen) were used for testing the toxic
effect of an HP-mAb conjugate (HP-a-Thy-1., produced in our laboratory) [50] after
visible light irradiation. The selectivity of the method was detected by treating a mixed
cell population consisting of a Thy-1.-positive (EL4) and a Thy-1.-antigen-negative cell
line with the HP-Thy-1. conjugate. This procedure can serve as a preliminary
experiment for the selective killing of unwanted cell populations (e.g. in bone marrow
purging).

The a-Thy-1. monoclonal antibody was covalently crosslinked through EDC1 to HP
molecules in our recent experiment [44]. The chemical coupling reaction had no
destructive effect on the antigen-binding ability of the antibodies controlled by
immunocytochemistry. Both the monoclonal antibody and its HP conjugate at
equivalent concentrations selectively recognize Thy-1.-antigen-bearing cell types, e.g.
mouse thymocyte and T cell lines (e.g. EL4), while all B cell types (Sp-2/0 Ag-14,
hybridomas) showed a negative reaction.

The cytotoxic potential of the conjugate was pretested in vitro on the EL4 cell line
and mouse thymocytes, with Sp-2/0 Ag-14 cells as a negative control. The cells were
treated with the HP-anti-Thy-1. conjugate (for 1 h at 4°C in the dark). The HP content
of the conjugate ranged from 0 to 15 pg/ml HP (0-11 pg/ml mAb) and its effects were
compared with those following the administration of free HP alone at the same
concentrations (also at 37°C), or with mAb added alone, or culture medium as negative
controls. After removing the unbound agents with intensive washing, the cells were
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TABLE 4
Landagren colorimetric cell proliferation assay of in-vitro cultured EL-4 cells 48 h after
photosensitization

0.00 J/cm? 10.0 J/cm?

HP-a-Thyl.2 conjugates

1.26 pg/ml HP + 10.0 pg/ml mAb 2.625 0.038

0.63 ug/ml HP + 5.0 ug/ml mAb 2.497 0.145

0.31 pg/ml HP + 2.5 ug/ml mAb 2.614 0.274
Free HP (1.0 pg/ml) 2.627 2.291
Free mAb (10.0 pg/ml) 2.467 2.302
Untreated 2.639 2.547

Numbers indicate average OD values measured at 405 nm in triplicates. mAb: monoclonal antibody; HP:
haematoporphyrin

plated and irradiated either with a low-power He-Ne laser at 1-200 J/cm? energy level
on 632.8 nm wavelength, or with an Hg-lamp at a wavelength peak of 400 nm at 2-12
J/cm?, while the control samples (labelled, unirradiated) were kept in the dark. The
viability of the cells was tested 1, 24 and 48 h after irradiation using proliferation assays
[511.

The HP-anti-Thy-1. conjugate at 0.75 pg/ml HP concentration (5 pg/ml mAb)
caused 98% ELA4 cell destruction and 95% thymocyte death (see Table 4), while the
control samples remained intact and cell proliferation could be observed microscopi-
cally 24 h later. The a-insulin hybridoma cell line and Sp-2/0 myeloma cells did not
show any sign of photosensitization after the same treatment of the conjugate.

The selectivity of the method was measured in mixed cell populations, where EL4
cells and hybridoma cells were mixed at 1:1 ratio, treated with the conjugate at the
above mentioned concentrations and/or HP alone, or mAb alone and irradiated with
the Hg-lamp at 400 nm wavelength peak. Twenty-four hours later the cell viability was
measured by trypan blue dye exclusion test and the cells were examined by
immunocytochemistry for Thy-1. expression and antibody production, respectively.
The photosensitization following treatment with the conjugate induced the selective
disappearance of the Thy-1.-positive cells (data not shown).

A new phototargeting method has been developed, which can be used effectively
both in vitro and in vivo for selective cell destruction. The photochemical treatment of
malignant tumours has already been extensively investigated in animal models and
human diseases [31,44,46]. The light-activated haematoporphyrin has been shown to
be effective in the treatment of different malignant carcinomas, sarcomas and
melanomas [36,45]. Unfortunately, the sensitizer molecules at the concentrations used
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in the protocols sometimes cause severe side-reactions in normal tissue, and the
molecules cannot be used for in-vitro selective cell destruction [49].

The use of different protein carriers, specific for a cell surface antigen, as tools for
selective cell destruction is another possibility for tumour treatment [46]. Monoclonal
antibody technology has made it possible to produce antibodies with high antigen
specificity, which, however, does not mean the same selectivity in the living material,
since the epitope recognized by the antibody might be expressed on different
components of living organism [47]. Using non-selective cytotoxic agents (e.g. ricin
alpha chain, or bacterial toxins, e.g. diphtheria toxin A fragment) [47-49], toxic side-
reactions in normal tissue, and unwanted cells frequently occur [48]. The combination
of different, by themselves non-toxic, agents together with cytotoxic reagents, could
decrease the non-specific side-reactions and increase the selectivity of the targeting
methods. Our method combines a selective cell-labelling method with a local physical
influence (light irradiation) to activate the cytotoxic HP molecules carried by a
monoclonal antibody.

The amount of HP in the conjugate necessary for cell destruction was determined
[50,51]. Compared with the free HP necessary for target cell destruction, a ten-fold
lower amount of HP in the conjugate has proved effective. No side-effects at this low
concentration of mAb, both in free and conjugated form, without irradiation have been
observed. The mAbs permit concentration of the drug in the target cell type where the
light activates the HP molecules to their excited free-radical-producing state, destroy-
ing cells.
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DOES OMEPRAZOLE-INDUCED HYPERGASTRINAEMIA
CONTRIBUTE TO THE ENHANCED HEALING OF ACETIC
ACID-INDUCED GASTRIC ULCERS IN RATS?

S. OKABE AND Y. TSUKIMI
Department of Applied Pharmacology, Kyoto Pharmaceutical University, Misasagi,
Yamashina, Kyoto 607, Japan

This paper was first published in: Inflammopharmacology. 1996;4:267-277.
ABSTRACT

We examined the effects of omeprazole and SDZ CO-611 (an orally active somatostatin analogue)
alone and in combination, on ulcer healing, gastric acid secretion and the serum gastrin level in rats.
Two or 4-weeks’ treatment with oral omeprazole significantly enhanced spontaneous healing and/or
prevented delayed healing (caused by indomethacin) of acetic acid ulcers, with the inhibition of gastric
acid secretion and hypergastrinaemia. While oral SDZ CO-611 had no effect on spontaneous ulcer
healing, it significantly prevented delayed ulcer healing. On SDZ CO-611 treatment, gastric acid
secretion was significantly inhibited but basal gastrin level remained unchanged. Hypergastrinaemia
induced by a single treatment with oral omeprazole was markedly suppressed by SDZ CO-611 for > 12
h. SDZ CO-611, administered together with omeprazole for 2 or 4 weeks, did not affect the enhanced
ulcer healing or the antisecretory effect of omeprazole, despite a greater than 60% decrease. We
conclude that omeprazole-induced hypergastrinaemia does not contribute to the mechanism by which
omeprazole enhances ulcer healing.

Keywords: omeprazole, SDZ CO-611, somatostatin analogue, hypergastrinaemia, acetic acid ulcer

INTRODUCTION

The acid pump inhibitor, omeprazole, is a potent treatment for patients with
Zollinger—Ellison syndrome, gastroduodenal ulcers, and reflux oesophagitis [1,2]. Even
in animal studies, it apparently enhances the healing of chronic gastric ulcers [3-5].
Since omeprazole has potent and persistent antisecretory activity, long-term treatment
with the drug invariably induces mild to profound hypergastrinaemia in both man and
animals [6-9]. Gastrin has a trophic action on the oxyntic mucosa in the stomach,
including on enterochromaffin-like cells (ECL-cells) [10-12]. Ryberg et al. [7] reported
the increased incorporation of [*H]thymidine in the oxyntic mucosa of rats with
hypergastrinaemia caused by a 1-week treatment with omeprazole. Therefore, these
results suggest that hypergastrinaemia caused by omeprazole is involved in the
mechanism underlying the enhanced healing of experimental ulcers. Somatostatin
inhibits gastrin release from G-cells in both in-vivo and in-vitro experiments [13-15].
Of interest, Cadiot et al. [16] reported that SMS 201-995, a somatostatin analogue,

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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significantly prevented the hypergastrinaemia caused by omeprazole and the trophic
effect of hypergastrinaemia on the oxyntic mucosa in rats.

To elucidate the role of hypergastrinaemia in ulcer healing, we examined the effect of
a new long-lasting, orally active somatostatin analogue, SDZ CO-611, on hypergas-
trinaemia and ulcer healing caused by omeprazole.

MATERIALS AND METHODS
Animals

Male Donryu rats (Nihon SLC, Shizuoka, Japan), weighing 240-260 g, were used in all
experiments. The animals were not fasted prior to ulcer production to facilitate
injection of the acetic acid solution into the gastric wall. Before the autopsy and
secretory studies, they were fasted for 18 h in raised-mesh-bottom cages with free
access to tap water. Between 8 and 21 rats were used for each study.

Induction of gastric ulcers

Gastric ulcers were induced by the previously reported method [17]. Briefly, under
ether anaesthesia, the abdomen was incised and the anterior portion of the stomach
exposed. Then, 0.03 ml of 20% acetic acid (v/v) was injected into the submucosal layer
at the junction of the fundus and antrum, i.e. about 1 cm proximal to the pylorus.
Postoperatively, the animals were maintained on rat chow and water ad libitum. Since
well-defined and deep ulcers were observed 5 days later, we defined the 5th day as the
day of ulceration. Two experiments were performed:

1. The effects of test compounds or the vehicle on the spontaneous healing of ulcers
were determined with oral administration by gastric intubation once (9.30 am)
daily for 2 weeks after ulceration; and

2. Since indomethacin delays the healing of acetic-acid-induced ulcers [18,19], the
effects of the test compounds on this delayed ulcer healing were also studied.
Indomethacin (1 mg/kg, Sigma, St Louis, MO) suspended in saline with a minimal
amount of Tween 80 (0.02% v/v), was administered subcutaneously once daily
(9.00 am) for 4 weeks after ulceration. The test compounds or the vehicle were
administered orally once daily for 4 weeks after ulceration together with
indomethacin. The animals were killed 24 h after the final administration of the
test compounds and the stomachs removed. Then the stomach was inflated with 8
ml of 2% formalin and immersed in the same solution for 15 min. The stomach
was then opened along its greater curvature and the ulcerated area was determined
under a dissecting microscope (x 10, Olympus, Tokyo). The person (S.0.) who
determined the ulcerated area did not know which treatment the animals had been
given.
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Gastric secretory studies

The effects of the test compounds or a combination of them on basal gastric acid
secretion were determined in normal rats or rats with ulcers, using pylorus ligation. In
the normal rats, omeprazole or SDZ CO-611 was administered orally 30 or 60 min
before pylorus ligation. Combined administration of them was performed according to
the same time schedule. The control animals received the vehicle alone. In the rats with
ulcers, secretory studies were performed after the final administration of omeprazole
or SDZ CO-611 for 2 or 4 weeks. One hour or 30 min before pylorus ligation, the
animals received an additional dose of the drugs. Under ether anaesthesia, the pylorus
was ligated. Four hours later, the gastric contents were collected and analysed as to
volume and acidity. Total acidity was determined by titration of the gastric contents
against 0.1 N NaOH to pH 7.0, using an automatic titrator (Comtite 5; Hiranuma,
Tokyo, Japan). Total acid output (AOP: volume X acidity) was expressed as pEq/h.

Determination of the serum gastrin level

Before collecting the gastric contents, about 5 ml blood was collected from the aorta
and left for 1 h. Each sample was then centrifuged at 3500 rpm for 20 min. The serum
was stored frozen until analysis of the gastrin level. The gastrin concentration was
determined by '*’I-radioimmunoassay (Sanyoh-Kasei, Kyoto, Japan). The results were
expressed as pg gastrin per ml of serum.

Drugs

Omeprazole (Fujisawa Astra, Osaka, Japan) or SDZ CO-611 (N-[o-D -glucopyranosyl
(1—-4)-1-desoxy-D -fructosyl]-p -phenylalanyl-L -hemicystyl-L -phenylalanyl-b -trypto-
phyl-L -lysyl-L -threonyl-L -hemicystyl-L -threoninol cyclic (2—7)disulphide acetate;
Sandoz, Basel, Switzerland) was either suspended in 0.5% carboxymethylcellulose or
dissolved in saline, respectively. The test drugs were given in the volume of 0.5 ml1/100 g
of body weight.

Analysis of data
All data are presented as means + SEM. Statistical analysis was performed using two-

tailed Dunnett’s multiple comparison test, values of p<0.05 being regarded as
significant.
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RESULTS

Effects of omeprazole on ulcer healing, gastric acid output and the serum gastrin level

When the acetic acid solution was injected into the submucosal layer, deep round
gastric ulcers developed, with a 100% incidence. The ulcerated area was about 30 mm?
on the day of ulceration. The ulcers healed with time, the area after 2 weeks being
6.6+ 1.0 mm? (2 = 11). When omeprazole was administered for 2 weeks, it accelerated
spontaneous ulcer healing in a dose-dependent manner (Figure 1). With 30 and 60
mgkg™' day™, the healing rates were 59.1% and 83.3%, respectively. Gastric acid
output in these rats was almost completely inhibited. The serum gastrin concentration
was significantly increased (about 5-fold at 30 and 60 mgkg™" day™). After 4-weeks’
treatment with indomethacin, the ulcerated area was 8.5+0.9 mm? (2= 21). Omepra-
zole (60 mgkg™' day™) also significantly prevented the delay in ulcer healing, the
healing rate being 60.0% (Figure 2). Similar to the 2-weeks’ treatment, the acid output
was completely inhibited and the serum gastrin level apparently increased (about 4-5-
fold) with 30 or 60 mgkg™' day™.

Figure 1. Dose-response relationship of omeprazole: spontaneous healing of acetic acid ulcers,
serum gastrin levels and gastric basal acid output in rats. Omeprazole was administered orally
once daily for 2 weeks after ulceration. Data are means + SEM. *Significantly different from
the corresponding control groups at p <0.05
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Figure 2. Dose-response relationship of omeprazole: delayed healing of acetic acid ulcers,
serum gastrin levels and gastric basal acid secretion in rats. Omeprazole was administered
orally once daily for 4 weeks. Delayed ulcer healing was caused by daily subcutaneous
administration of indomethacin (1 mg/kg) for 4 weeks. Data are means + SEM. *Significantly
different from the corresponding control groups at p <0.05

Effects of omeprazole, SDZ CO-611 or a combination thereof on acid output and serum
gastrin levels in normal rats

Omeprazole (30 or 60 mg/kg) alone markedly inhibited acid output and increased the
serum gastrin level (Figure 3). SDZ CO-611 also significantly inhibited acid output in a
dose-dependent manner, the inhibition being 66.4% and 72.9% at 1 and 3 mg/kg,
respectively. With these doses, the serum gastrin level was 135.8 +23.9 and 84.0+6.7
pg/ml vs. 101.1 4 8.5 pg/ml (n=8) in the control groups, respectively. On the combined
treatment, SDZ CO-611 had no appreciable effect on acid output inhibition by
omeprazole. However, at 3 mg/kg, it significantly reduced the increased serum gastrin
level due to omeprazole (30 and 60 mg/kg), the reduction being 75.6% and 76.1%,
respectively.

The increase in the serum gastrin level in response to a single administration of
omeprazole (60 mg/kg) reached a maximum 6 h later, and then returned to the basal
value by 24 h (Figure 4). However, pretreatment with SDZ CO-611 (3 mg/kg)
significantly reduced the increase in the serum gastrin level caused by omeprazole for
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Figure 3. Effects of omeprazole, SDZ CO-611 and a combination of both on serum gastrin
level or gastric basal acid output in normal rats. Data are means + SEM. Note that SDZ CO-
611 alone significantly inhibited gastric acid secretion without affecting the serum gastrin level.
*,x Significantly different from the corresponding control groups or from the omeprazole-
treated groups at p <0.05

>12 h. However, the reduction did not increase when the dose of SDZ CO-611 was
increased to 6 mg/kg. Indeed, the serum gastrin level was 334.4+37.5 pg/ml vs.
526.2+53.8 pg/ml in the omeprazole-treated control group 6 h later. At that time,
diarrhoea was observed in all animals which had received the drug.

Effect of omeprazole, SDZ CO-611 and the combination of them on ulcer healing, acid
output and serum gastrin level

Omeprazole (60 mgkg™' day™) administered for 2 weeks apparently enhanced the
spontaneous healing of acetic acid ulcers, the healing rate being 77.4% (Figure 5). Acid
secretion was nearly completely inhibited after the treatment. SDZ CO-611 (3 mgkg™
day™) administered for 2 weeks had no effect on ulcer healing or on serum gastrin
levels but it did significantly inhibit acid output by 84.5%. SDZ CO-611 had little or no
effect on the inhibition of acid output or the enhancement of ulcer healing caused by
omeprazole. However, it significantly reduced the increased serum gastrin level due to
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Figure 4. Time course changes in the serum gastrin level in rats treated with omeprazole alone
or omeprazole + SDZ CO-611. Note that the increased serum gastrin level was apparently

suppressed by SDZ CO-611 for >12 h. Data are means + SEM. *Significantly different from
the omeprazole-treated groups at p <0.05

omeprazole (248.8 +26.1 pg/ml vs. 511.4+28.6 pg/ml, n=17).

Four weeks’ administration of omeprazole (60 mg kg™ day™) gave results similar to
those of the 2-week experiments: the delay in ulcer healing was significantly prevented
by 85.0% and acid output was completely inhibited (Figure 6). SDZ CO-611 (3 mgkg™
day™") administered for 4 weeks also significantly prevented the delay in ulcer healing
by 33.6% and acid secretion by 89.9%. On the combined treatment, the serum gastrin

level was significantly lower than that observed with omeprazole alone (263.1+20.5
pg/ml vs. 605.1+30.3 pg/ml, n=17).

DISCUSSION

In these studies, we confirmed our previous findings [3,5] that omeprazole could
enhance the spontaneous healing of acetic acid ulcers and prevent the delayed ulcer
healing caused by indomethacin in rats. In addition, we confirmed the development of
hypergastrinaemia in response to single or repeated treatment with omeprazole [4,6—
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Figure 5. Effects of omeprazole, SDZ CO-611 (SDZ) and a combination of both on
spontaneous healing of acetic acid ulcers, the serum gastrin level and gastric basal acid output
in rats. The drugs were administered once daily for 2 weeks. Data are means+SEM. *,
*Significantly different from the corresponding control groups or from the omeprazole-treated
groups at p <0.05

9,20]. Such elevation of the serum gastrin level seems to be caused by the increased
intragastric pH due to the profound inhibition of gastric acid secretion by omeprazole.

As expected, we found that, while the somatostatin analogue, SDZ CO-611, had
little or no effect on the basal gastrin level, it could prevent the hypergastrinaemia
caused by omeprazole for >12 h. These effects of SDZ CO-611 were observed even
after 2 or 4 weeks’ treatment, i.e. the increased serum gastrin level was reduced by
> 60%. Interestingly, we found that, despite the reduced gastrin level, the healing
promoting effect of omeprazole was not affected at all by SDZ CO-611. These results
suggest that omeprazole-induced hypergastrinaemia is not involved in the mechanism
by which omeprazole enhances ulcer healing. Certainly, the inhibition of hypergas-
trinaemia by SDZ CO-611 was not complete with the dose we used. Since mild or
severe diarrhoea was observed in most of the animals which received 3 or 6 mg/kg
SDZ CO-611, a further increase in the dose of the drug was not investigated.
Accordingly, we could not rule out the possibility that the increased serum gastrin
output, about 120 pg/ml, which was not suppressed by SDZ CO-611, contributes to
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Figure 6. Effects of omeprazole, SDZ CO-611 (SDZ) and a combination of both on delayed
healing of acetic acid ulcers, the serum gastrin level and gastric basal acid output in rats. The
drugs were administered once daily for 4 weeks. Data are means+SEM. *, *Significantly
different from the corresponding control groups or from the omeprazole-treated groups at
p<0.05

enhanced healing. However, this is not possible because omeprazole administered for 2
or 4 weeks at 10 mg/kg had no effect on ulcer healing despite an increase in serum
gastrin level to about 110-130 pg/ml.

Konturek et al. [21] found that growth-hormone-releasing factor (GRF) induced
hypergastrinaemia and enhanced the healing of acetic-acid-induced gastroduodenal
ulcers in rats, and that these effects were completely inhibited by somatostatin. They
suggested that the increased gastrin level is involved in the mechanism by which GRF
enhances ulcer healing. Our results are apparently different from those of Konturek et
al. [21] who reported the abolition of the ulcer healing effect of GRF by somatostatin.
The reason for the difference in results between these two groups appears to be the
different location of the ulcers induced. They produced ulcers in the fundus while our
ulcers were located in the border area between the antrum and fundus. Ulcers in the
fundus may be much more sensitive to gastrin. Inauen et al. [4] reported that while
omeprazole caused hypergastrinaemia and enhanced ulcer healing in rats, there was no
increase in the proliferative index in the ulcer margin. Such results seem to support our
postulation, that is, hypergastrinaemia is not involved in ulcer healing.
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Takeuchi and Johnson [22] reported that, in rats fed with a liquid diet alone,
circulating gastrin levels were reduced and healing of acetic-acid-induced gastric ulcers
was significantly delayed. However, this delayed ulcer healing rate was apparently
reversed in chow-fed rats after repeated treatment with pentagastrin. Accordingly, they
suggested that basal gastrin plays an important role in ulcer healing. At this moment, it
is unknown whether basal gastrin level contributes to the enhanced healing by
omeprazole. It would be of interest to study whether or not omeprazole could enhance
the ulcers in rats fed with a liquid diet alone.

In the present study, we found that SDZ CO-611 alone was less effective for
promoting spontaneous ulcer healing. The reason seems to be the short duration of its
antisecretory activity (<5 h) on rat basal gastric acid secretion compared with that of
omeprazole (unpublished data). However, it significantly prevented the delay in ulcer
healing. It is possible that SDZ CO-611 might interfere with the action of indometha-
cin to delay ulcer healing.

Long-term treatment with omeprazole or ranitidine induces hyperplasia of ECL
cells and development of carcinoids, most probably through persistent hyper-
gastrinaemia [6,11,12]. Meijer et al. [23] reported that subcutaneously administered
SMS 201-995, a long-lasting somatostatin analogue, for 5 days significantly prevented
basal and meal-stimulated increases in serum gastrin during omeprazole therapy in
man. They suggested that concurrent treatment with omeprazole and SMS 201-995
might reduce the possible development of ECL cell hyperplasia through omeprazole-
induced hypergastrinaemia. Accordingly, the inhibition of hypergastrinaemia induced
by omeprazole by combined treatment with somatostatin analogues, such as SDZ CO-
611 and SMS 201-995, might be beneficial for prevention of the possible mucosal
hyperplasia during omeprazole therapy in man, without affecting its ulcer-healing
effect.

We conclude that omeprazole-induced hypergastrinaemia does not contribute to the
mechanism by which omeprazole enhances ulcer healing.
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ABSTRACT

The elucidation of the pathobiological events in chronic liver diseases — such as cellular injury, cell
proliferation, remodelling of extracellular matrix — has considerable importance for establishing the
rational bases of hepatopharmacology. To follow this concept, the molecular—pathological features of
chemically induced liver damage in rats were characterized and modulated by potential hepatopharma-
cological compounds. Among the 55 chemical compounds tested, acute liver damage could be most
effectively abolished by prostacyclin (PGI,). In addition, prostacyclins were also able to prevent
cirrhosis in experimental animals. The modes of action of the prostacyclins were investigated in short-
term hepatocyte culture. The hepatotoxin-induced metabolic alterations (reduced gluconeogenesis and
protein synthesis, lipid peroxidation, etc.)) could be restored by prostacyclin. It was shown that PGI,
could circumvent the augmented catabolic rate of 4,5-phosphatidyl inositol-diphosphate (PIP,) in
CClg-induced hepatocyte injury. In addition, the increased intracellular calcium concentration in the
injured cells was also normalized by PGI,. Thus, PIP, metabolism appears to be a critical process in the
mechanism of hepatocyte damage and its protection. Interestingly, PGI, was effective at an advanced
stage of liver injury, whereas thiazolidines were only active when administered before the application of
the hepatotoxic agent. The formation of collagen could be reduced by amino-imidazolcarboxamide and
silymarin. The increase in glycosaminoglycans could be abolished by the application of 5-hexyl-2-
deoxyuridine. The presented data provide further evidence that compounds with various targets are
required in hepatopharmacology.

hepatopharmacological agents, prostacyclin

INTRODUCTION

As it is well documented that chronic liver diseases represent an ever increasing
concern for contemporary health services, it is surprising that there is still a lack of
guidelines for the design and testing of hepatopharmacological agents.

This may be explained by the strategy for pharmacological studies which requires an
appropriate experimental model system, including a characteristic feature of the
relevant human disease, to test the efficacy of the selected chemicals. Clearly, drug-
development programmes prefer to target aetiological agents of a biological nature

This paper was presented at the Section of TUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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because the differences between the biochemical features of microbes and mammalian
cells are great enough to obtain selective toxicity. Certainly, the elimination of the
pathogenic microbes from the human organism by chemotherapeutic agents has
resulted in dramatic recovery from many infectious diseases. In these instances, the
success of targeting aetiological factors may be due to the disease being dependent on
the presence of microbes. Since infectious diseases are maintained by the production of
toxic substances and no lesions remain after the disappearance of the causative agent,
the ‘magic bullet’ idea of Ehrlich is applicable in drug design. Thus, the elective
destruction of pathogenic microbes without affecting the macro-organism has been
an effective strategy to combat the major infectious diseases. However, in many other
diseases, the causative agents induce permanent lesions in the host organism, i.e.
lasting after their elimination, and frequently trigger alterations in the regulatory
mechanisms between various cell populations, leading to a chronic pathological entity.
The pattern of pathogenesis characterized by the progression of acute cellular damage
to the chronic state is well illustrated in liver disease in which various pathobiological
events are implicated [1]. In the highly industrialized countries, besides the hepatotox-
ins and viral agents from the environment, certain harmless chemicals (at low
concentrations and by themselves) may also contribute to the development of liver
disease, acting as sensitizers or sometimes promoters. Although acute liver damage can
be lethal in some cases, the major problem is the transition from acute liver damage to
the chronic state.

Thus, hepatopharmacological investigation of liver diseases must be viewed as a
series of pathological alterations closely linked to each other. Consequently, for
effective therapy, drugs with various molecular targets are required.

In order to outline a rational basis of hepatopharmacology, recognition of the
critical pathobiological events and their underlying molecular mechanisms has
paramount importance because these data would offer appropriate means of selecting
potentially hepatoprotective chemicals. This concept was used in our laboratory when
the molecular-pathological features of acute and chronic liver damage induced by
hepatoxins were characterized in both in-vitro and in-vivo experimental model
systems. In these studies, those metabolic alterations which may be associated with
hepatocyte injury or with the remodelling of the extracellular liver matrix were utilized
to determine the potential hepatopharmacological values of more than sixty chemical
compounds over the last two decades [2-5].

MATERIALS AND METHODS
Hepatotoxins
Carbon tetrachloride (CCly) from Reanal (Budapest, Hungary) and thioacetamide

from P.P.H. Polskie Odczynniki Chemiczne (Gliwice, Poland) were purchased in
analytical pure form.
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Hepatoprotective substances

Prostacyclin (PGI;) was synthesized by Dr G. Galambos, Dr 1. Téméskozi, Dr 1.
Székely and Dr G. Kovacs [6]. The 1-phosphate-4-amino-5-carboxamido-imidazole
(AICA-P) was a product of Chinoin Pharmaceutical Works (Budapest, Hungary).
[+]Cyanidanol, silymarin and 4-carboxy-5,5-dimethyl-2[5-nitro-2-furyl]-thiazolidine
were obtained from Biogal Pharmaceutical Works (Debrecen, Hungary).

Assay systems
Hepatocyte cultures

Rat liver hepatocytes were isolated by the method of Seglen [7] using female Fisher 344
rats of 220-240 g weight after an 18-h fast period. Hepatocyte suspensions of viability
higher than 90%, as determined by the trypan blue exclusion test, were plated in
collagen-coated Petri dishes at a density of 8 x 10* cell/cm? [8]. Hanks-MEM culture
medium (Flow Laboratories Ltd., Irvine, UK) supplemented with 5% fetal calf serum
(Flow Laboratories Ltd), 0.1% glucose, 105 mol/L insulin, 107 mol/L dexamethasone
(Richter Pharmacy Works, Budapest, Hungary) and 0.05 mg/ml gentamycin (Serva,
Heidelberg, Germany) was used for seeding (3 h in CO,:0,:N,; 4.8:21:74.2 by volume
atmosphere). Subsequently, the medium was changed for fresh medium without the
additives and the hepatocytes cultured for a further 18 h.

Animal experiments

In-vivo acute liver damage was induced by the administration of CCl, (1.5 ml/kg in
CFY and 1.0 ml/kg in F344 male rats per os). Treatment with test compounds was
performed before or after poisoning at the time indicated.

For the induction of cirrhosis, either CCl, or thioacetamide was administered for
the time indicated. The test compounds were administered either simultaneously with
the hepatotoxin or after the development of cirrhosis.

Biochemical measurements

In the experiments with isolated hepatocytes, gluconeogenesis was investigated by
measuring the formation of glucose from lactate [3]. For the study of protein synthesis,
hepatocytes were labelled with 400 kBq/ml ['*C]amino acid mixture (CB59, UVVVR,
Prague, Czech Repubilic) [9].

Fatty acid catabolism was estimated in hepatocytes prelabelled with 1 MBq
[U-'"C]palmitate (40 MBq/mmol) as reported previously [10]. Phospholipid biosynth-
esis was measured after 1 h labelling with 1.6 MBg/ml *’P; (Izinta, Budapest,
Hungary). The phospholipids were isolated and separated as described previously [9).
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In the in-vivo experiments, serum glutamine oxalate transaminase (SGOT) activity,
serum glutamate pyruvate transaminase (SGPT) activity, triglyceride, glycogen and
collagen-associated hydroxyproline were measured as described by Reitmann and
Frankel [11], Biggs et al. [12], Morris [13], Divald et al. [14] and Ujhelyi et al. [15].
The glycosaminoglycan concentration in the cirrhotic liver was determined by
measuring the amount of uronic acid in the cetylpyridinium chloride precipitates of
the trichloroacetic acid extracts as described previously by Kovalszky et al. [16].

RESULTS
Modification of acute liver damage

CCl, administration per os gave rise to a substantial increase in liver triglycerides in
CFY male rats. Forty-eight hours after ip treatment with PGI; at 10, 30 and 100 pg/kg
applied 24 h after CCly poisoning, a time when both pathomorphological and
pathobiological alterations were already pronounced, a remarkable hepatoprotective
action could be observed (Figure 1). It is worth noting that PGI; applied shortly (1 h)
before CCl, administration was much less effective. PGI, was also able to mitigate the

24 48 s 72

Figure 1. The dose-response relationship of prostacyclin action on fatty liver. Male CFY rats
(180-200 g) received CCl, intragastrically 1.6 ml/kg after a 16-h starvation period and the
animals were refed 1 h later. Prostacyclin (PGI,) was administered 24 h after hepatotoxin
administration at doses of 10 (line 1), 30 (line 2) and 100 (line 3) mg/kg ip. The bold line shows
the control response. Triglyceride concentration in the liver was quantified as reported
previously [14]
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TABLE 1
Modulation of acute liver damage by PGI, and thiazolidine* in CFY rats

Treatmentt SGOT Triglyceride Glycogen
(U/L) (mg/g wet weight)  (mg/g wet weight)
No treatment 87+9 6.9+1.3 46.3+6.4
CCl, 415445 39.0+4.4 39+1.3
Prostacyclin + CCl, 391+92 19.4+2.6 5.6+2.6
CCl, + prostacyclin 127453 11.8+5.8 39.0+2.5
Thiazolidine + CCl, 275147 142428 32.5+2.1

*Thiazolidine = 2-(5-nitro-2-furyl)-4-carboxy-5,5-dimethyl thiazolidine

1Test substances were administered either 3 h before or 24 h after carbon tetrachloride (CCly, 1.6 ml/kg)
administration as indicated. Glutamine oxalate transaminase in serum (SGOT), triglyceride and glycogen
in liver were measured 48 h after poisoning

elevation of serum glutamate oxalate transaminase and the reduction in glycogen
concentration, both induced by CCl,. By contrast, thiazolidine was effective only if it
was given before and not after CCl, poisoning (Table 1).

Protection against CCly-induced liver cell injury was also demonstrated in vitro,
using isolated liver cells or primary hepatocyte cultures. In these studies, measure-
ments of dye exclusion and release of intracellular enzymes are normally used as
parameters to detect the extent of cell injury. We completed our arsenal of test systems
by including measurements of protein synthesis, gluconeogenesis, fatty acid oxidation
and also the phosphatidylinositol cycle.

Table 2 shows that PGI, enhances triglyceride catabolism and gluconeogenesis in
CCl,-injured hepatocytes. The CCl, reduces the transition of the radioactivity from
that ['*C]palmitate prelabelled triglyceride to that released as carbon dioxide. In the
presence of PGI, this reduction was not only cancelled, but in fact more radioactivity
appeared in the CO, than in the case of normal untreated hepatocytes. At the same
time, the CCl,-induced reduction of gluconeogenesis was also mitigated by PGI,.

Membrane integrity was studied by metabolic labelling of phospholipids both before
and after the induction of injury, and a highly sensitive response to CCl, was observed
in the metabolism of PIP,. The labelling of PIP; in *?P; preincubated cells substantially
declined after 60 min treatment with CCl,, while the major phospholipid components
(PC, PE or PI) showed no marked differences from controls up to this time. The
elevation of the production of labelled inositol phosphates after CCl, treatment in ’H-
myolinositol prelabelled cells may indicate that a phosphatidylinositol diphosphate-
specific phospholipase C was simultaneously activated, i.e. a pathway by which PIP,
can be metabolized (Table 3). The decreased labelling of PIP, may be interpreted in
terms of either an increased catabolism or a decreased synthesis rate, but the lack of
accumulation of radioactivity in PIP, the metabolic precursor of PIP,, argues for the
former possibility. The fact that, upon CCl, administration, a change in the
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TABLE 2
Modification of hepatocyte injury by prostacyclin and catergen (in % of intact hepatocytes)

CCl, CCly CCl,
3mm + +
PGI, catergen**
0.1 pmol/L 10 umol/L
Protein synthesis® 3444% 73 4 5%* 46+ 6%
Gluconeogenesis® 10+4% 54+ 4%* 82+ 5%
Fatty acid oxidation® 308 1+8% 1504+ 17%* -
Lipid peroxidation? 372+ 16% 227+20% -
Membrane fragmentation® 252+13% 228 + 14%* 189+ 10%

Hepatocytes were treated with CCl, for 1 h followed by treatment with the test substance and reincubation
in the absence of CCl,y

2 ["*Clamino acid incorporation (cpm (mg protein)™" h™");
b Glucose formation from 2 mmol/L pyruvate (nmol (mg protein)~' min™");
¢ 14C0, production from ['*C]palmitate (cpm (mg protein)™ h™');

4 nmol malondialdehyde per g liver, in-vivo experiment CCls 0.1 mg/kg, 24 h, PGI, 0.1 mg/kg 3 h after
CCI4;

© GPT release (mU (mg protein)™ h™");
*Significantly different (p <0.05) from CCly-treated cells

** = cyanidanol

TABLE 3
Prostacyclin modulation of phosphatidylinositol cycle (in % of control values)

PI - PIP - PIP, — [IP+IP,+IP;]* Calcium

CCl, (3 mmol/L) 80% 50% 10% 180% 300%
PGI, (0.1 pmol/L)  120% 120% 100% 100% 100%
CCl, + PGI, 150% 80% 100% 115% 160%

*Hepatocytes treated with CCly for 1 h. After CCly removal, the cells were further incubated in the
presence or absence of PGI, and labelled with *?P; for 4 h

metabolism of PIP, precedes the reduction in the labelling of major phospholipids and
also dominates at later stages of injury suggests that PIP, catabolism may represent a
critical event in CCly-induced cell injury. It was concluded by Lamb and Schwertz [17]
that both ischaemia and CCl, exposure cause increases in hepatic phospholipase C.
The present observation that this metabolic shift may be effectively controlled by PGI,
seems to indicate that the key mechanism for cytoprotection in this experimental
system may also operate at this level.
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Modification of chronic liver damage

It has been found that PGI, and thiazolidine compound partially prevent the
development of collagen accumulation. Morphological examinations as reported by
Lapis et al. [5] revealed that characteristic features of cirrhosis, such as abortive
regeneration, parenchymal nodules encircled by fibrous tissue, were markedly de-
creased. Measurements of the amount of collagen are in agreement with the
morphological observations (Table 4).

TABLE 4
Prevention of collagen accumulation by drug treatment induced by carbon tetrachloride or
thioacetamide in F344 rat livers

Liver collagen

(ng/mg DNA)
Control 854+ 77
CCl, 2562 +357
CCl, + 7-0x0-PGI; 0.01 mg/kg 1267 + 658*
CCl, + 7-0x0-PGI, 0.1 mg/kg 1064 +420*
CCl, + thiazolidine 100 mg/kg 1932 + 266
CCl, + thiazolidine 10 mg/kg 21354448
Thioacetamide 1638 + 84*
Thioacetamide + 7-0x0-PGI; 0.1 mg/kg 1288 +182*
Thioacetamide + thiazolidine 100 mg/kg 1204 +511

F344 male rats (5-5 in each experimental group) received 0.3 ml/kg CCl4 po and 5 h later either 7-oxo-
PG, or thiazolidine (ip)

Thioacetamide was administered as 0.1% solution in the drinking water.
*Significantly different from the CCl, group (p <0.05)

Another series of investigations addressed the question of whether pre-existing
cirrhosis could be affected or not. To test this possibility, cirrhotic rat livers were
produced by repeated administration of hepatotoxin, and, after the development of
cirrhosis, administration of the test compounds was begun. In this type of experimental
layout, neither PGI, nor the thiazolidine compound showed any sign of hepatophar-
macological activity. However, AICA-P and silymarin showed remarkable effects in
reducing the amount of collagen in the liver (Table 5). This observation was confirmed
by morphometric examination in cirrhosis, the ratio between connective tissue and
parenchyma was 24 um? per 1000 um?, whereas after AICA-P or silymarin treatment,
this value was reduced to 16.3 and 11.1 um?, respectively.

In the next series of experiments, the importance of changes of glycosaminoglycans
in cirrhotic liver was studied by applying 5-hexyl-2’-deoxyuridine (HUdR), an agent
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TABLE $
Reduction of collagen in cirrhotic liver by drug treatment in CFY rats

Induction Treatment Liver collagen
of cirrhosis with drug (ng/mg DNA)
Control Normal liver 1400 1+ 360
CCl, No treatment 5866+ 860
CCl, Legalon 4200 + 720
CCl, Silymarin 3642 + 500
CCl, AICA-P 3607 +428
TAA No treatment 550042170
TAA Legalon 2380+ 1720
TAA Silimarin 4911 + 1597
TAA AICA-P 2044 + 883

Induction of cirrhosis: carbon tetrachloride (1 ml/kg po) was administered three times per week for 2
months; or thioacetamide (150 mg/kg im) was given every 2 days for 6 months

Drug treatment: (given after the end of CCl4 or thioacetamide poisoning) three times per week for 1
month: silimarin (Biogal, Hungary) 4 mg/kg po, Legalon (silymarin) (Madaus, Germany) 4 mg/kg po,
AICA-P (Chinoin, Hungary) 100 mg/kg po
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Figure 2. The effect of 5-hexyl-2'-deoxyuridine on collagen concentrations in cirrhotic liver.
Fischer 344 male rats (150-180 g body weight) received 0.2 ml/kg carbon tetrachloride
intragastrically twice a week for 1 month and also phenobarbital (0.2 g/L) in drinking water.

5-Hexyl-2'-deoxyuridine at the indicated dose was administered after hepatotoxin administra-
tion
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Figure 3. The effect of 5-hexyl-2'-deoxyuridine on glycosaminoglycan concentrations in
cirrhotic liver. Fischer 344 male rats (150-180 g body weight) received 0.2 ml/kg carbon
tetrachloride intragastrically twice a week for 1 month and also phenobarbital (0.2 g/L) in

drinking water. 5-Hexyl-2'-deoxyuridine at the indicated dose was administered after hepato-
toxin administration

which inhibits the biosynthesis of certain glycosaminoglycans. Figure 2 shows that the
amount of collagen increases even after the end of hepatotoxin administration and
HUAdR has no effect at all. However, in the same animals, the hepatotoxin maintained
the glycosaminoglycan concentration below normal levels, but, after the cessation of
CCl, administration, there was a remarkable elevation of glycosaminoglycan concen-
tration, which was abolished by HUdR treatment (Figure 3).

DISCUSSION

Although diseases are well defined by their morphological appearances, there is an
increasing need to elucidate those biological and underlying molecular-biological
alterations that contribute to the development and maintenance of a pathological
condition. The knowledge of at least some of these critical events is essential for
establishing pharmaceutical assays and for designing drugs which can interfere with
the progression of a particular disease. Methodological progress has led to the
molecular—pathological characterization of several diseases and made it possible to
learn more about the basic elements involved in pathogenesis.

It is now widely accepted that cell injury has great importance, not only in eliciting a
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pathogenetic process, but also in the self-perpetuation of pathobiological events, such
as accumulation of various cell products, proliferation, disorder in intercellular
contacts, etc. It is likely that the injured cells play a major role in the progression of
the disease. This is well illustrated by the transition from the acute to the chronic stage
of a disease, when the cells start to produce abnormal amounts of extracellular
substances. Therefore, to develop powerful therapeutic approaches in a particular
disease, the involved injured cells must be considered the main target. To this end,
several drugs, capable of modifying various types of alteration in cell metabolism, must
be developed since there is no general pattern of cell injury. The appearance of cell
injury shows great variation in different organs and at different stages during the
progression of a disease. This implies that, beside determining the cytoprotective
behaviour of a chemical structure, data must also be collected concerning the
molecular mechanism of its action. Information, both about the subcellular target of
a cytoprotective drug and the molecular pattern of the cell injury, makes it possible to
select the most appropriate drug for treatment of a disease; e.g. fatty liver could be
treated effectively with drugs which reduce the triglyceride content of the liver. To
develop potent drugs for hepatopharmacology, the cytoprotective actions of various
chemical agents and their modes of action were investigated at our institute.

As far as hepatocyte injury is concerned, it is conceivable that some of the numerous
alterations related to various metabolic pathways, e.g. reduced gluconeogenesis and
protein synthesis, ATP depletion etc., are elicited by the uncontrolled and higher rate of
PIP, conversion. Since it has been well documented that changes in phosphatidyl
inositol metabolism have a variety of consequences for cell metabolism, the data
presented here, showing that PGI, acts at this level, may elucidate the mechanism by
which PGI, modifies various metabolic changes in the injured cell.

Important differences were recorded between the anticirrhotic activities of the four
compounds, i.e. PGI,, thiazolidine compound, AICA-P and silymarin. AICA-P does
not prevent the development of cirrhosis, but is highly effective for alleviating cirrhosis
which has already developed. By contrast, PGI, and thiazolidine compounds are
effective in preventing the development of cirrhosis, but cannot modify the cirrhotic
state.

Our results demonstrate that the hepatoprotective compounds examined have
different effects on the various types of liver damage. This suggests that complex
studies are required in hepatopharmacology for the development of drugs which act on
the different forms of human liver disease.

REFERENCES

1. Perrisond D, Testa B. Hepatic pharmacology mechanism of action and classification of antinecrotic
hepatoprotective agents. Trends Pharmacol Sci. 1982;3:365-7.

2. Szepeshazy K, Lapis K, Jeney A et al. Morphological and biochemical studies on the effect of agents
with liver protecting properties. Exp Pathol. 1978;15:271-87.

3. Ujhelyi E, Divald A, Vajta G, Jeney A, Lapis K. Effect of PGI, in carbon tetrachloride induced liver
injury. Acta Physiol Hung. 1984;64:425-30.



Hepatopharmacological Agents 371

4. Jeney A, Divald A, Szende B et al. Hepatoprotective action of prostacyclin and its possible
mechanisms. In: Kecskeméti V, Gyires K, Kovacs G. Proceedings of the 4th Congress of Hungarian
Pharmacology Society, Budapest, 1985:503-59.

5. Lapis K, Jeney A, Divald A, Vajta G, Zalatnai A, Schaff Zs. Experimental studies on the effect of
hepatoprotective compounds. Tokai J Exp Clin Med. 1986;14(Suppl.):135-45.

6. Kovacs G, Simonidesz V, Témoskozi P et al. A new stable prostacyclin mimic, 7-oxoprostaglandin I,. J
Med Chem. 1982;25:105-7.

7. Seglen PO. Preparation of isolated rat liver cells. Meth Cell Biol. 1976;13:29-83.

8. Vajta G, Divald A, Elek J, Paku S, Lapis K. Fatty degeneration in cultured hepatocytes — a new
experimental model. Virchows Arch B Cell Pathol. 1986;52:177-84.

9. Divald A, Jeney A, O-Nagy J, Timaer F, Lapis K. Modification of the inhibitory effects of CCls on
phospholipid and protein biosynthesis by prostacyclin. Biochem Pharmacol. 1990;40:1477-83.

10. Divald A, Vajta G, Olah J, Jeney A, Lapis K. Effect of prostacyclin on the triglyceride catabolism in
CCl, poisoned hepatocytes. IRCS Med Sci (Biochem). 1985;13:1117-18.

11. Reitman S, Frankel S. A colorimetric method for the determination of serum oxalacetic and glutamic
pyruvic transaminases. Am J Clin Pathol. 1977;28:56-63.

12. Biggs HG, Erikson JM, Moorehead WR. A manual colorimetric assay of triglycerides in serum. Clin
Chem. 1975;21:437-41.

13. Morris DL. Quantitative determination of carbohydrates with Dreywood’s anthron reagent. Science.
1948;107:254.

14. Divald A, Ujhelyi E, Jeney A, Lapis K, Institoris L. Hepatoprotective effects of prostacyclin on CCl,-
induced liver injury in rats. Exp Mol Pathol. 1985;42:163-6.

15. Ujhelyi E, Kovacs L, Szepeshazi K, Jeney A, Lapis K. Morphological and biochemical study of the
hepatoprotective effect of AICA phosphate. Acta Med Acad Sci Hung. 1980;37:99-103.

16. Kovalszky I, Pogany G, Molnar G et al. Altered glycosaminoglycan composition in reactive and
neoplastic human liver. Biochem Biophys Res Commun. 1990;167:883-90.

17. Lamb RG, Schwertz DW. The effect of bromobenzene and carbon tetrachloride exposure in vitro on
phospholipase C activity of rat liver cells. Toxicol Appl Pharmacol. 1982;65:216-29.

Manuscript received 14 Oct. 95.
Accepted for publication 10 Nov. 95.



TS Gaginella et al. (eds.), Biochemical Pharmacology as an Approach to Gastrointestinal Disorders, 373-385
© 1997 Kluwer Academic Publishers.

ORGANOPROTECTION AND CYTOPROTECTION OF
HISTAMINE DIFFER IN RATS

B. BODIS, O. KARADI, O.M.E. ABDEL-SALAM, R. FALUDI, L. NAGY AND
Gy. MOZSIK*

First Department of Medicine, Medical University School of Pécs, Pécs, Hungary
*Correspondence

This paper was first published in: Inlammopharmacology. 1997;5:29-41.
ABSTRACT

Aims
The aim of the present study was to compare the organoprotective (in vivo) and cytoprotective (in vitro)
effects of histamine.

Methods

In vivo, gastric mucosal damage was produced by intragastric (ig) administration of 1 ml 96% ethanol
(EtOH) in Sprague-Dawley rats. The animals were sacrificed 1 h after EtOH administration, when the
gastric mucosal damage was measured. Histamine was given subcutaneously (sc) 30 min before
administration of EtOH with and without PGI,Na (5 pg/kg sc). Gastric acid secretion was also
measured 1 h after pylorus ligation in control (saline-), histamine- and PGI,-treated animals. The
affinity, intrinsic activity curves and the values of pD, and pA, were determined in EtOH-treated and in
PGI,-treated animals.

For the in-vitro studies, a mixed population of rat gastric mucosal cells was isolated by pronase
digestion. Cells were preincubated for 60 min with histamine (107%-107° mol/L) with or without
PGI,Na (10~ mol/L). At the end of this incubation period, cells were treated with 15% EtOH with or
without 10°-10"3 mol/L indomethacin (IND) for 5 min. Cell viability was tested by trypan blue
exclusion test and succinic dehydrogenase activity.

Results
1. Histamine (20 mg/kg) stimulated, while PGI; (5 ug/kg) had no effect on gastric acid secretion in
rats;

2. Histamine inhibited the development of EtOH-induced gastric mucosal damage (pD,=4.0,
PA,=3.75);

3. Histamine stimulated the PGI,-induced gastric cytoprotection in vivo (pD,=4.7, pA,=3.75);

4. There was no measurable acid secretion by our method in isolated cells after incubation with 1078
108 mol/L histamine;

5. Histamine preincubation did not prevent the EtOH- or IND-induced cell injury.

Conclusions
1. Histamine has a protective effect in a non-acid-dependent model in vivo;

2. This organoprotection has a metabolic component;
3. The cytoprotective effect of histamine failed in vitro;
4. The mechanisms of histamine-induced organo- and cytoprotection seem to be different in rats.

Keywords: gastric organoprotection, gastric cytoprotection, histamine, isolated gastric mucosal cells

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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INTRODUCTION

The phenomenon of gastric cytoprotection was described by Chaudhury and Jacobson
in 1978 [1] and was generally accepted after the publication of Robert et al. in 1979 [2].
Its essential point is the protection of gastric mucosa by exogenous prostaglandins
against different necrotizing agents, such as 0.6 mol/L HCI, 0.2 mol/L NaOH, 25%
NaCl and 96% ethanol, without any inhibition of gastric acid secretion.

The terminology ‘gastric cytoprotection’ underwent several critical evaluations.
Szabo used earlier the term ‘organoprotection’ [3]. Later, Gyires demonstrated that
not all general cytoprotective agent(s) can be used for the stomach [4]. The title of the
‘International Symposium on Gastrointestinal Cytoprotection’ was changed to ‘Cell
Injury and Protection in the Gastrointestinal Tract’ owing to the previously obtained
results [5,6].

Questions remain open about the similarities and differences between the pheno-
mena of ‘organoprotection’ and ‘cytoprotection’. Observations are needed in living
animals (organoprotection) and in separated or cultured cells (cytoprotection) to
provide data necessary to answer these questions.

The cellular mechanisms involved in the gastric acid secretion of rats in ethanol-
induced mucosal damage and prostacyclin (PGI,)-induced gastric cytoprotection have
been studied: atropine, adrenalin, cimetidine, prostacyclin, actinomycin D and
Degranol (mannomustine) inhibited gastric acid secretion and ethanol-induced
mucosal damage [7] while surprisingly histamine, pentagastrin and 2,4-dinitrophenol
(which enhanced gastric acid secretion over a short time period) stimulated the PGI,-
induced gastric cytoprotection [8]. So, drugs stimulating the aggressive side (HCI) of
the stomach, could enhance the PGI,-induced gastric cytoprotection. Furthermore, it
was proved that an intact vagus is necessary for gastric cytoprotection and mucosal
protection from atropine, cimetidine, PGI, and B-carotene [9].

The aims of our present study were:

1. To determine the stimulating effect of histamine on (a) gastric acid secretion and
(b) ethanol-induced mucosal damage and PGI,-induced gastric cytoprotection;

2. To evaluate the stimulating effects of histamine and pentagastrin (drugs acting at
the receptor level) on PGI,-induced gastric cytoprotection;

3. To identify the affinity and intrinsic activity curves (including the determination of
pD; and pA, values) for these drugs on PGI,-induced gastric cytoprotection; and

4. To study the direct cellular effect of histamine on the viability of freshly isolated
rat gastric mucosal cells in the ethanol- and indomethacin-induced cell injury
model [10].



Organo- and Cytoprotection of Histamine 375

MATERIALS AND METHODS
In-vivo studies

Observations were carried out on both sexes of Sprague-Dawley rats weighing 180
210 g. The animals were fasted for 24 h before experiments but received water ad
libitum.

Gastric mucosal injury was produced by ig administration of 1 ml 96% ethanol
(EtOH; Reanal, Hungary). The animals were killed 60 min after administration of
necrotizing agents. The number and severity of gastric mucosal lesions were deter-
mined on a semiquantitative scale [7], and they were expressed as the average + SEM
for one rat stomach.

Gastric secretory responses

Pylorus ligation was carried out under light ether anaesthesia [11]. Immediately after
surgery, each rat received 1 ml saline solution ig. Histamine (Peremin, Chinoin,
Hungary), PGI, (Chinoin, Hungary) or saline were given sc 30 min before pylorus
ligation. The animals were killed 60 min after surgery and the gastric juice of each rat
was collected for measurements of acid output (umol H*). The results were expressed
as pEq/rat.

Determination of affinity and intrinsic activity curves for drugs inhibiting
EtOH-induced gastric mucosal damage

Histamine and PGI, were given sc 30 min before EtOH administration. The gastric
mucosal damage was measured, and the intrinsic activity, pD, and pA, were calculated
from affinity and intrinsic activity curves according to Csaky [12]. The value of the
intrinsic activity of atropine was taken to be equal to 1.00. The results were calculated
in percent values (means + SEM) of the inhibition of EtOH-induced gastric mucosal
damage.

Determination of PGI,-induced gastric cytoprotection

Prostacyclin (PGI,; Chinoin, Hungary) was given sc at doses of 5 and 50 pg/kg 30 min
before EtOH injury; the control groups were treated with saline solution. The changes
in the number and severity of EtOH-induced gastric mucosal damage were studied as
described above.
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Determination of affinity and intrinsic activity curves for drugs stimulating the
PGI,-induced gastric cytoprotection

Histamine and pentagastrin (Peptavlon, ICI, England) were given sc to modify the
PGlI,-induced gastric cytoprotection. The gastric mucosal damage was measured, the
intrinsic activity, pD, and pA, were calculated from affinity and intrinsic activity
curves [11]. The intrinsic activity of pentagastrin was taken to be equal to 1.00. The
results were calculated as percent values (means+SEM) of 5 pg/kg PGIl,-induced
gastric cytoprotection.

In-vitro studies
Preparation of mixed gastric mucosal cells (GMCs)

Gastric mucosal cells from 1-2 unfasted Sprague-Dawley rats were isolated by the
method of Nagy et al. [13]. Briefly, the segments of glandular stomach without blood
vessels or surrounding connective tissue were sequentially incubated in a physiologi-
cal solution containing 0.5 mg/ml pronase E (type XXV, Sigma Chemical Co) and
10~ mol/L EGTA. After several washings cells were resuspended and kept in a
shaking water bath at 37°C in a solution (0.157 mol/L, pH 7.4) produced freshly with
the following ingredients: 98.0 mmol/L NaCl, 5.8 mmol/L KCl, 2.5 mmol/L
NaH,PO4, 5.1 mmol/L Na pyruvate, 6.9 mmol/L Na fumarate, 2.0 mmol/L
glutamine, 24.5 mmol/L HEPES Na, 1.0 mmol/L Trizma base, 11.1 mmol/L D-
glucose, 1.0 mmol/L CaCl,, 1.0 MgCl, and 2.0 mg/ml (w/v) bovine serum albumin.
Also, all examinations were carried out in this solution. The mixed population of
isolated rat GMCs contained at least three types of cell: parietal (20-25%), chief
(40%) and epithelial (40-45%) cells. An initial viability of the isolated cells of 85-95%
was maintained for 6-7 h.

Histamine

The isolated rat gastric mucosal cells were incubated with 10°°-10 mol/L histamine
(Peremin, Chinoin, Hungary) for 60 min with or without 10 mol/L prostacyclin
(PGI;Na, Chinoin, Hungary). Acid secretion was observed by measurements of pH in
the incubating medium (Radelkis, Hungary).

Toxicological studies

After the histamine preincubation, GMCs were treated with ethanol (EtOH,
ECs0=15%; Reanal, Hungary) alone, or in cotreatment with indomethacin (IND,
EDs,=10"2 mol/L; Chinoin, Hungary) for 5 min. After this process, cells were treated
as described above.
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Examinations of cell viability
1. Trypan blue exclusion test:

Trypan blue is excluded by viable cells but is taken up by damaged cells, staining
the cytoplasm blue [14]. Trypan blue (0.14%; Sigma Chemical Co.) was mixed with
the same volume of cell suspension and, 5 min later, the proportions of stained
(dead) and unstained (viable) cells were calculated as a percentage after counting
100 cells in a haemocytometer.

2. Succinic dehydrogenase (SDH) assay
The mitochondrial integrity was tested in 2 x 10° previously treated and redis-

persed cells [15]. The colour formazan product was quantified by Hitachi 124
spectrophotometer at 500 nm and calculated as nmol min~" (2 x 10° cells)™.

Statistics

Values in figures and text are expressed as means+SEM. Comparisons were
performed by unpaired Student’s #-test. Results were considered significant at p <0.05.

RESULTS
In-vivo studies
Acid secretory response

The acid output of the control group was 70.5+6 pEq/rat 1 h after pylorus ligation.
Addition of 20 mg/kg histamine significantly increased acid output to 304 +24 uEq/rat
(n=6, p<0.01). PGI; (5 pg/kg) had no detectable effect on gastric acid secretion of 1-h
pylorus-ligated rats.

Effect of histamine on EtOH-induced gastric mucosal damage

Histamine dose-dependently reduced the number and severity of gastric mucosal
lesions produced by ethanol. The values of pA, (doses required to produce 50%
inhibition) for histamine were found to be 4.1 for the number, and 4.0 for the severity,
of the mucosal lesions (Figures 1 and 2). The pD; for histamine (datropine Was regarded
as 1.00) was 3.75 for both number and severity of gastric lesions (Table 1).
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Figure 1. Affinity curves for PGI, and histamine inhibiting the extent of ethanol-induced
gastric mucosal damage (number of lesions) in rats (1 = 12)
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gastric mucosal damage in rats (n=12)



Organo- and Cytoprotection of Histamine 379

TABLE 1

Values of pD,, a and pA, for histamine and PGI, inhibiting EtOH-induced gastric mucosal
damage on the number (A) and severity (B) of mucosal lesions produced by intragastric
administration of 96% ethanol (%tropine=1.00)

Affinity Intrinsic activity
pD, o PAz
A B A B A B
Histamine 3.75 3.75 0.72 0.75 4.10 4.00
PGI, 7.66 6.60 0.81 0.81 7.63 7.72

TABLE 2
PGI,-induced gastric cytoprotection on 96% ethanol-induced gastric mucosal damage. The
values are expressed as means + SEM (n=12)

Control 5 ug/kg PGI, 50 pg/kg PGI,
Number 14+1 9+1 540.5
Severity 52+3 18+2 9+1

Effect of PGI, on EtOH-induced gastric mucosal damage

PGI, (5 and 50 pg/kg) significantly decreased both the number and severity of 96%
EtOH-induced gastric mucosal injury. The cytoprotective effect of 5 ug/kg PGI, was
regarded as 100% (Table 2). The values of pA, were 7.63 for the number and 7.72 for
the severity of mucosal lesions (Figures 1 and 2). The pD, values of PGI,
(%atropine = 1.00) were 7.66 for the number and 6.60 for the severity of gastric lesions
(Table 1).

Effect of histamine on PGI,-induced cytoprotection

Histamine stimulated PGI,-induced gastric cytoprotection. The value of pA, was 3.75
for both the number and the severity of mucosal lesions; pD, values for histamine
(Otpentagastrin Was regarded as 1.00) were 3.7 for both number and severity of gastric
mucosal damage (Figures 3 and 4, Table 3).
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TABLE 3

Values of pD,, a and pA, for histamine and pentagastrin stimulating PGI,-induced gastric
cytoprotection on the number (A) and severity (B) of gastric mucosal damage produced by
intragastric administration of 96% ethanol (pentagastrin=1.00)

Affinity Intrinsic activity
pD, a PA2
A B A B A B
Histamine 3.70 3.70 0.40 0.05 3.75 3.75
Pentagastrin 7.12 7.12 1.00 1.00 7.00 7.25

In-vitro studies

Effect of histamine

Preincubation with 10°~107% mol/L histamine, alone or in combination with 10
mol/L PGI,, for 60 min did not cause any changes in the viability of GMCs, detected
by trypan blue exclusion test or SDH activity (Figures 5-8). There was no measurable
acid secretion in this incubation system caused by histamine, PGI; or their combina-
tion.

Effect of EtOH

After 5 min incubation with 15% EtOH, we could not observe any protective effect of
histamine alone or in combination with 10~ mol/L PGI, (Figures 5-8).

Combined effect of EtOH and IND

After 5 min incubation with 15% EtOH, alone or in combination with 10~ mol/L IND

treatment, there was no detectable cytoprotective effect of histamine, alone or in
combination with 10~ mol/L PGI, (Figures 5-8).

DISCUSSION

In this study, the organoprotective and cytoprotective effects of histamine were
analysed in rats and on isolated rat gastric mucosal cells.
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Figure 6. Changes in succinic dehydrogenase activity of freshly isolated rat gastric mucosal
cells after 60 min incubation by 10°°~107° mol/L histamine with or without 5 min 15% ethanol
(EtOH) treatment (n=4)
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Figure 8. Changes in succinic dehydrogenase activity of freshly isolated rat gastric mucosal
cells after 60 min incubation of 108-10° mol/L histamine and 10~ mol/L PGI, with or
without 5 min 15% ethanol (EtOH) and 10~ mol/L indomethacin (IND) treatment (n = 4)
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Our results indicate that:

1. Histamine increases the short-term acid output in rats, while PGI; has no effect on
gastric acid secretion;

2. Despite being itself aggressive, histamine has a protective effect (so-called
cytoprotection) on the development of gastric mucosal lesions in a non-acid-
dependent model;

3. Histamine stimulates PGI,-induced gastric cytoprotection,
4. In vitro, there is no detectable cytoprotective effect of histamine.

We provided further evidence that PGI, has no influence on gastric acid secretion
and that it can protect the mucosa against EtOH without any inhibition of aggressive
factors (HCI). On the other hand, histamine (as histamine dihydrochloride,
CsHyNj; x 2 HCI) increases acid secretion at a dose of 20 mg/kg (1.08 x 10~ mol/L).
This dose is within the range which provides a protective effect, both alone or by
stimulating PGI,-induced gastric cytoprotection in the EtOH-model. Thus, the
secretory and organoprotective effects of histamine are linked at the same doses.

What could be the biochemical background to the in-vivo cytoprotective effect of
this aggressive drug? It is known that, surprisingly, both gastric acid secretion
inhibiting and stimulating drugs can prevent EtOH-induced mucosal damage [16].
The inhibitory drugs, such as cimetidine and atropine, decrease the cell metabolism,
while pentagastrin, histamine and 2,4-dinitrophenol (for a short time) increase it.
PGI,-induced gastric cytoprotection is decreased by gastric acid inhibitory drugs;
however, histamine, pentagastrin and 2,4-dinitrophenol can stimulate it. This effect
can be partly explained at the level of the receptors due to reduction of ATP-ADP
transformation and increase in the cellular cAMP content (in the case of histamine and
pentagastrin) [16] but the mechanism of 2,4-dinitrophenol is quite different (inhibition
of the respiratory chain). It seems that metabolic components must play a role in the
protection of gastric mucosal damage.

In in-vitro circumstances, we could not detect any cytoprotective effect of histamine
alone or in combination with PGI,. One of the possible explanations of this negative
result is that the surface receptors of the cells were damaged during pronase digestion.
Freshly isolated GMCs can be stimulated by high levels of carbachol and histamine
[13] but, in this study, we used physiological doses.

In respect of these in-vivo and in-vitro studies, the organoprotective and cytoprotec-
tive effects of histamine seem to be different in rats.
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ABSTRACT

The toxic effects of ethanol (EtOH), indomethacin (IND) and their combination were studied in vitro.
The experiments were performed on freshly isolated gastric mucosal mixed cells and two types of stable
cultured cells: Sp2/0-Agl4, which is a non-secreting mouse myeloma cell line, and Hep G2, which is a
human hepatocellular carcinoma cell line. EtOH decreased the viability of all types of cells in a
concentration-dependent manner. At all concentrations, the EtOH caused a greater decrease in the
viability of gastric mucosal cells than in the viability of Sp2/0-Agl4 cells. IND had no effect on the
viability of the cultured cells, when this was employed without any other aggressive factor, such as
EtOH. When used in combination, IND aggravated the EtOH-induced cell injury. These results show
that the endogenous prostaglandins may play a role in the maintenance of cell integrity in all three types
of cells.

Keywords: isolated rat gastric mucosal cells, Sp2/0-Agl4 cell line, Hep G2 cell line, ethanol,
indomethacin

INTRODUCTION

The meaning of the original term ‘gastric cytoprotection’, which was described by
Robert in 1979 [1,2], is limited at the level of the cell, and new concepts have been
defined, such as organoprotection and gastroprotection, which are widely accepted and
have been studied recently in in-vivo experiments. In these investigations, many
environmental factors, e.g. central nervous system [3], vagal nerve [4,5], blood flow
[6,7], vascular permeability [6] and rapid epithelial restitution of neck cell [8] have been
studied as defence mechanisms of gastric mucosa.

The in-vivo and in-vitro experiments essentially differ from each other. Investiga-
tions on isolated cells have many advantages: all the effects originating from other
organs or tissues can be eliminated, so the behaviour of a single cell can be examined.
Unfortunately, these kinds of studies might have harmful consequences. Acutely

This paper was presented at the Section of IUPHAR GI Pharmacology Symposium on ‘Biochemical
pharmacology as an approach to gastrointestinal disorders (basic science to clinical perspectives)’, October
12-14, 1995, Pécs, Hungary.
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isolated cells are less suitable for pharmacological studies of the gastric mucosa
because of their isolation procedure [9]. Stress may reduce the cell responsiveness,
and surface receptors are damaged during the digestive stages of the isolation
procedure. These effects may be eliminated by using stable cultured cells in the
experiment, though their number is small and some properties of the original tumour
can be seen in their behaviour.

Ethanol (EtOH) is widely used as a toxic agent in gastric cytoprotection investiga-
tions in vivo [9]. Indomethacin (IND) is also generally used for experiments [10-12]. It
inhibits prostaglandin synthesis, which is responsible for the maintenance of gastric
mucosal integrity due to stimulation of mucosal blood flow, preservation of cellular ion
transport and protection of the mucosal proliferative zone [13]. These chemical agents
have been studied widely in in-vivo experiments, but only a few experiments have been
carried out in vitro on isolated cells with these toxic agents.

The aims of this study were:

1. To analyse the toxic effects of 5 min EtOH treatment in vitro on acutely isolated
mixed gastric mucosal cells (GMC),

2. To compare the differences between the GMC and the stable cultured cells;

3. To evaluate the differences between the myeloma (Sp2/0-Agl4) and the hepatoma
(Hep G2) cell lines;

4. To study the effect of IND on GMC and Sp2/0-Agl4 cells;

5. To examine the combined effect of EtOH and IND on these two types of cells.

MATERIALS AND METHODS
Preparation of mixed gastric mucosal cells

Gastric mucosal cells from Sprague-Dawley rats were isolated by the method of Nagy
et al. [9]. The segments of the glandular stomach were separated from the blood vessels
and the surrounding connective tissue and were incubated in a physiological solution
containing 0.5 mg/ml pronase E (type XXV, Sigma Chemical Co.) and 10~ mol/L
EGTA. After several washings, the cells were resuspended in a solution (0.157 mol/L,
pH 7.4) produced freshly with the following ingredients: 98.0 mmol/L NaCl, 5.8
mmol/L KCl, 2.5 mmol/L Na;PO,, 5.1 mmol/L sodium pyruvate, 6.9 mmol/L
sodium fumarate, 2.0 mmol/L glutamine, 24.5 mmol/L HEPES Na, 1.0 mmol/L
Trizma base, 11.1 mmol/L D -glucose, 1.0 mmol/L CaCl,, 1.0 mmol/L MgCl,, and 2.0
mg/ml (w/v) bovine serum albumin. All examinations were carried out in this solution.
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Stable cultured cells

Sp2/0-Agl4 (CRL 1581) is a non-secreting mouse myeloma; Hep G2 is a human
hepatocellular carcinoma cell line obtained from the American Type Culture Collec-
tion (ATCC). Cells were cultured and the examinations were carried out in Dulbecco’s
modified Eagle’s medium containing 10% fetal calf serum in a humidified incubator
containing 95% air and 5% CO, at 37°C.

Toxicological studies

The cells were incubated with different concentrations of EtOH (1, S, 10, 15, 20 and
50% (v/v)), IND (107°-10~* mol/L dissolved in 5% NaHCO;, pH 7.4 with 5 N HCI)
and their combination (15% EtOH and 10~ mol/L IND) for 5 min in a shaking water
bath at 37°C. Each study used 10° cells. After 5 min incubation the cells were separated
from the supernatant by centrifugation (500g, 10 min), washed out (10 min water bath
and centrifugation again) and resuspended in a toxic-free medium.

Trypan blue exclusion test

Trypan blue is taken up by damaged cells, staining the cytoplasm blue; viable cells can
resist this staining. Trypan blue (0.2%) was mixed with the same volume of cell
suspension and, after 5 min latency, the numbers of stained (dead) and unstained
(viable) cells were calculated as percentages in a haemocytometer. In the comparison
with stable cultured cells, we examined the viability over longer periods (5 min, 60 min,
4 h and 24 h) after the 5-min EtOH incubation.

Statistics

Values in figures and text are expressed as means+SEM. Comparisons were
performed using the unpaired Student’s -test and p values were considered significant
at p<0.0S.

RESULTS

Effect of EtOH on GMC

EtOH (1, 5, 10, 15, 20 and 50%) concentration-dependently decreased the viability of
GMC. The ECs, was 13.5% (Figure 1).
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Figure 1. Changes in the viability of acutely isolated rat gastric mucosal cells (GMC) after 5
min incubation with 1-50% ethanol, detected by trypan blue exclusion test (% of control). The
results are expressed as means + SEM (n=5)
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Figure 2. Changes in the viability of the Sp2/0-Agl4 (left) and Hep G2 (right) cell lines at
various times (5 min, 60 min, 4 h and 24 h) after incubation with different concentrations of
EtOH, detected by trypan blue exclusion test. The results are expressed as means+SEM
(n=5). "p<0.01 compared with the 4-h value
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Effect of EtOH on Sp2/0-Ag14 and Hep G2 cell lines

EtOH concentration-dependently decreased the viability of stable cultured cells. In the
case of Sp2/0-Agl4 cells, there was no significant difference between the viability
values counted at 5 and 60 min, but 4 h after incubation with 10% or 15% of EtOH, a
significant level of cell destruction could be detected. In the case of the Hep G2 cell
line, a greater level of resistance was found up to a concentration of 15% EtOH; above
that concentration, a similar level of cell destruction occurred (Figure 2).

Comparing GMC and stable cultured cells

At all concentrations, the EtOH decreased the viability of GMC much more potently
than the viability of the stable cultured cells. The ECso for GMC was 13.5%; the ECs,
for Sp2/0-Agl4 was 16% (Figures 1 and 2).

Effect of IND

Five minutes incubation with 10°~10 mol/L IND had no effect on the viability of
Sp2/0-Agl4 cells. In the case of GMC, only the highest dose (10~ mol/L) of IND
decreased significantly (p <0.02) the number of viable cells (Figure 3).
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Figure 3. Changes in the viability of GMC and Sp2/0-Ag14 cells after 5-min incubation with
107%-10"* mol/L indomethacin, detected by trypan blue exclusion test. The results are
expressed as means + SEM (n =6-8). *p <0.02 compared with GMC
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Figure 4. Changes in the viability of GMC after combined incubation with 15% ethanol and
108-10"3 mol/L indomethacin, detected by trypan blue exclusion test. The results are
expressed as means + SEM (n=5). p<0.02; "'p<0.01; "*p<0.001 compared with treatment
with 15% EtOH alone

Combined effect of EtOH and IND

After the combined treatment a greater cell destruction could be detected. Using
different concentrations, the 10> mol/L dose was the most aggressive; the amount of
necrotic cell loss was concentration dependent (Figure 4). Comparing the response of
the GMC with the myeloma cells, the GMC are much more vulnerable than Sp2/0-
Agl4 cells after EtOH treatment, and after the combined treatment too (Figure 5).

DISCUSSION

In these studies freshly isolated rat gastric mucosal cells and two types of stable
cultured cells were used to evaluate the effects of EtOH, IND and their combination in
toxicological studies. The mixed population of isolated rat GMC contained at least
three types of cells: parietal (20-25%), chief (40%), and epithelial (45%) cells. A
viability of 80-95% could be maintained for 6-7 h. These cells do not have the
potential for proliferation. Cultured cells were always kept in the same conditions,
tests are reproducible and cells can survive for a longer time. During the calculation of
viability, it must be remembered that the two cell lines have different proliferation rates.
In particular, this should be borne in mind during the interpretation of the different
viability values of longer incubation times.
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Figure 5. Changes in the viability of GMC and Sp2/0-Agl4 cells after 5-min incubation with
15% EtOH, with 10~ mol/L IND and with 15% EtOH and 10~ mol/L IND combined,
detected by trypan blue exclusion test. The results are expressed as means + SEM (n = 6-8).
*p<0.01; "p <0.05 compared with 15% EtOH treatment

Our results indicate that the acutely isolated cells are more vulnerable than cultured
cells. After EtOH treatment, in the case of Sp2/0-Agl4 cells, the ECsy was higher
(16%) than that of GMC (13.5%). IND had no damaging effect on stable cultured cells.
The combined treatment reduced the viability in both types of cells, but this effect was
much smaller in Sp2/0-Agl4 cells; almost all the GMC were destroyed. These results
show that cultured cells are more resistant to toxic agents than acutely isolated cells.
Though different types of cells were used in this study, the differences in behaviour may
derive from the differences in isolation procedure rather than from their differences in
type. In-vivo experiments have shown that gastrointestinal ulceration can be produced
by IND administration [9,10]. It is known that IND inhibits the activity of cyclo-
oxygenase, producing less prostaglandins and excessive vasoconstrictor leukotrienes
[14], and decreases the mucosal level of adenosine triphosphate [15]. These factors
reduce the gastric mucosal resistance to acid. In the in-vitro study described here, IND
was applied without any other aggressive factor, such as EtOH, and was not toxic for
these cells. However, after the combination treatment, cell viability was considerably
decreased compared with the effect of EtOH alone. It is likely that the decreased levels
of endogenous prostaglandins might play a role in the enhanced toxic effect of EtOH.
These results are in a good agreement with those of Tarnawski et al. [16] who observed
a protective effect of exogenous prostaglandins on human isolated gastric glands
against IND and EtOH injury.



394 Szabo et al.

ACKNOWLEDGEMENTS

This study was supported by the Hungarian National Research Fund (OTKA
T020098) and the Ministry of Welfare and Health (ETT-03 660/93).

REFERENCES

1. Robert A, Nezamis JE, Lancaster C, Hancher AJ. Cytoprotection by prostaglandins in rats.

Gastroenterology. 1979;77:433-43.

Robert A. Cytoprotection by prostaglandins. Gastroenterology. 1979;77:761-7.

Grijalva CV, Novin D. The role of the hypothalamus and dorsal vagal complex in the gastrointestinal

function and pathophysiology. Ann NY Acad Sci. 1990;597:207-22.

4, Mobzsik Gy, Karadi O, Kiraly A et al. Vagal nerve and the gastric mucosal defence. J Physiol (Paris).
1993;87:59-64. )

5. Moézsik Gy, Kiraly A, Garamszegi M et al. Mechanism of vagal nerve in gastric mucosal defence:
unchanged gastric emptying and increased vascular permeability. J Clin Gastroenterol. 1992;14(suppl
1):5140-4.

6. Szabo S, Trier JS, Broown A, Schoor J. Early vascular injury and increased vascular permeability in the
gastric mucosal injury caused by ethanol in the rat. Gastroenterology. 1985;88:228-36.

7. Guth PH, Paulsen G, Nagata H. Histologic and microcirculatory changes in alcohol-induced gastric
lesions in the rat: effects of prostaglandin cytoprotection. Gastroenterology. 1984;87:1083-90.

8. Lacy ER, Ito S. Rapid epithelial restitution of the rat gastric mucosa after ethanol injury. J Lab Invest.
1984;51:573-83.

9. Nagy L, Szabo S, Morales RE, Plebani M, Jenkins JM. Identification of subcellular targets and
sensitive tests of ethanol-induced damage in isolated gastric mucosal cells. Gastroenterology.
1994;107:907-14.

10. Djahanguiri B. The production of acute gastric ulceration by indomethacin in the rat. Scand J
Gastroenterol. 1969;17:265-7.

11. Brodie DA, Cook PG, Bauer BJ. Indomethacin-induced intestinal lesions in the rat. Toxicol Appl
Pharmacol. 1970;17:615-24. _

12. Karadi O, Bodis B, Kiraly A et al. Surgical vagotomy enhances the indomethacin-induced gastro-
intestinal mucosal damage in rats. Inflammopharmacology. 1994;2:389-99.

13. Lacy ER, Ito S. Microscopic analysis of ethanol damage to rat gastric mucosa after treatment with a
prostaglandin. Gastroenterology. 1982;83:619-25.

14. Rainsford KD. Mechanism of NSAID-induced ulcerogenesis: structural properties of drugs, focus on
the microvascular factors, and novel approaches for gastro-intestinal protection. Acta Physiol Hung.
1992;80:23-38

15. Rainsford KD. Prevention of indomethacin induced gastro-intestinal ulceration in the rat by glucose-
citrate formulations: Role of ATP in mucosal defences. Br J Rheumatol. 1987;26(suppl):81.

16. Tarnawski A, Brzozowski T, Sarfeh IJ et al. Prostaglandin protection of human isolated gastric glands
against indomethacin and ethanol injury. J Clin Invest. 1988;81:1081-9.

whn

Manuscript received 31 Oct. 95.
Accepted for publication 5 Nov. 95.



INDEX

ablation, 7

acetic acid ulcer, 349
acetic-acid-induced gastric ulcer, 249
acetylcholine, 171

acid secretion, 25

adaptation, 73

AIDS, 287

alcoholism, 225

v-amino butyric acid, 131
antagonist, 83

barrier disruption, 25

basic fibroblast growth factor, 249, 297
bicuculline, 131

biliary secretion, 239

bombesin, 7, 83

brainstem, 115, 131

calcitonin, 187
calcium, 95
cAMP, 95

cAMP system, 65
capsaicin, 187, 269
CCK, 17, 83
cGMP, 95
chloride secretion, 95
cholera toxin, 65
citric acid, 7

CI™ channels, 95
colon, 95, 105
cysteamine, 297
cytokines, 337
cytoprotection, 73
cytoskeleton, 261

diarrhoea, 303

dideoxycytidine, 287

dose-dependent effect, 125

dual energy metabolism for gastric H*
secretion, 199

duodenal ulcer, 297

electrolyte secretion, 303
endothelin, 115
enterochromaffin cells, 65

enterochromaffin-like cells, 39
epidermal growth factor, 7
erythromycin, 125

ethanol, 387

experimental gastric ulcer, 269

fluid absorption, 57
free radicals, 303
functional compensation, 7

galanin, 83

gastric contractility, 115

gastric cytoprotection, 373

gastric microcirculation, 249

gastric motility, 131

gastric mucosal energy metabolism, 199

gastric organoprotection, 373

gastric secretory responses, 199

gastric tone, 115, 131

gastric ulcer, 261

gene-related peptide (CGRP), 187

‘genuine’ antral, duodenal and jejunal ulcer,
313

growth factor, 261

gustatoric stimulus, 7

heat shock protein, 287

Hep G2 cell line, 387

hepatitis C virus, 239
hepatopharmacological agents, 361
histamine, 25, 39, 373

hormonal regulations, 199

5-HT, receptors, 65

5-HT; receptors, 65
hypergastrinaemia, 349

immobilization, 171
immunohistochemistry, 171
immunoneutralization, 83
immunotargeting, 337

in situ hybridization histochemistry, 171
indomethacin, 387

inflammation, 287

inflammatory bowel disease, 303
inflammatory mediators, 73



396

interferon treatment, 239

intestinal fluid secretion, 65
intestinal luminal factors, 73

isolated gastric mucosal cells, 373
isolated rat gastric mucosal cells, 387

jejunum, 57
K* channels, 95

laxatives, 303
liver disease, 225

messenger RNA, 171

microvascular permeability, 249
migration, 261

monochloramine, 303

motility, 105

mucosal biochemistry, 313
muscarinic acetylcholine receptor, 171

nitric oxide, 25, 57, 73, 303
nucleus raphe obscurus, 131

oesophageal motor disorders, 141
omeprazole, 349

oxidants, 303

oxidative stress, 225

pancreas, 83

pancreatic, 73

patients with ‘genuine’ peptic ulcer, 199
photoimmunotargeting, 337
platelet-derived growth factor, 249, 297
postprandial propulsive motility, 125
proliferation, 261

prostacyclin, 361

prostaglandins, 105

quantitative liver function tests, 239

rat, 39, 171
regulation, 83
regulatory peptides, 7
resiniferatoxin, 269

salivary glands, 7

SDZ CO-611, 349
secretory pathways, 39
sensory neuron, 25
short-circuit current, 303
silibinin, 225
somatostatin, 7, 83
somatostatin analog, 349
Sp2/0-Agl4 cell line, 387
stomach, 25, 171
substance P, 131
substance P (SP), 187

tachykinins, 187

taurocholate, 25

TGFa, 337

TNFao, 337

tumour associated antigens, 337
tumour immunology, 337

ulcer development and healing, 297
ulcers, 187
uniform biochemical explanation, 313

vasoactive intestinal polypeptide, 131
vasoprotection, 73
VIP, 7

wound healing, 261

Index




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




