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Abstract

Parasite excretory/secretory (ES) products are believed to play a role in the initiation of the

host response to the abomasal parasites Haemonchus contortus and Teladorsagia circumcincta.

Both parasites inhibit and cause loss of the acid-producing parietal cells. Three days after

transplantation of adult T. circumcincta into parasite-naive sheep, a subpopulation of their

parietal cells no longer expressed the proton pump β-subunit, but still stained for

Transforming Growth Factor-α, suggesting loss of the proton pump preceded cell death.

To investigate the ability of parasites to modify the function of mammalian cells in vitro,

HeLa, AGS and CaCo-2 cells were exposed to ES products. ES products vacuolated all

three cells, causing the development of large numbers of small vacuoles, which differed in

appearance from those produced by Helicobacter pylori bacterial toxin VacA or ammonia.

The vacuoles were unlike those which develop in parietal cells in the parasitised abomasum.

Neither lipids nor prostaglandins appeared to play a role in vacuolation and the vacuolating

factor in vitro is likely to be a protein because of its heat and acid lability. Vacuolation

occurred within one hour and was partially reversible. ES products were also able to cause

cytoskeletal rearrangement and detachment of HeLa cells, similar processes to those caused

by bacterial pathogens, which also disrupt tight junctions in mammalian cells. H. contortus

ES products also disrupted tight junctions of CaCo-2 cell monolayers, a model cell system

used for these studies. The increased epithelial permeability was associated with structural

rearrangements of the tight junction proteins occludin and ZO-1. This could explain

protein loss and back-diffusion of pepsinogen into the blood, a marker of abomasal

parasitism. Cell detachment and disruption of cell-cell adhesion in parasitised sheep may

inhibit acid production by parietal cells, which cannot function when separated from

adjacent cells. Increased permeability of the surface epithelium would allow parasite ES

products to penetrate the mucosal barrier, causing further damage. This could also allow

inhibition of parietal cells deeper in the abomasal glands and also allowing adult parasites

living in the gastric lumen to modulate host immunity to enhance their survival.
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Introduction

Infections with gastrointestinal nematodes, particularly trichostrongylids, in domestic

ruminants are an important economic burden worldwide (Holmes, 1985; Fox, 1997; Miller

and Horohov, 2006). A major factor in the pathogenesis of abomasal parasitism of sheep

(McLeay et al., 1973; Anderson et al., 1976) and cattle (Fox et al., 1989a; b) is a depression in

voluntary food intake (anorexia) that leads to decreased weight gain (Holmes, 1985; 1993;

Parkins and Holmes, 1989) as well as diarrhoea, malabsorption (Koski and Scott, 2001) and

increased protein loss due to a more permeable epithelium, which all in turn increases

susceptibility to infection (van Houtert and Sykes, 1996; Scrimshaw and SanGiovanni,

1997). In particular, infections with the blood-feeding nematode Haemonchus contortus are

concerning, as they additionally cause considerable anaemia in infected animals (Parkins

and Holmes, 1989). Adding to the production loss are costs for anthelmintics, veterinary

care and death of infected animals. Around 29% of the animal health market are anti-

parasitic drugs, worth US$5.2 billion in 2007 (International Federation for Animal Health,

2007).

Parasite control relies on anthelmintic treatment, although alternative strategies also exist to

cope with increasing anthelmintic resistance, including grazing management, breeding

management, nutrition supplementation, use of plants containing natural antheltmintics

and vaccine development (Coop and Kyriazakis, 1999; Newton and Munn, 1999; Koski

and Scott, 2001; 2003; Bakker et al., 2004; Miller and Horohov, 2006; Pomroy and

Adlington, 2006). Anthelmintic resistance is widespread, even multiple drug resistant

parasites have been reported worldwide (Kaplan, 2004; Wolstenholme et al., 2004; von

Samson-Himmelstjerna, 2006; Kaminski et al., 2009). Although a new class of anthelmintics

has been recently discovered and monepantel as the first component was launched earlier

this year (Kaminski et al., 2008; 2009), there is still need for the improvement of already

existing alternative strategies and the development of new ones.
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An alternative control method would be an antiparasitic vaccine. Attention has focused on

using antigens present in the excretory/secretory (ES) products, as these are often

recognised by immune animals (Schallig and Leeuwen, 1997; Schallig et al., 1997; Bakker et

al., 2004) and may also be a source of ongoing antigenic stimulation to maintain immunity.

ES products contain numerous proteins and glycoproteins with functions including

depression of host immunity and probably also in initiating the host immune response and

pathology.

The role of parasite ES products in abomasal pathophysiology and histopathology has been

previously examined (Rhoads and Fetterer, 1996; Scott and McKellar, 1998; Lawton et al.,

2002; Merkelbach et al., 2002; Haag et al., 2005; Huber et al., 2005; Przemeck et al., 2005),

but it is still unclear whether ES products act at least in part directly on abomasal cells or

also indirectly through the inflammatory response. The aim of this study was to further

investigate the host-parasite interactions with the main focus on the role of ES products.

Particular interest was on the effects on parietal cells leading to impaired acid secretion.

Tissue samples of infected and control animals were used as well as different cell lines as

model systems.
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 Chapter 1

 LITERATURE REVIEW

1.1 Parasitic Abomasal Nematodes of Sheep

The abomasal nematodes Haemonchus contortus and Teladorsagia circumcincta (previously

Ostertagia circumcincta) are members of the subfamilies Haemonchinae and

Ostertagiinae, respectively, which belong to the family Trichostrongylidae, superfamily

Trichostrongyloidea, order Strongylida, (Anderson, 2000). The superfamily was initially

classified on the basis of morphology (Durette-Desset et al., 1999), which may vary within a

species with experimental conditions (Suarez et al., 1995), but this has not always been

consistent with results obtained from molecular markers (Lichtenfels et al., 1997; Chilton et

al., 2006) and interbreeding experiments (Suarez and Cabaret, 1992).

The superfamily contains many parasites of the gastrointestinal tract, as well as other

organs, of a broad range of hosts, including all terrestrial vertebrates.  Trichostrongyloidea

are an extremely diverse group of parasites of mammals, especially bats, rodents and

ruminants. Their buccal capsule is usually reduced in size and lips and corona radiata (a

series of leaf-like structures of the labial region) are rudimentary or absent. For blood
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Figure 1.3: Generalised life cycle of Trichostrongylidae. 1 Adults live in the lumen of the

abomasum, 2 eggs are passed in the faeces of the host, 3-7  development of larvae (L) in

the external environment. 8-9 L3 of Haemonchus and Teladorsagia are ingested by the host

following parasitism of the abomasum. (modified after Mehlhorn, 2001)

Figure 1.1: Anterior morphology of H. contortus. The

scanning electron micrograph shows the dorsal lancet.

(Kaplan, 2008)

Figure 1.2: Adult H. contortus -

female. Note the barber’s pole

appearance (white ovaries/red

intestine).
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sucking species, such as H. contortus, the buccal capsule may be equipped with teeth or a

lancet, which allows access to blood after puncturing the abomasal mucosa (Figure 1.1)

(Bowman, 2003).

Members of the genus Haemonchus parasitise the abomasum of ungulates, including sheep,

goats, cattle, bison and deer. H. contortus is a blood-sucking parasite, which is commonly

called the barber’s pole, twisted stomach or wire worm due to the appearance of female

worms, in which the white ovaries wind spirally around the red intestine (Figure 1.2). Adult

female worms are up to 30mm in length. Male worms are uniformly red and up to 20mm

long.

Hosts for the genus Teladorsagia include cattle, sheep, goats and holarctic cervidae.

T. circumcincta, also commonly called the brown stomach worm, is a small parasite of sheep

and goats. Adult female worms are usually not longer than 14mm and males 10mm.

Molecular studies have shown that T. circumcincta, Teladorsagia davtiana and Teladorsagia

trifurcata are all morphs of T. circumcincta and not separate species (Stevenson et al., 1996).

1.1.1 Life Cycle of Abomasal Nematodes

A generalised life cycle of Trichostrongylidae is shown in Figure 1.3. Fertilised eggs are

passed in the faeces of the host and the embryo inside develops in the external

environment to the first stage larva (L1). After hatching, the L1 moults to the second and

third stage larvae. The third stage (L3) is the infective stage, which does not feed. This stage

retains the surface cuticle of the second stage as the sheath. The nematode cuticle is a

critical structure, which acts as a hydroskeleton, maintains postembryonic body shape and

permits motility and elasticity. It also represents the first site of contact with the host

immune response in parasitic species. The L3 are ingested by the host and exsheath in the

rumen to become the parasitic third stage. Exsheathing is initiated by host gut factors (may

include components of the bicarbonate buffer system) followed by secretion of an

exsheathing fluid from the parasite (Sommerville, 1957; Rogers and Somerville, 1963;

1968). The exsheathed L3 migrate to the abomasum, where they invade the gastric glands
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Figure 1.4: Sheep abomasum and adult H. contortus 21d p.i. A. Sheep abomasum at d21 of

H. contortus infection after removal of the abomasal contents with numerous adult worms

attached to the mucus, B. Aggregated adult worms removed from the abomasum.

Figure 1.5: Layers of the gastric wall (schematic, human stomach) and tunica mucosa

(tissue section, sheep fundus). (human stomach, schematic, Tortora and Grabowski, 1996)

A B
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and pits of the fundic and pyloric region. There, the larvae cause nodules and swellings

containing one or sometimes more larvae (Sommerville, 1953; 1954). The L3 moult to L4 in

the glands and, depending on the species and host factors, emerge as L4 or immature

adults. Worms may be found free in the abomasum or in the mucus (Figure 1.4). Generally,

T. circumcincta emerge into the lumen after development for 5-6 days (Armour et al., 1966;

1981; Anderson et al., 1976; Lawton et al., 1996) and H. contortus after 2-4 days (Christie,

1970; Nicholls et al., 1987; 1988; Simpson et al., 1997), although the size of the infective dose

(Dunsmore, 1960; Elliott, 1974a, b; Durham and Elliott, 1976), the existing presence of adult

worms in the infected abomasum (Michel, 1971) and the immune status of the host (Michel,

1970; Stear et al., 1995) all influence the rate of development of the larvae.

In many trichostrongylids, the phenomenon of arrest or inhibition during development in

the definitive host is very common, especially in ruminants (Michel, 1974; Gibbs, 1986).

This allows them to survive in the arrested stage without feeding during periods when

external conditions, such as winter in temperate regions, are unsuitable for the

development, survival and transmission of the larval stages (Anderson et al., 1965; Blitz and

Gibbs, 1972a, b; Michel, 1974).

Effects of abomasal parasitism include the disruption of the secretory activity of the

abomasum, protein loss across the epithelium and changes in the cell composition of the

glands. Pathological changes will be discussed later (1.3) after the structure and function of

the abomasum are described (1.2).

1.2 Structure and Function of the Abomasum

The abomasum, the fourth chamber of the ruminant stomach after the fore-stomachs

rumen, reticulum and omasum, functions in a similar manner to the monogastric stomach.

It can be divided into two distinct areas: the fundus (upper part) characterised by folds and

the antrum by rugae. The gastric wall consists of four layers, from the lumen outward: the

tunica mucosa, the tella submucosa, the tunica muscularis and the tunica serosa (Figure

1.5). The tunica mucosa is made up of three layers: lamina epithelialis mucosae, the



Chapter 1: Literature Review                                                                                             4

connective tissue lamina propria mucosae and lamina muscularis mucosae. The lamina

propria mucosae contains the densely packed tubular glands that open into pits on the

surface of the stomach (Liebich, 1993).

There are two types of glands in the mucosa of the abomasum. The glands of the fundus

are the acid producing glands (Hersey and Sachs, 1995) which also secrete pepsinogen

(Hirschowitz, 1989; Samloff, 1989), bicarbonate, mucins (Garner et al., 1984) and intrinsic

factor (necessary for the absorption of vitamin B12) (McKay and McLeay, 1981; Lorenz and

Gordon, 1993). The antrum has pyloric glands which secrete mucus, the hormone gastrin

and small amounts of pepsinogen (Walsh, 1988; Dockray and Gregory, 1989).

1.2.1 Pyloric Glands

The pyloric glands in the antrum usually consist of a pit, an isthmus and a gland, although

some glands are branched with more than one gland per pit (Lee, 1985). The pits are

typically very long, ending in short glands. Pyloric glands contain mostly mucous cells (also

called gland cells) which secrete mucus and in addition endocrine cells, mainly G cells,

which secrete gastrin (Creutzfeld et al., 1971; Walsh, 1988; Dockray et al., 1996) and the

neighbouring D cells which secrete somatostatin (SS) (Larssson et al., 1979; Larsson, 2000).

There are also small numbers of serotonin-secreting enterochromaffin (EC) cells, which are

located at the base of the glands (Bordi et al., 2000). EC cells are more frequent in the

proximal antral mucosa and rare near the pylorus (Bordi et al., 2000). Histamine-secreting

mast cells are also present in the antrum (Schubert and Makhlouf, 1996).

1.2.1.1 The G Cell and Gastrin Secretion

G cells are mainly located in the basal part of the glands in sheep, as in other mammals

(Kapur, 1982; Černý et al., 1991; Scott et al., 1998b; Bordi et al., 2000). The peptide

hormone gastrin is secreted by G cells in the antral glands and to a lesser extent by the

duodenum of sheep (Reynolds et al., 1991; Simpson et al., 1993). Gastrin regulates
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Figure 1.6: Regulation of gastrin secretion. In general, acid feedback plays an important role

in regulating gastrin secretion. When the pH is raised, gastrin secretion is increased. The

vagus nerve mediates the central nervous control of gastrin secretion, either acting directly

on the G cell or by modulating SS secretion from the D cell. Green arrows: stimulation; red

arrows: inhibition; AA: aminoacids; GRP: gastrin-releasing peptide; ACh: acetylcholine;

VIP: vasoactive intestinal peptide; CGRP: calcitonin gene-related peptide; GIP: gastric

inhibitory peptide; SS: somatostatin.
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numerous complex cellular functions that include growth, proliferation, apoptosis,

migration and secretion (Stepan et al., 2004) (see also 1.2.2.3.3.2 and 1.2.4.3.1).

The mechanisms that regulate gastrin secretion are shown in Figure 1.6. The sight, smell

and taste of food increase the secretion of gastrin (Dockray and Tracy, 1980a, b;

Hirschowitz and Fong, 1990), as do also moderate gastric distension (Debas et al., 1975;

Schiller et al., 1980) and breakdown products of proteins (Richardson et al., 1976; Strunz et

al., 1978, Saffouri et al., 1984; Schubert et al., 1992), whereas lowering of the gastric pH

(Becker et al., 1973; Saffouri et al., 1984; Konturek et al., 1995) and mild distension

(Schubert and Makhlouf, 1993) inhibit gastrin secretion. In general, acid feedback plays the

most important role in regulating gastrin secretion. When the pH is raised, gastrin secretion

is increased. In sheep, alkalisation of the abomasal contents and restricted once-daily

feeding also stimulated gastrin secretion (Reynolds et al., 1991).

The interaction of chemicals and extrinsic and intramural nerves control the secretion of

gastrin. Effectors act either directly on the G cell or by modulating secretion of the G cell

inhibitor SS from D cells (Larsson et al., 1979; Buchan et al., 1985). In vitro, gastrin secretion

by ovine antral tissue is also stimulated via muscarinic receptors (Lawton et al, 2000).

Schubert et al. (1992), Weigert et al. (1994) and Zeng et al. (1996) have also shown a direct

stimulation of the G cell. Alternatively, many studies observed an increased gastrin

secretion in response to cholinergic stimulation via the indirect pathway of concentration-

dependent SS inhibition (Saffouri et al., 1980; DuVal et al., 1981; Richelsen et al., 1983;

Wolfe et al., 1983). The main mediator of cephalic activation of gastrin secretion is the

vagus nerve (Dockray and Tracy, 1980a, b; Hirschowitz and Fong, 1990). Vagal stimulation

mainly acts on the G cell through direct effects of gastrin-releasing peptide (GRP)

(Schubert et al., 1985; Weigert et al., 1993; Debas and Carjaval, 1994), but also via inhibitory

cholinergic neurons on the D cell which reduce SS secretion (Debas and Carjaval, 1994).

Cholinergic neurons are recruited progressively by increased distension to increase gastrin

secretion and reduce SS secretion, whereas vasoactive-intestinal peptide (VIP) neurons,

recruited by mild distension of the rat stomach, act to stimulate SS secretion (Schubert and

Makhlouf, 1993). SS secretion is also increased through gastric-inhibitory peptide (GIP), a

structural analogue of secretin (Wolfe and Reel, 1986). Lawton et al. (2000) have shown that

these principal neural pathways controlling gastrin and SS secretion are also active in the
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Figure 1.7: Gastric gland of the fundus (schematic). The pit is lined by pit cells/surface

mucous cells, the isthmus by immature precursors, the neck by mucous neck cells, and the

base by chief cells and endocrine cells. Parietal cells are scattered through the gland.

(modified after Boron et al., 1994)

Table 1.1: Activators and inhibitors of pepsinogen secretion.

Activators Inhibitors

� Acetylcholine (Ach)

� Cholecystokinin (CCK)

� Gastrin

� Histamine

� Gastrin-releasing peptide (GRP)

� Secretin

� Vasoactive intestinal peptide (VIP)

� Pancreatic polypeptide (PP)

� Neuropeptide Y

� Gastric inhibitory peptide (GIP)

� Peptide YY (PYY)

� Somatostatin (SS)
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sheep abomasum, but probably play a minor role in comparison with chemically mediated

pathways.

1.2.2 Fundic Glands

Fundic glands consist of short pits opening into long glands; occasionally one pit opens

into more than one gland. The whole gland is made up of four regions (Figure 1.7): (1) the

pit is lined by pit cells/surface mucous cells; (2) the isthmus (containing immature

precursor cells); (3) the neck (containing mucous neck cells) and (4) the base (containing

zymogenic/chief cells). Parietal cells, also called oxyntic cells (oxyntos, to make acid), are

scattered through the neck and base (Karam, 1999; Karam et al., 2003). Surface mucous and

mucous neck cells secrete mucus, parietal cells produce gastric acid (HCl) and zymogenic

cells produce pepsinogen (Karam et al., 2003). Endocrine cells in the fundus include

Enterochromaffin-like (ECL) cells (histamine secretion), D cells (SS secretion) and EC cells

(serotonin secretion) (Bordi et al., 2000).

1.2.2.1 Zymogenic Cells and Pepsinogen Secretion

Pepsinogen is the inactive precursor (zymogen) of pepsin, an aspartic protease, which

degrades protein into peptides. An acidic pH allows the autocatalytic conversion of

pepsinogen to pepsin. Pepsinogen is stored as granules in chief cells and mucous neck cells

in the ovine fundic epithelium and in the bovine fundus also in surface mucous cells

(Yamada et al., 1988; Cybulski and Andren, 1990; Scott et al., 1998c; 1999). After

stimulation, pepsinogen is biphasically released into the gland lumen (an initial peak is

followed by sustained secretion for a prolonged time) (Hirschowitz et al., 1984; Hersey,

1989). In general, pepsinogen secretion is regulated by agents which stimulate either

intracellular levels of adenosine 3’, 5’-cyclic monophosphate [cAMP]i or intracellular

calcium [Ca2+]i. The main activators and inhibitors of pepsinogen secretion are shown in

Table 1.1.
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Figure 1.8: Regulation of histamine secretion and scheme of histamine synthesis by the

ECL cell. The stimulants (+) and inhibitors (-) of histamine synthesis, storage and

secretion, as well as ECL cell proliferation, are shown together with the mechanism of

histamine synthesis. Histidine is decarboxylated by HDC and stored in secretory vesicles

via V-type ATPase and VMAT-2. ECL cell: enterochromaffin-like cell; PACAP: pituitary

adenylyl cyclase-activating peptide; ACh: acetylcholine; VIP: vasoactive intestinal peptide;

PGE2: prostaglandin E2; HDC: histidine decarboxylase; VMAT2: vesicular monoamine

transporter; V ATPase: vacuolar-type ATPase.
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1.2.2.2 The ECL Cell and Histamine Secretion

The ECL cell, the predominant endocrine cell in the fundus, is typically located in the

lower third of the gastric glands (Bordi et al., 2000; Yao and Forte, 2003). ECL cells secrete

histamine, the most important stimulant of gastric acid secretion in humans and most

animals (Hersey and Sachs, 1995) (see 1.2.2.3.3 and 1.2.2.3.3.1). Histidine is decarboxylated

by histidine decarboxylase (HDC) to histamine (Viguera et al., 1994; Dockray et al., 1996),

which is stored in secretory vesicles via V (vacuolar)-type ATPases and vesicular

monoamine transporters of subtype 2 (VMAT-2) (De Giorgio et al., 1996; Prinz et al., 1999;

Watson et al., 2001). Protons are transported across the vesicular membrane by V-type

ATPases which acidify the contents of the vesicle (Forgac, 1999; Nishi and Forgac, 2002),

leading to concentration of histamine in these compartments by the action of VMAT-2

(Figure 1.8). Exocytosis of histamine follows two patterns: histamine is either immediately

released from secretory vesicles after calcium entry (within minutes) or there is a delayed

secretion following gastrin-induced de novo synthesis via HDC (Prinz et al., 1999).

1.2.2.3 The Parietal Cell and Acid Secretion

Parietal cells are large (~25µm), pyramidal shaped cells (Ito, 1981), but tend to be more

round towards the lumen (Karam et al., 1997). Several studies have shown regional

morphological differences among parietal cells (Karam et al., 1997). Isthmus and neck

parietal cells are young and appear to migrate actively and rapidly towards the base

compared to basal parietal cells that are old and less metabolically active. Coulton and Firth

(1983) and Karam et al. (1997) suggested that the function of parietal cells depends in part

on their position along the gland. Parietal cells differ in their acid secretory activity: at the

base of the gland parietal cells appear to be less acid producing than in the middle or upper

parts (Coulton and Firth, 1983), but may have a different function, such as playing a role in

the maintenance of the zymogenic cell population (Karam et al., 1997) (see also 1.2.4.2).

The parietal cell has two distinctive, characteristic membrane systems: (1) a specialised

luminal plasma membrane, the intracellular canaliculus, which is lined by numerous

microvilli and is the site of gastric acid secretion and (2) an extensive cytoplasmic
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Figure 1.9: Scheme of the transformation of the parietal cell tubulovesicular membrane

system into the intracellular canaliculus during acid secretion. The resting parietal cell has

short microvilli and long microfilaments sticking into the cytoplasm. The tubulovesicular

membrane system contains the H+/K+-ATPase. The transformation of the

tubuolovesicular membrane system into the membrane of the intracellular canaliculus is

shown from left to right. (Forte and Yao, 1996)

Figure 1.10: The parietal cell at rest and after stimulation (schematic). Drawing and

schematic diagram of the unstimulated parietal cell (A.) and stimulated, acid-secreting

parietal cell (B.). (left side modified after Boron et al., 1994; right side Forte and Yao, 1996)

B

A
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tubulovesicular membrane system (Ogata and Yamasaki, 2000). The tubulovesicular

membrane system is rich in the gastric proton pump, the H+/K+-ATPase, which is

responsible for gastric acid production (Ganser and Forte, 1973; Sachs et al., 1976; Forte

and Lee, 1977; Urushidani and Forte, 1987; Duman et al., 2002).

The recruitment-recycling hypothesis is the currently accepted model describing acid

secretion (Figure 1.9) (Forte and Yao, 1996; Ogata and Yamasaki, 2000). This model

suggests that upon stimulation, the tubulovesicular system transforms into the membrane

of the intracellular canaliculus. Ogata and Yamasaki (2000) showed connections between

these two membrane systems in the resting and stimulated parietal cells and Duman et al.

(2002) later reported that these connections are not permanent. The H+/K+-ATPase is

selectively recycled into the tubulovesicular membrane system after inactivation. In the

unstimulated parietal cell (Figure 1.10 A), the apical surface contains many short (0.2-

0.5µm) microvilli, each with a system of underlying microfilaments (Forte and Yao, 1996).

After stimulation (Figure 1.10 B), the intracellular canaliculus/cell surface membrane area

increases (usually as elongated microvilli, (Forte and Yao, 1996)) simultaneously with a

decrease in the tubulovesicular compartment, translocating the H+/K+-ATPase on the

intracellular membrane to the apical membrane (Helander and Hirschowitz 1972; 1974; Ito

and Schofield, 1974; Forte et al., 1977; Vial et al., 1985; Ito, 1987). Concomitant with the

translocation, the permeability to potassium (K+) and chloride (Cl-) ions is increased, mainly

in response to the rise in intracellular [cAMP]i (Urushidani and Forte, 1997; Akagi et al.,

2001).

In general, parietal cells are rich in mitochondria due to the high energy requirements for

the functioning of the H+/K+-ATPase. Duman et al. (2002) demonstrated that

mitochondria form an extensive reticular network with intermembrane connections

throughout the cytoplasm, as occurs generally in eukaryotic cells and suggested to allow

power transmission or signalling

1.2.2.3.1 H+/K+-ATPase, Cl- Channels and K+ Channels

Three membrane transporters, H+/K+-ATPase, K+ channel and Cl- channel, located in the
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Figure 1.11: Mechanism of acid production by the parietal cell. The reaction catalysed by

carbonic anhydrase provides H2CO3 that dissociates to HCO3
- and H+. Bicarbonate is

exchanged for Cl- and the proton for K+ through the proton pump. All chemical formulae

are in the list of abbreviations.
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canalicular membranes, play important roles in gastric acid secretion (Boron et al., 1994).

The H+/K+-ATPase, which has been identified as the primary gastric proton pump by

Ganser and Forte (1973), operates the final step of HCl production (Urushidani and Forte,

1997). This enzyme consists of an α- and β-subunit. The catalytic α-subunit, a

multispanning membrane protein with most of its mass located in the cytoplasm (Shull and

Lingrel, 1986; Tyagarajan et al., 1996), is responsible for ATP-catalysed exchange of H+ for

K+ (Thangarajah et al., 2002). The β-subunit, which has a single transmembrane segment

and 70% of its mass oriented in the extracellular space (Canfield et al., 1990; Okamoto et al.,

1990; Shull, 1990), is highly glycosylated, which may play a protective role for the

holoenzyme against acidic and peptic conditions (Chow and Forte, 1995; Thangarajah et al.,

2002). The glycosylation of the β-subunit (Klaassen et al., 1997), as well as the three existing

disulfide bonds (Chow et al., 1992), influence the enzymatic activity (Thangarajah et al.,

2002). Further, the glycosylation is required for proper subunit folding and interaction

and/or trafficking through the cell (Asano et al., 2000). Biochemical studies suggest that the

cytoskeletal proteins ankyrin and spectrin interact with the H+/K+-ATPase in the

microsomal fraction of resting parietal cells and appear to relocate with the H+/K+-ATPase

to the apical membrane of the secreting parietal cells (Smith et al., 1993). It has been

speculated that ankyrin and spectrin form a functional complex to stabilise H+/K+-ATPase

at the apical membrane upon stimulation, but it is not clear if these proteins directly bind to

H+/K+-ATPase or how this is regulated (Yao and Forte, 2003).

The K+ channels mediate the efflux (recycling) of K+ across the canalicular membrane,

thereby providing sufficient luminal K+ to support the action of the H+/K+-ATPase (Forte

and Wolosin, 1987). The Cl- channels mediate the efflux of Cl- (Reenstra and Forte, 1990).

Together, these three components allow the secretion of HCl from the cytoplasm into the

lumen of the gastric gland (Boron et al., 1994).

1.2.2.3.2 Mechanism of Acid Production

The mechanism of acid production is shown in Figure 1.11. Cytosolic carbonic anhydrase

catalyses the reaction of water (H2O) and carbon dioxide (CO2) to hydrogen ion/proton

(H+) and hydrogen carbonate/bicarbonate ion (HCO-
3) (Flemstrom, 1994). Dissociation of

carbonic acid (H2CO3) provides the H+ for the H+/K+-ATPase and the HCO3
- is
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Figure 1.12: Overview of the principal pathways involved in the regulation of acid secretion. The factors that are involved in regulating acid secretion

are shown, including gastrin regulating factors. Green arrows: stimulation; red arrows: inhibition. All abbreviations are in the list of abbreviations.

PC

G

ECL
DCCKB

CCKB

M3
SS2

H2
M3

SS2 M3

H3

SS2

M3

EGF

Vagus

low pH                                                          

mild distension

high pH

moderate distension

digested protein, AA

ACh

ACh

GRP

SS

GastrinGastrinLumen

Ach

SS

Histamine

Histamine

SS

ACh

Galanin

HCl
H+

Cl-

EGF

TGF-α

PEG2 GIP

PACAP

CGRP

VIP



Facing page 10

Figure 1.13: Intracellular pathways involved in acid secretion by parietal cells. The

intracellular pathways in the parietal cell that finally lead to the secretion of gastric acid are

shown, including receptors (H2, M3, CCKB, SS2, EGF), downstream effectors (Acase, PKA,

PKC, PLC) and proteins involved in vesicular trafficking and cytoskeletal proteins (e.g.

Rab, SNARE, clathrin, dynamin, coronin, F-actin). All abbreviations are in the list of

abbreviations. (modified after Urushidani and Forte, 1997)
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exchanged for a Cl-, which is required for secretion of HCl across the apical membrane

(Paradiso et al., 1989; Flemstrom, 1994). The Cl-/HCO3
- exchange takes place on the

basolateral membrane of the parietal cell; HCO3
- is released into the extracellular fluid and

diffuses into the blood causing a slight elevation of blood pH, a process which serves to

maintain intracellular pH in the parietal cell (Hersey and Sachs, 1995). Basolateral

Cl-/HCO3
- exchange in the parietal cell, as well as in mucous cells, is mediated by anion

exchanger 2 (Cox et al., 1996; Wang et al., 1996; Jons and Drenckhahn, 1998; Rossmann et

al., 2001). K+ and Cl- diffuse via their channels into the canaliculi. H+ are pumped out of

the cell into the canaliculi in exchange for K+ via the H+/K+-ATPase (Thangarajah et al.,

2002). Aquaporin 4 (AQ4) has been implicated in water transport from the interstitial fluid

to the intracellular milieu to maintain cellular osmolarity and volume during acid secretion

(Fujita et al., 1999), although others have shown normal gastric function in AQ4 knockout

mice (Wang et al., 2000a).

1.2.2.3.3 Regulation of Acid Secretion

Acid production by parietal cells is stimulated and inhibited via paracrine, endocrine and

neural pathways (Yao and Forte, 2003). An overview of the general pathways in the

regulation of acid secretion is shown in Figure 1.12 and the intracellular pathways in

parietal cells in Figure 1.13. The three main activating receptors on the basolateral

membrane are (1) histamine H2, (2) muscarinic acetylcholine M3 and (3)

gastrin/cholecystokinin CCKB. The release of histamine mediates much of the action of

gastrin, as gastrin is also a stimulant of the ECL cell (Urushidani and Forte, 1997).

Stimulation of acid secretion typically involves an initial elevation of parietal cell [Ca2+]i

and/or [cAMP]i, followed by activation of a cAMP-dependent protein kinase cascade

(including protein kinase A (PKA)), protein kinase C (PKC), Ca2+-calmodulin (CaM) kinase

II, phophatidyinositol 3 (PI3) kinase and several other downstream kinases, which trigger

the translocation and insertion of the H+/K+-ATPase into the apical plasma membrane

targeting motif. The stimulation-mediated translocation of the H+/K+-ATPase from the

cytoplasmic membrane compartment to the apical plasma membrane is mediated by a

soluble N-ethylmaleimide-sensitive factor attachment protein (SNARE) protein complex

and its regulatory proteins (Yao and Forte, 2003).
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1.2.2.3.3.1 Histamine H2 Receptors

Histamine plays a major role in the activation of acid secretion. The H2 receptor couples to

stimulatory G proteins (Gs; G protein: guanine nucleotide binding protein) to activate

adenylate cyclase (ACase), which produces cAMP (Figure 1.13). Then, cAMP leads to the

activation of the cAMP-dependent PKA (Urushidani and Forte, 1997). Activation of PKA

initiates a cascade of phosphorylation events through the activation of other downstream

effectors, including myosin light chain kinase (MLCK) (Akagi et al., 2001), ezrin (Hanzel et

al., 1989; 1991; Okamoto and Forte, 2001), parchorin (Nishizawa et al., 2000; Mizukawa et

al., 2002) and lasp-1(LIM and SH3 domain-containing protein-1) (Chew and Brown, 1987;

Chew et al., 2000).

The cytoskeletal-associated protein ezrin may integrate signalling pathways leading to the

remodelling of the actin cytoskeleton (Hanzel et al., 1989; 1991; Okamoto and Forte, 2001).

Parchorin is a chloride intracellular channel recently implicated in Cl- and water transport

(Nishizawa et al., 2000; Mizukawa et al., 2002). Endogenous parietal cell parchorin is present

in the cytosol and relocates to the apical plasma membrane upon histamine stimulation,

simultaneous with the translocation of H+/K+-ATPase in response to stimulation (Yao and

Forte, 2003). In total, these events trigger membrane and cytoskeletal rearrangements

within the parietal cell resulting in the relocation of H+/K+-ATPase (Forte and Soll, 1989).

Lasp-1 is a phosphoprotein involved in cAMP-mediated activation of acid secretion. It is

phosphorylated by PKA upon elevation of [cAMP]i in the pancreas and intestine as well as

in the gastric mucosa (Chew and Brown, 1987). Immunostaining showed that lasp-1 was

redistributed from the basolateral membrane to the apical canalicular membrane of parietal

cells upon stimulation (Chew et al., 2000). Yao and Forte (2003) suggested that the selective

phosphorylation-dependent regulation of lasp-1 in filamentous (F)-actin-rich epithelial cells

and the recruitment of lasp-1 to cellular regions associated with dynamic actin turnover

may allow this protein to play an integral and specific role in the regulation of

cytoskeletal/membrane-based cellular activities.
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1.2.2.3.3.2 Gastrin CCKB and Acetylcholine M3 Receptors

In monogastric species, increased acid secretion is predominantly mediated by the different

actions of increased gastrin levels (Blair et al., 1987; Kovacs et al., 1989). Gastrin acts either

directly on parietal cells via CCKB-type receptors or, mainly through the release of

histamine from ECL cells (Chuang et al., 1991; Håkanson et al., 1994). Cholinergic agents,

such as acetylcholine, released by postganglionic neurons of the enetric nervous system, act

on muscarinic M3 receptors to activate the parietal cell (Yao and Forte, 2003).

Acetylcholine acts either directly on parietal cells or indirectly by releasing antral gastrin and

fundic histamine, or additionally by inhibiting the release of SS (Hersey and Sachs, 1995)

(Figure 1.12).

Both M3 and CCKB receptors couple to non-Gs/Gi (Gstimulatorry/Ginhibitory) systems, probably

Gq (q polypeptide), to activate phospholipase C (PLC) (Figure 1.13). Binding of the

agonists to their G protein coupled receptor activates PLC, which produces inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG). IP3 is responsible for releasing intracellular

stored Ca2+ [Ca2+]i (independent of extracellular Ca2+, unless the stores are first depleted)

and DAG for activation of PKC (Urushidani and Forte, 1997). The Ca2+ pathway itself

cannot provide full activation of the secretory machinery, but is a potentiating factor for

the cAMP pathway (Soll, 1982; Chiba et al., 1989; Negulescu et al., 1989; Li et al., 1995).

Athmann et al. (2000) have also shown that the increase in [Ca2+]i in ECL cells precedes

that in the adjacent parietal cells by 1-2s, whereas more distant parietal cells did not

respond, suggesting that a paracrine stimulation of parietal cells by histamine was involved.

The role of PKC in cholinergic activation has been controversial: both inhibition and

activation has been shown for both carbachol- and histamine-stimulated acid secretion

(Anderson and Hanson, 1985; Beil et al., 1987; Brown and Chew, 1987; Hanson and Hatt,

1989). Tsunoda et al. (1992) suggested that CaM kinase plays a role in parietal cell activation

stimulated by the cholinergic pathway. Carbachol has also been shown to induce IκB

(inhibitor of NFκB) kinase activity in canine parietal cells via Ca2+ and PKC (Todisco et al.,

1999). IκB kinase appears to be a key element in the signalling cascade that activates

nuclear factor κB (NFκB) (DiDonato et al., 1997), which is an important transcription

factor and regulator for a variety of genes, including numerous cytokines,

immunoreceptors, growth factors and transcription factors (Pahl, 1999).
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Figure 1.14: Components of the gap junction (schematic). Connexins can build either

heteromeric or homomeric connexons, which form heteromeric, heterotypic or

homotypic intercellular channels then. (Parker, 2006)
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1.2.2.3.3.3 Calcium-Sensing Receptor

The calcium-sensing receptor (CaSR) has been identified not only in parathyroid gland and

kidney, which maintain systemic extracellular Ca2+ homeostasis, but also in other tissues

such as pancreas and gastrointestinal system, including in G cells, pit cells and parietal cells

(Brown and MacLeod, 2001). In gastric parietal cells, the CaSR is expressed on the

basolateral membrane and was proposed to play a role in acid secretion in addition to the

three classic pathways (histamine, gastrin, acetylcholine) (Cheng et al., 1999; Herbert et al.,

2004; Remy et al., 2007). The CaSR is activated by Ca2+ and magnesium ions (Mg2+),

gadolinium ions (Gd3+) and spermine (Dufner et al., 2005). Activation of the CaSR induced

an increase in [Ca2+]i and modulated H+/K+-ATPase activity in both the absence and

presence of histamine. However, it remains to be established whether the CaSR provides

an independent pathway from the classic route in vivo (Dufner et al., 2005). Remy et al.

(2007) also showed the involvement of G proteins, PLC, PKC and extracellular signal-

regulated protein kinases (ERK-1/-2). The signal cascades following CaSR activation could

play a role in enhancing or modulating signals controlling gastric acid secretion.

1.2.2.3.3.4 Gap Junctional Channels

The processes involved in acid secretion require a synchronised activation of parietal cells

along a gastric gland. This has been attributed to the use of the gap junctional channels

(Radebold et al., 2001). In general, gap junctions are a primary pathway for intercellular

message transfer. Six transmembrane proteins (connexins) build a connexon, which forms

the intercellular channel with the opposing connexon of the neighbouring cell (Alberts et

al., 1995) (Figure 1.14). Gap junctions allow the exchange of low-molecular weight

metabolites, ions and signalling molecules such as cAMP, Ca2+ and IP3 (Sáez et al., 1993;

Giaume and McCarthy, 1996). In rat gastric glands, Radebold et al. (2001) identified two

gap junctional proteins: connexin 26, which is mainly found in the cytosol, and connexin

32, which appears to be distributed along the plasma membrane of parietal cells. They

showed that parietal cells communicate with each other during gastrin or histamine

stimulation, because of a sequential rise in Ca2+ in neighbouring cells. However, the source

of Ca2+ (intracellular store, influx of extracellular Ca2+ or other pathways causing the
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elevation of Ca2+ signal in the neighbouring parietal cells) and which molecules or second

messengers move through the gap junctions remained unclear.

1.2.2.3.3.5 Inhibition of Acid Secretion

Acid secretion is mainly inhibited by SS, which is released from fundic D cells

(Schusdziarra et al., 1978; Schubert et al., 1988). Sensory nerves containing calcitonin gene-

related peptide (CGRP) act on the D cell to increase SS secretion (Ren et al., 1992; Manela

et al., 1995). In addition to direct inhibitory effects of SS on parietal cells via their SS2

receptors (Park et al., 1987; Delvalle et al., 1993), indirect effects of SS are the inhibition of

gastrin secretion from antral G cells (Walsh, 1988; Beglinger et al., 1992) and the inhibition

of histamine secretion from fundic ECL cells (Athmann et al., 2000; Chen et al., 2000). The

SS2 receptors operate via Gi proteins to decrease the activity of adenylate cyclase.

Epidermal growth factor (EGF) and transforming growth factor-α (TGF-α) are also

inhibitors of gastric acid secretion. Chew et al. (1994) suggested that EGF and TGF-α

modulate parietal cell function by multiple signalling pathways during both chronic and

acute exposure to these growth factors. Acute exposure led to an inhibition of histamine-

induced acid secretion. Yao and Forte (2003) suggested that the inhibitory action of EGF

and TGF-α on histamine-stimulated acid secretion acts by promoting the retrieval of

H+/K+-ATPase from the apical plasma membrane. However, chronic exposure to EGF

and TGF-α enhanced acid secretion suggested to be due to a soluble tyrosine kinase. EGF

also activated ERK-1 and ERK-2, but this pathway has only a minimal role in the direct

activation of gastric secretion (Chew et al., 1994; Takeuchi et al., 1997; 1999). Another

element in the EGF activation cascade is the serine-threonine protein kinase Akt, which

was reported to increase H+/K+-ATPase expression, at least in canine parietal cells

(Todisco et al., 2001).
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1.2.3 Gastric Mucosal Barrier

The gastric mucosal barrier protects the mucosal lining in an acidic and proteolytic

environment and against the entry of bacteria, toxins and luminal antigens or even parasite

chemicals potentially present in gastric contents. The gastric mucosal barrier consists of

secreted mucus and bicarbonate and the properties of the gastric epithelium (Werther,

2000). The formation of a tight epithelium with selectively permeable intercellular junctions

between gastric epithelial cells and the rapid turnover of gastric surface epithelial cells,

which are replaced every three days on average (Karam, 1999), contribute to maintaining

mucosal integrity. The latter requires a precise balance between cell death and proliferation,

which is described in 1.2.4.

1.2.3.1 Mucus and Bicarbonate

Surface mucous cells secrete both mucus and bicarbonate ions onto the epithelial surface

to protect the epithelial cells lining the stomach against gastric acid and pepsin. The mucus

layer acts as a diffusion barrier to hydrogen ions/protons, which may have a millionfold

concentration gradient between the gastric lumen and blood. The mucus gel with its

increased impermeability to protons, and the ability of bicarbonate to neutralise acid are the

first line of defence to back-diffusing acid from the lumen into the blood stream (Kaunitz,

1999; Werther, 2000). In addition, the luminal surface of the mucus gel contains a

hydrophobic layer of phospholipids, which provides further protection against the inward

influx of protons or other damaging agents (Kaunitz, 1999; Werther, 2000). Secreted

hydrochloric acid crosses the mucus layer by the process of viscous fingering, by which

fluids of low viscosity pass through fluids of high viscosity without mixing. Due to the

secretory pressure of the glands, the acid moves through these temporary channels in the

mucus gel into the lumen (Fabry, 1990; Bhaskar et al., 1992).

The mucus-bicarbonate barrier is believed to cover only the cells on the luminal surface of

the stomach, as well as those in the more superficial regions of the gastric glands. There is

no obvious mucus barrier covering the apical membranes of the parietal and chief cells
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Figure 1.15: Overview of cell adhesion mechanisms. A. Cell-cell junctions, including details

of tight junctions, desmosomes and gap junctions (Mallery, 2009), B. Cell-cell and cell-

matrix adhesion mechnisms, including adherens junctions and the cell-matrix adhesion sites

hemidesmosomes and focal contacts/focal adhesions (modified after Blonder et al., 2004).

B

A
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deeper in the gastric gland, however, the permeability to H+ on the apical membranes of

these cells is low (Boron et al., 1994; Waisbren et al., 1994). Exposure of the luminal surface

of isolated perfused gastric glands to a pH as low as 1.4 resulted in no change in

intracellular pH, whereas application of a solution of pH 6.4 to the basolateral surface

resulted in rapid and substantial acidification (Boron et al., 1994). In addition, the β-subunit

of the H+/K+-ATPase is highly resistant to acidic and peptic conditions due to its

glycosylation (Thangarajah et al., 2002; Crothers et al., 2004). Kurbel et al. (2001) proposed a

model stating that a backflux of mucus might take place during gland relaxation and

repeated gland contractions and relaxations would move mucus down to the gland base.

1.2.3.2 Properties of the Gastric Epithelium

Cells in multicellular organisms contact tightly and are able to interact specifically with each

other. Cell-cell adhesion takes place through junctional adhesion mechanisms, including

tight junctions, adherens junctions, desmosomes and gap junctions and cell adhesion

molecules (CAM), including immunglobulin (Ig)-like CAMs, Ca2+-dependent cadherins,

integrins and selectins (Alberts et al., 1995). In tissues, cells are embedded into the

extracellular matrix, which consists of proteoglycans, collagen fibres and multiadhesive

matrix proteins. Integrins play the major role in cell-matrix adhesion especially in focal

adhesions and hemidesmosomes (Alberts et al., 1995). Figure 1.15 gives an overview of

both cell-cell and cell-matrix adhesion mechanisms. The cell junctions can also be divided

into three groups according to their function: (1) selectively permeable barrier (tight

junctions); (2) stability (adherens junctions and desmosomes for cell-cell adhesion and focal

adhesions and hemidesmosomes for cell-matrix adhesion) and (3) communication (gap

junctions).

1.2.3.2.1 Cell-Cell Adhesion

On the apical side of epithelial cells, a junctional complex is formed by tight junctions,

adherens junctions and desmosomes (Tsukita et al., 2001). Tight junctions are most

important for the epithelial barrier and will be described in more detail in the next section
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Figure 1.16: Schematic model of adherens junctions. p120ctn: catenin in adherens

junctions; VASP: vasodilator-stimulated phosphoprotein. (Fuchs and Raghavan, 2002)

Figure 1.17: Schematic model of a desmosome. (Fuchs and Raghavan, 2002)
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Figure 1.18: Freeze-fracture electron micrographs and schematic model of tight junction

strands. A. The tight junction strand network can be seen on the apical side underneath the

microvilli, B. Magnification of the tight junction strand network, C. Schematic illustration

of the tight junction strand network. (A. and B. Wagner and Hossler, 2009, C. Sawada et al.,

2003)

B

A

C

Figure 1.19: Transmembrane proteins

of tight junctions. A. Occludin,

B. Claudin-1, C. Junctional adhesion

molecule (JAM). (Tsukita et al., 2001)A B C
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(1.2.3.2.1.1). Adherens junctions form a continuous belt around cells, also called the

adhesion belt, consisting of cadherins (Figure 1.16) (Alberts et al., 1995). E-cadherin

(cadherin in epithelial cells) binds to β-catenin in the cytoplasm, which in turn links

through α-catenin to the actin cytoskeleton (Fuchs and Raghavan, 2002; Niessen, 2007).

Another component is the nectin-afadin complex (Niessen, 2007). Desmosomal adhesion

also takes place via cadherins: desmogleins and desmocollins are the desmosomal cadherin

forms. The cytosolic desmosomal plaque proteins plakoglobin (similar to β-catenin),

plakophilin and desmoplakin link the cadherins to keratin filaments (Figure 1.17) (Alberts et

al., 1995; Fuchs and Raghavan, 2002). Further desmosomes, which do not belong to the

junctional complex, and gap junctions, which also play a role in signal transfer between

adjacent cells during acid secretion  (see also 1.2.2.3.3.4), are distributed sporadically.

1.2.3.2.1.1 Tight Junctions

Tight junctions serve as a selectively permeable barrier in the paracellular pathway, with ion

and size selectivity and tightness varying with the tissue or cell type (Tsukita et al., 2001;

Clayburgh et al., 2004). Tight junction strands also act as a “fence” between apical and

basolateral membrane domains, which restricts diffusion of both phospholipids and

membrane proteins within the outer leaflet of the membrane bilayer (Tsukita et al., 2001;

Köhler and Zahraoui, 2005).

Using freeze-fracture electron microscopy, tight junctions appear as continuous, complex

network of fibrils, the tight junction strands (Figure 1.18). The number of strands varies as

does the complexity of the network depending on the type of tissue (Tsukita et al., 2001;

Schneeberger and Lynch, 2004). Tight junction strands from adjacent cells form “paired”

strands which contact in the intercellular space building the barrier (Tsukita et al., 2001; Van

Itallie and Anderson, 2004). The tight junction is formed by the transmembrane proteins

occludin, members of the claudin family and junctional adhesion molecule (JAM) (Figure

1.19) (Tsukita et al., 2001; Schneeberger and Lynch, 2004). The tight junction plaque

formed on the cytosolic side contains numerous proteins, including Zonula occludens

(ZO) proteins (ZO-1 to -3), which link to the cytoskeleton and also recruit regulatory
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Figure 1.20: Model of tight junction pores formed by claudins. A. Extracellular charged

residues in the first extracellular loop (ECL1) of claudins (red balls) form selective pores.

ZO-1, -2, -3 Zonula occludens proteins, MUPP-1 Multi PDZ domain protein 1. (Van

Itallie and Anderson, 2004), B. The pore is suggested to form by repulsion of equally

charged residues in the ECL1 and the paracellular tightening by charge attraction of

charged amino acids in the ECL1, both depending on distribution and facing of either

equal or unequal charged residues. Claudin-2 (monovalent cations), -7 (Na+), -10 (cations),

-15 (Na+) and -16 (mono- and divalent cations) were as pore forming identified (anion

pores are not clarified yet) and claudin-4, -5, -8, -11, -14 and -19 as sealing claudins

(selective paracellular cation permeability decrease). (Krause et al., 2008)

B

A
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proteins, thus regulating cell polarity, proliferation and differentiation (Schneeberger and

Lynch, 2004; Köhler and Zahraoui, 2005).

Occludin (~60kDa) has four transmembrane domains, two extracellular loops separated by

a short cytoplasmic loop and the carboxy-terminal and amino-terminal domain located in

the cytoplasm. There are two isoforms of occludin, which are generated by alternative

splicing (Muresan et al., 2000). The function of occludin has not been completely clarified.

It may be involved in the barrier and fence function, but tight junction strand formation is

also possible without occludin (Tsukita and Furuse, 1999; Tsukita et al., 2001; Schneeberger

and Lynch, 2004).

Members of the claudin family (20-27kDa) also have four transmembrane domains, two

extracellular loops of which the second one is shorter and compared to occludin short

cytoplasmic carboxy-terminal and amino-terminal domains. So far, 23 members of the

claudin family have been identified in humans (Hewitt et al., 2006). The expression of the

different claudins depends on the cell type, with more than two different claudins usually

polymerising to form the tight junction strand (Tsukita et al., 2001; Van Itallie and

Anderson, 2004). Claudins have been suggested to build the strand backbone, with

occludin being incorporated into claudin based strands (Tsukita et al., 2001; Förster, 2008).

The ion and size selectivity as well as variability in tightness are attributed to claudins (Van

Itallie and Anderson, 2004; Schneeberger and Lynch, 2004; Niessen, 2007). Furthermore, it

has been suggested that claudins form the tight junction pores (Figure 1.20). Charged

residues on the extracellular loops influence the paracellular charge selectivity and tightness

(Schneeberger and Lynch, 2004; Van Itallie and Anderson, 2004; Förster 2008; Krause et

al., 2008). On the carboxy-terminus, tight junction plaque proteins bind through the PDZ

domain (named from their presence in the proteins PSD-95 (post-synaptic density protein

95), DLG (Discs-large protein in Drosophila) and ZO-1) (Schneeberger and Lynch, 2004;

Van Itallie and Anderson, 2004).

JAM (~40kDa) has a single transmembrane domain, two extracellular Ig-like domains and

a relatively short cytoplasmic carboxy-terminal domain. Four family members have been

identified, all belonging to the IgG superfamily (Schneeberger and Lynch, 2004). Although,

JAM has not been identified in tight junction strands (Tsukita et al., 2001; Sawada et al.,
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Figure 1.21: Tight junction model with associated tight junction plaque proteins. Shown are

the transmembrane proteins occludin, claudin(s) and JAM and the tight junction plaque

proteins,  which have scaffolding as well as regulating functions. Kinases: red irregular

shapes; GEFs: pink stars; membrane traffic regulators: red circles; plaque protein-signalling

protein interaction: dotted arrows; proteins with dual nuclear-junctional localisation: arrows

directed to the nucleus; all abbreviations are in the list of abbreviations. (Guillemot et al.,

2008)
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Table 1.2: Possible functions of PDZ containing proteins of the tight junction plaque. ZO:

Zonula occludens proteins; MAGI: membrane-associated guanyl kinase inverted proteins;

AF-6: ALL-1 fusion partner from chromosome 6, also called afadin; MUPP-1: multi PDZ

domain protein 1; PAR-3 and -6: partitioning defective proteins; PALS: protein associated

with Lin-7; PATJ: PALS-1 associated tight junction protein.

Protein Possible function(s)

ZO proteins

Involvement of polymerisation of claudins into tight

junction strands, linking tight junction transmembrane

proteins to the actin cytoskeleton, scaffolding function

MAGI proteins
Role in adhesion, but role in tight junctions unclear, possible

scaffolding and signalling functions

AF-6/afadin

Role in epithelial morphogenesis by scaffolding, linking to

the actin cytoskeleton and modulation of Ras/Rap1

signalling

MUPP1
Role in tight junctions unclear yet, possible scaffolding

function

PAR3, PAR6 Role in regulation of cell polarity and tight junction assembly

PALS, PATJ
Role in regulation of cell polarity, possible involvement in

later stages of tight junction assembly

(after Schneeberger and Lynch, 2004; Guillemot et al., 2008)
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Table 1.3: Non-PDZ containing proteins of the tight junction plaque, including interaction partners and possible functions. All abbreviations are in

the list of abbreviations.

Protein Interacting partner(s) Possible function(s)

Cingulin
JAM, ZO-1, ZO-2 and ZO-3, GEF-H1

(RhoA regulator)

Crosslinking tight junction proteins to the actin cytoskeleton, RhoA

dependent regulation of gene expression and cell proliferation

Paracingulin maybe ZO-1 -

Symplekin
Co-localises with ZO-1, also present in

nucleus, ZONAB
Processing of pre-mRNA and its polyadenylation

ZONAB ZO-1 Transcription factor

Angiomotin family proteins

(Amot, JEAP, MASCOT)

MAGI-1, Rich1 (Cdc42 GAP), PATJ,

MUPP1

Involvement in tight junction integrity by regulating Cdc42 through Rich1,

involvement in the regulation of morphogenetic cell movements

7H6 - -

PP2A (phosphatase) - Regulation of aPKC, ZO-1, occludin and claudin-1 phosphorylation

aPKC PAR3, PAR6 Serine/threonin kinase involved in regulation of cell polarity

Rab3b, Rab13 - G protein, vesicle targeting to cell-cell adhesion sites

GEFs (Tiam1, GEF-H1,

Tuba)
PAR3, cingulin, Cdc42

Tiam1 is an activator for Rac1, GEF-H1 down-regulates RhoA, Tuba

regulates Cdc42

GAPs (among others Rich1) Amot
Regulation of Cdc42 activity, in general control of small GTPases (Rho,

Rac, Ccd42) activity

- not known

(after Tsukita et al., 2001; Schneeberger and Lynch, 2004; Guillemot et al., 2008)
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2003; Förster, 2008) it can bind structural and signalling proteins of the tight junction

plaque, in particular through the PDZ binding motif (Sawada et al., 2003; Schneeberger and

Lynch, 2004; Förster, 2008). JAM is believed to have a role in tight junction assembly and

regulation of paracellular permeabilty (Schneeberger and Lynch, 2004; Förster, 2008).

Several tight junction plaque proteins are associated on the cytosolic side of the tight

junction. They are divided into two major groups, the PDZ containing proteins and the

non-PDZ containing proteins. PDZ-containing proteins interact through the PDZ domain

with other PDZ proteins linking tight junction transmembrane proteins to the

cytoskeleton, building a scaffolding network and recruiting signalling proteins to the tight

junction plaque (Tsukita et al., 2001; Guillemot et al., 2008). The group of the ZO proteins

(ZO-1 to -3) is at the centre of this protein interaction network. It has been suggested that

the second group (non-PDZ proteins) plays an important role in the regulation of

signalling processes (Förster, 2008; Guillemot et al., 2008). Some of the tight junction

plaque proteins and their interaction partners are summarised in Table 1.2 and 1.3 and a

model of the tight junction is illustrated in Figure 1.21.

Tight junction regulation is complex and is mediated by phosphorylation. Phosphorylation

mediators include PKCs (including atypical PKC (aPKC)), PKA, Rho (Ras homologue)

GTPase family members (including RhoA, Rac1 and cdc42), MLCK and mitogen-activated

protein kinase (MAPK) (Sawada et al., 2003; Aktories and Barbieri, 2005; González-

Mariscal et al., 2008). In addition, tight junctions are highly dynamic and undergo

continuous remodeling. Downregulation of junctional proteins is one factor, but rapid

remodeling, both physiological and pathological, includes endocytosis (Ivanov et al., 2005;

Shen et al., 2008; Yu and Turner, 2008). Shen et al. (2008) found that under physiological

conditions, approximately 70% of occludin and ZO-1 and 24% of claudin were in a mobile

fraction. Occludin and claudin were found to diffuse within the plasma membrane and

ZO-1 to exchange with an intracellular pool.

The EGF receptor may also be involved in regulating paracellular permeability. Application

of EGF to apical or basolateral surfaces of canine gastric monolayers was shown to rapidly

decrease permeability, which was stable for hours in case of the apical exposure. As this
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Figure 1.22: Schematic model of focal adhesions (focal contacts). VASP:

vasodilator-stimulated phosphoprotein; FAK: focal adhesion kinase; PYK2: protein

tyrosine kinase 2, FAK homologue; p130CAS: v-Crk associated tyrosine kinase

substrate; ILK: integrin-linked kinase. (Billadeau et al., 2007)
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Figure 1.23: Stages of cell-matrix adhesion. Adhesion includes cell attachment, spreading

and the formation of stress fibres and focal adhesions, with increasing adhesive strength

shown from top to bottom (Left side, Deutzmann, 2008/2009, right side, modified after

Murphy-Ullrich, 2001)
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correlated with increased resistance to apical acidification it was suggested that the apical

EGF receptor also plays a role in the gastric mucosal barrier (Chen et al., 2001). In addition,

hepatocyte growth factor (HGF) was recently shown to be involved in tight junction

formation in chief cells in vitro (Tashima et al., 2009). Without HGF, tight junctions were

discontinuous and permeability was high.

1.2.3.2.2 Cell-Matrix Adhesion

The extracellular matrix not only provides a scaffold for the attachment of cells, but also

mediates interactions of the cell with the extracellular environment. Intracellular signalling

in response to cell-matrix adhesion regulates processes including cell survival, proliferation,

differentiation and migration (Berrier and Yamada, 2007). Integrins are the major cell

surface receptor family and are composed of α- and β-transmembrane subunits which

associate in heterodimers (Harburger and Calderwood, 2009). Cells are attached to the

matrix via integrin containing focal adhesions (also called focal contacts) (Figure 1.22) and

hemidesmosomes.

Binding of extracellular matrix components activates integrin receptors, leading to the

formation of integrin clusters and the recruitment of plaque proteins, such as focal

adhesion kinase (FAK), talin, paxillin and vinculin. Following the signal cascade, the

activation of Rho GTPase family members promotes the assembly of actin filaments (Clark

and Brugge, 1995; Giancotti and Ruoslathi, 1999; Carragher and Frame, 2004). The

formation of actin filaments and cell spreading increases the surface contact area, a state

which is called intermediate adhesion (Figure 1.23) (Murphy-Ullrich, 2001). Actin filaments

are reorganised into larger stress fibres leading to more integrin clustering (Giancotti and

Ruoslathi, 1999; Murphy-Ullrich, 2001). Hemidesmosomes mainly anchor epithelial cells to

the basal lamina. The cytosolic plaque links integrins to the ends of keratin filaments of the

cytoskeleton (Alberts et al., 1995).
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1.2.4 Differentiation, Proliferation and Maintenance of Gastric

Epithelial Cells

The normal maintenance of the gastric epithelium requires a precise balance between cell

proliferation and cell death. Complex mechanisms regulate this balance and disturbances

resulting in excessive cell loss, excessive cell proliferation or prolonged cellular life span can

lead to atrophy and ulceration or hyperplasia respectively. In addition, epithelial cell

regeneration and repair is associated with proliferation to counterbalance mucosal damage

due to constant exposure to potentially injurious agents, including gastric acid, toxins and

pathogenic bacteria.

1.2.4.1 Cell Death

Maintenance of the gut epithelium involves cell death, which is generally mediated by

apoptosis under physiological conditions (von Herbay and Rudi, 2000). Pit and parietal

cells at the luminal surface undergo autophagic (necrosis-like) cell death followed by

extrusion into the gland lumen or apoptotic cell death followed by phagocytosis by

neighbouring cells. Zymogenic and parietal cells at the gland base undergo degeneration

with direct extrusion into the gland lumen or phagocytosis by neighbouring cells (Karam,

1999). In addition, parietal cells in the neck, but more frequently at the base, occasionally

degenerate with extensive dissolution of canaliculi and intermitochondrial cytoplasm with

the formation of vacuoles (Karam et al., 2003). Macrophages may also be involved in the

elimination of dead cells (Karam, 1999).

Regulation of apoptosis is complex and involves extracellular signalling through TGF-β

and related peptides and the death receptor Fas/CD95 ligands, tumor necrosis factor-α

(TNF-α) and related peptides. These apoptosis-activating factors act via binding to their

receptors on their target cells. Within the cell, members of the Bcl-2 protein family, which

include suppressors and promotors of apoptosis, are a major class of regulators (von

Herbay and Rudi, 2000).



Chapter 1: Literature Review                                                                                             22

1.2.4.2 Proliferation

Gastric epithelial cells are renewed through mitosis of cells in the isthmus (Karam and

Leblond, 1992; 1993a; Karam, 1995). In the pyloric antrum, the stem cells of the isthmus

near the base of the glands give rise to mottled granule cells, which divide several times to

produce mixed granule cells. These give rise to pre-pit and pre-neck/pre-gland cells, which

develop into pit and gland cell lineages (Karam, 1999). In the fundus, stem cells of the

isthmus at the base of the pits give rise to lineage precursor cells, which migrate

bidirectionally from the isthmus either to the lumen or to the base of the gland and

differentiate on the way to their final location (Karam, 1993; 1999; Karam and Leblond,

1993a-d; Karam et al., 2003). The parietal cell is the only cell which can migrate in both

directions, although in humans they migrate only downwards (Karam et al., 2003). The

precursor cells include pre-pit cells, which differentiate to surface mucous cells (Karam and

Leblond, 1993a, b; Karam, 1999; Karam et al., 2003), pre-neck cells, which differentiate to

chief cells (Karam and Leblond, 1993a, c; Karam et al., 2003), and pre-parietal cells, which

differentiate to parietal cells (Karam, 1993; Karam et al., 2003). Pre-parietal cells do not

undergo mitosis at any stage through development. They are divided into three variants,

developing from pre-parietal cell precursors, pre-pit cell precursors or pre-neck cell

precursors (Karam, 1999). The average turnover times in mice for gastric epithelial cells are

3 days for pit cells, 194 days for chief cells and 54 days for parietal cells (Karam, 1999;

Kirton et al., 2002). In both oxyntic mucosa and antrum, the stem cells also give rise to the

endocrine cells (Karam, 1999).

Studies have shown that parietal cells play an important role in maintaining normal

proliferation and differentiation of the gastric epithelium. Inhibition of the secretory

activity of parietal cells, either by inhibition of the H+/K+-ATPase by omeprazole (Karam

and Forte, 1994) or inhibition of the H2 receptors by ranitidine (Karam and Alexander,

2001), resulted in parietal cell degeneration, but also increased the production of pre-

parietal cells. Li et al. (1996) demonstrated that the loss of parietal cells evoked by

diphtheria toxin in transgenic mice affected gastric mucosal morphology resulting in

mucosal hyperplasia and loss of neck and chief cells.
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Figure 1.24: Overview of proliferation, differentiation and maintenance of gastric epithelial

cells. Stem cells of the isthmus differentiate to SMC, PC, and chief cells, as well as ECL

cells involving the different stimulating agents. SMC surface mucous cell, PC parietal cell,

ECL enterochromaffin-like cell, EGF epidermal growth factor, TGF transforming growth

factor, HB-EGF heparin binding-epidermal growth factor, Reg Regenerating gene product,

CCKB cholecystokinin B/gastrin receptor, + stimulatory.
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1.2.4.3 Trophic Agents

An overview of the principal factors involved in maintenance, growth and proliferation of

gastric gland cells is presented in Figure 1.24. Other trophic factors for the gastrointestinal

tract include the hedgehog proteins (sonic, desert and indian hedgehog) (Lees et al., 2005;

Parkin and Ingham, 2008) and trefoil factors (TFF), which are important in mucosal

healing (Taupin and Podolsky, 2003).

1.2.4.3.1 Gastrin

Gastrin is potent in stimulating the growth of the gastric mucosa, predominantly in the

fundus (von Herbay and Rudi, 2000), in addition to stimulating gastric acid secretion

(Johnson, 1976; 1988; Wang and Dockray, 1999; Stepan et al., 2004). Gastrin receptors

interact with multiple GTP binding proteins, such as Ras, Rho and Cdc42, which regulate

different protein kinase cascades including ERKs and Akt regulating cell proliferation and

survival (Stepan et al., 2004). It has been shown in vivo and in vitro that gastrin stimulates

growth of the pit cell lineage by increasing the expression of the CCKB receptor (Takeuchi

et al., 1980; Johnson, 1988; Nakajima et al., 2002), that is also found on parietal, chief and

ECL cells (Nakamura et al., 1987; Tarasova et al., 1996), leading to stimulation of growth by

gastrin. Initially, gastrin was believed to act only indirectly as CCKB receptors were not

identified in precursor cells of the isthmus. However, Nakajima et al. (2002) demonstrated

in a transgenic mouse model that expression of the CCKB receptor could also be induced

in pit precursors by hypergastrinaemia.

It was suggested that, because of the CCKB receptor expression, gastrin-stimulated cell

growth is mediated indirectly by parietal cells and/or ECL cells by expressing heparin

binding-EGF-like growth factor (HB-EGF) and TGF-α and Reg, respectively (Nakajima et

al., 2002). HB-EGF is expressed in parietal cells (Murayama et al., 1995) and gastrin-

induced HB-EGF expression and secretion was shown in CCKB receptor transfected

epithelial cells in vitro (Miyazaki et al., 1999). Increased expression of HB-EGF and TGF-α

in gastric tissue was also shown in transgenic mice with chronic hypergastrinaemia (Wang et
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al., 2000b). Beales (2004) demonstrated that gastrin stimulated the secretion of HB-EGF

and amphiregulin (AR), but not TGF-α, from parietal cells in vitro.

Kirton et al. (2002) reported that gastrin also stimulates cell migration and determines the

position of parietal cells along the gland axis, although it has no effect on their life span.

Other studies have shown that parietal cell maturation is influenced by gastrin (Koh et al.,

1997; Friis-Hansen et al., 1998; Chen et al., 2000). In addition, Nagata et al. (1996) and Koh

et al., (1997) demonstrated that gastrin is essential for the normal expression of the H+/K+-

ATPase in parietal cells.

1.2.4.3.2 Regenerating Protein (Reg)

Reg, the product of the regenerating gene (reg), is expressed by rat (Asahara et al., 1996) and

human (Higham et al., 1999) ECL cells as well as human chief cells (Higham et al., 1999).

Fukui et al. (1998) demonstrated that the expression of Reg in ECL cells was stimulated by

gastrin and had mitogenic effects on gastric epithelilal cells in vitro. In vivo, using transgenic

mice, Reg overexpression had a growth-promoting effect on gastric progenitor cells, chief

and parietal cell populations, but not surface mucous, ECL or G cells (Miyaoka et al., 2004).

In a previous study, the Reg receptor was detected predominantly in chief and parietal cells

and only at a low level in surface mucous and progenitor cells (Kazumori et al., 2002).

1.2.4.3.3 EGF-Family Peptides

The EGF receptor ligands TGF-α (Beauchamp et al., 1989; Abe et al., 1997), HB-EGF

(Murayama et al., 1995) and AR (Abe et al., 1997) are expressed by parietal cells, some of

which are also expressed by chief (Beauchamp et al., 1989) and surface mucous cells (Abe et

al., 1997). EGF is produced by submandibular glands among others (Poulsen et al., 1986;

Milani and Calabrò, 2001), but its expression was not detected in gastric mucosal cells

(Mori et al., 1987; Beauchamp et al., 1989).
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The action of EGF peptides is mediated via binding to the EGF receptor (Derynck, 1988),

which has tyrosine kinase activity, triggering a signalling pathway that finally leads to the

regulation of gene transcription (Milani and Calabrò, 2001). The EGF receptor is widely

expressed in the gastric mucosa, including in progenitor cells (Abe et al., 1997), surface

mucous cells (Ichikawa et al., 2000), chief cells (Beauchamp et al., 1989; Fiorucci et al., 1996)

and parietal cells (Mori et al., 1987; Beauchamp et al., 1989; Abe et al., 1997).

TGF-α and EGF also play important roles after mucosal injury by promoting cell

migration, stimulating proliferation and mucus production and suppressing acid production

(see also 1.2.2.3.3.5) (Beauchamp et al., 1989; Jones, M. K. et al., 1999; Milani and Calabrò,

2001). TGF-α acts mainly under normal conditions and after acute injury, while EGF

mainly acts during chronic ulcer healing (Jones, M. K. et al., 1999). Other growth factors,

including HGF, insulin-like growth factor (IGF), keratinocyte growth factor (KGF),

TGF-β and TFFs are also involved in gastrointestinal regeneration following injury (Jones,

M. K. et al., 1999; Milani and Calabrò, 2001). Furthermore, TGF-α also inhibits apoptosis

of pit cells in vitro (Kanai et al., 2001) as does EGF in breast adenocarcinoma and

embryonic kidney epithelial cells (Gibson et al., 1999). Kanai et al. (2001) suggested that this

might be important during cell migration, especially of pit cells with their short life span

and fast migration, preventing apoptosis due to possible loss of cell contacts (anoikis). On

the other hand, inhibition of apoptosis could also play a role in pathology.

1.2.4.3.4 Musashi-1

In rat gastric mucosa, parietal cells located close to the isthmus express Musashi-1 (Nagata

et al., 2006), which was first identified by Nakamura et al. (1994) in Drosophila as a neural

RNA-binding protein. Nagata et al. (2006) suggested that these mature parietal cells are the

source of Musashi-1, which is probably required for maintenance of neighbouring stem

cells and involved in proliferation and differentiation of isthmus-lineage precursors.

Musashi-1 expression in the neck of the gland is also enhanced in the initial stages of

epithelial regeneration (Nagata et al., 2006). The experiments of Nagata et al. (2006) also

revealed that some of the Musashi-1 positive cells coexpressed HES5 (mammalian hairy

and Enhancer-of-split homologue; basic helix-loop-helix protein), supporting their role in
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stem cell maintenance. Among other functions, HES5 is essential during mammalian neural

differentiation for activity of the transmembrane receptor Notch, which is activated by

Musashi-1 by repressing the translation of m-Numb, the Notch inhibitor (Okano et al.,

2002).

1.3 The Parasitised Abomasum

1.3.1 Pathophysiology

During infection with abomasal nematodes, serum gastrin and pepsinogen and abomasal

pH generally all increase abruptly either around the time the parasites emerge into the

abomasal lumen after a single larval infection (Lawton et al., 1996; Simpson et al., 1997;

Scott et al., 2000) or more rapidly after transplantation of adult H. contortus (Simpson et al.,

1997), T. circumcincta (Anderson et al., 1985; Lawton et al., 1996; Scott et al., 2000) or

Ostertagia ostertagi (McKellar et al., 1987).

Pepsinogen levels usually increase before the increase in abomasal pH and serum gastrin

(Jennings et al., 1966; Anderson et al., 1985; McKellar et al., 1986; 1987; Hertzberg et al.,

1995; 1999b; Lawton et al., 1996). Low pepsinogen responders may also be observed, with

only minimal increase in pepsinogen, but typical increases in gastrin and abomasal pH

(Lawton et al., 1996; Simpson et al., 1997). The increase in serum pepsinogen is suggested to

be due to leakage through a more permeable epithelium (Holmes and MacLean, 1971;

McLeay et al., 1973; McKellar, 1993), perhaps due to damage to tight junctional integrity.

Likely causes of increased circulating gastrin levels are the removal of the inhibitory effects

of acid feedback on the G cell (Becker et al., 1973; Fox et al., 1988; 1993; Nicholls et al.,

1988; Lawton et al., 1996) caused by inhibition and loss of parietal cells (Scott et al., 2000),

at least initially, before other factors may become responsible for maintaining the

hypergastrinaemia, such as stimulation by inflammatory mediators, such as histamine (Bado

et al., 1984), TNF-α (Lehmann et al., 1996; Weigert et al., 1996) and interleukin (IL)-1β



Chapter 1: Literature Review                                                                                             27

(Weigert et al., 1996), which are known to increase gastrin release. The involvement of

other gastrin stimulants, like inflammation or excretory/secretory (ES) products of the

parasites (reviewed in 1.3.3), were suggested because serum gastrin levels may remain

elevated in sheep after abomasal pH had already decreased later in an infection (Lawton et

al., 1996; Simpson et al., 1997) or when abomasal pH did not rise (Scott et al., 2000). The

hypothesis that ES products are responsible for the stimulation of gastrin secretion and

elevation of serum gastrin could not be confirmed in in vitro experiments with ES products

of T. circumcincta (Lawton et al., 2002) or H. contortus (Haag et al., 2005). The gastrin inhibitor

detected in occasional ES preparations was suspected to be due to bacterial contamination.

Simcock et al., (2006b) demonstrated that these bacteria are probably rumen bacteria, which

survive in the parasitised abomasum due to increases in pH, and release chemicals

inhibitory to gastrin secretion. Further experiments with abomasal fluid from parasitised

sheep with elevated abomasal pH confirmed the presence of an inhibitor of gastrin release

in vitro, however, it did not seem to affect gastrin secretion in vivo (Simcock et al., 2006a).

A rise in abomasal pH was proposed to be beneficial for the survival of the worms as acid

sensitivity experiments in vitro (Eiler et al., 1981; Haag et al., 2005) and in vivo (Simpson et al.,

1999) demonstrated that only L3 were insensitive to acid conditions. In contrast, the studies

of McKellar et al. (1987) and Scott et al. (2000) revealed that there were also worms present

in calves or sheep, respectively, in which abomasal pH did not change or was only

moderately increased. This suggested that the parasites may associate with the more neutral

environment of secreted mucus or they are able to abolish or neutralise acid secretion only

in their direct environment and not in the whole abomasum. The latter could be important

if the worm burdens are low.

Increased abomasal pH is associated with parietal cell loss, as well as inhibition of

remaining parietal cells (Scott et al., 2000). After parasite removal by drenching, the pH

decreased rapidly to normal levels or sometimes even to below pre-infection levels,

suggesting that a parasite-derived factor inhibited the parietal cell function temporarily and,

once removed, the secretory function recovered quickly (Armour et al., 1967; Simpson et al.,

1997; Scott et al., 2000). This period of recovery can be too short to be dependent on

substantial reparation of the mucosa and is most likely due to a reactivation or

re-differentiation of a resting cell population (Hertzberg et al., 2000). It may also be due to
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generation of new parietal cells, which mature within two days (Karam, 1993) and then

become very active (Coulton and Firth, 1983; Karam et al., 1997). Successful stimulation of

acid secretion with histamine or carbachol in sheep infected with Ostertagia leptospicularis

(Hertzberg et al., 2000) or during feeding in sheep infected with T. circumcincta (Lawton et al.,

1996) indicated that there must still be a population of functional parietal cells in the

abomasum. Hertzberg et al. (2000) found a population of parietal cells in infected sheep

which were not identified using immunohistochemistry with a H+/K+-ATPase antibody.

They suggested that failure to label parietal cells might be due to the proton pump being in

an inactive form in the tubulovesicles of resting parietal cells. However, the H+/K+-

ATPase antibody would be expected to bind even to an inactive form of the proton pump.

Inactive parietal cells have been identified ultrastructurally in parasitised tissue (McLeay et

al., 1973; Hertzberg et al., 2000; Scott et al., 2000).

Temporary increases in pH observed in sheep, which were exposed to adult worms

confined in porous bags, supported the suggestion of parietal cell inhibition by a parasite-

derived factor (Simpson et al., 1999). Although, this mainly occurred in the sheep receiving

a high worm dose (18,000 versus 9,000 adult T. circumcincta) and was transient, it occurred

without direct contact between the parasites and the abomasal mucosa suggesting an ES

product could be responsible for the parietal cell inhibition. The secreted chemicals may act

either directly on the parietal cell or act indirectly via other cells such as the histamine-

secreting ECL cell (Hertzberg et al., 2000). Merkelbach et al. (2002) have shown that ES

products of H. contortus are capable of directly inhibiting parietal cell function in vitro (see

also 1.3.3.7.1). In addition to transient increases in abomasal pH, Simpson et al. (1999)

reported that adult worms placed into porous bags and out of contact with the abomasal

mucosa were dead within 16 hours of transplant. It is possible that the increased pH in

response to these worms was due to dead and dying worms, which could induce an

inflammatory response which affects abomasal function.

The host may contribute to the inhibition of acid secretion through the inflammatory

response. Large numbers of eosinophils and neutrophils are seen infiltrating the mucosa

during ostertagiosis (Scott et al., 1998a; 2000). Chemicals released by inflammatory cells,

which might damage the host tissue as well as the pathogens, include cationic proteins and

reactive oxygen metabolites (Harlan, 1985; Levy and Kita, 1996; Meeusen, 1999). In
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general, granulocytes produce several cytokines, including IL-1β and TNF-α, which are able

to inhibit acid secretion (Lord et al., 1991; Robert et al., 1991). IL-1β also inhibits the ECL

cell (Prinz et al., 1997). Similarly, in Helicobacter pylori induced enlarged fold gastritis, IL-1β

levels correlated with the degree of inhibition of acid production (Yasunaga et al., 1997). In

T. circumcincta infected sheep, the infiltration of inflammatory cells coincides with alterations

in gut morphology and function (Scott et al., 2000). The experiments of Przemeck (2003)

also indicated that the inflammatory response might play a role in the development of

hypoacidity and could be involved in mucosal thickening. Hypoacidity was associated with

numbers of tissue eosinophils and reduction in parietal cells in both larval infection and

after adult transplant.

1.3.2 Histopathology

During infection, the cellular composition of the glands is altered, initially in the regions

where larvae are developing, but more generally after the parasites emerge. Nodules can be

observed macroscopically around developing larvae within the glands. Parietal and chief

cells in and around infected glands are lost and replaced by mucous cells or minimally

differentiated cells, although there are usually no changes in abomasal pH during this time

(Armour et al., 1966; Durham and Elliott, 1976; Scott et al., 1998a). In addition, parietal cells

may become vacuolated (Przemeck, 2003). After the parasites emerge, these cellular

changes can be seen throughout the fundus, notably reduced parietal cell numbers, which

correlate with increased abomasal pH (Scott et al., 1998a; 2000). Parietal cell loss and

vacuolation appear also after adult worm transfer. Only one day after adult T. circumcincta

transfer into the sheep abomasum, parietal cell numbers are reduced and eight days after

adult transfer, there is mucous cell hyperplasia, marked accumulation of inflammatory cells

(eosinophils, neutrophils and lymphocytes), fundic mucosal thickening (Scott et al., 2000),

and the number of recognisable parietal cells was approximately  halved (Scott et al., 1998a).

In sheep infected with larval T. circumcincta, parietal cells were also larger than normal,

especially close to the gland base (Scott et al., 1998a). Scott et al. (1998a) suggested that

possibly the length of time the cells were exposed to high concentrations of circulating
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gastrin increased their size or they may have a different function from acid secretion, such

as maintenance of gland growth.

Gastrin is a known growth stimulating agent (reviewed in 1.2.4.3.1). Konda et al. (1999) and

Wang et al. (2000b) demonstrated foveolar hyperplasia in response to hypergastrinaemia.

However, hypergastrinaemia resulting from increased pH after inhibition of the H+/K+-

ATPase by omeprazole (Karam and Forte, 1994) or inhibition of the H2 receptors by

ranitidine (Karam and Alexander, 2001) increased only the production of parietal cell

progenitors. Chronic hypergastrinaemia can also have a different effect from an acute

increase in gastrin, resulting in decreased parietal cells numbers (Wang et al., 2000b; Cui et

al., 2006). This was suggested to be due to apoptosis mediated via gastrin/CCKB and H2

receptors (Cui et al., 2006) or up-regulation of the growth factors HB-EGF and TGF-α

(Wang et al., 2000b).

In a wide spectrum of gastric diseases, such as infection of diverse host species with

nematodes including Teladorsagia spp. (Barker et al., 1993), Ménétrier’s disease (Dempsey et

al., 1992), the response of the stomach to chronic exposure to noxious chemicals (Lacy et

al., 1996) and infection of mice with Helicobacter felis (Fox et al., 1996), the pathology is

almost identical, including mucous cell hyperplasia and parietal cell loss. Therefore, Scott et

al. (1998a) suggested that these cellular changes may not be parasite specific, but due to the

host response with an altered production of growth factors.

The role of EGF peptides in the normal maintenance of the gastric epithelium has been

summarised in 1.2.4.3.3, but they may also act in vivo during infection. Overexpression of

TGF-α in transgenic mice was shown to result in loss of parietal and chief cells but also

foveolar hyperplasia, a phenotype similar to that in Ménétrier’s disease in humans

(Dempsey et al., 1992; Takagi et al., 1992; Sharp et al., 1995). In addition to the upregulated

expression of peptides from the EGF-family, which was demonstrated in surface mucous

cells of T. circumcincta infected sheep (Scott et al., 1995), another source of TGF-α could be

eosinophils (Elovic et al., 1990; Wong et al., 1990), neutrophils or monocytes (Calafat et al.,

1997).
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The loss of parietal cells and concomitant loss of trophic agents released by parietal cells is

possibly an important factor in the pathology observed in abomasal parasitism and may

play a role in mucous cell hyperplasia or the loss of chief cells, which was similarly seen by

Li et al. (1996) in a transgenic mouse model. In addition, hypergastrinaemia as a result of

increased pH due to inhibition and loss of parietal cells could affect gland morphology as

described above.

Scott et al. (1998a) suggested that the decrease in parietal cell numbers may be due to both

the loss of mature parietal cells and the failure to produce new cells. Parietal cells from

sheep infected with either larvae or adult worms often appear vacuolated, a response

possibly caused by parasite ES products. This effect may be similar to H. pylori vacA-

induced vacuolation to which the vacuolation was previously compared (Przemeck, 2003;

Huber et al., 2005; Przemeck et al., 2005), although the mechanism of parietal cell loss and

vacuolation remains unknown.

1.3.3 Parasite Excretory/Secretory Products

ES products are molecules released during in vitro culture of parasites including abomasal

nematodes, which are known or presumed to be released also in vivo. ES products may

originate from the secretory glands, products of the parasite metabolism or the

parasite surface and include metabolic endproducts, chemotaxins, enzymes and

immunomodulators.

The biological functions of ES products are believed to be diverse and few are well

characterised, but likely aid in tissue penetration, feeding and immune evasion (Knox,

2000). Direct interaction with the host has been shown for several ES proteins from their

recognition by the host immune system, although the variation in immunogenicity was high

(Yatsuda et al., 2003). Antigenic ES products have been used for vaccination studies, such

as total adult H. contortus ES products and low molecular weight antigens (Schallig and

Leeuwen, 1997), thiol-binding ES proteins of H. contortus (Bakker et al., 2004) and 15kDa

and 24kDa ES antigens of H. contortus (Schallig et al., 1997). These also include the
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H. contortus galactose-containing glycoprotein complex (H-gal-GP) from the parasites

intestine, which are so-called hidden antigens, containing various antigens some of which

are also present in ES products, like the metallopeptidases (Smith, W. D. et al., 1994) and

H11 (Munn et al., 1977; Andrews et al., 1995). The hidden antigens are considered of

particular interest as they are not normally seen by the host.

Stage specific differences in ES products have been shown for some parasites. Gamble and

Mansfield (1996) demonstrated that the amount of ES products released by H. contortus in

vitro increased after larvae had moulted to the fourth stage, when feeding also started,

suggesting a possible role in nutrient digestion by the parasite. The composition and

antigenic behaviour were also different: L4 ES products contained several enzymes which

were not present in L3 ES products and antigenic reactivity was greater against L4 ES

products. Similarly, there were differences between ES products from T. circumcincta post-

infective L3 and L4 (Smith et al., 2009) and L4 and adult parasites (Craig et al., 2006).

1.3.3.1 Proteases

Much attention has focussed on the proteases in ES products because of their potential

importance in parasite invasion and nutrition. Proteomic analyis by Yatsuda et al. (2003)

detected 224 and identified 107 proteins in adult H. contortus ES products. Among those

were several proteases, including zinc metallopeptidases, serine proteases and aspartic

proteases. Cysteine proteases have also been detected (Oliver et al., 2006; Yatsuda et al.,

2006). This group includes cathepsin B-like proteases (CBLs) and asparaginyl proteinase

(legumain). A putative cysteine protease was also identified in T. circumcincta L4 ES products

(Craig et al., 2006), as well as cathespsin F and an O. ostertagi homologous astacin-like

metalloprotease in post-infective L3 and L4 ES products (Smith et al., 2009).

Yatsuda et al. (2003) identified four different metallopeptidases, including H11/concortin,

in H. contortus ES products; these enzymes were also identified from the intestinal brush

border of H. contortus (Munn, 1977; Newlands et al., 2006; Geldorf and Knox, 2008). H11 is

usually classified as a hidden antigen which is not presented to the host immune system,

but was found in all their ES preparations examined (Yatsuda et al., 2003). H11 degraded



Facing page 33

Figure 1.25: Putative proteolytic cascade for hemoglobin degradation by blood-feeding

nematodes. Host hemoglobin (Hb) is initially attacked by aspartic proteases, degraded to

smaller peptides by cysteine proteases, then by metalloproteases and finally to free amino

acids or small peptides by exopeptidases. APR: aspartic protease; PEPI: parasite

pepsinogen-like aspartic protease; Ac: A. canium; CP: cysteine protease; MEP

metalloprotease. (Williamson et al., 2003)
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fibrinogen and was suggested to function as an anti-coagulant during blood feeding

(Geldorf and Knox, 2008). Serine proteases were also proposed to be anticoagulants.

Furthermore, serine proteases in ES of Schistosoma mansoni degraded IgE (McKerrow et al.,

2006). Serine and metalloproteases of Trichostrongylus vitrinus ES products were shown to

degrade fibrinogen, plasminogen and fibronectin (Maclennan et al., 1997) and aspartic

proteases of shistosomes and H. contortus degraded hemoglobin (Longbottom et al., 1997;

Brindley et al., 2001). S. mansoni asparaginyl proteinases activated cathepsin B, which is also

believed to be the case for H. contortus asparaginyl proteinase (Sajid et al., 2003; Oliver et al.,

2006).

Cysteine proteases, including CBLs, are the most widely reported protease class from

parasitic nematodes. CBLs of H. contortus are encoded by 22 genes (Jasmer et al., 2001) and

at least seven CBLs have been identified in ES products (Yatsuda et al., 2006). H. contortus

cysteine proteases present in adult ES products, as well as in live L4 and adult parasites,

were able to degrade a model extracellular matrix consisting of glycoproteins, elastin and

collagen (Rhoads and Fetterer, 1996). In addition, cysteine proteases in extracts of

H. contortus digested hemoglobin, fibrinogen, collagen and IgG (Williamson et al., 2003). A

putative proteolytic cascade for hemoglobin digestion, shown in Figure 1.25, was proposed

to include all protease classes (Williamson et al., 2003; 2004).

1.3.3.2 Protease Inhibitors

In addition to proteases, different classes of protease inhibitors have also been identified in

a variety of parasites, including Schistosoma spp., Ascaris spp., Brugia malayi, Onchocerca volvulus,

Trichuris suis, T. vitrinus, O. ostertagi and H. contortus. Functions assigned to the inhibition

range from regulating parasite proteases, protection against degradation of proteins by host

proteases, modulation of the host immune response and/or a role during feeding as

anticoagulants (McKerrow et al., 2006; Knox, 2007). A serine proteinase inhibitor (serpin)

was identified in ES products of L4 and adult T. vitrinus (MacLennan et al., 2005). Serpins

were also detected in H. contortus adult ES products, but were thought to be of host origin

(Yatsuda et al., 2003). Homologues of Ancylostoma caninum anticoagulant proteins of the

serine protease inhibitor family have also been detected in H. contortus (Knox, 2007).
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1.3.3.3 Antioxidant Enzymes

The antioxidant enzymes superoxide dismutase (SOD) and glutathione S-transferase have

been identified in ES products of adult H. contortus (Yatsuda et al., 2003) and thioredoxin

peroxidase in ES of T. circumcincta L4 (Craig et al., 2006). These enzymes are used by the

parasites to protect against oxidative stress generated by their own cellular metabolism or

by the host, including potentially damaging reactive oxygen and nitrogen intermediates

produced by immune cells. SOD and thioredoxin peroxidase were also found in other

parasitic nematodes, including O. volvulus and B. malayi (Henkle-Dührsen and Kampkötter,

2001; Hewitson et al., 2008). In O. volvulus, SOD was located in the intestine, where it could

minimise oxidative damage after ingestion of host erythrocytes.

1.3.3.4 Other Enzymes

Fetterer and Rhoads (2000) detected acid phosphatase and phosphorylcholine hydrolase in

adult H. contortus ES products. Acid phosphatase was suggested to play a role in intestinal

digestion, as the highest tissue concentrations were detected in the worm intestine. This is

consistent with the suggestion that acid phosphatase secretion by fourth stage larvae

coincides with the onset of feeding (Gamble and Mansfield, 1996). The proposed role for

the secreted acid phosphatase was to act in combination with cysteine proteases in

extracorporeal digestion and tissue penetration (Fetterer and Rhoads, 2000).

Nucleoside diphosphate kinase has been identified in ES products from adult H. contortus

(Yatsuda et al., 2003), adult T. circumcincta (Craig et al., 2006) and Trichinella spiralis (Gounaris

et al., 2001). Proposed functions range from regulation of host cell proliferation and

differentiation, ATP-dependent cytotoxity for macrophages and mast cells and prevention

of apoptosis (Zaborina et al., 1999; Punj et al., 2000; Gounaris et al., 2001).

Acetylcholinesterase has been detected in a range of nematode ES products, primarily from

adult parasites, including Nippostrongylus brasiliensis, T. vitrinus, Nematodirus battus,

Trichostrongylus colubriformis, as well as T. circumcincta and H. contortus (Knox and Jones, 1990;

Mallet et al., 1997; Joshi and Singh, 2000). A role for acetylcholinesterase has been
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suggested in the prevention of peristalsis and parasite expulsion (Opperman and Chang,

1992), inhibition of mucus secretion (Philipp, 1984) and alteration of the immune response

(Rhoads, 1984). In vitro, T. colubriformis acetylcholinesterase stimulated cell growth at low

concentrations and had an inhibitory effect at high concentrations, suggesting a role in

intestinal crypt cell repair and renewal during parasitism (Huby et al., 1999).

In their adult H. contortus ES products, Yatsuda et al. (2003) detected the cytosolic enzymes

glutamate dehydrogenase (GDH) and glycolytic enzymes including enolase, but no other

intracellular proteins such as ribosomal or cytoskeletal proteins, which might have indicated

some cell damage. However, several metabolic enzymes are secreted into ES or are present

on the helminth surface and do not necessarily indicate cell damage. Skuce et al. (1999)

demonstrated that GDH is located in the gut of H. contortus and may be shed into ES

products. Similarly, a range of homologous metabolic enzymes, including enolase, have

been detected in T. circumcinta L4 and adult ES products (Craig et al., 2006). Several

structural proteins including actin, tropomyosin and paramyosin have been detected in ES

products of both these stages and may or may not be derived from degrading parasites in

culture.

Enolase has been detected in ES products from Fasciola hepatica, Echinostoma caproni, adult

Schistosoma bovis, T. spiralis as well as in most tissues of adult O. volvulus and infective larvae

(Jolodar et al., 2003; Bernal et al., 2004; Pérez-Sánchez et al., 2006; Marcilla et al., 2007).

Even though enolase lacks a signal peptide for secretion in most cases, a conserved region

at the amino-terminus has been suggested as a signal peptide for T. spiralis and E. caproni.

Enolase of F. hepatica, E. caproni and O. volvulus bound human plasminogen in vitro. Host

activators convert plasminogen to plasmin, which has proteolytic activities. It was

suggested that this might have a role in host tissue invasion by promoting attachment to

the mucosa and, through plasmin-mediated proteolysis, might cause degradation of the

extracellular matrix (Jolodar et al., 2003; Marcilla et al., 2007).

1.3.3.5 Calreticulin

Suchita and Joshi (2005) found that adult H. contortus ES products contain calreticulin,

which prolonged the plasma coagulation time, suggesting a function in the prevention of



Chapter 1: Literature Review                                                                                             36

blood clotting by binding Ca2+, clotting factors and C-reactive protein (CRP), presumably

aiding blood feeding of the parasite. Another proposed function is the modulation of the

host immune response by binding to CRP and complement C1q. Binding to secreted

calreticulin may limit the concentration of free CRP, blocking its procoagulant function as

well as the activation of the classical complement pathway. This pathway can be activated

by CRP-C1q interaction and inhibition may take place by calreticulin binding to CRP or

directly to C1q (Suchita and Joshi, 2005; Suchita et al., 2008). Secretion of calreticulin and

its interaction with C1q was also shown for Necator americanus and Trypanosoma cruzi (Kasper

et al., 2001; Ferreira et al., 2004).

1.3.3.6 Non-Protein Compounds

Generally, studies have investigated the proteins present in ES products, although a few

studies have also reported the release of other components by H. contortus and

T. circumcincta. These include the metabolic endproducts propan-1-ol, acetate and

propionate, as well as small amounts of ethanol, lactate and succinate (Ward and

Huskisson, 1978; Ward et al., 1981).

Hadás et al. (1998) detected the prostaglandins PGA2 and PGB2 in T. colubriformis and

H. contortus larval ES products, as well as PGA2, PGB2, PGD2 and PGF2α in extracts from

larvae and adults of both species. The release of prostaglandins was also reported for

Trypanosoma brucei and T. cruzi, Schistosoma spp., N. americanus and O. volvulus (Daugschies and

Joachim, 2000; Kubata et al., 2007). It has been suggested that prostaglandins are released

by the parasites to modulate host physiology and/or immune reaction in their vicinity,

which might include the induction of inflammation, downregulation of cytokines or

decreased gastric secretion.
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1.3.3.7 In vitro Functions - Further Possibilities for in vivo Actions

1.3.3.7.1 Effects on Secretion

ES products of abomasal nematodes have been shown to stimulate pepsinogen secretion,

inhibit the ECL cell and acid secretion, but not secretion of gastrin. Merkelbach et al. (2002)

found that adult H. contortus ES products were able to inhibit acid secretion by rabbit gastric

glands in vitro. The active ES component(s) for this effect was found to be smaller than

5kDa. Ammonia was suggested as a possible active component as parallel testing with

ammonium chloride in equivalent concentrations to those in the ES preparations showed a

similar response. Hertzberg et al. (1999a) demonstrated that adult H. contortus ES products

were able to inhibit the secretory activity of ECL cells in vitro. They suggested that parietal

cell stimulation, and therefore acid secretion, was suppressed by the inhibition of the ECL

cells by parasite ES products. In vitro, pepsinogen release from abomasal tissue was

demonstrated after exposure to ES products from T. circumcincta, but only in tissues from

animals that had been previously exposed to parasites (Scott and McKellar, 1998). It was

suggested that hypersensitivity reactions to antigens present in ES products were

responsible. Neither Lawton et al. (2002) nor Haag et al. (2005) were able to find evidence

for a gastrin stimulant in ES products of several life cycle stages of T. circumcincta or

H. contortus, respectively (see also 1.3.1).

1.3.3.7.2 Immunomodulatory Effects

A variety of molecules with immunomodulatory effects have been identified in extracts and

ES products of numerous helminths (Johnston et al., 2009). These immunomodulatory

effects include induction of eosinophil and neutrophil chemotaxis, inhibition of eosinophils

or monocytes, reduction or increase in cytokine levels and induction of growth factor

release.

An inhibitor of monocytes has been found in adult H. contortus ES products (Rathore et al.,

2006). The 66kDa ES antigen was able to reduce the production of hydrogen peroxide and

nitric oxide from monocytes in vitro by as yet undefined mechanisms. This may be another
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possible antioxidative strategy in addition to the antioxidant enzymes described above

(1.3.3.3).

An eosinophil chemoattractant is produced by both H. contortus and T. circumcincta

(Reinhardt, 2004; Wildblood et al., 2005). Extracts from L3, L4 and adult parasites had a

dose-dependent stimulatory effect on the migration of eosinophils. Similar effects were

obtained with ES products from L3 as well as live L3 (Wildblood et al., 2005). A lectin in ES

products from O. ostertagi was responsible for eosinophil chemotaxis (Klesius, 1993)

whereas in H. contortus it was likely due to a galectin or galectin mixture (Turner et al., 2008).

Galectins were also found in ES products of T. circumcincta L4 and different stages of

B. malayi (Craig et al., 2006; Hewitson et al., 2008; Moreno and Geary, 2008). In addition,

using cDNA cloning, Greenhalgh et al. (2000) detected three novel galectins, which were

stage specifically expressed at different concentrations in H. contortus. Turner et al. (2005)

suggested that it is possible that parasite galectins mimic the action of host galectins, which

have been shown to have diverse functions, including eosinophil chemoattractant activity

(galectin-9 (Hirashima, 2000)), modulation of cell adhesion and apoptosis (galectin-8

(Hadari et al., 2000; Zick et al., 2004)). Neutrophil chemotaxins have been detected in a

range of parasites including H. contortus (Reinhardt, 2004), T. circumcincta (Reinhardt, 2004),

Ascaris (Tanaka et al., 1979) and O. volvulus, where the activity has been shown to be

dependent on Wolbachia endobacteria (Brattig et al., 2001). It was suggested that the

recruitment of inflammatory cells might be beneficial for the parasites by damaging parietal

cells thus reducing acid secretion and pepsinogen activation (Simpson, 2000) and/or tissue

damage being beneficial for parasitic invasion (Wildblood et al., 2005). Alternatively, they

could just evoke an inflammatory response.

1.3.3.7.3 Effects on Cell Proliferation

A few studies examined the effects of ES products on cell proliferation (Hoste et al., 1995;

Huby et al., 1995; 1999). T. colubriformis ES products increased cell proliferation in a dose-

dependent manner in most cell lines tested, including epithelial cells of digestive (RIC,

IEC-6, IRD-98 and HT29-D4) and non-digestive origin (MDCK) and inhibition only in

epithelial cells of non-digestive origin (CHO and 3T3) (Hoste et al., 1995; Huby et al., 1999).
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T. circumcinta ES products also had a stimulatory effect on HT29-D4 cells, but no

significant effect was observed for H. contortus (Huby et al., 1995). In contrast, Abner et al.

(2002) found a dose-dependent cytotoxic response of T. suis ES products on intestinal

epithelial cells, particularly IPEC-1 and INT407. Furthermore, Przemeck et al. (2005) and

Huber et al. (2005) noted an increased rate of cell detachment after exposure of

ES products from L3 and adult H. contortus and T. circumcincta to HeLa cells (epithelial,

human cervix adenocarcinoma cells), but this was not quantitated.

1.3.3.7.4 Cell Vacuolation

ES products from L3 and adult H. contortus and T. circumcincta have been shown to cause

vacuolation in HeLa cells in a stage- and parasite-density dependent manner (Huber et al.,

2005; Przemeck et al., 2005). The effect of vacuolation was enhanced by adding 8mM

ammonium chloride to the medium (Przemeck et al., 2005). The ammonia in ES products

was therefore considered as a possible contributor of the vacuolation activity in the ES

products of abomasal nematodes, similar to H. pylori-induced vacuoles. VacA, the

vacuolating cytotoxin from H. pylori, forms anion-selective channels, which are internalised

and insert into late endosomes. This changes the permeability of late endosomes and

enhances the vacuolar ATPase proton pumping activity to compensate for the increased

anion concentration. Ammonia generated by H. pylori urease enters the acidic organelles

and is protonated to ammonium and trapped. Osmotic influx of water leads to vesicle

swelling, forming a vacuole (Montecucco and de Bernard, 2003; Cover and Blanke, 2005).

However, observations by Huber et al. (2005) indicated that ES component(s) other than

ammonia might be involved. Larval and adult ES preparations contained the same

concentrations of ammonia, but larval ES preparations induced less severe vacuolation.

Additionally, incorporated Neutral red (NR), which is a lipophilic free base and commonly

used for quantitative analysis of VacA induced vacuolation by H. pylori (Cover et al., 1991;

Garner and Cover, 1996), was observed to be localised in the cytosol and peri-nuclear

regions and not inside the numerous small vacuoles. In contrast, in vacuoles induced by H.

pylori VacA, NR accumulates almost exclusively within the vacuoles, which were fewer in

number and significantly larger in size than those induced by ES products.
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1.4 Conclusions

Despite the extensive knowledge which has been gained of the pathophysiological and

histopathological effects in response to abomasal parasitism, the underlying host-parasite

interactions and mechanisms resulting in the observed pathology are mainly unknown. The

number of reports about the contents of ES products has grown immensely over recent

years, but the functionality of ES products remained in many cases speculative and was

often gained from comparisons with analogous components of other pathogenic species or

eukaryotic components in general.

Experiments described in the following chapters were aimed at further investigating host-

parasite interactions, especially the early stages of infection. The particular focus was on the

fate of the parietal cell and possible roles for ES products, which might initiate the

characteristic pathology. Experiments were aimed to develop techniques to study the early

events of parasitism by H. contortus and T. circumcincta in vivo (chapter 2). ES was examined in

vitro using several model systems. The main focus was on potential roles of ES products

during abomasal parasitism, with the model systems mimicking some of the pathological

effects of parietal cells in vivo, including induction of cellular vacuolation (chapter 3) and the

detachment and loss of cells (chapter 4). In addition, effects of ES products on the

epithelial barrier function were investigated (chapter 5).



Chapter 2: Effects of Parasitism on the Abomasal Mucosa                                               41

Chapter 2

 EFFECTS OF PARASITISM ON THE

ABOMASAL MUCOSA

2.1 Introduction

Despite numerous extensive descriptions of the histopathology associated with abomasal

parasitism, the specific initiating factors and the contributions of host and parasite to the

pathology remain speculative. These histological changes during infection with abomasal

parasites include mucous cell hyperplasia and decreased numbers of chief and parietal cells

(Scott et al., 1998a, c; 1999; 2000; Przemeck, 2003). Vacuolation of parietal cells has been

observed after infection with T. circumcincta larvae and after adult worm transfer (Scott et al.,

1998a; 2000; Przemeck, 2003). Inhibition and loss of parietal cells could be a key factor in

the cellular changes in the fundic glands, as parietal cells play an important role in

maintenance and differentiation of gastric gland cells (1.2.4.2). Many other models of

similar pathologies involve depletion or functional abnormalities in the parietal cells. One

example is the loss of mature parietal cells evoked by diphtheria toxin, which causes
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mucosal hyperplasia and affects the differentiation of the chief cell lineage and causes loss

of chief cells (Li et al., 1996).

ES products are likely to be involved at least in the early initial contact between the parasite

and the host tissues and to play a part in initiating the pathophysiology and inflammatory

response. This is supported by the rapid effects on gastric function by transplantation of

adult worms, which do not invade the tissues in the same way as larvae do. Widespread

inhibition of gastric acid secretion coincides with emergence of parasites from the glands

(Lawton et al., 1996; Simpson et al., 1997; Scott et al., 2000) and can be mimicked by

transplantation of adult worms (Anderson et al., 1985; Lawton et al., 1996; Scott et al., 2000).

Evidence of nematode ES products being involved in targeting parietal cell function in vivo

has been reported (Simpson et al., 1999; Hertzberg et al., 2000). In vitro, ES products were

demonstrated to inhibit acid secretion (Merkelbach et al., 2002) and also, in preliminary

findings, to inhibit the secretory activity of the ECL cell (Hertzberg et al., 1999a).

It has been suggested that parasites may target parietal cell function as a deliberate strategy

to increase the abomasal pH and promote their survival in the abomasum (Simpson, 2000).

The experiments of Lawton et al. (2002) and Haag et al. (2005) demonstrated that parasitic

stages (day 15 to week 8 p.i.) of T. circumcinta and H. contortus did not survive long at pH 2.5

or 3.5, but tolerated incubations at pH 4.5 and above. In contrast, exsheathed L3 survived

even at pH 2.5 for at least a few days. Additionally, the optimal pH for egg laying by adult

H. contortus was found to be between 4 and 4.5 (Honde and Bueno, 1982).

Alternatively, the observed histopathological and pathophysiological changes could be

accounted for by the response of the host to the presence of the parasites (Scott et al.,

1998a; 2000; Simpson, 2000). Parasitised tissues usually contain large numbers of

eosinophils and neutrophils (Scott et al., 1998a; 2000), which are capable of damaging host

tissue by the release of cationic proteins and reactive oxygen metabolites (Harlan, 1985;

Levy and Kita, 1996; Meeusen, 1999). In addition, inflammatory cytokines and growth

factors could affect gastric secretion and cellular composition of the glands. IL-1β, TNF-α,

TGF-α, EGF and HGF have been shown in different studies to inhibit acid secretion

(Beales, 2000). Overexpression of TGF-α led to foveolar hyperplasia (Beales, 2000). In

H. pylori induced enlarged fold gastritis, IL-1β release was shown to correlate with
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hypoacidity (Yasunaga et al., 1997). This could also be a possibility in nematode infections.

Among other factors, IL-1β and TNF-α were up-regulated after T. circumcincta infection

(Craig et al., 2006).

Experiments reported in this chapter were aimed at investigating parasite interactions with

the host tissue soon after larval infection and the early effects of adult parasites on host

tissue. For the former approach, different fluorescent dyes were used to label larvae before

infection in order to facilitate the identification of larvae inside the tissue. Collection of

abomasal tissue containing parasitised glands has previously proved difficult because of

minimal visible effects on the abomasal mucosa for a period after larval infection

(Przemeck, 2003). The early effects of adult parasites on host tissue were studied using

tissue of infected sheep after transplantation of adult T. circumcincta at different time points

post infection, with a particular focus on the function of parietal cells. Parietal cells were

labelled with TGF-α antibody, which identifies those cells expressing that growth factor,

which is known to be involved in the pathology associated with parietal cell loss (Dempsey

et al., 1992; Takagi et al., 1992; Sharp et al., 1995; Li et al.,1996). In addition, parietal cells

were labelled with H+/K+-ATPase-antibodies to identify cells expressing the proton pump.

Different lectins were also assessed as markers for sheep parietal cells. Kessiman et al.

(1986) identified four lectins that stained parietal cells intensely: Bandieraea simplicifolia lectin

(BSL), Dolichos biflorus agglutinin (DBA), peanut agglutinin (PNA) and Soybean agglutinin

(SBA). Ulex europaeus agglutinin (UEA) was reported to have a weak binding intensity. The

use of different markers of parietal cell function aimed to identify subpopulations of

parietal cells showing different labelling characteristics.
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2.2 Early Changes within the Abomasal Mucosa after

Infection with Labelled H. contortus L3

2.2.1 Materials and Methods

2.2.1.1 Experimental Overview

First, a non-toxic method of fluorescent labelling of H. contortus L3 was developed with the

aim of facilitating identification of infected glands. Sheep were infected with a 1:1 mixture

of labelled and unlabelled H. contortus L3 and euthanased at times between 18h and 48h p.i.

for collection of tissues for examination by confocal microscopy with the aim of

investigating early larva interactions with the host tissue.

2.2.1.2 Parasites

A laboratory strain of H. contortus was maintained by regular passage through sheep for in

vitro studies and infection of sheep for tissue collection (Appendix I). Before infection of

sheep, the viability of the L3 was checked and confirmed to be greater than 95%. For in

vitro labelling, H. contortus L3 from the larval culture stock were centrifuged for 5min at

3000rpm (centrifuge 5810R, Eppendorf) and the supernatant removed.

2.2.1.3 Labelling of H. contortus L3

Three different fluorescent dyes were assessed as labels for H. contortus larvae. The dyes

tested were: (1) the DNA dye Hoechst 33258 (UV (ultraviolet) laser/405nm excitation with

emission maximum at ~460nm/blue fluorescence) at a concentration of 15µg/ml for 1h or

15h; (2) the DNA dye Syto®17 (green laser/546nm excitation with emission maximum at

~650nm/red fluorescence) at concentrations of 20µM and 50µM for 1h and 4h or (3) the

lipophilic dye Nile Red (green laser/546nm excitation with emission maximum at
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~630nm/red fluorescence) at 5µg/ml for 1h (Appendix I; suppliers of all chemicals used

for the thesis are listed in Appendix VI). After incubation of the larvae with the different

dyes for the specified time, they were washed with water to remove excess dye and

examined in an inverted confocal microscope (TE-2000 U Eclipse, Nikon) with 20x and

40x objectives with UV and green laser excitation. Images were processed with Adobe

Photoshop (version CS).

2.2.1.4 Infection of Sheep with Labelled H. contortus

Sheep used were male Romney or Romney cross ranging from four to seven months of

age. They were drenched when brought indoors and confirmed negative for nematode

parasites before infection (Appendix I).

Five sheep were infected with a 1:1 mixture of unlabelled H. contortus L3 and labelled

H. contortus L3 with Hoechst 33258 for 1h. The total infective doses were 25,000, 30,000 or

50,000 L3. The sheep were euthanased by captive bolt and exsanguination 18h (two sheep),

30h, 36h or 48h after infection for collection of abomasal tissue. An additional sheep was

infected with 200,000 L3 labelled for 15h with Hoechst 33258 to assess the infectivity of

labelled L3. This sheep was euthanased 24h p.i. for counting the number of larvae in the

abomasal contents and tissue.

2.2.1.5 Preparation of  Abomasal Tissue for Microscopy

Tissue folds were removed as soon as possible after death (~30min) and washed with

phosphate buffered saline (PBS) warmed to 37°C (Appendix I). The mucosa was teased

apart on each side of the fold by carefully cutting and ripping the connective tissue, laid flat

in the lid of a petri dish and covered with fixative. Whole folds were similarly fixed. For

confocal microscopy, 4% paraformaldehyde was used as fixative (Appendix II). The

bottom of the dish was laid on top to hold the tissue flat during fixation for 30min at room

temperature. The tissue was washed twice with PBS for 10min each and stored in PBS at

4°C.
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In addition, tissue was fixed for paraffin embedded sections in a similar procedure. The

tissue was initially fixed with Carnoy’s fluid for 24h in glass petri dishes, followed by

fixation in 2% calcium acetate : 4% paraformaldehyde (1:1 v/v) for 3h. The fixed tissue

was stored in 70% ethanol at 4°C. Solutions used are listed in Appendix V. Fixed tissue was

trimmed to ~1cm2 and routinely processed and embedded in paraffin wax by the IVABS

histology laboratory.

To cover a larger portion of the fundic fold, sections were cut 50-60µm thick from tissue

collected from one sheep euthanased 18h after infection with labelled H. contortus L3. These

thick sections were dewaxed in xylene (twice for 5min), rehydrated in a series of absolute

ethanol, 90%, 70% and 40% ethanol and MilliQ water for 2min each, then dehydrated by

dipping 5 to 20 times in each of 40%, 70%, 90% and absolute ethanol, followed by 2min in

xylene. Unstained sections were then mounted with mounting solution Entellan.

Both live and fixed tissue was also cut into slices 1-2 mm thick with a razor blade.

2.2.1.6 Microscopy

Whole or dissected folds of live or paraformaldehyde-fixed tissues were examined with an

inverted confocal microscope from the luminal side, under bright field or UV excitation

(405nm) with 20x, 40x or 60x/water immersion objectives. Razor blade-cut sections and

thick sections were also examined under the same conditions. Images were processed with

Adobe Photoshop.

2.2.1.7 Recovery of Labelled H. contortus from the Abomasum

The number of larvae in abomasal contents and tissue 24h after infection with 200,000 L3

was determined by a modification of the method of Balic et al. (2003). After death, the

abdomen was opened, the abomasum was ligated and removed with its contents. The

abomasum was opened along the greater curvature and the contents were collected. The
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abomasum was washed with 0.9% saline, warmed to 37°C and the washings added to the

abomasal contents amounting to 1l.

The number of L3 in the abomasal contents was determined by a modified Baermann

technique (Baermann, 1917). Briefly, the contents and washings were placed in sieves lined

with tissue paper and the sieve placed in a tray filled with water for 4h at 37°C. The water,

which contained L3 that had migrated through the tissue paper, was centrifuged at 3000rpm

for 5min, the supernatant discarded and the remaining solution containing the larvae was

stored at 10°C for counting. The whole procedure was repeated for another 20h. The

numbers of L3 in ten 100µl aliquots of each of the solutions were counted and the total

number of larvae calculated.

For the determination of L3 inside the tissue, the abomasum was cut into two lengthwise.

A small fold was removed first from each half and fixed in 4% paraformaldehyde to

examine larvae directly inside the tissue (2.2.1.5 and 2.2.1.6). One half of the abomasum

was divided into fundus and antrum (fundus 1 and antrum 1) and the whole mucosa was

scraped off. The number of L3 in each part was determined using the Baermann technique

as described above, with the modification that the sieves were placed in funnels with short

tubing and not in trays. After 4h at 37°C, the water containing the larvae was drained from

the tubing and stored at 10°C for counting. A further Baermannisation of the fundic and

antral tissue was carried out for 20h at 37°C. Numbers of L3 in ten 100µl aliquots of each

of the solutions were counted and the total number of larvae calculated.

The other half of the abomasum was placed in a tray of PBS for 4h at 37°C and larvae,

which migrated into the PBS, were recovered by Baermannisation for 20h at 37°C. From

this second half of abomasal tissue, the fundus and antrum  (fundus 2 and antrum 2) were

separated after the 4h incubation in PBS, the mucosa scraped from each and baermannised

for 20h at 37°C in water, followed by collection of the water in the tubing. The water

containing the larvae was stored at 10°C for counting. The numbers of L3 in ten 100µl

aliquots of each of the solutions form both whole fold and abomasal tissue scrapings were

counted and the total number of larvae calculated for antral mucosa, fundic mucosa and

whole abomasal tissue in PBS.
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Figure 2.1: Characteristic autofluorescence in the gut region of sheathed (A) and

exsheathed (B) H. contortus L3. UV excitation, original magnification 400x, bars 10µm.

Figure 2.2: Hoechst 33258 labelled sheathed (A) and exsheathed (B) H. contortus L3. Note

the staining of nuclei mainly in the head and tail region after Hoechst 33258 labelling in

addition to the autofluorescence. UV excitation, original magnification 400x, bars 20µm.

A B

A B
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Figure 2.3: Razor blade-cut sections of fundic mucosa collected 24h p.i. (A. and B.) and

30h p.i. (C.) from sheep infected with H. contortus L3. The sheep in A. and B was infected

with 200,000 labelled L3 and in C. with 30,000 labelled and unlabelled (1:1) H. contortus L3.

A. Larva on the surface of the gastric mucosa, B. larva penetrated a gastric pit and C. larva

penetrated a relatively damaged gastric pit. All paraformaldehyde fixed tissue, UV

excitation, original magnification 100x (A.  and C.), bars 30µm; 200x (B.), bar 20µm.

A

B C
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Figure 2.4: Luminal surface of a nodular area of fundic mucosa from a sheep 18h after

infection with 30,000 labelled and unlabelled (1:1) H. contortus L3. Note the larva in the

gland lumen. Unfixed tissue, (A) original magnification 10x, bar 20µm (B) original

magnification 20x, bar 10µm.

A

B
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2.2.2 Results

2.2.2.1 Fluorescent Labelling of H. contortus L3

H. contortus L3 had a characteristic autofluorescence under UV light (Figure 2.1). This was at

a similar wavelength to that of the sheep tissue. L3 stained with 15µg/ml Hoechst 33258, in

addition to the autofluorescence, exhibited fluorescence from binding of the dye to DNA

in the nuclei in the head and tail regions (Figure 2.2). No binding of the DNA dye Syto®17

was apparent after incubations for 1h or 4h with 20µM or 50µM dye. Staining with the

lipophilic dye Nile Red in a concentration of 5µg/ml produced unsatisfactory results, as the

larvae were only partly labelled and the staining disappeared after 1 day. Hoechst 33258 was

chosen for all subsequent experiments with labelled H. contortus L3.

2.2.2.2 Identification of Glands Parasitised by H. contortus Larvae

Tissues were visually inspected for nodules to locate parasitised glands. Only a few small

nodules and a small number of larger ones were apparent in one of the two sheep

euthanased 18h p.i. and none in the other. After 30h of infection, large numbers of big

nodules were detected, at 36h p.i. only a few nodules were seen and there were almost no

nodules in the sheep euthanased 48h p.i.

Live tissue, fixed tissue and thick sections of fixed tissue, either cut with a razor blade or as

50-60µm sections using a microtome, were examined using an inverted confocal

microscope. Examination of all of these tissues from five sheep infected for 18h (two

sheep), 30h, 36h or 48h, resulted in a total of six larvae being found inside the tissue and

approximately 30-50 on top of the tissue (Figures 2.3 and 2.4). All larvae detected were

seen because of autofluorescence, rather than labelling with Hoechst 33258. Tissue was

also collected and fixed very quickly from one sheep, probably taking about 5min in total,

but resulted in similar results and no additional larvae being seen. A 5ml sample of the

abomasal contents of each sheep was also examined, but only two larvae were seen in one

sample.
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Table 2.1: Number of larvae (mean ± SEM, n=10) recovered from

abomasal contents, fundus and antrum from a sheep 24h p.i. with

200,000 labelled H. contortus L3.

Source Incubation time No. of larvae

total 7056 ± 474

0-4h 2961 ± 242Abomasal contents

4-24h 4095 ± 233

total 293 ± 17Half abomasum

(as whole) 0-4h 293 ± 17

Fundus total 2685 ± 303

0-4h 78 ± 12
Fundus 1a

4-24h 1054 ± 102

Fundus 2b 4-24h 1553 ± 188

Antrum total 1292 ± 142

0-4h 205 ± 34
Antrum 1a

4-24h 284 ± 29

Antrum 2b 4-24h 803 ± 79

Total 11325 ± 936

a mucosal tissue scrapings incubated and baermannised immediately

after the collection of the tissue for 0-4h and a second incubation for

4-24h, b mucosal tissue scrapings from the half abomasum, which was

first incubated 0-4h as a whole half, incubated and baermannised for

4-24h
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Parasitised glands could not be confidently recognised unless they contained a larva, which

was rarely the case even in areas of nodules cut into thin slices with a razor blade. Using the

confocal microscope, the full depth of the gland could not be visualised and larvae deep in

the gland may not have been seen. Tissues proved too thick for the whole gland depth to

be visualised in the confocal microscope.

An interesting observation in the course of the experiments involved the larva shown in

Figure 2.4. While this live tissue was being studied, the larva clearly left the gland and

appeared on the surface of the tissue.

2.2.2.3 Counts of Labelled H. contortus in Abomasal Contents and Tissues

Visual inspection of the tissue collected 24h p.i. after an infective dose of 200,000 labelled

H. contortus detected almost no nodules and the tissue appeared normal macroscopically.

The total number of larvae counted was 11,325, representing 5.7% of the infective dose.

The full results are summarised in Table 2.1. The majority of larvae (7056) were present in

the abomasal contents with more being recovered from 4-24h than in the first 4h of

Baermannisation. One half of the abomasum was used immediately to provide mucosal

scrapings (fundus 1 and antrum 1), from which 1132 larvae were recovered from the

fundus, almost all during 4-24h of Baermannisation, whereas 489 were recovered from the

antrum, equally spread from 0-4 and 4-24h. When the whole tissue was incubated in PBS,

293 larvae were recovered in 4h. A further 1553 larvae were recovered from the fundus

(fundus 2) and 803 from the antrum (antrum 2) after the next 20h incubation of mucosal

scrapings from the separated fundus and antrum.
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2.3 Early Changes within the Abomasal Mucosa after

Infection with Adult T. circumcincta

2.3.1 Materials and Methods

2.3.1.1 Experimental Overview

The early effects of luminal stages of abomasal parasites were studied using fixed fundic

tissues from a previous experiment involving adult transplantation of T. circumcincta into

parasite-naive sheep. These tissues were kindly provided by I. Scott and H. V. Simpson. A

particular focus was the counting of parietal cells stained with two different markers, using

an antibody to the proton pump and a TGF-α antibody. Lectin staining was also

investigated as a third marker for parietal cells.

2.3.1.2 Infection with T. circumcincta

Parasite-naive lambs, at about four months of age, each received approximately 10,000

adult T. circumcincta through an abomasal cannula and were euthanased 6h, 12h, 24h and

72h after the transplant. Adult worms, obtained from donor sheep 21d after infection with

100,000 T. circumcincta L3, were given to the recipient animals within 1-2h of collection.

Uninfected control lambs were euthanased at the start of the experiment.

Abomasal tissue was fixed in Bouin’s fluid and routinely processed and embedded. Sections

from the tissue blocks were cut at 5µm.

2.3.1.3 Histochemistry

Fundic tissues from two sheep in three experimental groups (control and euthanased at 12h

or 72h p.i.) were stained with an antibody to the proton pump and a TGF-α antibody. For
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each sheep, parietal cells labelled with each of the two stains were counted in three 300µm

wide columns of fundic mucosa. Lectin staining was carried out on tissues from one animal

per group (control and euthanased at 6h, 12h or  24h p.i.) and from fundic tissue from a

parasite-naive lamb which was infected at three months of age with 35,000 T. circumcincta L3

intraruminally and euthanased on 30d p.i.

For all staining procedures, the sections were dewaxed in xylene twice for 5min and

rehydrated for 2min each through a series of ethanol concentrations (absolute ethanol,

90%, 70%, 40%) and finally MilliQ water. After permeabilising with 1% Triton-X-100 in

PBS for 30min at room temperature, the sections were again washed with PBS three times

each for 1min. This was followed by specific staining steps for lectin staining (2.3.1.2.1) or

proton pump and TGF-α antibody staining (2.3.1.2.2). Subsequent counterstaining,

dehydration and mounting was the same after all stains. Following the last wash with PBS,

sections were rinsed with tap water, incubated with hematoxylin for 20-60s and then rinsed

again with tap water until cleared. Counterstaining was followed by dehydration and

mounting: the sections were dipped 5 to 20 times in each of 40%, 70%, 90% and absolute

alcohol and finally in xylene for 2min before they were mounted immediately with

mounting solution Entellan. All solutions used for histochemistry are listed in Appendix V.

Tissue sections were examined using a fluorescent microscope (Eclipse E600, Nikon,

equipped with a DS-Fi 1 Nikon camera, using a 20x or 40x objective) if not stated

otherwise. All images were processed with Adobe Photoshop.

2.3.1.3.1 Lectin Staining

After dewaxing, rehydration and permeabilising, the sections were incubated for 1h at

room temperature with the biotinylated lectins DBA, SBA, PNA or UEA in PBS at a

concentration of 7.5 or 10µg/ml. For the negative control, the same incubation was carried

out with omission of the lectin. The lectin incubation was either together with a

streptavidin-Alexa Fluor® 546 conjugate or the lectin incubation was followed by the

strepavidin incubation in the dark (streptavidin at concentrations of 1.5, 2 or 5µg/ml).

Following three 1min washes with PBS, the sections were counterstained, dehydrated,

mounted and then examined. The Streptavidin-Alexa Fluor® 546 conjugate has an
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excitation maximum of ~556nm (green laser) and emission maximum of 573nm (red

fluorescence).

2.3.1.3.2 Proton Pump and TGF-α

Successive sections were used for proton pump and TGF-α antibody staining. After the

permeabilising step, sections were incubated with sodium borohydride (1mg/ml; three

times for 10min) to minimise the autofluorescence of the tissue and then rinsed several

times with PBS. This was followed by an incubation with blocking buffer for 30 to 45min

at room temperature. For the negative control, the blocking buffer was not drained off.

The liquid from the samples was removed and the sections were incubated for 1h at room

temperature with antibody. Sections were stained with either (1) H+/K+-ATPase

(β-subunit) mouse monoclonal IgG (1:2000 in blocking buffer), which was directly labelled

with Zenon® Mouse IgG label Kit-Alexa Fluor® 488 following the suppliers protocol or

(2) TGF-α mouse monoclonal IgG diluted 1:100 in blocking buffer. For TGF-α staining,

the incubation of sections with the first antibody was followed by washing with PBS (three

times for 1min) before they were incubated with the second biotinylated goat anti-mouse

antibody (1µg/ml). Following another wash with PBS (three times for 1min), the sections

were incubated with streptavidin-Alexa Fluor® 546 conjugate (1µg/ml). For both staining

protocols (using directly labelled H+/K+-ATPase or TGF-α with a second biotinylated

antibody followed by streptavidin), this was followed by another wash with PBS (three

times for 1min) and then counterstaining, dehydration, mounting and examination. The

Streptavidin-Alexa Fluor® 546 conjugate has an excitation maximum of ~556nm (green

laser) and emission maximum of 573nm (red fluorescence). The Zenon® Alexa Fluor®

488 label kit has an excitation maximum of 495nm (blue laser) and emission maximum of

519nm (green fluorescence).

Additionally, a double-stain using both H+/K+-ATPase and TGF-α antibody was tested:

the same protocol as described above for TGF-α antibody staining was followed and after

the last wash with PBS following the streptavidin incubation for the TGF-α antibody, the

Alexa Fluor® 488 directly labelled H+/K+-ATPase antibody was applied to the same

section for 1h. The rest of the procedure followed the general staining protocol.
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Figure 2.5: Lectin stained (DBA) fundic tissue 30d p.i. from a sheep infected with 35,000 T. circumcincta L3. Tissue was stained with DBA 7.5µg,

streptavidin 1.5µg and counterstained with hematoxylin. A/1 Hematoxylin counterstain, bright field image, A/2 Lectin staining, fluorescence image,

A/3 Merge A/1 and A/2. Paraffin embedded 5µm section, original magnification 600x (confocal microscope), bars 10µm.

A/1 A/2 A/3
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Figure 2.6: Lectin stained (SBA) fundic tissue 30d p.i. form a sheep infected with 35,000 T. circumcincta L3. Tissue was stained with SBA 7.5µg,

streptavidin 1.5µg and counterstained with hematoxylin. A/1 Hematoxylin counterstain, bright field image, A/2 Lectin staining, fluorescence image,

A/3 Merge A/1 and A/2. Paraffin embedded 5µm section, original magnification 600x (confocal microscope), bars 10µm.

A/1 A/2 A/3
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Figure 2.7: Lectin stained (PNA) fundic tissue 30d p.i. from a sheep infected with 35,000 T. circumcincta L3. Tissue was stained with PNA 7.5µg,

streptavidin 1.5µg and counterstained with hematoxylin. A/1. Hematoxylin counterstain, bright field image, A/2. Lectin staining, fluorescence

image, A/3. Merge A/1 and A/2. Paraffin embedded 5µm section, original magnification 600x (confocal microscope), bars 10µm.

A/1 A/2 A/3
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Figure 2.8: Lectin stained (DBA) ovine fundic tissue before (control) and 12 and 72h after

transplantation of 10,000 adult T. circumcincta. Fluorescent images after excitation with

546nm. A. 6h p.i., 7.5µg DBA, 1.5µg streptavidin, B. uninfected control, 7.5µg DBA, 1.5µg

streptavidin, C. 24h p.i., 10µg DBA, 2µg streptavidin, D. 12h p.i., 10µg DBA, 5µg

streptavidin, E. uninfected control, 7.5µg DBA, 1.5µg streptavidin, F. uninfected control,

negative control (omission of DBA). Paraffin embedded 5µm sections, original

magnification 400x, bars 10µm.

A B

C D

FE
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A - SBA

C - PNA

B - SBA

D - PNA

Figure 2.9: Lectin stained ovine fundic

tissue before (control) or 6h after

transplantation of 10,000 adult

T. circumcincta. Fluorescent images after

excitation with 546nm. A. 6h p.i., 7.5µg

SBA, 1.5µg streptavidin, B. uninfected

control, 7.5µg SBA, 1.5µg streptavidin,

C. 6h p.i., 7.5µg PNA, 1.5µg streptavidin,

D. uninfected control,  7.5µg PNA,

1.5µg streptavidin. Paraffin embedded

5µm sections, original magnification

400x, bars 10µm.
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2.3.1.4 Statistical Analysis

Data are presented as mean ± SEM. One-way ANOVA with Tukey’s post hoc test (Prism

version 4.03) was used to compare parietal cell counts, abomasal pH and mucosal thickness

in infected and uninfected tissues.

2.3.2 Results

2.3.2.1 Lectin Staining

In the preliminary experiment using tissue from a sheep infected with T. circumcincta L3,

binding of DBA and SBA to parietal cells was strong, it was slightly weaker with PNA and

there was no staining with UEA (Figures 2.5 to 2.7). For tissue from an uninfected sheep

and one euthanased 6h p.i., there was moderate staining with DBA, PNA and SBA using

the same concentrations of lectins (7.5µg/ml) and streptavidin (1.5µg/ml) as before and

staining was not exclusively to parietal cells (Figures 2.8 A. and B. and 2.9). Tissues

collected 12 and 24h after adult T. circumcincta transplantation were stained with DBA

(10µg/ml) and streptavidin (2 or 5µg/ml) together and again produced moderate but

uneven staining (Figure 2.8 C. and D.). Separate incubations with DBA (7.5µg/ml) and

streptavidin (1.5µg/ml) for uninfected control tissues resulted in strong staining of the

gastric pit region and weaker, uneven staining in the gland region (Figure 2.8 E.). The

negative control in each experiment (omission of lectin) did not show any staining apart

from weak background staining (Figure 2.8 F.). In general, lectin staining was not specific

for parietal cells, uneven in tissues and not consistent between animals.

2.3.2.2 Proton Pump and TGF-α Labelled Parietal Cells

Using double staining with directly labelled H+/K+-ATPase antibody and TGF-α antibody

on the same slide, H+/K+-ATPase staining was inconsistent and weak compared with

single staining with labelled H+/K+-ATPase antibody. In an effort to compare H+/K+-
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A

B

E

C

D

Figure 2.10: TGF-α and H+/K+-ATPase positive parietal

cell staining of successive ovine fundic sections (12h

after transplantation of 10,000 adult T. circumcincta). A.

Hematoxylin counterstaining of TGF-α stained section,

B. Fluorescent image of TGF-α stained section (after

excitation with 546nm), C. Hematoxylin counterstaining

of H+/K+-ATPase stained section, D. Fluorescent image

of H+/K+-ATPase stained section (after excitation with

488nm), E. Merge B. and D. showing that TGF-α and

H+/K+-ATPase positive parietal cells did not align even

though the cut sections are only 5 µm apart. Paraffin

embedded 5µm sections, Mayer’s Hematoxylin

counterstain and fluorescent TGF-α and H+/K+-ATPase

staining, original magnification 200x, bars 10µm.
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Table 2.2: Numbers of TGF-α and H+/K+-ATPase positive parietal cells (mean ± SEM,

n=2) in fundic tissue of sheep before (uninfected control, Ct) or 12 and 72h after the

transplantation of 10,000 adult T. circumcincta. Cell numbers are expressed as total cell

numbers per 300µm wide column of fundic mucosa. Means with the same superscript are

significantly different (p<0.05).

Group
Parameter

Ct 12h 72h

TGF-α positive PC 262.00 ± 14.74a 238.67 ± 15.53 222.33 ± 5.25a

H+/K+-ATPase positive PC 263.33 ± 12.43b, c 224.33 ± 8.80b 162.00 ± 10.41c

Figure 2.11: Numbers of parietal cells - TGF-α positive vs. H+/K+-ATPase positive of

individual sheep (A) and group mean (B) before (control) and 12 and 72h after

transplantation of 10,000 adult T. circumcincta. Cell numbers are expressed as total cell

numbers per 300µm wide column of ovine fundic mucosa.
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Figure 2.12: Fundic mucosa of uninfected control sheep. TGF-α (A.) and H+/K+-ATPase

positive (B.) parietal cells are distributed within the pits and glands with the majority in the

middle part of the glands. Fluorescent images after (A.) 546nm and (B.) 488nm excitation.

Paraffin embedded 5µm sections, original magnification 200x, bars 10µm.

A

B
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Figure 2.13: Numbers of TGF-α positive vs. H+/K+-ATPase positive parietal cells per

30µm unit area in a 300µm wide column of ovine fundic mucosa for each group (control

and 12 and 72h after transplantation of 10,000 adult T. circumcincta).
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Figure 2.14: Numbers of TGF-α positive vs. H+/K+-ATPase positive parietal cells per

30µm unit area in a 300µm wide column of fundic mucosa of individual sheep for each

group (control and 12 and 72h after transplantation of 10,000 adult T. circumcincta).
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Figure 2.15: Fundic mucosa of uninfected control sheep - Parietal cell vacuolation. A. A few TGF-α positive parietal cells are

vacuolated (arrowheads). The number of vacuolated parietal cells is less than in tissues taken 12 and 72h after transplantation

though. A/1 Hematoxylin counterstain, A/2 fluorescent TGF-α immunohistochemistry (excitation 546nm), A/3 merge A/1

and A/2. Shown are the middle part (A) of glands. Paraffin embedded 5µm sections, original magnification 200x, bars 10µm.

A/1 A/2 A/3
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Figure 2.15 continued: Fundic mucosa of uninfected control sheep - Parietal cell vacuolation. B. A few H+/K+-ATPase

positive parietal cells are vacuolated (arrowheads). The number of vacuolated parietal cells is less than in tissue taken 12 and

72h after transplantation though. B/1 Hematoxylin counterstain, B/2 fluorescent H+/K+-ATPase immunohistochemistry

(excitation 488nm), B/3 merge B/1 and B/2. Shown are the bottom part (B) of glands. Paraffin embedded 5µm sections,

original magnification 200x, bars 10µm.

B/1 B/2 B/3
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ATPase and TGF-α positive staining, successive sections were stained with single stains.

Unfortunately, even though the sections were only 5µm apart it was impossible to align the

cells and then compare directly H+/K+-ATPase and TGF-α positive staining of the same

cells (Figure 2.10).

Cell counts of H+/K+-ATPase and TGF-α positive parietal cells of individual sheep and

group means are shown in Table 2.2 and Figure 2.11. Compared with the control counts,

the number of TGF-α positive and H+/K+-ATPase positive parietal cells decreased, but

only significantly for H+/K+-ATPase positive parietal cells 72h after the transplant

(p<0.05).

2.3.2.2.1 Abomasal Tissue from Uninfected Control Sheep

H+/K+-ATPase and TGF-α positive parietal cells were distributed along the pits and glands

(Figure 2.12). The highest numbers of parietal cells were counted between ~100 to

~330µm of the mucosal length, representing the upper base and neck in this group. For

comparison, the length of the different gland regions (base-neck-pit) are shown in Figure

2.27 (2.3.2.3). Group means of H+/K+-ATPase and TGF-α positive parietal cells are shown

in Figure 2.13 and counts of individual sheep in Figure 2.14. The profiles of H+/K+-

ATPase and TGF-α stained parietal cells along the pits and glands were almost identical

(Figure 2.13). In general, the variation in H+/K+-ATPase or TGF-α positive parietal cells

between control animals was low; slight variations between the animals occurred mainly in

the neck region (Figure 2.14). H+/K+-ATPase staining appeared in most cases evenly

intense along the pits and glands compared with TGF-α staining, however, some variation

in intensity between cells of the same section and between sections occurred. In contrast,

in some cases, TGF-α staining appeared to be less intense in the pit regions, in addition to

some overall variation in staining intensity. There was a small number of parietal cells

which showed signs of vacuolation (Figure 2.15), but the number was comparatively low

compared with the occurrence in the 12h and 72h p.i. groups. The vacuoles present were

mainly similar to the size of the nucleus or smaller, although some larger ones also

occurred. Inside the cell, vacuoles were located close to the nucleus. Vacuoles did not take
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Figure 2.20: Fundic mucosa of sheep 12h after transplantation of 10,000 adult

T. circumcincta. A. # 17541, B. # 17549. Some eosinophils can be seen entering the lamina

propria. Paraffin embedded 5µm sections, Mayer’s Hematoxylin counterstain, original

magnification 200x, bars 10µm.

A

B



 F
acin

g p
age 55

Figure 2.19: Fundic mucosa of sheep 12h after transplantation of 10,000 adult T. circumcincta - Parietal cell vacuolation.

A. Vacuolated TGF-α positive parietal cells are marked by arrowheads. A/1 Hematoxylin counterstain, A/2 fluorescent

TGF-α immunohistochemistry (excitation 546nm), A/3 merge A/1 and A/2. Shown are only the bottom parts of glands.

Paraffin embedded 5µm sections, original magnification 200x, bars 10µm.

A/1 A/2 A/3
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Figure 2.19 continued: Fundic mucosa of sheep 12h after transplantation of 10,000 adult T. circumcincta - Parietal cell

vacuolation. Vacuolated H+/K+-ATPase positive parietal cells are marked by arrowheads. B/1 Hematoxylin counterstain,

B/2 fluorescent H+/K+-ATPase immunohistochemistry (excitation 488nm), B/3 merge B/1 and B/2. Shown are only the

bottom parts of glands. Paraffin embedded 5µm sections, original magnification 200x, bars 10µm.

B/1 B/2 B/3
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Figure 2.18: Numbers of TGF-α positive, H+/K+-ATPase positive, and TGF-α positive vs.

H+/K+-ATPase positive parietal cells per 30µm unit area in a 300µm wide column of ovine

fundic mucosa before (control) and 12 and 72h after transplantation of 10,000 adult

T. circumcincta.
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Figure 2.17: Fundic mucosa of sheep 12h after transplantation of 10,000 adult

T. circumcincta. TGF-α (A.) and H+/K+-ATPase positive (B.) parietal cells are distributed

within the pits and glands with the majority located in the middle part of the glands. Their

distribution is similar. Some of the TGF-α positive parietal cells are more weakly stained in

the pit regions. Fluorescent images after (A.) 546nm and (B.) 488nm excitation. Paraffin

embedded 5µm sections, original magnification 200x, bars 10µm.

A

B
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Figure 2.16: Fundic mucosa of uninfected control sheep. A. # 17862, B. # 17866. A few

eosinophils can be seen, mainly at the bottom of the glands. Paraffin embedded 5µm

sections, Mayer’s Hematoxylin counterstain, original magnification 200x, bars 10µm.

A

B
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any stain. In addition, a few eosinophils were detected in some sections at the bottom of

the glands (Figure 2.16).

2.3.2.2.2 Abomasal Tissue 12h after Adult Transplant

The distributions of H+/K+-ATPase and TGF-α positive parietal cells along the pits and

glands were similar to those in the controls, but parietal cell numbers were lower (Figures

2.17 and 2.18). Group means of H+/K+-ATPase and TGF-α positive parietal cells are

shown in Figure 2.13 and counts of individual sheep in Figure 2.14. There were slight

variations between numbers of H+/K+-ATPase and TGF-α positive parietal cells per

animal, mainly in the upper base and lower neck for sheep #17541 and in the upper base

and neck for #17549 (Figure 2.14). Overall, the H+/K+-ATPase positive parietal cells

appeared to be fewer in number in this region (Figure 2.13). TGF-α positive parietal cell

counts varied between animals in the 12h group in the neck and pit regions and for

H+/K+-ATPase positive parietal cells mainly in the pit regions. However, for this

comparison between animals it has to be noted that the mucosal thickness was greater in

#17541 compared with #17549 (see also 2.3.2.3). Staining intensity with both H+/K+-

ATPase and TGF-α varied slightly along the length of the gland, particularly being less

intense with TGF-α antibody in the pit region. Vacuolated parietal cells appeared more

numerous than in control sheep (Figure 2.19) and were located mainly in the base and

neck. The size of the vacuoles were generally larger compared with those observed in the

control sections. In some cases, the vacuole occupied almost the whole cell and it appeared

as if the nucleus was pushed to the side. A few eosinophils could be observed at the

bottom of the glands, as well as entering the lamina propria (Figure 2.20). In general, these

numbers appeared to be higher than in the controls.

2.3.2.2.3 Abomasal Tissue 72h after Adult Transplant

Overall, mucosal changes in sections from the 72h group were extensive. H+/K+-ATPase

and TGF-α positive parietal cells were distributed along the pits and glands, but the
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Table 2.3: Mucosal thickness (fundus) and abomasal pH (mean ± SEM, n=2) in sheep

before (uninfected control, Ct) or 12 and 72h after the transplantation of 10,000 adult

T. circumcincta. Means with the same superscript are significantly different (p<0.05).

Group
Parameter

Ct 12h 72h

Mucosal thickness [µm] 439.50 ± 1.93a, b 398.44 ± 3.42a 533.50 ± 5.46b

Abomsal pH 2.65 ± 0.06 2.93 ± 0.14 4.71 ± 0.69

Figure 2.26: Mucosal thickness (µm) and abomasal pH of individual sheep before (control)

and 12 and 72 hours after transplantation of 10,000 adult T. circumcincta.
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Figure 2.25: Fundic mucosa of sheep 72h after transplantation of 10,000 adult

T. circumcincta. A. # 17551, B. # 17553. Large numbers of eosinophils can be seen entering

the lamina propria. Paraffin embedded 5µm sections, Mayer’s Hematoxylin counterstain,

original magnification 200x, bars A. 10µm, B. 20µm.

A

B
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Figure 2.24: Fundic mucosa of sheep 72h after transplantation of 10,000 adult

T. circumcincta. Extensive damage to the gastric pits can be seen. Paraffin

embedded 5µm section, Mayer’s Hematoxylin counterstain, original

magnification 200x, bar 20µm.
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Figure 2.23: Fundic mucosa of sheep 72h after transplantation of 10,000 adult

T. circumcincta. A. # 17551, B. # 17553. Mucosal thickness increased, which appeared to be

associated with elongated pits. Cell differentiation seems poor with indistinctive division

between pits and glands, but also neck and base. Paraffin embedded 5µm sections, Mayer’s

Hematoxylin counterstain, original magnification 200x, bars A. 10µm, B. 20µm.

A

B
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Figure 2.22: Fundic mucosa of sheep 72h after transplantation of 10,000 adult T. circumcincta - Parietal cell vacuolation.

A. Vacuolated TGF-α positive parietal cells are marked by arrowheads. A/1 Hematoxylin counterstain, A/2 fluorescent

TGF-α immunohistochemistry (excitation 546nm), A/3 merge A/1 and A/2. Shown are only the bottom parts of glands.

Paraffin embedded 5µm section, original magnification 200x, bars 10µm.

A/1 A/2 A/3
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Figure 2.22 continued: Fundic mucosa of sheep 72h after transplantation of 10,000 adult T. circumcincta - Parietal cell

vacuolation. B. Vacuolated H+/K+-ATPase positive parietal cells are marked by arrowheads. B/1 Hematoxylin counterstain,

B/2 fluorescent H+/K+-ATPase immunohistochemisty (excitation 488nm), B/3 merge B/1 and B/2. Shown are only the

bottom parts of glands. Paraffin embedded 5µm section, original magnification 200x, bars 10µm.

B/1 B/2 B/3
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Figure 2.21: Fundic mucosa of sheep 72h after transplantation of 10,000 adult

T. circumcincta. TGF-α (A.) and H+/K+-ATPase positive (B.) parietal cells are distributed

within the pits and glands with the majority located in the lower middle part of the glands.

The number of both TGF-α and H+/K+-ATPase positive parietal cells is markedly

decreased compared with control tissue. Some of the TGF-α positive parietal cells are more

weakly stained, especially in the pit regions. Fluorescent images after (A.) 546nm and

(B.) 488nm excitation. Paraffin embedded 5µm sections, original magnification 200x, bars

10µm.

A

B
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numbers were significantly reduced for H+/K+-ATPase positive parietal cells (p<0.05),

mainly in the upper base and neck (Figures 2.21 and 2.18). Group means of H+/K+-

ATPase and TGF-α positive parietal cells are shown in Figure 2.13 and counts of individual

sheep in Figure 2.14. Variation between H+/K+-ATPase and TGF-α positive parietal cell

staining occurred most prominently from the upper base to the lower pit (Figure 2.13),

with overall H+/K+-ATPase positive cells being fewer compared with TGF-α positive cells.

The variation in H+/K+-ATPase or TGF-α positive parietal cells between sheep in the 72h

group was most prominent in the base and then again in the upper pit regions (Figure

2.14). However, the same restriction as for the 12h group applies for this comparison

between animals in that the mucosal thickness was greater in #17553 compared with

#17551 (see also 2.3.2.3). The staining intensity of both stains was comparable to that in

the control and 12h groups, with some overall variation in intensity and less intense TGF-α

staining in the pit regions. The 72h group contained the greatest number of parietal cells

which were vacuolated (Figure 2.22). The majority of these were located in the base and

lower neck. The vacuoles were similar to those observed in the 12h group. Generally there

was one large vacuole per cell and, in some cases, it occupied almost the whole of the cell.

As in all other cases, the vacuoles failed to stain. Sections from the 72h group showed a

generalised hyperplasia, which seemed to be associated with an increase in the pit length

(Figure 2.23; see also 2.3.2.3). Overall, cells were poorly differentiated and the division

between pits and glands was less precise. Extensive damage to the pit regions was also

observed in some areas (Figure 2.24). Large numbers of eosinophils could be observed

infiltrating the lamina propria (Figure 2.25).

2.3.2.3 Abomasal pH and Mucosal Thickness

Abomasal pH in individual sheep and group means after the transplantation of adult

T. circumcincta are shown in Table 2.3 and Figure 2.26. The difference in abomasal pH

values across the groups was approaching significance (p=0.0676).

Mucosal thickness in individual sheep and group means after the transplantation of adult

T. circumcincta are shown in Table 2.3 and Figure 2.26. In comparison with the control
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Figure 2.27: Thickness of the different regions (base-neck-pit) of fundic glands of individual sheep before (control), 12 and 72h after

transplantation of 10,000 adult T. circumcincta.
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sheep, there was a decrease in mucosal thickness in tissue sections from the 12h group (by

~40µm, mean) and an increase in the 72h group (by almost 100µm, mean), but differences

were not significant. In the 72h group, it appeared that the pit regions were elongated, most

prominently in sheep #17553 (Figure 2.27; see also 2.3.2.2.3).

2.4 Discussion

2.4.1 Early Changes within the Abomasal Mucosa after Infection with

Labelled H. contortus L3

During infection with H. contortus, the larvae invade the gastric glands and pits for 2-4 days

(Christie, 1970; Nicholls et al., 1987; 1988; Simpson et al., 1997). During this time,

particularly in the first few hours when changes in the host cells are initiated, identification

of areas of interest is difficult. To facilitate the location of larvae in the glands, higher

infective doses were chosen to maximise numbers entering the glands and larvae were

fluorescently labelled.

Three dyes to label larvae were tested for suitable intensity of staining without

compromising viability. Autofluorecence was marked in both the parasites and host tissue.

H. contortus L3 had a characteristic autofluorescence under UV light (Figure 2.1), which was

at a similar wavelength to that of the sheep tissue. In addition to the autofluorescence, the

DNA dye Hoechst 33258 also bound to DNA in the nuclei in the head and tail regions

(Figure 2.2). However, both emit at a similar wavelength around 460nm using UV

excitation (405nm). The additional labelling did not contribute significantly to detection of

larvae inside the tissue. A better option would be a dye that emits at a different wavelength

from the autofluorescence, such as Syto®17 and Nile Red, however, both proved

unsuccessful. The lack of larval staining with Syto®17 was surprising since this dye has

been used successfully in fluorescent sperm tracking in Caenorhabditis elegans, labelling

mitochondria in nematode sperm without affecting sperm function (Hill and L’Hernault,

2001). Hoechst 33258 was then used for the experiments, which has been used for labelling
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larvae for other in vitro experiments in this laboratory. The larvae retained the dye for days

or even weeks without any obvious damage (unpublished observations), despite binding to

DNA. The lack of effect on larval infectivity was confirmed by an infection with 200,000

L3 (Table 2.1). After 24h, the total number of larvae recovered was 11,325, representing

5.7% of the infective dose, although the majority (7056) were recovered from contents.

Overall, parasite recovery was less than would be expected with a routine pepsin-HCl tissue

digest, but this was not carried out, as the experiment had a dual purpose. In addition to

confirmation of viable larvae, the migration of larvae out of tissue in vitro was also of

interest to explain observations on tissue in the confocal microscope (see below).

Both live and fixed tissues were examined to try to capture the early changes in parasitised

tissues. Different infection periods were chosen (18 to 48h) to cover this phase of the

infection before larvae normally emerge, which for H. contortus is usually after 2-4 days of

development in the glands (Christie, 1970; Nicholls et al., 1987; 1988; Simpson et al., 1997).

Tissue was mainly fixed in 4% paraformaldehyde, which penetrates tissue rapidly with

minimal shrinkage, which can occur with fixing in Bouin’s solution (Martins et al., 2000; Ma

et al., 2002). It was hoped that the use of inverted confocal microscopy would allow easy

scanning through the whole depth of the tissue with no need for long-term preservation in

tissue blocks, so abomasal folds were fixed in paraformaldehyde for rapid short-term

processing. However, the thickness of the tissue made it difficult to examine the tissue

folds as whole. To be able to easily scan through larger areas of the tissue compared with

5µm sections, sections were also cut with a razor blade. A large number of tissues were

examined, but failed to provide any useful tissues for studying cellular changes in the

glands. Tissues proved too thick for the whole gland depth to be visualised using confocal

microscopy, which was the main objective of this technique. This was due to the loss of

excitation and emitted light due to absorption by the 0.5 to 1mm thick tissue.

Detection of parasitised glands was not possible unless they contained a larva. However,

this was rarely the case even in areas of nodules cut into thin slices. As the full depth of the

gland could not be visualised with the confocal microscope, larvae deep in the gland may

not have been detected. Another possible reason for few larvae being seen inside the tissue

may be that larvae leave the tissue after the sheep has been euthanased or later during the

tissue preparation. Although larvae would not be expected to leave the gland as early as 24h
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p.i. in vivo, it is possible that larvae leave the tissue rapidly post mortem due to changes in

blood flow and O2/CO2 levels. One larva was seen leaving unfixed tissue while being

studied using the confocal microscope. This larva was photographed (Figure 2.4) after it

left the gland and appeared on the surface of the tissue. Usually, the time from euthanasia

of the sheep to fixing the tissue pieces was about 30min, however, when this was reduced

to about 5min for one sheep, there were no noticeable benefits. The time taken for

paraformaldehyde fixation could also permit larval migration, as fixing L3 in vitro takes

about 1 to 2min before larvae stopped moving.

During the Baermannisation of the abomasal tissue collected for studying larval viability,

293 larvae left the unprocessed half of the abomasum during a 4h incubation in PBS at

37°C. Subsequently, more larvae migrated out of the tissue during incubation of mucosal

scrapings from the same abomasal half over a 24h period (Table 2.1), totalling 1553 larvae

from the fundus and 803 from the antrum. In an experiment in which larvae applied to the

exteriorised abomasum of a sheep anaesthetised with barbiturate, larvae were later seen

leaving the tissue when the sheep was euthanased with an overdose of barbiturate (H. V.

Simpson, personal communication). It seems that larvae are capable of rapidly leaving

glands before completing their normal development which further complicates studies of

early stages of larval infection.

Almost certainly, another reason for failure to identify parasitised glands is that the number

of larvae in relation to the number of glands is quite low (in humans ~135 glands/mm2

(Kurbel et al., 2001)) and only a small  tissue sample of the whole abomasum was examined.

Even in a heavy infection, the percentage of glands invaded by larvae would still be low.

This would be further reduced if some larvae leave the tissue after the sheep has been

euthanased.
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2.4.2 Early Changes within the Abomasal Mucosa after Infection with

Adult T. circumcincta

2.4.2.1 Identification of Functionally Different Parietal Cells

Parietal cells have different functions depending on their position in the fundic gland

(1.2.2.3): those in the isthmus and neck are more metabolically active, secrete more acid

and migrate at a faster rate than those in the base of the gland (Coulton and Firth, 1983;

Karam et al., 1997). A different function has been suggested for parietal cells in the base,

which may be in controlling cell differentiation and regeneration through secretion of

growth factors (1.2.4). In hematoxylin and eosin (H&E) stained tissues from uninfected

sheep, there were parietal cells which were not labelled by TGF-α antibodies and this

number appeared greater in parasitised sheep (Przemeck, 2003). In order to identify these

subpopulations of parietal cells, both antibodies to TGF-α and the H+/K+-ATPase

β-subunit were used as parietal cell markers. Lectin staining was investigated as a third

marker, but did not provide unequivocal identification of parietal cells.

Lectin staining of parietal cells has been used in a number of studies in different species

(Malchiodi Albedi et al., 1985; Kessiman et al., 1986; Callaghan et al., 1990; 1992). Callaghan

et al. (1990) tested a variety of lectins on tissues from different species, including dog, rat

and pig and reported some variation in their results from those of others. An example is

for human parietal cells: whereas they observed intense staining only with Lycopersicon

esculentum (tomato) agglutinin (LEA) and Solanum tuberosum (potato) agglutinin (STA), weak

staining with PNA and no staining with SBA, Kessiman et al. (1986) reported intense

staining of human parietal cells with DBA, PNA and SBA. Over a number of studies,

parietal cells have been labelled with BSL, DBA, LEA, PNA, Ricinus communis (castor oil

plant) agglutinin (RCA), SBA and STA.

In the present experiments, staining of sheep fundic tissue with DBA, PNA, SBA and

UEA resulted in inconsistent staining between animals and was not reliably repeatable. As

lectins bind specifically to terminal or subterminal carbohydrate residues and linkages

(Rhodes and Milton, 1998), binding can be affected by the presence of divalent cations in
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the medium or changes in sulphation or attachment of sialic acids to the carbohydrates.

PBS, without the addition of divalent cations, was used as a buffer for the staining

protocol, as reported by Malchiodi Albedi et al. (1985) and Callaghan et al. (1990), who

successfully labelled parietal cells of other species. However, lectin binding to sheep

gastrointestinal tissues could be altered by infection. There are changes in the glycosylation

profile of mucins (V. C. Hoang, personal communication) with both age and abomasal

parasitism. Antibodies to TGF-α and the H+/K+-ATPase β-subunit were used as the

parietal cell markers, as lectin staining of parietal cells was not specific for parietal cells,

uneven in tissues and not consistent between animals.

Different populations of parietal cells were apparent using TGF-α and H+/K+-ATPase

antibodies together with hematoxylin counterstaining (Figures 2.13 and 2.14). Parietal cells

that did not stain for H+/K+-ATPase were not readily detected by only hematoxylin

counterstaining, in contrast to the study of O. leptospicularis infection in sheep by Hertzberg

et al. (2000), who reported parietal cells which did not stain with the H+/K+-ATPase

antibody, but only in infected animals. Some parietal cells, which did not label for TGF-α

were detected, but showed no specific location in the glands. Overall, parietal cells strongly

stained for TGF-α compared with occasional weak staining of surface mucous cells in the

pits (Thomas et al.,1992; Przemeck, 2003). The number of parietal cells which did not stain

with TGF-α was lower (0.8% for the control group, 2.1% after 12h and 2.7% after 72h)

than up to 35% and on average about 11.5%, which was reported by Przemeck (2003).

This may be partly caused by being unable to include eosin for visualising the parietal cells,

which is not possible together with the fluorescent labelling. Staining of successive sections

with TGF-α and H&E or H+/K+-ATPase and H&E may help identify non-staining parietal

cells, which were difficult to detect, especially in the 72h group where many cells appeared

de-differentiated. However, even though parietal cells are the largest cells in the fundic

mucosa (height 18µm and width 25µm in humans, Karam et al., 2003), staining of

successive sections (5µm thick) with TGF-α and H+/K+-ATPase showed that large

numbers of parietal cells did not align.
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2.4.2.2 The Fate of the Parietal Cell and H+/K+-ATPase

Overall, compared to the control group, the number of parietal cells decreased at both 12h

and 72h after adult T. circumcincta transplant. Though, this was statistically significant only

for H+/K+-ATPase positive parietal cells numbers 72h after the transplant. Decreased

parietal cell numbers were associated with higher abomasal pH values of 4.02 and 5.4,

although the group means were not significantly different with only two sheep in each

group. Other studies with larger numbers of animals clearly showed an increased pH soon

after transplantation of adult parasites (Lawton et al., 1996; Simpson et al., 1997; Scott et al.,

2000).

Parietal cell numbers were not only decreased, but different parietal cell populations were

apparent 72h after infection from comparison of the profiles of TGF-α positive and

H+/K+-ATPase positive parietal cells (Figure 2.13). Whereas the profiles of TGF-α positive

and H+/K+-ATPase positive parietal cells were almost identical in the control animals and

similar 12h p.i., the profile for H+/K+-ATPase positive parietal cells was consistently lower

at all positions in the gland 72h after infection. This could indicate that a sequence of

events may be leading to the observed pathology and pathophysiology during abomasal

parasitism. It is possible that the H+/K+-ATPase is lost first, which may be a result of

inhibition by an ES product or inflammatory cytokine. Loss of the H+/K+-ATPase might

be sufficient to increase the abomasal pH, without a major change in the number of

parietal cells, before parietal cells are then lost later in infection.

Hertzberg et al. (2000) reported parietal cells in infected sheep which did not stain with the

H+/K+-ATPase antibody and equated these with inhibited parietal cells with an inactive

form of the proton pump, although antibody binding would be expected even to an

inactive form of the proton pump. However, these inactive parietal cells were also

identified ultrastructurally. Furthermore, Karam and Forte (1994) have shown that

continuous inhibition of the H+/K+-ATPase by omeprazole induced degeneration of

parietal cells including dilated canaliculi and vacuoles and cell death by necrosis and

apoptosis. Similar results were observed with inhibition of the parietal cell H2 receptors by

ranitidine (Karam and Alexander, 2001). In addition, Crothers et al. (1993) showed that the

amount of H+/K+-ATPase decreased after omeprazole treatment, which was found to
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result from an increased breakdown rather than decreased synthesis. In contrast, Tari et al.

(1991) demonstrated an increase in H+/K+-ATPase expression after omeprazole treatment.

The expression of H+/K+-ATPase is also affected by H. pylori infection, which is often

compared to abomasal parasitism as it shares similarities in pathology like hypoacidity,

mucosal hyperplasia and induction of vacuoles (Murayama et al., 1999; Przemeck, 2003;

Cover and Blanke, 2005; Huber et al., 2005; Przemeck et al., 2005). Furuta et al. (1999)

showed that H+/K+-ATPase mRNA levels in chronic gastritis patients positive for H. pylori

were lower than in the uninfected control group and increased after H. pylori eradication

(one month) to almost the same as the control group. Moreover, another study

demonstrated that 12 weeks after H. pylori eradication H+/K+-ATPase mRNA levels

increased 250-fold without alteration of parietal cell numbers (Osawa et al., 2006).

Upregulation of the H+/K+-ATPase expression could also be a possibility for the fast

recovery of acid secretion after sheep have been drenched, which was reported to start

within two hours of drenching (Simpson et al., 1997; Scott et al., 2000). It was suggested

that a parasite-derived factor inhibited the parietal cell function temporarily and, once

removed, the secretory function recovered quickly. Alternatively, Simpson (2000) suggested

that production of new parietal cells could be responsible for recovery from acid inhibition.

Young parietal cells, which mature within two days (Karam, 1993) and then become very

active (Coulton and Firth, 1983; Karam et al., 1997), could also be responsible for the drop

in abomasal pH to below pre-infection levels after drenching of infected sheep. Inhibition

of the H+/K+-ATPase by omeprazole (Karam and Forte, 1994) or inhibition of the H2

receptors by ranitidine (Karam and Alexander, 2001) also increased the production of pre-

parietal cells accounting for fast recovery of parietal cell numbers in these studies.

However, Scott et al. (2000) did not find evidence for the recovery of parietal cell numbers

within seven days after drenching in sheep that had received an adult transplant of 20,000

T. circumcincta. This suggests that the recovery of acid secretion after drenching could be

due to an increased expression of the proton pump in the remaining parietal cells.

Further experiments are needed to clarify whether the proton pump is lost before parietal

cell loss during abomasal parasitism, whether increased proton pump expression is indeed

responsible for the fast recovery of acid secretion after drenching and whether the parietal
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cell population is recovering at some stage after drenching. This could include experiments

to double stain parietal cells for H+/K+-ATPase and TGF-α or another reliable parietal cell

marker, staining pre-parietal cells and their precursors and examining H+/K+-ATPase

mRNA levels before and during infection as well as after drenching. In addition, in vitro

experiments using a stable transfected cell line that is expressing the proton pump (Kimura

et al., 2002) could clarify whether ES products are able to directly affect the proton pump

(inhibition or breakdown). Experiments with transfected cells could also clarify whether the

expression of the H+/K+-ATPase is repressed during infection as it was shown for H. pylori

(Saha et al., 2008). In vitro, H. pylori infection of transfected AGS cells (epithelial human

gastric adenocarcinoma cells) was demonstrated to repress the activity of the transfected

promotor of the H+/K+-ATPase α-subunit by increased NFĸB binding.

Increased numbers of vacuolated parietal cells compared to the control group were

observed 12h and 72h after adult transplant. This has been described previously in sheep

infected with T. circumcincta (Scott et al., 1998a; 2000; Przemeck, 2003). Vacuolation could

occur as one of the steps of parietal cell degeneration. Karam et al. (2003) reported that

occasionally parietal cells in the neck and base degenerate, a process which is characterised

by extensive dissolution of canaliculi and intermitochondrial cytoplasm with formation of

vacuoles. This could explain the small number of vacuolated parietal cells in the control

group. Furthermore, as already mentioned above, continuous inhibition of the H+/K+-

ATPase by omeprazole (Karam and Forte, 1994) or inhibition of the H2 receptors by

ranitidine (Karam and Alexander, 2001) induced increased degeneration of parietal cells

including vacuolation. Alternatively, vacuolation could be a result of a direct effect of ES

products, which were shown to induce vacuolation in vitro in HeLa cells (Przemeck, 2003;

Huber et al., 2005; Przemeck et al., 2005).

The host inflammatory response may also contribute to parietal cell inhibition and the

development of hypoacidity during parasitism (Scott et al., 1998a; 2000; Przemeck, 2003).

The results presented here showed a slightly increased number of eosinophils after 12h and

large numbers 72h after the adult transplant, which coincides with a raised abomasal pH

and loss of parietal cells. However, Przemeck (2003) also observed vacuolated parietal cells

5d p.i. with T. circumcincta when abomasal pH was unchanged and inflammation was

minimal, suggesting that both direct effects of parasites and an inflammatory response,
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might be involved. The recruitment of inflammatory cells could also be mediated by the

parasites indirectly as eosinophil and neutrophil chemoattractants have been detected in

H. contortus and T. circumcincta ES products (Reinhardt, 2004; Wildblood et al., 2005;

reviewed in 1.3.3.7.2). Simpson (2000) and Wildblood et al. (2005) suggested that the

recruitment of inflammatory cells might be beneficial for the parasites by damaging parietal

cells and/or tissue improving their environment by reducing acid secretion or tissue

invasion.

Various inflammatory cytokines and growth factors interfere with acid secretion, including

IL-1β, TNF-α, TGF-α, EGF and HGF (Beales, 2000). IL-1β release correlated with

hypoacidity in H. pylori induced enlarged fold gastritis (Yasunaga et al., 1997) and moreover,

IL-1β mRNA levels decreased by 40% after H. pylori eradication possibly also contributing

to the restoration of acid secretion (Osawa et al., 2006). In addition, IL-1β inhibited

histamine secretion by ECL cells in vitro (Prinz et al., 1997). Overexpression of TGF-α in

transgenenic mice induced a loss of parietal and chief cells without an associated loss of

their precursors (Sharp et al., 1995). TNF-α also caused apoptosis of parietal cells in isolated

perfused rat stomachs (Neu et al., 2003). The elevated rate of apoptosis during chronic

Trichuris muris infection is independent of the infection dose, but associated with increased

TNF-α and IFN-γ levels (Cliffe et al., 2007). It was suggested that this is a mechanism to

counteract epithelial hyperplasia during infection.

The inflammatory response could also be involved in mucosal thickening. An increase in

mucosal thickness occurred in the 72h group compared to the control, which was also

associated with the infiltration of large numbers of eosinophils. It appeared that the pits

were elongated, however the margins between the different gland areas were not as distinct

in tissue from infected sheep, especially in the 72h group, as in uninfected animals. Scott et

al. (1998c) have previously shown that increasing mucosal thickness in H. contortus infected

sheep was due to mucous cell hyperplasia, which were identified as having a similar

phenotype as mucous neck cells. However, Przemeck (2003) reported elongation of the

pits in T. circumcincta infected sheep.

The similarity of the cellular changes, including mucosal hyperplasia, elongated pits,

mucous neck cell hyperplasia and reduced numbers of parietal cells, to other conditions
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involving loss of parietal cells is reviewed in 1.3.2. The loss of trophic agents released by

parietal cells, including TGF-α, has been implicated in the effects on other cell lineages and

accumulation of de-differentiated cells (Canfield et al., 1996). Hypergastrinaemia, as a result

of increased pH due to inhibition and loss of parietal cells, and the inflammatory response

could also be involved in mucosal thickening.

Another approach to assessing the contribution of ES products in isolation from indirect

effects caused by the reaction of the host to the presence of the parasites is to use model

cell systems in vitro. Further studies extending the work of Przemeck (2003), Huber et al.

(2005) and Przemeck et al. (2005) on the induction of vacuolation in HeLa cells by ES

products are reported in chapter 3. The ability of ES products to induce cell detachment

and loss and changes in tight junction permeability of epithelial cell monolayers are

reported in chapters 4 and 5 respectively.
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Chapter 3

EFFECTS OF H. CONTORTUS ES PRODUCTS

IN VITRO: CELL VACUOLATION

3.1 Introduction

In addition to parietal cell loss, vacuolation of parietal cells was observed in abomasal tissue

sections of sheep infected with T. circumcincta larvae and after adult worm transfer (Scott et

al., 1998a; 2000; Przemeck, 2003). It was suggested that cellular changes might be mediated

indirectly by ES products released by the parasites (Scott et al., 1998a; Simpson, 2000;

Przemeck, 2003).

A rapid decrease in acid secretion was shown after adult worm transplant of H. contortus

(Simpson et al., 1997) and T. circumcincta (Scott et al., 2000) and an equally rapid recovery

after parasite removal by anthelmintic treatment for both parasites. An effect on acid

secretion was also obtained in sheep where adult T. circumcincta were confined to porous

bags (Simpson et al., 1999) and in rats given O. ostertagi extracts intraperitoneally (Eiler et al.,

1981). It was also shown that adult H. contortus ES products could inhibit acid secretion in
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vitro, with the possibility that ammonia was involved (Merkelbach et al., 2002). These studies

all suggested that a parasite-derived factor was involved in the decreased parietal function.

ES products (reviewed in 1.3.3) contain a variety of components that could have

detrimental effects on abomasal tissue and cells, including causing parietal cell vacuolation

(other aspects are discussed in chapters 4 and 5). These could include the proteases

released as well as prostaglandins.

Serine proteases in products of microorganisms appear to be involved in vacuolation of

epithelial cells. The vacuolating activity of H. pylori VacA was previously compared with

that of ES products (Przemeck, 2003; Huber et al., 2005; Przemeck et al., 2005) and shares

some similarities with Neisseria gonorrhoeae IgA1 protease, an autotransporter protein as

classified by translocation through the outer membrane without the need of any separately

encoded factors. Vacuolating activity of IgA1 protease was reduced by serine protease

inhibitors, although serine protease activity has not been directly demonstrated, nor its

target been identified (Cover, 1996; Rosetto et al., 2000; Nguyen et al., 2001). Secreted

autotransporter toxin (Sat) from uropathogenic Escherichia coli, belonging to the subclass of

serine protease autotransporters of Enterobacteriaceae (SPATE), also induced vacuolation in

human bladder and kidney epithelial cells in vitro, as well as in mouse kidney cells in vivo

(Guyer et al., 2002). In addition, dengue virus serine proteases induced vacuolation and

apoptosis in Vero cells (Shafee and AbuBakar, 2003).

Prostaglandins play a role in phagocytosis in Amoeba proteus, eliciting vacuole formation

(Prusch et al., 1989). Furthermore, PGD2 and PGD2 metabolites of the J-series induced

apoptosis in T. brucei, with an increase in vacuolation in the cytoplasm (Figarella et al., 2005;

2006). It was proposed that this occurs as part of the population density regulation of

T. brucei. In addition, PGA1 and PGE1 caused degeneration of neuroblastoma cells, shown

by cytosolic vacuolation and  fragmentation of soma, nuclei and neurites (Prasad et al.,

1998).

Przemeck (2003), Huber et al. (2005) and Przemeck et al. (2005) demonstrated vacuolation

and increased NR uptake in HeLa cells exposed to larval and adult ES preparations from

T. circumcincta and H. contortus. In all experiments, larval ES preparations induced less
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vacuolation than did adult ES preparations. In addition, adult H. contortus ES preparations

caused a greater increase in NR uptake compared with adult T. circumcincta ES preparations

(Przemeck, 2003). Addition of 8mM ammonium chloride to the medium enhanced

vacuolation, but did not cause vacuolation in control cells at the same concentration

(Huber et al., 2005; Przemeck et al., 2005). Similarly, H. pylori vacuolation is enhanced by

ammonium ions (see 1.3.3.7.4). However, measurements of ammonia concentrations in ES

products have reported a maximum of 30µM and this seemed for this component too low

to be the primary vacuolating factor. In addition, the ammonia concentrations were similar

in larval and adult preparations despite the differences in their vacuolating ability, further

suggesting another factor was responsible for vacuolation.

Taking account of the previous studies, experiments were designed to characterise the

vacuolating factor(s), as well as the resulting vacuoles. For the characterisation of the

vacuoles, this included the use of different cell lines, the investigation of the time course of

vacuolation and reversibility of vacuolation. Ammonia was also examined as a possible

enhancer of vacuolation (Huber et al., 2005; Przemeck et al., 2005). Different approaches

were used for the characterisation of the vacuolating factor(s), including the investigation

of successive in vitro incubations of the same worm batch and the fractionation of ES

products, which was hoped would identify the size range of the active ES component(s).

Experiments also examined the lipid content, including prostaglandins, of ES products and

their possible involvement in vacuolation. Other experiments investigated whether the

vacuolating factor(s) was a protein.
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Table 3.1: Scheme of incubation periods for successive ES samples with

the same worm batch per experiment for three experiments.

Experiment I Experiment II Experiment III

0-1h 0-1h

0-6h

1-6h 1-6h

6-12h 6-12h 6-12h

12-18h

12-24h

18-24h

24-30h

12-36h

30-36h

-

24-48h

36-48h
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3.2 Materials and Methods

3.2.1 ES Preparations of Adult H. contortus

Adult worms of H. contortus were obtained 21d after the infection of sheep, as described in

Appendix I. Worms were incubated for 12h in PBS or cell culture media CEM or F12-

Hams in 15ml and 50ml tubes or T75 cell culture flasks (compositions of CEM and F12-

Hams are listed in Appendix II). Incubations were in an incubator in an atmosphere

containing 5% CO2 and 95% humidified air at 37°C. Cell culture media (CEM or F12-

Hams) and PBS were also incubated under the same conditions to serve as negative

controls. The supernatants of the ES preparations and the negative controls were sterile

filtered through 0.2µm filters (Minisart, Sartorius) into new tubes. The pH of each

preparation was readjusted to 7.4 if necessary. The preparations were stored at 4°C if being

used immediately or frozen at -20°C in small aliquots, which were used only once.

ES products were also harvested at different incubation time points after the initial

collection of adult worms from the abomasum, using a modified method of the protocol of

Craig et al. (2006). Worms were incubated either in CEM or CEM without fetal bovine

serum (FBS) if concentrated afterwards and the supernatant was then collected after 1h.

Aliquots were filtered and frozen and the remainder immediately concentrated by

centrifugation at 4°C at 3000g, using a Vivaspin concentrator 20 (Sartorius) with a pore size

of 3kDa. The worms were then re-incubated with fresh CEM, or CEM without FBS, for

the next incubation period (5 to 24h, depending on the experiment and time point) and the

procedure described above repeated to generate ES preparations and ES concentrates of

successive incubation periods. The worm viability was also monitored. The last sample

collected contained only degrading dead worms to examine whether these degrading

products could also induce vacuolation. The different successive ES preparations are

summarised in Table 3.1. ES preparations and ES concentrates were stored at 4°C if being

used immediately or frozen in small aliquots, which were used only once.
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3.2.2 Further Modifications or Treatments of ES Preparations

3.2.2.1 Different Storage Conditions

Frozen ES preparations were stored at -20°C in small aliquots, which were used only once,

for a maximum of four months if they were used on cells. Other storage conditions

included 7d at 4°C, 3d at room temperature and 3d at 37°C (warm room). Storage for 3d at

room temperature of ES preparations and control samples also functioned as a control for

vacuolating ability after the elution of lipid spots from the thin-layer chromatography

(TLC), which involved evaporation of methanol from the extracted spots for 3d at room

temperature (see 3.2.2.5).

3.2.2.2 Dilutions of ES Preparations

To determine the maximum dilution of ES products possible while retaining the ability to

induce vacuolation in cells, dilutions of ES preparations with cell culture medium were

used: 2-fold (50%), 4-fold (25%) and 10-fold (10%) dilutions.

3.2.2.3 Ammonia

Ammonia was added to ES preparations and control media to make a final concentration

of 1mM and 8mM (stock solution: Appendix II).

3.2.2.4 Fractionation of ES Products

ES products were fractionated using a series of molecular weight cut-off membranes. ES

preparations generated in PBS were pooled for fractionation: (I) 115ml from two different

batches, which were frozen; (II) 140ml from three different batches, which were frozen

and (III) 100ml from two different batches, which were used on the day of worm

collection (fresh). Pooled ES preparations were first concentrated by centrifugation at
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Table 3.2: Molecular weight ranges of ES fractions

generated with Vivaspin centrifugal concentrators.

Molecular weight ranges

>100kDa

50-100kDa

>50kDa

30-50kDa

10-30kDa

10-50kDa

5-10kDa

3-5kDa

0-3kDa

0-10kDa
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3000g using Vivaspin 20 (polyethersulfone membrane; all concentrators were rinsed once

with 10ml MilliQ water before use), pore size 100kDa, to ~4ml (fractionation I and II).

The eluate of this concentration (0-100kDa) was then concentrated with the next smallest

filter, Vivaspin 20, pore size 50kDa, to ~4ml (I and II) and the eluate (0-50kDa) again used

with the next smallest filter (Vivaspin 20, 30kDa). This series was continued using Vivaspin

20, pore sizes 10, 5 and 3kDa until the eluate from the smallest filter (0-3kDa) was

obtained. This 0-3kDa fraction was used either as collected (for gels and as a dilution with

CEM on cells) or freeze-dried and then reconstituted with 4ml PBS. Table 3.2 gives an

overview of the different molecular weight sizes of the fractions generated.

In addition, fractions were generated only using Vivaspin 20, pore sizes 50kDa and 10kDa,

resulting in fractions >50kDa, 10-50kDa and 0-10kDa (fractionation III). These fractions

were concentrated to ~1ml each.

All fractions generated were washed three times with 15 to 20ml MilliQ water (except the

final eluates from 0-3kDa and 0-10kDa). Five ml samples of each eluate were also retained

as a sample. All fractions were used either as collected (for gels) or re-diluted to the original

concentration (on cells).

Fractionation was also carried out with addition of Triton-X-100 (1%) and

β-mercaptoethanol (0.1%) (I and II: 20ml ES preparation, frozen; concentrated to ~0.5ml

each) or only 0.2% Triton-X-100 (III: 10ml ES preparation, frozen; concentrated to

~0.15ml each) to the ES perparation (generated in PBS) using the Vivaspin concentrator

20 with pore sizes 50kDa and 10kDa.

Fractions of protein standards were also generated as a control fractionation for the

Vivaspin concentrators. A solution (5ml) of the protein standards β-galactosidase

(116kDa), bovine serum albumin (BSA; 66kDa), trypsin inhibitor (20kDa) and aprotonin

(6.5kDa) were used with Vivaspin 20, pore sizes 100kDa and 30kDa. Fractions were

concentrated to ~0.2ml each.



Chapter 3: Effects of H. contortus ES Products in vitro: Cell Vacuolation                           73

3.2.2.5 TLC (Thin-Layer Chromatography)

TLC was used for the detection of lipids and prostaglandins. The empty TLC plate (Silica

gel 60 ADAMANT on glass plates) was pre-developed to reduce background staining using

the ethylacetate : acetic acid solvent system (98:2). The plate was dried and then activated

for 10min at 110°C. Prostaglandin standards (Appendix II) and different ES preparations

were then applied. The plate with the applied samples was developed using the same

solvent system. The plate was first checked under UV light for possible spots and then

stained using ready-to-use phosphomolybdic acid spray reagent. The sprayed plate was

dried and the staining developed by incubation for 10min at 120°C (Hadás et al., 1998).

Stained plates were photographed with a Canon Power Shot G1 digital camera.

Lipids detected were also eluted from the TLC plate for further testing on HeLa cells. One

TLC plate was run as described above and a second plate was run under the same

conditions but without staining. From the unstained plate, the silica gel was scraped off at

areas that related to stained spots from the first plate. The scrapings were placed in tubes

and lipids were eluted by adding 1ml methanol. The samples were well shaken before they

were transferred to a clean tube without the silica gel debris. Methanol was evaporated for

3d at room temperature and the sample re-diluted in CEM and sterile filtered (0.2µm).

3.2.2.6 Protease and Phosphatase Inhibition

For the inhibition of proteases and phosphatases in ES products, protease inhibitor

cocktail and phosphatase inhibitor cocktail 2 were added to the cell culture media (CEM or

F12-Hams) before the cells (HeLa or AGS) were incubated in a preliminary experiment to

determine the sensitivity of the cells to the inhibitors. Protease inhibitor cocktail was used

at concentrations of 1:800 and 1:1000 and phosphatase inhibitor cocktail 2 at 10µl/ml and

7.5µl/ml.

ES preparations and control media were also generated with added protease inhibitors.

Protease inhibitor cocktail was added at a concentration of 1:800 during the 12h incubation

period of H. contortus adults in F12-Hams medium for the generation of ES preparations.
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3.2.2.7 Proteinase K Digestion

Proteinase K (Appendix II) was used to digest the protein content of the ES preparations.

ES preparations were incubated with 100 and 200µg/ml proteinase K, with 0.1mg/µl CaCl2

added to support activation of the enzyme (supplier data sheet), at times varying between

48h and 7d at 37°C.

3.2.2.8 Heat-Treatment

ES preparations, generated in CEM or PBS, were heat-treated for 30min at either 60°C,

75°C or 100°C in a water bath and then used as a 50% dilution with cell culture medium on

HeLa cells.

3.2.2.9 Acid-Treatment

For the acid-treatment of ES preparations generated in PBS, the pH was lowered with 6M

HCl to pH 2 using a pH meter (PHM 220, Radiometer Copenhagen). A maximum of 2.5µl

6M HCl was added. After 30min at pH2, it was raised again with 5M NaOH to pH 7.2 to

7.4, with a maximum of 3.4µl 5M NaOH added. The acid-treated ES preparation was used

as a 50% dilution in cell culture medium on HeLa cells.

3.2.3 Protein Concentration of ES Preparations

The concentration of protein in ES preparations and control samples was measured by the

Bradford assay (Bradford, 1976). Binding of Coomassie Brilliant Blue G-250 to proteins

causes a shift in the absorption maximum of the dye from 470nm to 595nm. The method

is described in Appendix IV.



Chapter 3: Effects of H. contortus ES Products in vitro: Cell Vacuolation                           75

3.2.4 Ammonia Determination in ES

The ammonia concentration in ES preparations was determined using a modified method

of Bolleter et al. (1961), which is based on the reaction of ammonia with hypochlorite and

phenol to produce indophenol. The method is described in Appendix IV.

3.2.5 Cell Culture

HeLa cells were used for most experiments. They had been passaged between 7 and 33

times (p7-p33). Additionally, AGS cells were used (p45 and 46). For experiments, cells were

grown on coverslips (22x22mm/No 1 ½, BDH or ESCO). Cell culture techniques for both

cell lines are described in detail in Appendix II.

3.2.6 Incubation of Cells with ES Preparations

For experiments testing ES preparations on cells (HeLa or AGS), the culture media of the

cells were discarded and replaced by either ES preparations or control media and incubated

routinely for 24h in an incubator in an atmosphere containing 5% CO2 and 95%

humidified air at 37°C.

Other incubation periods included 1h, 2h and 48h. HeLa cells were also incubated for 24h

with ES preparations, which was then replaced by cell culture medium and the cells

incubated for a further 24h or 48h.

ES product lipids, extracted by TLC (3.2.2.5), were also applied to HeLa cells. Additionally,

single solutions of 0.5µg/ml of each prostaglandin standard were applied to HeLa cells and

AGS cells.
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3.2.7 Neutral Red Uptake

The method used followed the protocol of Przemeck et al. (2005), which was a

modification of the method of Cover et al. (1991). The NR stock solution of 0.5% in 0.9%

NaCl (stored at 4°C) was diluted for each experiment to 0.05% with PBS. After incubation

with the test solution (ES preparation or control), excess medium in the petri dish (2ml)

was discarded and the cells were washed once with PBS (1ml). One ml of the freshly

prepared 0.05% NR-PBS solution was added to the petri dish and incubated for 4min in an

incubator in an atmosphere containing 5% CO2 and 95% humidified air at 37°C. The

NR-PBS solution was then withdrawn and the cells were washed several times with PBS

before they were examined with an inverted confocal microscope. This sequence was

repeated for each petri dish separately to avoid further uptake of NR or changes in the

uptake of NR if they were processed all at once.

3.2.8 Microscopic Examination of Cells

The state of vacuolation in each experiment after NR uptake was examined with an

inverted confocal microscope (40x or 60x/water immersion objective). Samples were

examined under bright field and in addition an UV laser (405nm) was used for NR

excitation (blue fluorescent emission). Examination and photographing of the cells was

limited to 15min after the withdrawal of NR. All images were processed with Adobe

Photoshop. The estimated percentage of vacuolated cells was determined by examination

of the whole coverslip followed by estimation of the vacuolated cells compared with the

total number of cells on the coverslip.

3.2.9 Electrophoresis

3.2.9.1 Sodium Dodecylsulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Gradient gels (5 to 20%) and single percentage gels (20%) were cast (gel compositions are

described in detail in Appendix III). After polymerisation, the gel was loaded with the
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different ES preparations and controls, which were mixed with gel loading buffer. The

protein concentration of the samples was determined by the Bradford assay (3.2.3) and up

to 89µg protein was loaded on the gel. All samples were also heated at 100°C for 3min

(Mastercycler, Eppendorf) before applying to the gel. A protein marker (either unstained or

pre-stained) was also loaded on the gel. The gel was run at 80V for 30 to 45min until the

proteins reached the border between the stacking and resolving gel. The voltage was then

increased to 100V for the resolving gel. The total running time was approximately 3.5h.

Gels were stained for proteins with Coomassie Brilliant Blue G250 or with silver for more

sensitive staining. Additionally, a modified silver stain for proteins and carbohydrates

(Kittelberger and Hilbink, 1993; Harrison et al., 2003) was used. Lipids were detected with

Sudan Black staining, either staining the gel after running it (following the suppliers

protocol) or by pre-staining of the samples (Yepiz-Plascencia et al., 2002). All gel staining

techniques are described in detail in Appendix III. Gels were stored in MilliQ water until

photographed with a Canon Power Shot G1 digital camera on a light box (Coldlight

Illuminator Series 2, Kodak).

3.2.9.2 Blue Native-Polyacrylamide Gel Electrophoresis (BN-PAGE)

The protocol used followed the method described by Shi and Jackowski (1998). Five to

20% gradient gels were cast (gel compositions are described in detail in Appendix III).

After polymerisation, the gel was loaded with the different ES preparations and controls,

which were mixed with gel loading buffer. The protein concentration of the samples was

determined by the Bradford assay (3.2.3) and up to 20µg protein was loaded on the gel. A

pre-stained protein marker was also applied to the gel. The buffer chambers were filled

with the two different buffers, one of which contained Coomassie Brilliant Blue G250

staining the gel while it runs (Appendix III). The gel was run at 80V for 30 to 45min until

the proteins reached the border between the stacking gel and resolving gel. The voltage was

then enhanced to 100V for the resolving gel. The total running time was approximately

3-4h.
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Table 3.3: Summary of the different ES applications on HeLa and AGS cells.

Experiment
Cell

line

No. of

Repeats

No. of ES & Ct

batches used

Cell vacuolation due to ES products

24h

48h

24h

HeLa

HeLa

AGS

5

3

3

3

2

1

Stability of the vacuolating factor

-20°C (short-term, <4 months)

-20°C (short-term, <4 months)

-20°C (long-term, >6 months)

-20°C (long-term, >6 months)

4°C, 7d

RT, 3d

37°C, 3d

HeLa

AGS

HeLa

AGS

HeLa

HeLa

HeLa

7

3

2

2

2

2

2

3

1

1

1

2

2

2

Potency of ES products

Undiluted, 100%

2x diluted, 50%

4x diluted, 25%

10x diluted, 10%

HeLa

HeLa

HeLa

HeLa

3

3

3

3

2

2

2

2

Time course of vacuolation

1h

2h

HeLa

HeLa

2

2

2

2

Reversibility of vacuolation

24h

48h

HeLa

HeLa

2

2

1

1

Potency of ES at different time points of ES harvest

Experiment I

0-6h

6-12h

12-36h

Experiment II

0-1h

1-6h

6-12h

12-24h

24-48h

HeLa

HeLa

HeLa

HeLa

HeLa

HeLa

HeLa

HeLa

2

2

2

3

3

3

3

3

1

1

1

2

2

2

2

2
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Ammonia and ES

1mM in CEM

8mM in CEM

1mM in ES

8mM in ES

HeLa

HeLa

HeLa

HeLa

4

4

2

2

1

1

Vacuolating activity of

prostaglandin standards (5)

extracted lipids (5 spots)

HeLa

AGS

HeLa

1

2

1 1

Protease and phosphatase inhibiton

Protease inhibitors 1:800

Protease inhibitors 1:800 (during ES generation)

Protease inhibitors 1:1000

Phosphatase inhibitors 10µl/ml

Phosphatase inhibitors 7.5µl/ml

HeLa

AGS

AGS

HeLa

HeLa

HeLa

AGS

1

1

3

1

2

2

1

1

Proteinase K digestion

50µg/ml

37.5µg/ml

25µg/ml

after preincubation with proteinase K, 48h or 72h

50µg/m, 48h

50µg/ml, 72h

37.5µg/ml, 48h

37.5µg/ml, 72h

25µg/ml, 48h

25µg/ml, 72h

HeLa

HeLa

HeLa

HeLa

HeLa

HeLa

HeLa

HeLa

HeLa

1

1

1

2

2

2

2

4

4

Heat treatment

Sample in CEM

75°C, 30min

Sample in PBS

100°C, 30min

75°C, 30min

60°C, 30min

HeLa

HeLa

HeLa

HeLa

4

4

4

2

1

2

2

1

Acid treatment

pH2, 30min HeLa 2 1
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The gels were destained with several solution changes of destaining solution until a clear

staining pattern of the protein bands was obtained. Gels were stored in MilliQ water until

photographed.

3.2.9.3 Two-Dimensional (2D) BN/SDS-PAGE

The method followed was that of Nijtmans et al. (2002) and Eubel et al. (2005). The first

dimension BN-PAGE was performed as described above (3.2.9.2). After destaining, the

relevant lane was excised and placed in a solution of 1% Triton-X-100 and 1%

β-mercaptoethanol for 1h on a platform rocker. The gel strip was rotated by 90° to the first

dimension and placed between the glass plates of the gel casting stand. Excess solution was

drained with a filter paper. After the second dimension SDS resolving gel was cast, the first

dimension gel strip was embedded into the stacking gel of the second dimension gel. The

second dimension SDS-PAGE was performed and the gel stained with silver as described

above (3.2.9.1). Gels were stored in MilliQ water until photographed.

3.3 Results

3.3.1 Cell Vacuolation Due to ES Products

H. contortus ES products induced vacuolation in HeLa and AGS cells after routine 24h

incubations. In addition, incubation of HeLa cells for a longer incubation time of 48h with

ES preparations did not cause noticeably more severe vacuolation.

24h incubations of ES preparations and control samples on HeLa cells were performed

five times with three different ES and control batches (a summary of the different

applications on cells described in this chapter and the number of repeats is shown in Table

3.3). All control cells appeared normal, with no vacuolation or vacuoles occurring in only a

few cells, which could be up to 5 to 10% of the total number of cells on the coverslip.
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Figure 3.4: Vacuolation in HeLa and AGS cells induced by H. contortus ES products (after

short-term freezing). 24h incubation. Neutral red staining. Left, bright field images; right,

fluorescent imaging (UV/405nm excitation). A. and B. HeLa cells, Control (CEM), C. and

D. HeLa cells, ES (in CEM), E. and F. AGS cells, Control (F12-Hams), G. and H. AGS

cells, ES (in F12-Hams). Original magnification 600x, bars 10µm.

A - HeLa, ES

C - HeLa, Ct

B - HeLa, ES

D - HeLa, Ct

E - AGS, ES F - AGS, ES

G - AGS, Ct H - AGS, Ct
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Figure 3.3: Vacuolation in AGS cells induced by H. contortus ES products (fresh). 24h

incubation. Neutral red staining. Left, bright field images; right, fluorescent imaging

(UV/405nm excitation). A. and B. ES (in F12-Hams), C. and D. Control (F12-Hams).

Original magnification 600x, bars 10µm.

A - ES 24h

C - Ct 24h

B - ES 24h

D - Ct 24h
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Figure 3.2: Vacuolation in HeLa cells induced by H. contortus ES products (fresh). 24h and

48h incubation. Neutral red staining. Left, bright field images; right, fluorescent imaging

(UV/405nm excitation). A. and B. ES (in CEM), 24h incubation, C. and D. Control

(CEM), 24h incubation, E. and F. ES (in CEM), 48h incubation, G. and H. Control (CEM),

48h incubation. Original magnification 600x, bars 10µm.

A - ES 24h

C - Ct 24h

E - ES 48h

G - Ct 48h

D - Ct 24h

F - ES 48h

H - Ct 48h

B - ES 24h
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Figure 3.1: Vacuolation in HeLa cells induced by H. contortus ES products (fresh). 24h

incubation. Neutral red staining. High-definition images; left, bright field images; right,

fluorescent imaging (UV/405nm excitation). A. and B. ES (in CEM), C. and D. Control

(CEM), 24h incubation. Original magnification 600x, bars 10µm.

A - ES B - ES

C - Ct D - Ct
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However, any vacuolation in control cells usually resulted in fewer vacuoles per cell

compared with the ES-exposed cells. After the same incubation period with ES products,

HeLa cells were severely affected: vacuolation occurred in 80 to 100% of the cells with

many vacuoles per cell. Vacuoles stained very dark red with Neutral red and usually

appeared more black than red. Exposure of HeLa cells to ES preparations and control

samples for 48h was performed three times with two different ES and control batches. The

extended incubation period of 48h led to almost the same result: the control cells appeared

normal and those exposed to ES preparations were heavily vacuolated. For some cells, the

number of vacuoles per cell appeared to be slightly increased compared with a routine 24h

incubation. High-definition images of the 24h incubation show the typical vacuolation

induced by ES products (Figure 3.1). Further images demonstrating ES-induced

vacuolation presented in this chapter are of lower definition, but show a larger area of cells.

Results of the 24h and 48h incubations are shown in Figure 3.2. Additionally, AGS cells

were incubated with ES preparations and control samples for 24h (three times with the

same ES and control batch), which resulted in the same vacuolation as in HeLa cells

(Figure 3.3).

3.3.2 Stability of the Vacuolating Factor

The stability of the vacuolating factor was determined under different storage conditions.

ES preparations could be stored at -20°C for periods less than 4 months without loss of

the vacuolating activity of the ES products. In addition, incubations of ES preparations

stored for 3d at 37°C, 3d at room temperature and 7d at 4°C also showed no loss of the

vacuolating activity.

ES preparations and control samples that had been stored frozen at -20°C after the ES

generation (<4 months) induced vacuolation of the same intensity in both cell lines for the

ES preparations and none or almost none for the control media (Figure 3.4). Incubation of

HeLa cells was performed seven times with three different batches of ES and control

media and three times with the same batch on AGS cells. After long-term storage at -20°C

(>6 months), the vacuolating activity of ES products was markedly decreased or lost. This

was examined on HeLa and AGS cells (twice each) with one batch of ES preparation an
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(Figure description see facing page 81)

A - pos. Ct B - pos. Ct

M - Ct, 3d 37°C N - Ct, 3d 37°C

C - ES, 7d 4°C D - ES, 7d 4°C

E - Ct, 7d 4°C F - Ct, 7d 4°C

G - ES, 3d RT H - ES, 3d RT

I - Ct, 3d RT J - Ct, 3d RT

K - ES, 3d 37°C L - ES, 3d 37°C
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control. Short-term frozen aliquots of ES preparations and control samples (in small

aliquots, which were used only once, stored at -20°C for less than 4 months) were

subsequently used for most experiments, if not stated otherwise, because no loss in

vacuolating ability of the ES preparations could be observed after short-term freezing.

Storage at 4°C for 7d did not decrease the ability of ES products to induce vacuolation in

HeLa cells. Approximately 90% of the cells were heavily vacuolated (Figure 3.5 C. and D.).

HeLa cells that were exposed to control media after the same storage conditions appeared

normal (Figure 3.5  E. and F.). Three day storage at room temperature resulted in similar

vacuolation. ES-exposed HeLa cells were heavily vacuolated (Figure 3.5 G. and H.) and

vacuolation in control cells was only slightly increased compared with typical control

applications (15% of the cells, Figure 3.5 I. and J.). Exposure of HeLa cells to ES

preparations stored at 37°C for 3d also resulted in heavily vacuolated cells (90 to 100%,

Figure 3.5 K. and L.). The control samples after the same storage conditions also produced

an increase in vacuolation compared with typical control applications (40% of the cells,

Figure 3.5 M. and N.), but most of them with markedly fewer vacuoles per cell and

markedly fewer vacuolated cells in total than did the ES preparations. Incubations were

performed twice for each storage condition with two different batches. The positive

control (50% dilution in CEM) induced typical vacuolation, but the number of vacuolated

cells was slightly decreased (80% of the cells, Figure 3.5  A. and B.).

3.3.3 Vacuolating Ability of ES Preparations

The vacuolating ability of individual batches of ES products varied slightly, but nonetheless

the vacuolating ability of ES preparations in general was determined using different

dilutions of these. After application to HeLa cells for 24h (three times with two different

ES and control batches), vacuolation was similar to an undiluted ES preparation only at 2-

fold (50%) dilution.

HeLa cells exposed to undiluted ES preparations (100%, positive control) showed the

typical vacuolation (almost all cells were vacuolated with many vacuoles per cell). The

2-fold (50%) dilution of ES preparations had a very similar effect to that with undiluted ES
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Figure 3.7: Time Course of vacuolation after exposure to H. contortus ES products to HeLa

cells. 24h incubation. Neutral red staining. Left, bright field images; right, fluorescent

imaging (UV/405nm excitation). A. and B. ES incubation for 1h, C. and D. ES incubation

for 2h, E. and F. Pos. Control (ES 50% in CEM), G. and H. Neg. Control (CEM). Original

magnification 400x, bars 20µm.

A - ES 1h B - ES 1h

C - ES 2h D - ES 2h

E - pos. Ct F - pos. Ct

G - neg. Ct H - neg. Ct
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Figure 3.6: Vacuolating ability of dilutions of H. contortus ES products on HeLa cells. 24h

incubation. Neutral red staining. Left, bright field images; right, fluorescent imaging

(UV/405nm excitation). A. and B. Positive control (undiluted ES, 100%), C. and D. 2-fold

dilution of ES (50%), E. and F. 4-fold dilution of ES (25%), G. and H. 10-fold dilution of

ES (10%), I. and J. Negative control (CEM). Original magnification 600x, bars 10µm.

A - 100% B - 100%

D - 50%C - 50%

F - 25%E - 25%

G - 10% H - 10%

J - neg. CtI - neg. Ct
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Figure 3.5: Effect of different storage conditions of H. contortus ES on its ability to induce

vacuolation in HeLa cells. 24h incubation. Neutral red staining. Left, bright field images;

right, fluorescent imaging (UV/405nm excitation). A. and B. Pos. Control (ES 50% in

CEM), C. and D. ES (in CEM) stored at 4°C for 7d, E. and F. Control (CEM) stored at

4°C for 7d, G. and H. ES (in CEM) stored at room temperature for 3d, I. and J. Control

(CEM) stored at room temperature for 3d, K. and L. ES (in CEM) stored at 37°C for 3d,

M. and N. Control (CEM) stored at 37°C for 3d. Original magnification 400x, bars 20µm.
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preparations with batch I and vacuolation was slightly decreased with batch II. Almost all

cells exposed to batch II were affected, but the number of vacuoles per cell and the size of

the vacuoles was decreased compared with typical ES applications in ~20 to 30% of the

cells. There were also a few cells without vacuolation. Vacuolation induced by the 4-fold

(25%) dilution of ES preparations of batch I was seen in ~70 to 80% of the cells and ~40

to 50% with batch II. The number of vacuoles induced by batch II was also decreased in

some cells. The 10-fold dilution of ES preparations (10%) induced vacuolation in only ~10

to 20% of the cells and in general with fewer vacuoles per cell for both batches. These

results are shown in Figure 3.6.

3.3.4 Time Course of Vacuolation

HeLa cells exposed to ES products for different incubation periods, in order to determine

the approximate time that was needed for the onset of ES-induced vacuolation, showed

that vacuolation occurred as early as 1h after ES exposure.

One and two hour incubations with ES products were performed twice with two different

batches. Exposure of HeLa cells to ES products for 1h resulted in vacuolation in ~75% of

the cells and most of them had fewer vacuoles per cell compared with typical ES

applications (Figure 3.7 A. and B.). Incubation with ES preparations for 2h induced

vacuolation in ~90% of the cells, which was similar to a routine 24h incubation with ES

products. Only some of the cells had fewer vacuoles per cell (Figure 3.7 C. and D.). HeLa

cells exposed to ES products (50% in CEM) for 24h (positive control) showed the usual

vacuolation, but the number of vacuolated cells was slightly decreased (80% of the cells,

Figure 3.7 E. and F.). Control cells, which were exposed to a negative control sample

(CEM) appeared normal (Figure 3.7 G. and H.).

3.3.5 Reversibility of Vacuolation

HeLa cells exposed to ES products for 24h and examined at different time points after

replacement of ES preparations with cell culture media to examine possible recovery and
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12h: loss of
viability

6h: decreased
movement

24h: all worms
dead

6h: decreased
movement

27h: loss
of viability

36h: almost
all worms dead

Table 3.4: Time scheme of viability of worms in successive ES samples from experiment I

and II.

Experiment I Experiment II

0-1h

0-6h

1-6h

6-12h 6-12h

12-24h

12-36h

-

24-48h
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Figure 3.8: Reversibility of H. contortus ES-induced vacuolation in HeLa cells. 24h ES

incubation. Neutral red staining. Left, bright field images; right, fluorescent imaging

(UV/405nm excitation). A. and B. 24h after ES replaced by CEM, C. and D. 48h after ES

replaced by CEM, E. and F. Pos. Control (50% ES in CEM), G. and H. Neg. Control

(CEM). Original magnification 400x, bars 20µm.

A - 24h B - 24h

C - 48h D - 48h

E - pos. Ct F - pos. Ct

G - neg. Ct H - neg. Ct
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reversibility of the vacuolation showed that vacuolation was partly reversible.

Incubations for 24h and 48h after the replacement of ES preparations with cell culture

media were performed twice with two different ES and control batches. Twenty four hours

after the replacement of ES, 60 to 70% of the cell were still vacuolated, but most of them

with fewer vacuoles per cell. The rate of cell division appeared normal with approximately

twice the number of cells present on the coverslip (the normal doubling time of HeLa cells

is ~24h). The same applied to the second sample, but only ~30% of the cells were still

affected. Vacuolation of ~30% of the cells occurred in both samples incubated for 48h

after the ES replacement. The number of vacuoles in most of the vacuolated cells was

decreased compared with typical ES applications. The number of cells present on the

coverslip was approximately three times that following the initial 24h incubation with ES

products. The positive control (50% dilution in CEM) induced vacuolation in ~80% of the

cells and cells exposed to the negative control (CEM) appeared normal. Results of this

experiment are shown in Figure 3.8.

3.3.6 Vacuolating Ability of ES at Different Time Points of ES Harvest

ES products from successive incubations with the same worm batch (3.2.1) applied to

HeLa cells demonstrated differences in their ability to induce vacuolation: vacuolating

ability decreased over incubation time of the worms, but was greatest in preparations

generated after the worms had died. Some differences in their protein patterns were also

detected by gel electrophoresis.

In experiment I, successive ES preparations were collected from incubations 0-6h, 6-12h

and 12-36h and a control sample (0-6h). Movement of the worms decreased after 6h.

Worms were then in an aggregate (similar to Figure 1.4 B), but still alive and moving. After

27h, a marked loss in viability could be observed with only a few worms still alive after 36h

(worm viability summarised in Table 3.4). Incubations with ES preparations and control

samples (originating from one worm batch) on HeLa cells were performed twice.

Vacuolation in HeLa cells occurred in 90 to 100% of the cells which were exposed to the
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Table 3.5: Protein concentrations of ES samples from successive

incubation periods. All sample concentrations were re-calculated to

their original unconcentrated volumes.

ES sample
Experiment I

Protein conc. [µg/ml]

Experiment III

Protein conc. [µg/ml]

0-1h 3.05

1-6h
15.99

10.95

6-12h 10.01 1.88

12-18h 7.72

18-24h 2.92

24-30h 9.83

30-36h

23.66

4.76

36-48h - 9.45
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Figure 3.10: SDS-PAGE 5-20% of ES harvested at different time points (successive

incubation periods). A. Experiment I, coomassie stain, (1) 0-6h, 60µg, (2) 6-12h, 38µg,

(3) 12-36h, 89µg, (4) pre-stained marker; pre-stained marker before gel staining on the

right, B. Experiment III, silver stain, (1) 0-1h, 7µg, (2) 1-6h, 20µg, (3) 6-12h, 3.5µg, (4) 12-

18h, 20µg, (5) 18-24h, 8µg, (6) 24-30h, 20µg, (7) 30-36h, 12µg, (8) 36-48h, 20µg, (9) control

(PBS), 50µl, (10) pre-stained marker, (11) ES in PBS (unconcentrated; positive control),

50µl; pre-stained marker before gel staining on the right.
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Figure 3.9: Vacuolation in Hela cells induced by H. contortus ES which was harvested at

different time points (successive incubation periods). 24h incubation. Neutral red staining.

Left, bright field images; right, fluorescent imaging (UV/405nm excitation). A. and B. ES

0-1h, C. and D. ES     1-6h, E. and F. ES 6-12h, G. and H. ES 12-24h, I. and J. ES 24-48h,

K. and L. Control (CEM, 0-6h). Original magnification 400x, bars 20µm.

A - 0-1h B - 0-1h

C - 1-6h D  1-6h

E - 6-12h F - 6-12h

G - 12-24h H - 12-24h

I - 24-48h J - 24-48h

L - CtK - Ct
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0-6h ES preparation. ES products generated during the second incubation period (6-12h)

lost most of their vacuolating ability with only a few vacuolated cells (<10%) appearing.

Exposure to the 12-36h ES preparation resulted in vacuolation in ~70% of the cells. The

number of vacuoles per cell was reduced in some cells compared with typical ES

applications. HeLa cells exposed to the control sample appeared normal.

In experiment II, successive ES preparations were collected from incubations 0-1h, 1-6h,

6-12h, 12-24h and 24-48h. The control sample was collected after 6h (0-6h incubation).

The experiment was performed twice with two different worm batches. In both of these

incubations, worms formed an aggregate after 1h and their movement decreased after 6h.

Marked loss in viability occurred after 12h with none of the worms alive after 24h (worm

viability summarised in Table 3.4). Incubations of ES preparations and control samples on

HeLa cells were performed three times with two different ES and control batches. ES

products generated during the first incubation hour (0-1h) induced vacuolation in ~80 to

90% of the cells. The vacuolating ability of the second ES preparation (1-6h) was slightly

decreased, with ~70% of the cells affected and the number of vacuoles per cell also

reduced in some cells compared with typical ES applications. Vacuolation of HeLa cells

exposed to the 6-12h ES preparation was markedly reduced, with only ~20% of the cells

vacuolated and the number of vacuoles per cell also reduced. Exposure to the 12-24h ES

preparation resulted in 80 to 85% of vacuolated cells. The greatest response for all samples

was seen in HeLa cells exposed to the 24-48h ES preparations. Vacuolation occurred in 95

to 100% of the cells. The control sample did not induce any vacuolation. These results are

shown in Figure 3.9.

The protein concentration of ES products from each time period was also measured with

the Bradford assay and the protein patterns monitored by SDS-PAGE. This was carried

out for experiments I and III, where the samples had been concentrated. All protein

concentrations are shown in Table 3.5. Protein concentrations decreased after 6h, quite

dramatically in experiment III, before they increased again. Partly, this coincided with the

ability of the different ES preparations to induce vacuolation in HeLa cells.

The different protein patterns from ES products at each time period resolved by SDS-

PAGE are shown in Figure 3.10. For experiment I, the pattern of the 0-6h sample differed
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Figure 3.11: 2D BN/SDS-PAGE of ES harvested at different time points (successive

incubation periods). A. BN-PAGE 5-20%, coomassie stain (1) pre-stained marker,

(2) control (CEM without FBS), (3) 36-48h, 20µg, (4) 30-36h, 12µg, (5) 24-30h, 20µg,

(6) 18-24h, 8µg, (7) 12-18h, 20µg, (8) 6-12h, 3.5µg, (9) 1-6h, 20µg (lane cut for 2D in B.),

(10) 0-1h, 7µg, B. SDS-PAGE 5-20% of lane (9) 1-6h from the BN-PAGE, silver stain; the

excised band was rotated 90° and run in a second dimension under denaturing conditions.

A

B

BN-PAGE

SDS-PAGE

  1     2     3    4     5     6     7     8   9  10
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from the other two (6-12h and 12-36h). Two weak bands could be detected between 35

and 40kDa, a stronger band at ~20kDa and a very strong band at ~17kDa. In contrast,

only one strong band at ~10kDa was detected compared with two strong bands at 10 and

15kDa in the 6-12h and 12-36h samples. The latter two samples also had a strong band at

~25kDa, that was barely detectable in the 0-6h sample.

The differences in the protein patterns were less noticeable in experiment III. The 0-1h

sample differed most from the other samples: there was some diffuse staining between 140

and 160kDa, a few really weak bands between 65 and 140kDa and a weak band at ~65kDa,

that was strongest in this sample compared with the other samples. Additionally, fewer

bands could be detected between 25 and 55kDa and no band at ~18kDa, which was

present in all the other samples. The other samples were more similar to each other. A

weak band at ~75kDa could be detected in the 1-6h sample, that was also only detectable

in the 0-1h sample. Another weak band, at ~175kDa, was strongest in the 0-1h, 12-18h and

36-48h samples and was not present in the 1-6h, 24-30h and 30-36h samples. The intensity

of the strong band at ~25kDa decreased from 0-1h to 30-36h and was highest at 36-48h,

together with the band at ~20kDa.

Additionally, the protein pattern of the ES products in their native state was examined

using BN-PAGE and their protein-protein interactions using 2D BN/SDS-PAGE. These

results are shown in Figure 3.11. In contrast to the SDS-PAGE, no difference in the

staining pattern occurred with the BN-PAGE: there was one high molecular weight band

and some diffuse staining at the bottom of the gel stained for each ES preparation. Also, a

small amount of protein did not enter the gel properly and stained inside their gel pockets.

Following the second dimension (SDS-PAGE), the protein complex inside the gel pocket

related to two major spots and a few really weak ones between. The sharp high molecular

band from the BN-PAGE related to a single spot and the diffuse staining at the bottom to

numerous bands and spots, which had a similar pattern to an ES preparation only run on a

1D SDS-PAGE.
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Figure 3.12: Effect of 1mM and 8mM ammonia in CEM and in ES on HeLa cells. A. Control (CEM) + 1mM ammonia, B. Control (CEM)

+ 8mM ammonia, C. Control (CEM), D. ES + 1mM ammonia, E. ES + 8mM ammonia, F. Control/ES (in CEM). Original magnification

600x, bars 10µm.

A - Ct 1mM B - Ct 8mM C - Ct

D - ES 1mM E - ES 8mM F - ES
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3.3.7 Ammonia and ES

Exposure to control samples with added ammonium chloride to HeLa cells resulted in

small reddish vacuoles. These were induced in addition to the typical ES vacuolation when

ammonia was added to ES preparations.

Incubations with 1mM and 8mM ammonium chloride in CEM were performed four times

and in two cases ammonium chloride was also added to an ES preparation (one batch).

The pH of all samples was adjusted to 7.4-7.5 after adding ammonium chloride. Adding

1mM or 8mM ammonium chloride to CEM raised the pH by less than 0.25. The pH of the

ES preparations did not change with either concentration of ammonia. As shown in Figure

3.12 (B.), 8mM ammonium chloride in CEM had a detrimental effect on the cells. The

HeLa cells contained numerous reddish vacuoles, which were in general smaller than

ES-induced vacuolation and a few that were much larger. Vacuolation in HeLa cells was

also increased by 1mM ammonium chloride in CEM, compared with control cells without

ammonium chloride, but the effect was less severe than with 8mM ammonium chloride

(Figure 3.12 A.). Most of these vacuoles were also reddish and small.

ES-induced vacuolation did not change with ammonium chloride: neither 1mM nor 8mM

enhanced vacuolation. Particularly, after addition of 8mM ammonium chloride to the ES

preparation, the reddish vacuoles that were observed in the control cells with 8mM

ammonium chloride appeared in addition to the ES-induced vacuoles (Figure 3.12 D. and

E.).

The ammonia concentrations of ES preparations and control media was also measured.

Two different batches of ES and control generated in CEM were measured and two

batches generated in PBS. For both PBS batches, ES and control, the measurements were

inconclusive and no values could be obtained. Control samples of CEM had

concentrations of ammonia of 20.26 and 22.37µM and ES preparations of 3.68 and 4.7µM.
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Figure 3.13: SDS-PAGE 5-20% of ES fractions. A. Fractionation I, modified silver stain

(0-3 to >100kDa; omitting fractions 0-3kDa and 3-5kDa on the gel) (1) 5-10kDa, 15µg,

(2) 10-30kDa, 15µg, (3) 30-50kDa, 15µg, (4) 50-100kDa, 15µg, (5) >100kDa, 15µg, (6) pre-

stained marker; pre-stained marker before gel staining on the right, B. Fractionation III,

modified silver stain (0-10 to >50kDa) (1) >50kDa, 45µl, (2) 10-50kDa, 45µl, (3) 0-10kDa,

45µl, (4) pre-stained marker; pre-stained marker before gel staining on the right.

Figure 3.14: SDS-PAGE 5-20% of fractions of protein standards. Coomassie staining.

(1) 0-30kDa, 40µl, (2) 30-100kDa, 40µl, (3) >100kDa, 40µl, (4) pre-stained marker; pre-

stained marker before gel staining on the right.
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3.3.8 Fractionation of ES Products

H. contortus ES products (in PBS) were processed through different size cut-off filters in

order to produce ES fractions that were separated by size and can be use in experiments to

identify the approximate size of the active ES component(s). The fractionation was

unsuccessful and attempts to improve the separation involved chemicals that were shown

not to be compatible with the cell test system.

ES products were first fractionated using 100kDa, 50kDa, 30kDa, 10kDa, 5kDa and 3kDa

cut-off filters (fractionations I&II, 3.2.2.4) or by only 50kDa and 10kDa cut-off filters

(fractionation III, 3.2.2.4). The success of the fractionation process was monitored by SDS-

PAGE. Both separation processes (fractionations I&II or III) resulted in fractions with the

majority of ES components remaining in the high molecular weight fraction (>100kDa or

>50kDa, respectively) and only low concentrations in the smaller fractions. There did not

appear to be effective separation: none of the filters separated ES preparations into clear

molecular weight ranges and the detected components covered the whole molecular weight

range of ES products in each fraction (Figure 3.13). Interestingly, comparing the different

fractions below 100kDa in the first fractionation process (I&II) (Figure 3.13 A.) only the

30-50kDa and 5-10kDa fractions contained a few stronger bands: for the 30-50kDa

fraction bands appeared at around 55-60kDa, 30kDa, 20kDa and 15kDa and for the

5-10kDa fraction at around 30kDa and 15kDa. For the other fractionation process (III),

the strongest bands in the fractions below 50kDa were in the 10-50kDa fraction at around

55-60kDa and 30kDa (Figure 3.13 B.).

The unsuccessful attempt to fractionate ES products was followed by a general control for

the method using protein standards (β-galactosidase 116kDa, BSA 66kDa, trypsin inhibitor

20kDa and aprotonin 6.5kDa) with 100kDa and 30kDa cut-off filters. The result was

similar to the ES fractionation: all four standards were detected in the high molecular

weight fraction (>100kDa) and only parts of trypsin inhibitor (20kDa) in the 30-100kDa

fraction, and no protein was detected in the smallest fraction of 0-30kDa (Figure 3.14).
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Table 3.6: Effects of fractions generated in the presence of Triton-X-100 (1%)/

β-Mercaptoethanol (0.1%) (in CEM; single applications) and Triton-X-100 and

β-Mercaptoethanol itself at different concentrations (in CEM; double applications) on

HeLa cells.

Solution Time [min] after

application

Cell state after application

>50kDa a 1 all cells are dead

1 all cells are alive

20 ~50% of the cells are dead

60 still ~50% of the cells are dead
10-50kDa b

120 all cells are dead

1 all cells are alive

20 ~50% of the cells are dead0-10kDa c

60 almost all cells are dead

1% Triton-X-100 1 all cells are dead

0.2% Triton-X-100 1 all cells are dead

2 cells start to die
0.1% Triton-X-100

5 all cells are dead

2 a few cells are dead

30 ~50% of the cells are dead

60 still ~50% of the cells are dead
0.01% Triton-X-100

120 50-70% of the cells are dead

5 all cells are alive

20 ~50% of the cells are dead

60 still ~50% of the cells are dead
0.1% β-Mercaptoethanol

120 50-70% of the cells are dead

5 all cells are alive

20 30-50% of the cells are dead

60 ~50% of the cells are dead
0.01% β-Mercaptoethanol

120 still ~50% of the cells are dead

0.1% Triton-X-100,

0.1% β-Mercaptoethanol

2 all cells are dead

Control (CEM) 1-120 all cells are alive



 a (40µl in 2ml CEM ≙ 1:1.3 dilution of re-expanded original volume ≙ ~0.8% Triton-X-

100 and 0.08% β-Mercaptoethanol (if it stayed in that fraction)), b (40µl in 2ml CEM ≙

approx. original volume ≙ 1%Triton (if it went through the filter) and 0.1%

β-Mercaptoethanol (if it stayed in that fraction)), c (1ml+2ml CEM ≙ 1:3 dilution of

original volume ≙ 0.3% Triton (if it went through the filter) and ~0.03% β-

Mercaptoethanol)
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Figure 3.15: SDS-PAGE 5-20% of ES fractions (Triton-X-100- and β-Mercaptoethanol-

treated). A. ES fractions 1% Triton, 0.1% β-Mercaptoethanol, silverstain (1) >50kDa, 50µl,

(2) 10-50kDa, 50µl, (3) 0-10kDa, 50µl, (4) ES/PBS 50µl (5) pre-stained marker; pre-stained

marker before gel staining on the right, B. ES fractions 0.2% Triton, silverstain

(1) >50kDa, 40µl, (2) 10-50kDa, 40µl, (3) 0-10kDa, 40µl, (4) ES/PBS 40µl (5) pre-stained

marker; pre-stained marker before gel staining on the right.

   1      2      3      4      5
260

160

110

80

60

50
40

30

20

15
10

 [kDa]

end of stacking gel

A

  1      2     3      4      5

B

260

160

110

80

60

50
40

30

20

15
10

 [kDa]

end of stacking gel



Chapter 3: Effects of H. contortus ES Products in vitro: Cell Vacuolation                           87

Triton-X-100 (1%) and β-mercaptoethanol (0.1%) were added in an attempt to improve

the separation. Adding the detergent Triton-X-100 promotes the solubilisation of proteins

without denaturation: the low critical micelle concentration (CMC) limits the monomeric

concentration sufficient for the cooperative binding and denaturation. The reducing agent

β-mercaptoethanol cleaves the disulphide bonds, both preventing aggregation.

Fractionation in the presence of Triton-X-100 or Triton-X-100 and β-mercaptoethanol

(0.1%) was performed twice, both times leading to the same result (Figure 3.15 A.).

Addition of Triton-X-100 and β-mercaptoethanol did not appear to enhance fractionation.

The >50kDa fraction contained around half of the ES components, which were spread

across the whole molecular weight range of ES products. In addition, it appeared that this

fraction also contained the majority of the added Triton-X-100. With the low CMC of

0.24mM (Helenius and Simons, 1975; ≙ ~0.015%) many Triton-X-100 micelles are

probably formed which have an average weight of 90kDa (Helenius and Simons, 1975).

The high Triton-X-100 concentration in this fraction led to a poor separation on the gel

and also interfered with the Bradford assay (false positive increased values; >0.5% Triton-

X-100 interferes with this method, Lottspeich and Zorbas, 1998). The 10-50kDa fraction

contained about the other half of the ES components and the smallest fraction (0-10kDa)

only ES products at a quite low concentration. This could also be due to the fact that this

fraction was the last eluate and was not concentrated. Components of both fractions,

10-50kDa and 0-10kDa, also were spread over the whole molecular weight range of ES

products. Additionally, judged by the sulphuric odour, the smallest fractions contained the

majority of the added β-mercaptoethanol. Fractionation with added 0.2% Triton-X-100 led

to a similar result (Figure 3.15 B.). The >50kDa fraction contained around three quarter of

the ES components and probably the majority of the added Triton-X-100, the 10-50kDa

fraction more or less the remaining third and only a low concentration in the 0-10kDa

fraction. ES components of each fraction also spread over the whole molecular weight

range.

The tolerance of cells to the added detergent and reducing agent was determined by

applying different concentrations on HeLa cells as well as the different fractions of the

fractionation with Triton-X-100 (1%) and β-mercaptoethanol (0.1%). These results are

shown in Table 3.6. To summarise these results, HeLa cells did not tolerate concentrations

of Triton-X-100 as low as 0.1%. The survival rate improved slightly with 0.01% Triton-X-
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Figure 3.16: Detection of prostaglandins and lipids in H. contortus ES products via SDS-

PAGE 20%. A. and B. Sudan Black staining. A. (1) 3-5kDa 59µl ≙ 15µg, (2) 0-3kDa 42µl ≙

3µg, (3) 0-3kDa 167µl ≙ 12µg, (4) 0-3kDa 104µl ≙ 7.5µg, B. (1) -, (2) PGA2, 30µg

(3) PGB2, 30µg, (4) PGD2, 30µg, (5) PGE2, 30µg, (6) PGF2α, 30µg, (7) Pre-stained protein

marker 15µl, (8) PBS/ES, unconcentrated, 45µl, (9) Time Trial 0-6h (~100x conc.), 40µl,

(10) Time Trial 6-12h (~100x conc.), 40µl, (11) Time Trial 12-36h (~100x conc.), 40µl,

(12) - ; band pattern as seen in the gel on the right.
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100, although half of the cells were dead after only 30min. The tolerance to

β-mercaptoethanol was slightly higher, but also after 20min (0.1%) or 60min (0.01%) half

of the cell population had died.

3.3.9 Lipids and Prostaglandins - A  Possible Role in Vacuolation?

Prostaglandins and ES product lipids were detected via TLC and SDS-PAGE. No

vacuolating activity could be detected for either lipids eluted from the TLC plate or

prostaglandin standards.

3.3.9.1 Lipid and Prostsglandin Detection via SDS-PAGE

Prostaglandin standards [30µg] were applied as a reference for the different ES

preparations: ES generated in PBS, fractions 0-3kDa (freeze-dried), 3-5kDa and 0-10kDa

(3.2.2.4) and ES harvested at different incubation time points (in CEM without FBS, time

periods 0-6h, 6-12h and 12-36h, all concentrated ~100-fold; 3.2.1). Either gels were stained

with Sudan Black or the samples were pre-stained with Sudan Black.

The pre-staining method resulted in no staining, but the Sudan Black gel staining method

gave positive results. Lipid were detected both in the 0-3kDa fraction and in the samples

from three successive incubations (0-6h, 6-12h, 12-36h). One band was seen at the bottom

of the gel for the three applications of the 0-3kDa fraction, independent of the three

different amounts applied (3 to 12µg) (Figure 3.16 A.). The band pattern for the three time

trial preparations was slightly different. The first two, 0-6h and 6-12h, had similar bands,

only with a different staining intensity: bands of the 6-12h preparation were much weaker

and there was no clear band at the bottom, but diffuse staining, compared with the 0-6h

sample. The 12-36h preparation had the same three bands at the top with an intensity

comparable to the 6-12h sample and the two bands/diffuse staining at the bottom, but had

four different bands compared with the other two preparations in the middle section of the

gel (Figure 3.16 B.). The detection of the prostaglandin standards was not clear, with
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    1      2     3      4      5      6      7     8

Figure 3.17: Detection of prostaglandins and

lipids in H. contortus ES products via TLC. (1)

Time  trial 0-6h, 20µl, (2) Time trial 6-12h,

20µl, (3) Time trial 12-36h, 20µl, (4) PGA2,

1µg, (5) PGB2, 1µg, (6) PGD2, 1µg, (7) PGF2α,

1µg, (8) PGE2, 1µg.

Table 3.7: Rf-values of prostaglandin

standards and lipids present in

H. contortus ES (solvent system

ethylacetate : acetic acid 98:2).

Sample Rf value

PGA2
 a 0.600

PGB2 
a 0.572

PGD2
 a 0.489

PGE2
 a 0.310

PGF2α
 a 0.189

6h bottom b 0.241

6h top b 0.732

12h bottom b 0.183

36h bottom b 0.183

36h top b 0.751

a average of 4 experiments, b average of 3

experiments (different concentrations)
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possible bands/diffuse staining of PGA2, PGB2, PGE2 and PGF2α at the bottom of the gel

(Figure 3.16 B.).

3.3.9.2 Lipid and Prostaglandin Detection via TLC

The detection limit of the TLC for each prostaglandin standard (PGA2, PGB2, PGD2,

PGE2, PGF2α) was 1µg.

TLC was then performed on different ES preparations: ES generated in CEM (routine 12h

incubation), ES generated in PBS (routine 12h incubation), both 5µl and 10µl sample, and

ES harvested at different incubation time points (in CEM without FBS, time periods 0-6h,

6-12h and 12-36h, all ~100-fold concentrated), each time period 5µl, 15µl and 20µl sample.

All prostaglandin standards, applied as a reference, were detected at a concentration of 1µg.

In the two unconcentrated ES preparations, none of the prostaglandins could be detected.

Phosphomolybdic acid stains for lipids, steroids, lactones, keto acids, hydroxy acids,

unsaturated fatty acids and phenolic compounds, but none of these compounds could be

detected. ES preparations collected from the different time periods (6h, 12h and 36h) each

had a really weak dot at around a quarter of the running length that was at approximately

the same height as PGE2 and samples 6h and 36h each a dot above all standards. These

results are shown in Figure 3.17 and the Rf-values (retention factor) in Table 3.7.

3.3.9.3 Vacuolating Activity of Prostaglandins and Extracted Lipids

The vacuolating activity of prostaglandin standards and extracted lipid spots from the TLC

was examined using HeLa and AGS cells, resulting in no vacuolation or no vavuolation

above background respectively.

Prostaglandin standards [0.5µg/ml] were applied to either HeLa or AGS cells in single

applications of each standard for 24h and their ability to induce vacuolation examined.

Experiments with Hela cells were performed once and with AGS cells twice. None of the
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Figure 3.21: Effect of protease and phosphatase inhibitors on HeLa and AGS cells. Neutral red staining. A. HeLa cells, CEM mixed with

protease inhibitor cocktail 1:800, B. HeLa cells, CEM mixed with protease inhibitor cocktail 1:1000, C. HeLa cells, normal control cells

(CEM), D. and E. AGS cells, control (F12-Hams) (D.) and ES (E.) mixed with protease inhibitor cocktail 1:800 during ES generation,

F. AGS cells, normal control cells (F12-Hams). Original magnification 600x, bars 10µm.

D - Ct+1:800 E - ES+1:800 F - neg. Ct

A - 1:800 B - 1:1000 C - neg. Ct
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Figure 3.20: Vacuolating ability of extracted lipid spots from TLC in HeLa cells. A. 6h

bottom, B. 6h top, C. 12h bottom, D. 36h bottom, E. 36h top, F. Negative control (plate),

G. ES (in CEM) stored at room temperature for 3d, H. Control (CEM) stored at room

temperature for 3d, I. Control (CEM). Original magnification 600x, bars 10µm (A. to F.

and I.); original magnification 400x, bars 2µm (G. and H.)

A - 6h bottom B - 6h top

C - 12h bottom D - 36h bottom

E - 36h top F - neg. Ct (plate)

G - ES 3d RT

I - neg. Ct

H - Ct 3d RT
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Figure 3.19: Vacuolating ability of prostaglandin standards [0.5mg/ml] in AGS cells. A. PGA2

in F12-Hams, B. PGB2 in F12-Hams, C. PGD2 in F12-Hams, D. PGE2 in F12-Hams, E.

PGF2α in F12-Hams, F. Control cells/F12-Hams. Original magnification 600x, bars 10µm.

A - PGA2 B - PGB2

C - PGD2 D - PGE2

E - PGF2α F - neg. Ct
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Figure 3.18: Vacuolating ability of prostaglandin standards [0.5mg/ml] in HeLa cells.

A. PGA2 in CEM, B. PGB2 in CEM, C. PGD2 in CEM, D. PGE2 in CEM, E. PGF2α in

CEM, F. Control cells/CEM. Original magnification 600x, bars 10µm.

A - PGA2 B - PGB2

D - PGE2

E - PGF2α F - neg. Ct

C - PGD2
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standards was able to induce vacuoles similar to those caused by ES or any vacuoles in

HeLa cells and AGS cells. These results are shown in Figure 3.18 and 3.19.

The five lipid spots, that were detected on the TLC plate in the ES preparations of the

successive ES incubations (see above), were eluted from the plate and also tested on HeLa

cells. Exposure to the negative control from the TLC plate (elution from the silica gel

without any sample) resulted already in many vacuolated cells even though vacuoles were

fewer per cell than after application of an ES preparation (Figure 3.20 F.). Vacuoles were

formed probably due to chemical residues in the sample (solvent system

ethylacetate : acetic acid 98:2, scrapings of silica gel, elution in methanol). The five lipid

samples eluted from the TLC plate (Figure 3.20 A. to E.) had a similar to slightly less

number of cells with vacuoles with fewer vacuoles per cell like the negative control from

the TLC plate, compared with normal control cells. Controls from the 3d storage at room

temperature of ES preparation and control sample showed normal vacuolation for the ES

preparation (~95% of the cells vacuolated) and a slightly increase in vacuolation (~15%)

for the control cells but with fewer vacuoles per cell (Figure 3.20 G. and H.).

3.3.10 Protease and Phosphatase Inhibition

Protease and phosphatase inhibitors added to the cell culture medium in preliminary

experiments and during ES generation with the objective of investigating proteases and/or

phosphatases as the cause of the ES-induced vacuolation were unsuccessful as cells did not

tolerate the inhibitors used.

Incubation of HeLa cells for 24h with protease inhibitor cocktail at concentrations of 1:800

and 1:1000 (in CEM) (recommended dosage by the supplier: 1:800 for HeLa cells) resulted

in heavily vacuolated cells, while the control cells appeared normal (Figure 3.21 A. to C.).

These preliminary experiments were performed once for each concentration.

AGS cells treated with protease inhibitor cocktail (1:800 in F12-Hams) appeared normal

during the preliminary experiment, however after incubation of the cells with ES
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Figure 3.22: SDS-PAGE 5-20% of proteinase K digested control (CEM) and ES products.

A. to C. Modified silverstain. A. Digestion of  CEM 30µg protein, (1) CEM, (2) 100µg

proteinase K, 48h, (3) 100µg proteinase K, 72h,  B. and C. Digestion of 30µg ES

concentrate (in PBS), B. (1) 100µg proteianse K, 49h digestion, (2) 100µg proteinase K, 78h

digestion, (3) Marker, (4) 200µg proteinase K, 49h digestion, (5) 100µg proteinase K (in

PBS), 78h digestion, (6) ES concentrate (in PBS) 30µg, C. (1) 100µg proteinase K, 5d

digestion, (2) 100µg proteinase K, 7d digestion, (3) Marker. B. and C. are shown without

stacking gel.

A B
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C

end of
stacking gel

116

97
80
66

55
45

30

21

14
6.5

[kDa]



Chapter 3: Effects of H. contortus ES Products in vitro: Cell Vacuolation                           91

preparation and control mixed with inhibitors during the ES generation (1:800), all cells

were also heavily vacuolated. This occurred in three incubations with the same batch for

each ES preparation and control sample. The vacuoles looked different from ES-induced

vacuolation and appeared more reddish with generally smaller vacuoles, but also some

much larger ones than ES-induced vacuolation. Cells incubated with control samples (F12-

Hams) appeared normal (Figure 3.21 D. to F.).

During incubation with phosphatase inhibitor cocktail [10 and 7.5µl/ml] (recommended

dosage by the supplier: 10µl/ml), HeLa and AGS cells were mostly killed. These

preliminary experiments were performed twice with 10µl/ml for HeLa cells and once each

cell line with 7.5µl/ml.

3.3.11 Proteinase K Digestion

Experiments to digest the protein content of ES products with proteinase K to examine ES

proteins as the cause of vacuolation in HeLa cells were only partly successful: ES proteins

could be digested, but cells did not tolerate proteinase K at different concentrations tested.

In preliminary experiments, proteinase K was added to HeLa cells at concentrations of

50µg/ml, 37.5µg/ml and 25µg/ml (recommended dosage by the supplier: typically used at

50-200µg/ml in nucleic acid preparations) in CEM, once each concentration. Additionally,

CEM with the same concentrations of proteinase K added was pre-incubated for 48 and

72h at 37°C before applying to HeLa cells (twice 50µg and 37.5µg and four times 25µg).

Pre-incubations with proteinase K were tested to investigate whether autodigestion of the

enzyme during pre-incubation aid the survival of the cells. All cells died within a period of a

few minutes to one hour after exposure to the samples, independent of proteinase K

concentration and pre-digestion time.

The state of digestion was monitored via SDS-PAGE (Figure 3.22). Most of the cell culture

medium proteins were digested after 48 and 72h with 100µg proteinase K. Proteins in ES

products (30µg in PBS) were almost completely digested by 100 or 200µg proteinase K for

49 or 78h at 37°C. The two bands that appeared at the bottom of the gels in Figure 3.22 B.
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A - ES 60°C B - ES 60°C

C - Ct 60°C D - Ct 60°C

E - ES 75°C F - ES 75°C

G - Ct 75°C H - Ct 75°C

I - ES 100°C J - ES 100°C

K - Ct 100°C L - Ct 100°C

M - pos. Ct N - pos. Ct

O - neg. Ct P - neg. Ct
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and C. at around 6.5 and 14kDa were probably a mixture of small digestion endproducts

and autodigestion products of proteinase K, as weak bands of the same size also appeared

in Figure 3.22 B. lane 5, which showed digestion products only of proteinase K (78h

autodigestion of proteinase K in PBS). One band appeared at ~32kDa in all digested ES

preparations (Figure 3.22 B. and C.).

3.3.12 Heat-Treatment

ES products heat-treated at different temperatures in order to investigate the protein

content of ES products as the cause of vacuolation in HeLa cells resulted in reduced ES-

induced vacuolation with increasing temperatures.

ES products generated in CEM that were heat-treated for 30min at 75°C induced

vacuolation in ~60% of the cells, with the exception of one application of four where there

were only ~15% vacuolated cells. All four applications of heat-treated control samples

(30min at 75°C) showed a slight increase in vacuolated cells compared with typical control

applications (15 to 20%).

Incubations with ES products that were generated in PBS and control samples (PBS) were

performed four times with two different batches heat-treated at 100°C and 75°C (each

30min) and twice with the same batch treated at 60°C (30min). Heat-treated ES products at

60°C showed a decreased ability to induce vacuolation in HeLa cells with only 30 to 40%

of the cells affected (Figure 3.23 A. and B.). The number of vacuoles per cell was reduced
x

Figure 3.23: Vacuolation in Hela cells induced by heat-treated H. contortus ES. 24h

incubation. Neutral red staining. Left, bright field images; right, fluorescent imaging

(UV/405nm excitation). A. and B. ES/PBS (50% in CEM) heat-treated 60°C,

C. and D. Control (PBS 50% in CEM) heat-treated 60°C, E. and F. ES/PBS (50% in

CEM) heat-treated 75°C, G. and H. Control (PBS 50% in CEM) heat-treated 75°C, I. and

J. ES/PBS (50% in CEM) heat-treated 100°C, K. and L. Control (PBS 50% in CEM) heat-

treated 100°C, M. and N. Positive control (ES/PBS 50% in CEM), O. and P. Negative

control (PBS 50% in CEM). Original magnification 600x, bars 10µm.
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Figure 3.24: Vacuolation in Hela cells induced by acid-treated H. contortus ES. 24h

incubation. Neutral red staining. Left, bright field images; right, fluorescent imaging

(UV/405nm excitation). A. and B. ES/PBS (50% in CEM) acid-treated at pH2, C. and D.

Control (PBS 50% in CEM) acid-treated at pH2, E. and F. Positive control (ES/PBS 50%

in CEM), G. and H. Negative control (PBS 50% in CEM). Original magnification 400x,

bars 20µm.

A - ES pH2 B - ES pH2

C - Ct pH2 D - Ct pH2

E - pos. Ct F - pos. Ct

G - neg. Ct H - neg. Ct
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compared with a typical ES application. HeLa cells exposed to control samples heat-treated

at 60°C appeared normal with no vacuolation (Figure 3.23 C. and D.). Heat-treated ES

products at 75°C induced vacuolation in ~15% of the cells. The number of vacuoles per

cell was reduced and the vacuoles appeared reddish rather than dark red, unlike those seen

after a typical ES application (Figure 3.23 E. and F.). The corresponding controls induced

no vacuolation (Figure 3.23 G. and H.). Heat-treatment of ES products at 100°C almost

eliminated the vacuolating ability with only a few cells showing some reddish vacuoles

(Figure 3.23 I. and J.). Heat-treated control samples at 100°C appeared normal (Figure 3.23

K. and L.). The positive control of 50% ES/PBS in CEM induced vacuolation in 70 to

80% of the cells. The number of vacuoles per cell was reduced in some cells compared

with a typical ES application (Figure 3.23 M. and N.). HeLa cells exposed to the negative

control (50% PBS in CEM) showed no vacuolation (Figure 3.23 O. and P.).

3.3.13 Acid-Treatment

In addition to the heat-treatment, acid-treatment of ES products, also carried out to

investigate whether the protein content of ES products was a cause of vacuolation resulted

in a reduced vacuolating ability of ES preparations.

Incubations with acid-treated (30min at pH 2) samples were performed twice with the same

ES and control batch. HeLa cells exposed to acid-treated ES products showed a reduced

number of vacuolated cells with ~30% of the cells affected compared with a typical ES

application of 80 to 100% affected cells. The number of vacuoles per cell was also reduced

in some cells (Figure 3.24 A. and B.). The number of vacuolated cells was slightly increased

to ~20 to 30% by acid-treated control samples compared with a typical control application,

but with only a few vacuoles per cell appearing (Figure 3.24 C. and D.). The positive

control (50% ES/PBS in CEM) induced vacuolation in ~70 to 80% of the cells, some of

these with a reduction in vacuoles per cell compared with a typical ES application (Figure

3.24 E. and F.). Negative control cells (50% PBS in CEM) appeared normal (Figure 3.24 G.

and H.).
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3.4 Discussion

The experiments described in this chapter were conducted to investigate different aspects

of ES-induced vacuolation and to characterise the vacuolating factor of ES products.

3.4.1 Characteristics of the Vacuolation

The application of adult H. contortus ES products caused vacuolation in an epithelial cell line

(HeLa, human cervix adenocarcinoma cells), which was revealed by NR uptake, as

previously reported (Huber et al., 2005; Przemeck et al., 2005). HeLa cells are commonly

used for a wide range of cytotoxity tests, as they are easy to prepare and maintain. In

addition, the present study has shown that the same effect can also be induced in AGS

cells, which are epithelial human gastric adenocarcinoma cells. As they originate from the

stomach, AGS cells represent cells from the corresponding human organ to the sheep

abomasum. Furthermore, similar vacuolation due to ES products could also be induced in

undifferentiated CaCo-2 (human epithelial colonic adenocarcinoma) cells (K. C. Pedley,

unpublished data). Together, these results demonstrated that ES products are able to

induce vacuolation in different epithelial cell lines.

However, it remains speculative whether ES products could be responsible for the

vacuolation of parietal cells in vivo. In addition, vacuolation observed in vitro appears to be

different, with numerous small vacuoles compared with much larger vacuoles observed in

parietal cells, sometimes occupying almost the whole cell, (see also Chaper 2). The use of

isolated parietal cells in culture could clarify whether ES products are capable of directly

inducing vacuolation in parietal cells as in the other epithelial cell lines and are a possible

cause of the observed in vivo vacuolation. Furthermore, it would be interesting to determine

whether vacuoles show similarities to either the in vitro or in vivo vacuolation, which could

be indicative that host factors may be involved or vacuoles are generated during cell

degeneration. Vacuoles observed in parasitised tissues were suggested to be due to necrosis

(Scott et al., 2000), however this appears not to be the case for the observed in vitro

vacuolation. Although the morphology of parietal cells in culture changes and the apical
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intracellular canaliculi appear to close off, cultured parietal cells are widely used to analyse

intracellular signalling and cell function (Chew, 1994). In addition, it may be useful to

further test the vacuolating ability of ES products on other isolated fundic abomasal cells as

vacuolation in vivo was exclusively observed in parietal cells (see also chapter 2).

Furthermore, the use of different vacuole markers (e.g. early endosome markers Rab5 and

EEA1 (early endosome antigen), recycling endosome markers Rab4 and Rab11, lysosome

marker LAMP1 (lysosome-associated membrane protein)) could determine the origin of

the vacuoles. Comparing this for different cell lines could clarify whether these vacuoles

have the same origin.

The time for the onset of vacuolation in HeLa cells due to H. contortus adult ES products

was determined to take place in the first two hours after exposure to ES products (full

manifestation was reached after 2h exposure and 75% after only 1h). These experiments

showed that the cell damage due to ES products can occur very quickly. When related to

pathophysiological and pathological abomasal responses, these results are consistent with

previous observations of rapid changes in abomasal function and morphology due to adult

parasites, either after the emergence from the glands (2-4 days after infection with

H. contortus (Simpson et al., 1997); 5-6 days with T. circumcincta (Lawton et al., 1996; Scott et

al., 2000)), direct transfer of adult H. contortus (Simpson et al., 1997) or T. circumcincta

(Lawton et al., 1996; Scott et al., 2000) into the abomasum, or exposure of adult

T. circumcincta prevented from physical contact with the gastric mucosa (Simpson et al.,

1999).

Rapid reversibility of acid inhibition after anthelmintic treatment, as seen in experiments of

Simpson et al. (1997) and Scott et al. (2000), is most likely to follow different mechanisms

from vacuolation in HeLa cells, as recovery of HeLa cells took a very long time (numerous

vacuolated cells were still observed 48h after the removal of ES products) compared with

parietal cell/acid-secreting recovery beginning within 2h of drenching (Simpson et al.,

1997). Possible mechanisms for the rapid recovery of acid secretion are also discussed in

chapter 2. For the HeLa cell recovery experiment, it is also not certain whether the cells

recovered from vacuolation, as cell division appeared normal and the slightly reduced

numbers of vacuolated cells could also be due to the increasing number of cells through

normal cell proliferation.
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3.4.2 Characteristics of the Vacuolating Factor of H. contortus ES

Products

Adult H. contortus ES preparations were used for all experiments, because Huber et al.

(2005) and Przemeck et al. (2005) had previously shown that adult ES preparations induce

more severe vacuolation than larval ES preparations. The vacuolating ability of adult ES

preparations was so high that it could be diluted 2-fold (50%) without losing much of this

ability, allowing dilution of ES preparations to allow more experiments. Two-fold dilutions

were subsequently used for positive control incubations in some experiments described

here. However, vacuolating ability was also dependent on the worm batch as slight

differences in the vacuolating ability of different batches were noted

The stability of the vacuolating factor was also investigated after different storage

conditions. Only long-term (>6 months) storage at -20°C caused notable decreases or loss

in activity, whereas storage for less than 4 months at -20°C did not cause any loss in

vacuolating ability. Short-term freezing was used for almost all samples and provided a

significant facilitation of the experimental procedure. The use of frozen samples allowed

replication of experiments and a greater range of experiments to be performed on

preparations from the same batch. Short-term (3 and 7d) storage at different temperatures

also showed no signs of loss in vacuolating ability. Of particular interest is that storage for

3d at 37°C still showed full vacuolating activity, which suggests that ES products could be

effective in vivo (normal body temperature of sheep is ~39°C, Noffsinger et al., 1961;

daSilva and Minomo, 1995) for a few days.

3.4.2.1 Ammonia and Vacuolation

Ammonia was previously suggested as an active component of ES products, which were

able to inhibit acid secretion in vitro, as did ammonia itself in parallel testing (Merkelbach et

al., 2002). In general, 1mM ammonium chloride significantly reduced acid secretion.

Ammonia concentrations in ES preparations ranged from 0.2 to 1mM with final

concentrations in the incubation medium of 5 to 100µM. In addition, the ability of
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ammonia to induce vacuolation was shown in HeLa cells, by NR uptake assay, in

concentration as low as ≥1.56mM (ammonium chloride and ammonium sulfate) (Cover et

al., 1991) and in HEp2 cells at 8mM (ammonium chloride) (Mégraud et al., 1992).

Therefore, ammonia is a candidate as the vacuolating factor in ES products.

However, the experiments presented here confirm suggestions of Huber et al. (2005) and

Przemeck et al. (2005) that it is very unlikely that ammonia is the origin of the observed

vacuolation. A maximum concentration of 4.7µM was measured for ES preparations, even

lower than the max. 30µM measured by Huber et al. (2005) and Przemeck et al. (2005).

Furthermore, vacuolation was not enhanced by addition of either 1 or 8mM ammonium

chloride to ES preparations in contrast to observations of Przemeck et al. (2005), who

observed vacuolation enhancing effects for 8mM. Additionally, ammonia itself induced

vacuolation in HeLa cells at both concentrations used, but more prominently with 8mM

which also resulted in a few larger vacuoles. This is consistent with the results of Cover et

al. (1991). In contrast, Huber et al. (2005) and Przemeck et al. (2005) both used 8mM

ammonium chloride in control applications on HeLa cells without any vacuolation. The

vacuole pattern, comparing ES with VacA induced vacuolation, was also notably different.

VacA vacuoles are generated by ammonia which enters endosomal compartments, is

protonated to ammonium and then trapped, causing osmotic swelling (see also 1.3.3.7.4).

The vacuoles induced by VacA were fewer in number, but mainly significant larger in size

than ES-induced vacuoles (Huber et al., 2005), which were similar to the observed

ES-induced vacuolation presented here. Additionally, longer incubation periods of 48h

with ES products also did not increase the size of the vacuoles.

3.4.2.2 Differences in ES Products from Successive in vitro Incubations

The ES products from successive incubations showed a difference in their vacuolating

activity. ES products released in the first six hours of the incubation had a high vacuolating

ability (70 to 100% of the cells were vacuolated), which was comparable to that of the

routine 12h incubations for the generation of ES products. The vacuolating activity

dropped markedly for the 6-12h incubation (10 to 20% vacuolated cells). This could be

possibly due to some changes in the release of ES products. Incubation conditions and
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media are very different from the natural environment of the parasites, which could have

changed the amount or composition of the ES products released. This was partly shown by

different protein concentrations and different band patterns in the SDS-PAGE of

individual incubations, although under native conditions there was no obvious difference

between the individual incubations. However, this could also be due to the fact that the

separation was not complete. There was diffuse staining at the bottom of the gel in all

samples which separated to a similar band pattern in the second dimension as it did in 1D

SDS-PAGEs. However, the protein concentration and differences in the band pattern do

not necessarily mirror the vacuolating activity. For example, this was demonstrated by

comparing the 0-6h with the 12-36h incubate in experiment I. The protein concentration in

the 0-6h sample was ~8µg/ml lower, yet the vacuolating activity was higher.

The vacuolating activity then increased again once the worms started to die and degrade.

This was in particular demonstrated by the 24-48h incubation in experiment II representing

products released exclusively from dead worms, which showed the highest vacuolating

ability. It has been shown that cytoskeletal components, which are likely to originate from

dying and degrading parasites, induce host responses. These were often subject of vaccine

studies and include tropomyosin of T. colubriformis (O’Donnell et al., 1989) and O. volvulus

(Jenkins et al., 1998) and paramyosin of A. canium (Hüsken, 2007), F. hepatica (Cancela et al.,

2004) and Schistosoma spp. (Gobert and McManus, 2005). In the latter two species,

paramyosin is also expressed on the surface. For the results shown here, it is possible that

increased amounts of ES products or other worm constituents, which were also able to

induce vacuolation in HeLa cells, were released from dying and degrading worms. Overall,

minor differences in the band pattern between incubates with live worms and after they

started to die would argue more for the release of ES products that are released after death.

However, exact differences can only be determined using more advanced proteomic

analysis. In addition, there was no obvious difference in the observed vacuoles. Similarly, it

was shown in vivo that T. circumcincta, which were confined to porous bags, were able to

mediate an increase in abomasal pH although worms died within 16h (Simpson et al., 1999).

It was argued that the short survival time decreased the amount of ES released and in turn

resulted in reduced effects on abomasal secretion. However, it could also be that the

abomasal response was reduced because the components from live and dead worms were

not released as close to the mucosa as they normally would be.
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Another factor that needs to be considered for all in vitro experiments involving ES

products is the possibility that the cell culture medium was altered due to the incubation

with worms during ES preparation. Such alteration could contribute to any affects of ES

on cells in subsequent incubations and might be particularly significant in the longer,

24-48h worm incubations. These longer incubations were associated with an increased

presence of dead worms. In addition to possible medium degradation, the osmolarity of ES

might have been affected by the release of electrolytes from dying tissue. Measurement of

electrolyte concentrations and osmolarity of ES preparations and control media could

determine whether these changes were significant. In addition, an additional control

medium could be used containing ES from other nematode species, like T. colubriformis or

C. elegans. These species do not release a vacuolating agent when prepared under the same

conditions and this could clarify whether worm-induced degradation of the medium has an

effect on cells.

3.4.2.3 Fractionation of H. contortus ES Products

Experiments to fractionate ES products by passing through size exclusion membranes

were conducted in an attempt to identify the approximate molecular weight range of active

component(s) as a step to facilitate its identification. This fractionation process using

Vivaspin ultracentrifugation devices with polyethersulfone membrane was unsuccessful nor

could a correct separation be achieved of protein standards. One explanation could be that

the major part of the ES products is either sticking together and preventing it from passing

though the first filter (>100 or >50kDa) or some ES products block the pores of the filter.

ES products spread also over the whole size range in every fraction. This could have been

explained by the filter membrane being damaged, but that definitely does not fit with the

major part of the ES products found each time in the biggest size fraction. Neither

detergent nor reducing agent did improve the separation, a correct separation could not be

obtained. Additionally, these chemicals were toxic (as low as 0.01%) to the final cell culture

test system.

Alternatively, other methods such as gelfiltration columns could be used, but the dilution

of the sample might be a problem for further testing of the sample on cells, possibly losing
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vacuolating ability. Another possibility could be the elution of bands from ES

preparations, which was run under native conditions, with testing on cells afterwards.

Although, for this option the gel conditions have to be optimised first as it is likely that the

samples did not separate completely (see also 3.4.2.2). In addition, it could be possible that

the eluted sample would contain chemical residues which are not compatible with cell

viability.

3.4.2.4 Do Lipids Play a Role in Vacuolation?

Prostaglandins play a role in many biological processes, including host-parasite interactions

and are synthesised by both host and a number of parasites, including nematodes (Hadás et

al., 1998; Daugschies and Joachim, 2000; Kubata et al., 2007). Prostaglandins have been

reported to play a role in vacuole formation in protozoa (Prusch et al., 1989; Figarella et al.,

2005; 2006) and neuroblastoma cells as part of the cell degeneration process induced by

prostaglandins (Prasad et al., 1998). However, it is not certain whether prostaglandins are

potential vacuolating factors for parietal cells observed in abomasal parasitism. Therefore,

the existence of lipid components in adult H. contortus ES products was investigated and

their ability to induce vacuolation in HeLa cells.

Lipids, but not prostaglandins, were detected by SDS-PAGE and TLC. The concentrations

in ES products appear to be very low as lipid detection was possible only in concentrated

samples (~100x concentration or freeze dried sample). Prostaglandin standards [0.5µg/ml]

did not induce any vacuolation in HeLa or AGS cells, nor did the extracted lipids separated

by TLC (above background vacuolation). The background vacuolation was probably due to

chemical residues in the samples, shown by the control scrapings from regions of the TLC

plate devoid of sample. Taken together, these results demonstrate that it is very unlikely

that the lipid compounds in H. contortus ES products are responsible for vacuole formation

in HeLa cells. Furthermore, as prostaglandin standards were not able to induce vacuolation

in HeLa or AGS cells, it is also very unlikely that host prostaglandins, as part of the

inflammatory response, play a role in parietal cell vacuolation during abomasal parasitism.
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3.4.2.5 Is the Vacuolating Factor of H. contortus ES Products a Protein?

Experiments were conducted to further characterise the vacuolating factor(s). These

included the examination of the sensitivity of ES products to heat and acid. Experiments

involving heating for 30min at 60°C, 75°C and 100°C documented the heat sensitivity of

the vacuolating factor(s). As a slight increase in vacuolation, compared with a typical

control application, was observed in control cells after the incubation with samples

generated in CEM, additional experiments were undertaken with samples generated in PBS

to exclude any factor that may have arisen from heating the medium. These experiments

demonstrated a decrease in vacuolating activity of ES preparations with increasing

temperature with a complete loss of vacuolating ability after heating to 100°C.

Incubations of ES preparations at pH 2 for 30min showed that the vacuolating factor(s)

was acid sensitive, as the vacuolating activity was significantly reduced in ES preparations.

The slight increase in vacuolation in the control cells could be potentially caused by slight

increases in the osmolarity (max. +31.9mOsM) of the sample after the acid-treatment. In

patients with intracerebral hemorrhage, agents which reduce intracerebral osmotic pressure

were shown to be effective at only 10mOsM (Kalita et al., 2003).

Although some proteins or peptides are heat or acid stable (Grütter et al., 1988; Ingebritsen,

1989; Jacobsen and Shaw, 1989), together these experiments demonstrate that it is very

likely that the vacuolating factor(s) is a protein, as proteins usually denature at extreme

conditions like high temperature or low pH. The vacuolating activity being minimised or

abolished by increasing temperatures and low pH indicate that this factor(s) is probably

denatured, impairing its function. However, as already discussed (3.4.1) parietal cell

vacuolation in vivo appears to be different and other factors may be involved, or due to the

different environment in the abomasum (compared with in vitro incubation conditions) the

ES composition may be different as well. ES products in vivo are at least partly exposed to

lower pH, although the pH in close vicinity to the parasites may be different from the

overall abomasal pH.
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Experiments with ES preparations that had been digested by proteinase K or inhibited by

protease and phosphatase inhibitor cocktails could have further confirmed the

proteinaceous origin, or even more the protein class. Unfortunately, all treatments were

detrimental to the HeLa or AGS cell test system. With proteinase K, the cells died at all

concentrations used, as well as after pre-incubation with proteinase K, which should have

autodigested the enzyme. After treatment with phosphatase inhibitor cocktail, most of the

cells died using the recommended dosage and even lower concentrations. Protease

inhibitor cocktail treatment did not kill the cells, but at the recommended concentration as

well as lower concentrations, cells were already vacuolated. Further experiments with single

inhibitors (e.g. cysteine protease inhibitor, serine protease inhibitor) might be an alternative.

4-(2-Aminoethyl)-benzenesulfonyl fluoride (AEBSF, a serine protease inhibitor), which is

stated to have a relatively low toxicity towards eucaryotic cells (supplier data sheet, Roche),

appeared to have no detrimental effect itself on CaCo-2 cells at low concentrations of

0.25mM (unpublished observations, L. R. Walker).

In summary, the experiments described in this chapter revealed some further characteristics

of the vacuolation as well as the vacuolating factor: vacuoles were observed as early as 1h

after application of ES preparations; vacuolation was partly reversible, but recovery of the

cells was slow; products of dead and degrading worms were able to induce similar vacuoles

as do routine ES preparations; lipids were detected in ES preparations, but neither lipids

nor prostaglandins appear to play a role in vacuolation and the vacuolating factor is likely

to be a protein. However, the identification of the vacuolating factor(s) in ES products was

not possible. Identification of the vacuolating factor(s) in vitro, which may not be the same

in vivo or additional factors may be involved in vivo, is probably difficult to achieve.
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Chapter 4

EFFECT OF H. CONTORTUS ES PRODUCTS

IN VITRO: CELL DETACHMENT

4.1 Introduction

ES products typically cause vacuolation in vitro, visualised by NR uptake (chapter 3).

However, using the NR uptake assay to examine ES-induced vacuolation in HeLa cells,

reduced NR uptake was observed after application of ES products of L3 and adult worms

of T. circumcincta or H. contortus. This occurred at greater relative ES concentrations, which

were derived from higher parasite densities or longer incubation periods for the generation

of ES preparations (Przemeck, 2003; Przemeck et al., 2005). A parallel microscopic study

revealed marked detachment of cells from the coverslip, which led to the suggestion that

the decreased NR uptake was due to decreased cell numbers (Przemeck et al., 2005). Huber

et al. (2005) also observed an increased rate of cell detachment in cells treated with ES

products from L3 and adult H. contortus or H. pylori outer membrane vesicles (OMV).

Decreased cell numbers after exposure to H. pylori supernatants in vitro had previously been

reported (Cover et al., 1991), as well as ulceration and gastric lesions in vivo (Telford et al.,
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1994), and later attributed to VacA induced apoptosis (Kuck et al., 2001; Cover et al., 2003).

Furthermore, VacA bound to several cell surface components, one of which is receptor

tyrosine phosphatase β (RPTPβ) (Cover and Blanke, 2005). Binding of VacA to RPTPβ

resulted in detachment of primary murine gastric epithelilal cells and tissue damage in vivo

only occurred in mice which possess the receptor (Fujikawa et al., 2003).

As described in 1.3.3 and 3.1, several of the released ES products are either known to or

suggested to have detrimental effects on abomasal tissue and cells. Possible candidates that

could be involved in tissue damage, as well as the observed cell detachment after ES

exposure in vitro, include the proteases, phosphatase, enolase, calreticulin and galectins.

Proteases may play a role by degrading the extracellular matrix (Rhoads and Fetterer, 1996).

Phosphatase may interfere with host intracellular signalling pathways, resulting in the

disruption of the cytoskeleton as has been demonstrated for bacterial and protozoan

phosphatase (Hueck, 1998, Aguirre-García et al., 2003; Anaya-Ruiz et al., 2003). Enolase

could be involved by interfering with the plasminogen/plasmin system resulting in

plasmin-mediated proteolysis such as degradation of extracellular matrix (Jolodar et al.,

2003; Marcilla et al., 2007). Calreticulin could also play a role in cell detachment because it is

able to complex with integrins and thereby mediate thrombospondin-induced focal

adhesion disassembly (Johnson et al., 2001). The calcium binding properties of calreticulin

may also play a role, as Ca2+ is an important factor in the adhesion process. Galectins,

which were identified as eosinophil chemotractants in H. contortus ES products (Turner et

al., 2008), could also be involved. In this context, particularly galectin-8 was shown to bind

to integrins and inhibit adhesion (Hadari et al., 2000; Zick et al., 2004).

The aim of the experiments described in this chapter was the characterisation of cell

detachment, which has been previously observed (Huber et al., 2005; Przemeck et al., 2005),

by staining of the actin cytoskeleton and its quantification using an assay, which measures

fluorescence of DNA to determine cell numbers.
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4.2 Materials and Methods

4.2.1 ES Preparations of Adult H. contortus

Adult worms of H. contortus were obtained 21d after the infection of the sheep as described

in Appendix I. Worms were incubated for 12h in CEM or F12-Hams in 15ml and 50ml

tubes in an incubator in an atmosphere containing 5% CO2 and 95% humidified air at

37°C. CEM and F12-Hams were also incubated under the same conditions to serve as

negative controls. The supernatants of the ES preparations and the negative controls (CEM

or F12-Hams) were sterile filtered through 0.2µm filters into new tubes. The pH of each

preparation was readjusted to 7.4 if necessary. The preparations were stored at 4°C if being

used immediately or frozen at -20°C in small aliquots, which were used only once (used for

the assay determining cell numbers).

4.2.2 Cell Culture

HeLa cells, which had been passaged between 9 and 15 times (p9 to p15), and AGS cells

passaged 45 times (p45) were used for experiments. Cells were grown on coverslips for

staining the actin cytoskeleton or on 24 and 96 well plates for the assay determining cell

numbers. Cell culture techniques for both cell lines are described in detail in Appendix II.

4.2.3 Incubations with ES Preparations on Cells

To test the effects of ES preparations on cells, the culture medium of the cells (HeLa or

AGS) was discarded and replaced with either ES preparations or negative control and

incubated for 24h in an incubator in an atmosphere containing 5% CO2 and 95%

humidified air at 37°C. HeLa cells were also incubated for 48h under similar conditions.
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4.2.4 Actin Staining Using Alexa Fluor® Phalloidin

The actin cytoskeleton was stained using Alexa Fluor® Phalloidin, following a protocol

slightly modified from the supplier’s manual. After incubation, the supernatant (ES

preparation or control) in the petri dishes (2ml) was discarded and the cells were washed

once with PBS (500µl) before they were fixed with 4% paraformaldehyde (Appendix II) for

30min. After washing twice with PBS, cells were permeabilised with 0.1 or 0.2% Triton-X-

100 for 15min. Another wash with PBS was followed by 1h incubation with the

filamentous actin stain Alexa Fluor® Phalloidin as a 1:100 dilution (Appendix II; blue

laser/488 excitation with emission maximum of ~530nm/green fluorescence) and DNA

stain Hoechst 33258 at a concentration of 15µg/ml (Appendix II; UV laser/405nm

excitation with emission maximum at ~460nm/blue fluorescence). Cells were incubated in

a mixture of both stains diluted in PBS. After a final wash with PBS, cells were examined

using an inverted confocal microscope (40x or 60x/water immersion objective). All images

were processed with Adobe Photoshop.

Following Alexa Fluor® Phalloidin and Hoechst 33258 staining, two of the  incubations of

HeLa cells with ES preparation or negative control for each 24h or 48h were also examined

as a single blind study.

4.2.5 Determination of Cell Numbers Using the CyQUANT® NF Assay

For the assay using CyQUANT® NF, HeLa cells were counted in a hemocytometer

(Neubauer counting chamber) and seeded at 10,000 and 15,000 cells/well (in 500µl CEM)

on a 24 well plate and incubated for 6h in an incubator in an atmosphere containing 5%

CO2 and 95% humidified air at 37°C to allow adhesion. The assay was also performed

using 96 well plates and HeLa cells at 50,000 and 100,000 cells/well and AGS cells at

80,000 and 100,000 cells/well were used (in 100µl either CEM for HeLa cells or F12-Hams

for AGS cells). Medium of the cells was discarded and replaced for 24h by different

preparations (100µl for the 96 well plate and 500µl for the 24 well plate) of ES and control
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Figure 4.3: ES-induced detachment of AGS cells 24h after exposure to H. contortus ES products. A. and B. Fluorescent imaging. A. ES

incubation 24h, A/1 Actin cytoskeleton (Alexa Fluor® Phalloidin 488; 488nm excitation), A/2 Nuclei (Hoechst 33258; 405nm exciation),

A/3 Merge A/1 and A/2, B. Control incubation 24h (F12-Hams), B/1 Actin cytoskeleton, B/2 Nuclei, B/3 Merge B/1 and B/2. Some of

the detaching cells are marked by arrowheads. Original magnification 600x, bars 10µm.

A/1 - ES 24h A/2 - ES 24h A/3 - ES 24h

B/1 - Ct 24h B/2 - Ct 24h B/3 - Ct 24h
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Figure 4.2: ES-induced detachment of HeLa cells 48h after exposure to H. contortus ES products. A. and B. Fluorescent imaging. A. ES

incubation 48h, A/1 Actin cytoskeleton (Alexa Fluor® Phalloidin 488; 488nm excitation), A/2 Nuclei (Hoechst 33258; 405nm excitation),

A/3 Merge A/1 and A/2, B. Control incubation 48h (CEM), B/1 Actin cytoskeleton, B/2 Nuclei, B/3 Merge B/1 and B/3. Some of the

detaching cells are marked by arrowheads, also note the actin “footprint” that is left behind from the cell in the centre in A (arrow).

Original magnification 600x, bars 10µm.

A/1 - ES 48h A/2 - ES 48h A/3 - ES 48h

B/1 - Ct 48h

48h

B/2 - Ct 48h B/3 - Ct 48h

48h
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Figure 4.1: ES-induced detachment of HeLa cells 24h after exposure to H. contortus ES products. A. and B. Fluorescent imaging. A. ES

incubation 24h, A/1 Actin cytoskeleton (Alexa Fluor® Phalloidin 488; 488nm excitation), A/2 Nuclei (Hoechst 33258; 405nm excitation),

A/3 Merge A/1 and A/2, B. Control incubation 24h (CEM), B/1 Actin cytoskeleton, B/2 Nuclei, B/3 Merge B/1 and B/2 Some of the

detaching cells are marked by arrowheads. Original magnification 600x, bars 10µm.

A/1 - ES 24h A/2 - ES 24h A/3 - ES 24h

B/1 - Ct 24h B/2 - Ct 24h B/3 - Ct 24h



Chapter 4: Effect of H. contortus ES Products in vitro: Cell Detachment                            107

media. Wells with no cells added were used as a negative control for the assay. All

applications were set up in triplicate.

The CyQUANT® NF assay is based on measuring the fluorescence of cellular DNA to

determine cell numbers. DNA dye binding is achieved by using the dye binding solution,

which also contains a plasma membrane permeabilisation reagent. The assay was used

following the suppliers protocol. Briefly, the different preparations of ES and control

media were removed from the cells and replaced by dye binding solution: 50µl/well for the

96 well plate or 250µl/well for the 24 well plate. The plate was incubated for 60min in an

incubator in an atmosphere containing 5% CO2 and 95% humidified air at 37°C in the dark

before fluorescence of the DNA was read in a plate reader (Wallac 1420 multilabel counter

VICTOR3, Perkin Elmer) with excitation at 485nm and emission detection at 530nm.

4.2.6 Statistical Analysis

Data for the quantification of cell detachment are presented as mean ± SEM. Two-way

ANOVA with Bonferroni post hoc tests was used to compare cell numbers after application

of control media or ES preparations.

4.3 Results

4.3.1 Staining of the Actin Cytoskeleton

H. contortus ES products applied for 24h to HeLa or AGS cells induced detachment in some

cells after the application of ES preparations compared with the controls. 24h incubations

of ES preparations and control media on HeLa cells were performed five times with three

different ES and control batches and 48h incubations three times with two different

batches. 24h incubations on AGS cells were performed three times with the same ES and

control batch. Results of the detachment study are shown in Figures 4.1 to 4.3. Staining of
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Figure 4.7: ES-induced detachment of AGS cells 24h after exposure to H. contortus ES products - apoptotic processes. Fluorescent

imaging. A. ES incubation 24h, A/1 Actin cytoskeleton (Alexa Fluor® Phalloidin 488; 488nm excitation), A/2 Nuclei (Hoechst 33258;

UV/405nm excitation), A/3 Merge A/1 and A/2, B. Control incubation 24h (F12-Hams), B/1 Actin cytoskeleton,     B/2 Nuclei, B/3

Merge B/1 and B/2. Original magnification 600x, bars 10µm.

B/1 - Ct 24h B/2 - Ct 24h B/3 - Ct 24h

A/1 - ES 24h A/2 - ES 24h A/3 - ES 24h
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Figure 4.6: ES-induced detachment of HeLa cells 48h after exposure to H. contortus ES products - apoptotic processes. A. and B.

Fluorescent imaging. A. ES incubation 48h, A/1 Actin cytoskeleton (Alexa Fluor® Phalloidin 488; 488nm excitation), A/2 Nuclei

(Hoechst 33258; 405nm exciation), A/3 Merge A/1 and A/2, B. Control incubation 48h (CEM), B/1 Actin cytoskeleton, B/2 Nuclei,

B/3 Merge B/1 and B/2. A. Original magnification 400x, bars 20µm, B. Original magnification 600x, bars 10µm.

B/1 - Ct 48h B/2 - Ct 48h B/3 - Ct 48

A/1 - ES 48h A/2 - ES 48h A/3 - ES 48h
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Figure 4.5: ES-induced detachment of HeLa cells 24h after exposure to H. contortus ES products - apoptotic processes. A. and B.

Fluorescent imaging. A. ES incubation 24h, A/1 Actin cytoskeleton (Alexa Fluor® Phalloidin 488; 488nm exciation), A/2 Nuclei

(Hoechst 33258; 405nm exciation), A/3 Merge A/1 and A/2, B. Control incubation 24h (CEM), B/1 Actin cytoskeleton, B/2 Nuclei,

B/3 Merge B/1 and B/2. A. Original magnification 400x, bars 20µm, B. Original magnification 600x, bars 10µm.

B/1 - Ct 24h B/2 - Ct 24h B/3 - Ct 24h

A/1 - ES 24h A/3 - ES 24hA/2 - ES 24h



Facing page 108

Figure 4.4: Detachment of HeLa cells - Control incubations vs. exposure to H. contortus ES.

Fluorescent imaging. A/1 to A/3 Control incubation 24h (CEM) - normal cell appearance,

A/1 Actin cytoskeleton (Alexa Fluor® Phalloidin 488; 488nm excitation), A/2 Nuclei

(Hoechst 33258; 405nm excitation), A/3 Merge, B/1 to B/3 Control incubation 24h

(CEM) - detaching cell, B/1 Actin cytoskeleton, B/2 Nuclei, B/3 Merge, C/1 to C/3 ES

incubation 24h - detaching cell, C/1 Actin cytoskeleton, C/2 Nuclei, C/3 Merge, D/1 to

D/3 ES incubation 24h - normal cell appearance, D/1 Actin cytoskeleton, D/2 Nuclei,

D/3 Merge. E. Control incubation 24h (CEM), actin cytoskeleton, F. ES incubation 24h.

Stressfibres are marked with arrows, also note the probably temporary actin “footprint”

that is left behind in C/1 (arrowhead) and the “footprints” in E. and F. (bold arrows).

Original magnification 600x, bars 10µm.

A/1 - Ct 24h A/2 - Ct 24h A/3 - Ct 24h

C/1 - ES 24h C/2 - ES 24h C/3 - ES 24h

D/1 - ES 24h D/2 - ES 24h D/3 - ES 24h

E - Ct 24h F - ES 24h

B/1 - Ct 24h B/2 - Ct 24h B/3 - Ct 24h
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the actin cytoskeleton resulted in similar patterns in most cells, including stress fibres, but

this was also dependent on the cell section photographed (Figure 4.4 A/1 and D/1). This

pattern of actin staining was different in detaching cells, particularly in cells which appeared

to be at more advanced stages of detachment, containing fewer or less pronounced stress

fibres, for example comparing the cells in Figure 4.4 A. and B. Cellular rounding increased

in detaching cells and resulted in most cases in fibrillar actin structures on the cell edges. In

some cases this appeared as actin “footprints” (Figure 4.4 C/1, E. and F.). In addition,

increased numbers of degenerating nuclei and apoptotic bodies were seen in ES-exposed

cells, HeLa and AGS, compared with the control cells (Figures 4.5 to 4.7).

However, for all applications, the difference between control medium and ES preparation

was not always obvious. More cells of both, HeLa or AGS, were detaching in some

applications of the ES preparations compared with the controls, but the single blind study

of a total of eight applications (four control and four ES) highlighted the difficulty in

determining the state of detachment. Only half of the applications were assigned to the

right group, ES or control. It was also not possible to identify a difference between 24 and

48h applications as to whether longer incubations caused more cell detachment compared

with 24h ES applications. Figure 4.4 shows the problem of identifying the right application

group showing strongly attached and detaching cells of both ES-exposed and control cells.

4.3.2 Quantification of Detachment

H. contortus ES products applied to HeLa and AGS cells in order to quantitate cell

detachment due to ES products using the CyQUANT® NF assay (4.2.5) showed a trend

that cell numbers were generally decreased after ES-exposure compared with control

medium, however, the overall variation between wells was high.

HeLa and AGS cells were incubated with different batches of ES and compared with cells

exposed to corresponding control medium, with the number of cells per well being

measured after 24h exposure. The assay was first run several times using 96 well plates, but

these results were all unsatisfactory, showing very high variations between wells and/or
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Figure 4.8: Cell Detachment due to exposure to H. contortus ES products - Quantification. Two different batches of ES (19/11/2008 and

25/02/2009) were tested and the number of cells per well determined after 24h exposure by measuring the fluorescence of cellular DNA.

C
t 1

9/
11

/2
00

8 
- 

10
,0

00

C
t 1

9/
11

/2
00

8 
- 

15
,0

00

C
t 2

5/
02

/2
00

9 
- 

10
,0

00

C
t 2

5/
02

/2
00

9 
- 

15
,0

00

E
S

 1
9/

11
/2

00
8 

- 
10

,0
00

E
S

 1
9/

11
/2

00
8 

- 
15

,0
00

E
S

 2
5/

02
/2

00
9 

- 
10

,0
00

E
S

 2
5/

02
/2

00
9 

- 
15

,0
00

C
t 1

0,
00

0

C
t 1

5,
00

0

E
S

 1
0,

00
0

E
S

 1
5,

00
0

0

50000

100000

150000

200000

250000

300000

350000

400000

F
lu

o
re

sc
ei

n
 (

1.
0s

)

Ct 19/11/2008 10,000 cells/well

Ct 19/11/2008 15,000 cells/well

Ct 25/02/2009 10,000 cells/well

Ct 25/02/2009 15,000 cells/well

ES 19/11/2008 10,000 cells/well

ES 19/11/2008 15,000 cells/well

ES 25/02/2009 10,000 cells/well

ES 25/02/2009 15,000 cells/well

Ct 10,000 cells/well

Ct 15,000 cells/well

ES 10,000 cells/well

ES 15,000 cells/well



Chapter 4: Effect of H. contortus ES Products in vitro: Cell Detachment                            109

samples. To reduce this inherent variation the assay was performed instead using 24 well

plates. For the final assay, two different batches of ES preparation and control media were

used. For both batches, wells containing ES preparations had comparably lower

fluorescence values than wells which contained the corresponding control sample; the

difference was statistically significant only for batch 25/02/2009 (p<0.05). Overall,

comparison between ES-treated and control samples showed a similar trend: cell numbers

(fluorescence) were decreased after exposure to ES preparations. For most applications,

variation between wells containing the same number of cells was high, for example

comparing wells containing 10,000 cells exposed to control samples from the two different

batches. These results are shown in Figure 4.8.

4.4 Discussion

Experiments were undertaken to characterise and quantify cell detachment in response to

adult H. contortus ES products. In general, it appeared that the number of cells detaching

from the coverslip was increased in some wells after the application of ES preparations, as

was previously reported by Huber et al., 2005 and Przemeck et al., 2005. However, it was

difficult to determine the state of detachment, which was particularly highlighted by the

single blind study, where only half of the applications were assigned to the right group.

This can be explained by the fact that cell detachment is not an all or none effect and cells

that were beginning to detach may not have been recognised.

Results of the CyQUANT® NF assay, determining cell numbers, confirmed the

observations from the cytoskeletal staining. However, the variation between wells was high,

even when comparing wells containing either the same cell number and sample or after

application of different batches of control media or ES preparations to the same cell

number/well. This problem was slightly reduced by using 24 well instead of 96 well plates.

Using a different assay method, where the cell number in each well could be determined

before and after the application, could reduce the inherent variability and improve this

quantification.
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Similar patterns of the actin cytoskeleton were observed in most cells, including stress

fibres, but this pattern of actin staining was notably different in detaching cells, particularly

in cells with advanced detachment. These detaching cells contained fewer or less

pronounced stress fibres, suggesting the degradation of actin fibres. This can be seen by

comparing the cells in Figure 4.4 A. and B. The actin rearrangements led to cellular

rounding (also comparable to the cells at the top in Figure 1.23) until the cells detached

from the coverslip. The contraction of the cytoskeleton in detaching cells resulted in most

cases in fibrillar actin structures on the cell edges. In some cases this appeared as actin

“footprints”. These might be temporary until the cell completely detached (Figure 4.1 G.

and 4.3 C.) as generally no actin staining was observed in areas without cells, but in rare

cases it appeared that some cell material was permanently left behind (Figure 4.3 E. and F.).

Permanent “footprints” have been shown for a number of cell lines, mainly in migrating

cells leaving a migration track (Kirfel et al., 2004), but were also detected in detaching rat

liver epithelial cells (Britch and Allen, 1980) and mesangial cells (Hartner et al., 1999).

Antibody staining for integrins and/or some of the focal adhesion plaque proteins could

further clarify whether cell material is left behind in detaching HeLa and AGS cells in

response to ES products and its origin.

The ability to alter the actin cytoskeleton, by a yet unidentified factor, was also shown for

mermithid nematodes (Li et al., 2009), although these alterations of the cytoskeleton appear

to be different from the observed ES-induced alterations. Ovomermis sinensis changed the

spreading behaviour of hemocytes of its host Helicoverpa armigera (cotton bollworm) to a

more round morphology with less organised actin cytoskeleton. In addition, “hot spots” of

intense actin staining were detected. This was proposed to be part of an active mechanism

by O. sinensis to suppress the cellular immune response and avoid encapsulation in the host.

The increased number of degenerating nuclei and apoptotic bodies after exposure to ES

products (Figure 4.5 to 4.7) suggests that the increased rate of cell detachment could be a

result of an increased rate of apoptosis. Similar observations have been made for H. pylori,

which was shown to induce apoptosis in AGS cells (Jones, N. L. et al., 1999; Kuck et al.,

2001; Cover et al., 2003). Frisch and Francis (1994) demonstrated that apoptosis could also

be induced by the disruption of epithelial cell-matrix interactions, which was termed

anoikis. This could also be a possible mechanism for the observed parietal cell loss during
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abomasal parasitism (Scott et al., 1998a; 2000; Przemeck, 2003). Cysteine proteases in adult

H. contortus ES products and live L4 and adult worms were shown to degrade a model

extracellular matrix consisting of  glycoproteins, elastin and collagen (Rhoads and Fetterer,

1996). In addition, serine and metalloproteases of T. vitrinus ES products were able to

degrade the extracellular matrix glycoprotein fibronectin (Maclennan et al., 1997) and the

serine protease Sat from uropathogenic E. coli, which was shown to induce vacuolation (see

3.1), was also able to detach different cell lines (Guyer et al., 2000). These proteases could

also be responsible for the observed in vitro cell detachment, acting in a similar manner to

trypsin, which is commonly used in cell culture to detach adherent cells. Recently,

Toubarro et al. (2009) demonstrated that a serine protease in the ES products from the

parasitic stage of Steinernema carpocapsae, an insect nematode, was able to degrade

extracellular matrix proteins and also induced apoptosis. Overall, it is not clear whether cell

detachment is a result of apoptosis or if apoptosis follows cell detachment (anoikis).

Experiments with apoptosis markers could clarify this, but the relative contribution of

apoptosis followed by detachment versus anoikis may be difficult to assess. Furthermore,

the use of protease inhibitors could determine whether proteases play a role in the

observed cell detachment, but possible cell toxicity of the inhibitor(s) needs to be

considered (see also 3.4.2.5). However, it seems more likely that cells detach due to

apoptosis because of the increase in degenerating nuclei/apoptotic bodies after ES

exposure and, in addition, the process of cell detachment/loss of cells from the coverslip

appeared to be slow compared with cell vacuolation, where ~90% of the cells were

affected after just 2h exposure (3.3.4). Similarly, if proteases are involved, acting in a similar

manner to trypsin, more rapid detachment would be expected, although it may be

dependent on the concentration of the proteases.

ES products may interfere with the host proteolytic plasminogen/plasmin system in vivo.

Enolase has been detected in ES products of several parasites (reviewed in 1.3.3.4) as well

as on the surface of bacteria, both pathogenic and normal gastro-intestinal microbiota

(Bergmann et al., 2001; Hurmalainen et al., 2007; Esgleas et al., 2008). The glycolytic enzyme

enolase has additional functions, one of which is binding to plasminogen (Pancholi, 2001).

Plasminogen is mainly produced in the liver (Raum et al., 1980), but was recently also found

to be expressed in several other tissues including the gut (Zhang et al., 2002). After

conversion to plasmin by its activators, tissue type (tPA) and urokinase plasminogen
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activator (uPA), it plays a central role in fibrinolysis (Parry et al., 2000) and degradation of

the extracellular matrix (Vassalli et al., 1991). Furthermore, it was demonstrated that

plasmin activates several matrix metalloproteases (MMP), each degrading different matrix

proteins (Davis et al., 2001; Lijnen, 2001). Some bacteria also possess plasminogen

activators, but most rely on the presence of host plasminogen activators during infection

(Bergmann et al., 2001; Candela et al., 2008). In particular for bacteria, it has been shown

that the plasminogen/plasmin system is hijacked for tissue invasion and dissemination by

recruiting plasminogen to the cell surface to gain surface-associated proteolytic activity

(Lähteenmäki et al., 2005). In the case of normal gastrointestinal microbiota, which possess

plasminogen binding properties, it was suggested that the plasminogen/plasmin system is

used to colonise the mucosal surface. Other additional factors may be involved for

pathogenic bacteria which invade the tissue (Lähteenmäki et al., 2005; Candela et al., 2008).

Secretion of enolase by H. contortus and T. circumcincta could also play a role during infection,

causing tissue damage. Further experiments would be required to assess whether the

enolase of H. contortus and T. circumcincta is capable of binding plasminogen. The use of

plasminogen/plasmin was also demonstrated as an alternative to trypsin for the

detachment of adherent cells in culture (Muranova et al., 1998).

Acid phosphatase, which is present in adult H. contortus ES products (Fetterer and Rhoads,

2000), could also be involved in the disruption of the actin cytoskeleton, as does the

enzyme from bacteria (Yersina spp. and Salmonella spp.) and protozoa (Entamoeba histolytica)

(Hueck, 1998; Aguirre-García et al., 2003; Anaya-Ruiz et al., 2003). Yersinia tyrosine

phosphatases were shown to catalyse the dephosphorylation of several macrophage

proteins, including paxillin, and in HeLa cells FAK and p120CAS, proteins of the focal

adhesion plaque and adherens junction, as well as causing a collapse of the cytoskeleton via

the disruption of the actin microfilaments, probably by an indirect mechanism (Hueck,

1998). Cell adhesion is reviewed in detail in 1.1.1.2 and focal adhesions in 1.1.1.1.2. It has

been suggested that the dephosphorylation of host proteins, which caused the disruption of

the actin cytoskeleton and cellular detachment in HeLa cells, mediated by E. histolytica acid

phosphatase (secreted and membrane-bound) interferes with host signalling (Aguirre-

García et al., 2003; Anaya-Ruiz et al., 2003). Acid phosphatase would be expected to be

active at raised pH of the parasitised abomasum, as the optimum pH for H. contortus acid

phosphatase is 4.5 (Fetterer and Rhoads, 2000). Further experiments with purified acid
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phosphatase from ES products, as well as the use of specific inhibitors, could determine

whether H. contortus acid phosphatase is a possible detachment factor. A limitation to the

use of protease and phosphatase inhibitors is potential toxicity to cells, as was seen in

experiments to  evaluate HeLa cell vacuolation (chapter 3), even at low concentrations.

Galectins are present in H. contortus and T. circumcincta ES products (reviewed in 1.3.3.7.2)

and could also play a role in the observed cell detachment, as mammalian galectins -1, -3

and -8 were also shown to have a role in regulating adhesion. Depending on the cell type

and concentration of galectin, galectin-1 and -3 can either inhibit or promote adhesion by

binding to extracellular matrix proteins. In the case of inhibition, galectin binding was

suggested to sterically prevent the adhesion to cell surface integrins (Hughes, 2001).

Galectin-8 was shown to bind to different integrins thus inhibiting cell adhesion (Hadari et

al., 2000). It was suggested that galectin-8 binding to integrins might stabilise integrins in a

low-affinity conformation, inhibiting binding to extracellular matrix proteins. It was also

proposed that intracellular signalling following galectin-8-integrin binding leads to the

suppression of integrin activation (Hadari et al., 2000). Another possibility is the

endocytosis of integrins, which can be mediated by galectin-3, and was potentially

suggested for galectin-8 as well (Zick et al., 2004). Furthermore, galectin-8 was able to

induce apoptosis (Hadari et al., 2000).

Another possible mediator of cell detachment could be secreted calreticulin. In general,

calreticulin is a multifunctional protein in eucaryotic cells. Interesting in the context of

infection, it also plays a role in cellular adhesion. Calreticulin has been demonstrated to

bind to integrin and mediate thrombospondin-induced rearrangement of stress fibres and

disassembly of focal adhesions (Johnson et al., 2001; Goicoechea et al., 2002). Calreticulin

uses the low density lipoprotein receptor-related protein as a co-receptor to mediate

intracellular signalling in response to thrompospondin-calreticulin binding that leads to

focal adhesion disassembly (Orr et al., 2003). Thrompospondin interaction stimulates PI3

kinase, increasing intracellular PI3 phosphate, which binds to α-actinin (actin crosslinking

protein) unbundling the actin stress fibres. In addition, vinculin is lost from the focal

adhesion plaque, but not talin or integrin (Murphy-Ullrich, 2001; Orr et al., 2003). Secreted

nematode calreticulin may play a role in such a de-adhesive scenario, however, additional

factor(s) may be involved since the intermediate adhesive state, resulting from signalling,
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has been proposed to support cell survival (Murphy-Ullrich, 2001). Matricellular proteins

like thrombospondin are expressed in response to injury. Maintaining a spread, extended

morphology in the intermediate state has been suggested to support cell survival and repair

by promoting cell motility (Murphy-Ullrich, 2001).

A second mode of action of calreticulin in the detachment of cells may be through its

calcium binding properties, as integrin binding to ligands is dependent on divalent cations.

Integrins possess multiple Ca2+- and/or divalent cation-binding sites. Ligand binding

depends on the formation of a ligand carboxyl-divalent cation coordination complex at the

metal ion dependent adhesion site (MIDAS) of the integrin. It was proposed that the other

cation binding sites play a role in integrin structure stabilisation, but the precise role of

cations on integrin conformation and ligand binding is still unclear (Humphries et al., 2003).

Kirchhofer et al. (1991) demonstrated that Ca2+ in the presence of Mg2+ had inhibiting or

enhancing effects on binding affinity of different integrin receptors. Similar results were

shown for Mn2+ and Ca2+, with Ca2+ inhibiting adhesion (Smith, J. W. et al., 1994). Mould et

al. (1995) confirmed previous studies and proposed that ligand binding is regulated by

binding of divalent cations at different binding sites. It may be a possibility that the high

affinity of calreticulin for Ca2+ is affecting integrin binding, although it was proposed that

Mn2+ and Mg2+ generally promote binding and Ca2+ has inhibitory effects (Humphries et al.,

2003). Furthermore, integrin-mediated cell spreading induces a transient increase in [Ca2+]i,

released from intracelleular stores and/or influx of extracellular Ca2+, which appears to play

a regulatory role in adhesion (Schwartz, 1993; Sjaastad et al., 1996; Sjaastad and Nelson,

1997; Belusa et al., 2002). Inhibition of Ca2+ channels (Sjaastad et al., 1996) as well as

chelation of Ca2+ (Britch and Ellen, 1980; Rowin et al., 1998) was shown to reduce

adhesion. Chelation of Ca2+ by calreticulin could also be a possible factor in the observed

cell detachment. The role of calreticulin will also be discussed in chapter 5, since it may also

play a role in disruption of cell-cell adhesion. Experiments with calreticulin antibodies to

neutralise calreticulin or the use of calreticulin that has been purified from ES products,

which would additionally clarify if other factors are involved, could clarify whether it is

involved in the observed cell detachment.

Since ES products appear to be involved in the inhibition of acid secretion (Simpson et al.,

1999; Hertzberg et al., 2000; Merkelbach et al., 2002) it could also be a possibility that the
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sodium/potassium pump (Na+/K+-ATPase), which shows high sequence homology to the

H+/K+-ATPase, is affected by ES products. Contreras et al. (1999) and Belusa et al. (2002)

demonstrated that Na+/K+-ATPase inhibition with ouabain resulted in cell detachment.

Both studies showed an increase in [Ca2+]i following the inhibition of the pump which was

suggested to override physiological Ca2+ signalling pathways. In addition, the inhibition of

the Na+/K+-ATPase resulted in modifications in the distribution of several cell attachment

related proteins including vinculin and α-actinin, but also tight and adherens junctional as

well as desmosomal proteins (also discussed in chapter 5) (Contreras et al., 1999). Further

experiments would have to clarify whether the Na+/K+-ATPase could be inhibited or

somehow else affected by ES products.

Several possible candidates responsible for cell detachment have been identified in ES

products, including proteases, enolase, acid phosphatase, galectins and calreticulin. The

actin cytoskeletal rearrangements and detachment seen in epithelial cell cultures resemble

actions of virulence factors of microorganisms. As discussed above, all appear capable of

interfering with cell adhesion, which is very relevant to the host-parasite interaction.

Parietal cells cannot tolerate breaking of their cell junctions during isolation as this limits

their ability to secrete acid (Chew, 1994). ES products may also penetrate the gastric barrier

by increasing permeability. This latter possibility is examined using CaCo-2 cells (chapter

5).
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Table 5.1: Selection of diseases related to dysfunctional tight junctions.

Disease TJ or TJ-associated protein(s) affected Reference (Reviews)

Cancer

Breast cancer: invasive ductal cancer Claudin-1 and ZO-1 Förster, 2008

Prostate cancer: prostatic adenocarcinomas Claudin-1, -3, -4 and -7 Förster, 2008, Krause et al., 2008

Inflammation

Multiple sclerosis Occludin, claudin-5 Förster, 2008

Inflammatory bowl disease: Morbus Crohn Claudin-2, -3, -5 and -8, ZO-1 Förster 2008, Krause et al., 2008

Hereditary diseases

Herediatary deafness Claudin-14 Tsukita et al., 2001; Förster, 2008, Krause et al., 2008

Herediatary hypomagnesemia Claudin-16 Tsukita et al., 2001; Förster, 2008, Krause et al., 2008

Viral Infections

Reovirus JAM-1 Schneeberger and Lynch, 2004; Förster, 2008

Coxsackie B Virus CAR Schneeberger and Lynch, 2004

Adenovirus TJ plaque proteins including MUPP-1, MAGI-1 and ZO-2 Schneeberger and Lynch, 2004

Papillomavirus TJ plaque proteins including MUPP-1 and  MAGI-1 Schneeberger and Lynch, 2004

Bacterial Infections

Clostridium perfringens enterotoxin Claudin-3 and -4 Schneeberger and Lynch, 2004; Förster, 2008

H. pylori ZO-1 and JAM-1 Schneeberger and Lynch, 2004

E. coli (enteropathogenic) MLCK Clayburgh et al., 2004

Parasitic Infections

Dermatophagoides pteronyssinus (mite) Occludin and ZO-1 Schneeberger and Lynch, 2004
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Chapter 5

TIGHT JUNCTION PERMEABILITY

5.1 Introduction

The dysfunction of tight junctions (tight junctions are reviewed in 1.2.3.2.1.1) plays a

crucial role in numerous diseases, including gastrointestinal diseases, infections with

viruses, bacteria or parasites and the host inflammatory response (Tsukita et al., 2001;

Clayburgh et al., 2004; Schneeberger and Lynch, 2004; Aktorius and Brabieri, 2005; Van

Itallie and Anderson, 2006; Förster, 2008). Some of these diseases are summarised in Table

5.1.

The mechanisms of the tight junction dysfunctions vary and include functional changes in

tight junction proteins through direct interactions with the pathogen or a pathogenic factor.

Some tight junction proteins have a reported receptor function for pathogens, for example

JAM is a receptor for reovirus, CAR even named after its receptor function for coxsackie-

and adenovirus, whereas others interact with pathogenic factors (Sawada et al., 2003). The

latter includes Clostridium perfringens enterotoxin interaction with claudins, reportedly

affecting tight junction structure and function leading to diarrhoea, and Dermatophagoides
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pteronyssinus (house dust mite) allergen (Der p 1; present in their faecal pellets), which has

protease activity and upon inhalation results in cleavage of occludin and ZO-1 leading to

tight junction opening with the loss of the barrier function to inhaled allergens, causing

asthma (Sawada et al., 2003; Schneeberger and Lynch, 2004).

Other mechanisms of action include changes in cellular actin organisation involving Rho

and MLCK. For example, tight junction morphology is disrupted by enteropathogenic

E. coli, including actin cytoskeleton reorganisation, tight junction protein redistribution and

increase in myosin light chain (MLC) phosphorylation by MLCK, resulting in diarrhoea

(Sawada et al., 2003; Clayburgh et al., 2004). One mode of action of H. pylori also includes

increased MLC phosphorylation, which is independent of the virulence factors VacA and

CagA (encoded by cytotoxin-associated gene A) (Fedwick et al., 2005; Wroblewski et al.,

2009). MLCK and Rho kinase are involved in MLC phosphorylation.

In addition, H. pylori is able to increase permeability by disrupting claudin-4 and -5

(Fedwick et al., 2005) and internalising occludin from an insoluble (membrane-associated)

fraction to a soluble (cytosolic) fraction (Wroblewski et al., 2009). Internalisation of

occludin and the expression of a low molecular weight form of occludin is reportedly

linked to H. pylori urease activity and the production of ammonium (Lytton et al., 2005;

Wroblewski et al., 2009). Ammonium-dependent increase in permeability has also been

shown to be reversible (Lytton et al., 2005). H. pylori is also able to disrupt epithelial cell

polarity by CagA interaction with partitioning defective 1 (PAR1) kinase, which in turn

prevents PAR1 phosphorylation by aPKC, resulting in dissociation of PAR1 from the

membrane (Saadat et al., 2007) (for an overview see also Figure 1.19, Table 1.2 and 1.3).

Several other interaction partners for CagA have been identified, including ZO-1, which

are suggested to lead to the disruption of tight junctions as well as adherens junctions and

focal adhesions (Wessler and Backert, 2008).

Many cytokines and growth factors, which are usually produced during pathological

conditions, are able to decrease the barrier function (Sawada et al., 2003; Förster, 2008).

This is especially important in diseases such as inflammatory bowl disease (including

Crohn’s disease). In Crohn’s disease, the barrier dysfunction precedes the inflammatory

response. This can be due to genetic predisposition or environmental factors including



Chapter 5: Tight Junction Permeability                                                                            118

infection, as intestinal permeability is also increased in many relatives of Crohn’s disease

patients, who do not show clinical symptoms (Förster, 2008). An abnormal immune

response including the overproduction of TNF-α, interferon-γ (IFN-γ) and IL-1β,

especially, acts then to further disrupt the barrier (Clayburgh et al., 2004; Al-Sadi and Ma,

2007; Förster, 2008). IFN-γ has been shown to promote endocytosis of occludin, JAM-1

and claudin-1 and TNF-α to downregulate ZO-1 expression through activation of NFκB

and to redistribute ZO-1 away from the tight junction (Förster, 2008). IL-1β downregulates

occludin expression, which is also regulated by NFκB activation (Al-Sadi and Ma, 2007).

Protein is lost and serum pepsinogen increases during abomasal parasitism due to a more

permeable epithelium (Holmes and MacLean, 1971; McLeay et al., 1973; McKellar, 1993)

(1.3.1), which possibly results from a loss of tight junction integrity. Experiments described

in this chapter were designed to examine a possible role of ES products of H. contortus and

T. circumcincta in tight junctional damage. CaCo-2 cells, which form a monolayer with cell-

cell junctions including tight junctions, were used as a model system for the epithelial

barrier, as well as tissue from infected animals. The tight junction proteins occludin and

ZO-1 were immunohistochemically stained in both CaCo-2 cells and tissue. In addition,

possible changes in permeability of the CaCo-2 cell monolayers were also monitored by

transepithelial electrical resistance (TEER) measurements.
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Figure 5.1: Transwell® system. A. 12 well plate with transwell

inserts (Corning), B. Schematic setup of a single transwell, a apical

compartment, b cell monolayer, c polycarbonate membrane, d

basolateral compartment.
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5.2 Materials and Methods

5.2.1 ES Preparations of Adult H. contortus and T. circumcincta

Adult worms of H. contortus and T. circumcincta were obtained 21d and 28d, respectively,

after the infection of the sheep as described in Appendix I. They were incubated for 12h in

D10 medium (composition listed in Appendix II) in 15ml tubes in an incubator in an

atmosphere containing 5% CO2 and 95% humidified air at 37°C. D10 medium was also

incubated under the same conditions to serve as a negative control. The supernatants of

the ES preparations and the negative controls were sterile filtered through 0.2µm filters

into new tubes. The pH of each preparation was readjusted to 7.4 if necessary. The

preparations were stored at 4°C until direct use.

5.2.2 Preparation of Sheep Gastric Mucosa

Fundic tissue folds from sheep infected with H. contortus (21d p.i.) and from uninfected

control sheep were fixed using 4% paraformaldehyde as described in chapter 2, 2.2.1.5.

5.2.3 Cell Culture

CaCo-2 cells were grown as described in detail in Appendix II. For experiments, they were

seeded on transwell plates (Corning; 12 well plates, Figure 5.1), 200,000 cells in 0.4ml cell

culture medium per transwell insert (apical side), where they grew on polycarbonate

membranes. 1.5ml medium was applied to the basolateral side. The medium was changed

three times per week in the apical compartment and once per week in the basolateral

compartment. A differentiated cell monolayer was formed ~21d after confluence was

reached, which was then used for experiments. The integrity of the confluent cell

monolayer was monitored by TEER measurements (5.2.5).
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Figure 5.2: Set-up for TEER measurements of cell monolayers growing on transwells with

the volt-ohm meter. A. Epithelial volt-ohm meter (EVOMTM, World Precision

Instruments) with „chopstick“ electrodes, B. Schematic setup of TEER measurements in a

single transwell, a apical compartment, b cell monolayer, c polycarbonate membrane,

d basolateral compartment, e volt-ohm meter, f electrodes.
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                                                                       b

                                                                       c
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5.2.4 Incubations with ES Preparations on Cells

The culture medium of the cells was discarded and replaced by either ES preparations or

control media (negative controls) on the apical side and cell culture medium in the

basolateral compartment. Cells were incubated for 24h in an incubator in an atmosphere

containing 5% CO2 and 95% humidified air at 37°C.

5.2.5 TEER Measurements

The transepithelial electrical resistance was measured (volt-ohm meter EVOMTM, World

Precision Instruments) before each experiment to ensure the integrity of confluent cell

monolayers (Figure 5.2). For CaCo-2 cells that should exceed 300Ω (Buesen et al., 2002;

Troutman and Thakker, 2003; Lim and Lim, 2006). Once confluence was reached, ES

preparations and control samples were applied and TEER was measured after 6h and 24h.

The electrodes were sterilised with 96% ethanol before the measurements. All TEER

values were corrected by subtracting the TEER of control blank wells (≙ TEER of the

filter membrane). To obtain the unit area resistance [Ω cm2], the TEER readings were

multiplied by the effective surface area of the filter membrane (1.12cm2).

5.2.6 Antibody Staining of Tight Junction Proteins (Occludin and ZO-1)

The polycarbonate membrane with the CaCo-2 monolayer attached was carefully removed

from the transwell and cut in half for the staining procedure. The cell monolayer on the

membrane was fixed with 4% paraformaldehyde (30min at room temperature), then

washed three times with PBS. Filter membranes were either stored at 4°C until use or

stained immediately. Cells on the filter membrane were first exposed to acetone (-20°C) for

3min before they were permeabilised with 0.2% Triton-X-100 in PBS for 15min at room

temperature. After washing three times for 1min with PBS, they were incubated with

blocking buffer (Appendix V) for 60min. The antibodies (diluted in blocking buffer) were

applied in the following order, each for 60min and followed by washing three times with
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Table 5.2: TEER values (mean ± SEM) of CaCo-2 cell monolayers before (0h) and after 6

and 24h exposure to ES preparations of H. contortus adults (n=12) and corresponding

controls (n=17). Means with the same superscript are significantly different (p<0.05).

0h 6h 24h

Control

TEER [Ω cm2] 421.7 ± 16.8 400.9 ± 13.6 394.5 ± 13.0

TEER decrease [Ω cm2] - 20.8 ± 4.3 27.2 ± 5.2

Percentage values 100 ± 4.0 95.1 ± 3.2 93.5 ± 3.1

Percentage decrease - 4.9 ± 0.7 6.5 ± 0.9

ES

TEER [Ω cm2] 532.28 ± 10.0a, b 380.2 ± 7.8a 422.9 ± 7.8b

TEER decrease [Ω cm2] - 152.0 ± 4.7 109.4 ± 4.0

Percentage values 100 ± 1.9 71.4 ± 1.5 79.4 ± 1.5

Percentage decrease - 28.6 ± 0.6 20.6 ± 0.5

Figure 5.3: TEER of CaCo-2 cell monolayers after 6 and 24h exposure to ES preparations

of  H. contortus adults (n=12) and corresponding controls (n=17). Expressed as percentage

of zero time values.
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blocking buffer: 1:200 dilution of mouse anti-occludin; 1:100 dilution of biotin-XX goat

anti-mouse IgG; 1:100 dilution of rabbit anti-ZO-1; 1:100 dilution of Alexa Fluor® 488

goat anti-rabbit IgG (blue laser/488 excitation with emission maximum of ~530nm/green

fluorescence) and finally 1:100 dilution of streptavidin, Alexa Fluor® 546 conjugate (green

laser/546nm excitation with emission maxiumum of 573nm/red fluorescence). The stained

cell monolayer on the membrane was kept in PBS at 4°C. All relevant solutions for the

antibody staining are listed in Appendix V.

5.2.7 Microscopic Examination of Cells and Tissue

After staining the tight junction proteins occludin and ZO-1, cells and tissue were

examined using an inverted confocal microscope with 40x or 60x/water immersion

objectives. All images were processed with Adobe Photoshop.

5.2.8 Statistical Analysis

Data for TEER values are presented as mean ± SEM. Two-way ANOVA with Bonferroni

post hoc tests was used to compare TEER values after application of control media or ES

preparations.

5.3 Results

5.3.1 Changes in Tight Junction Permeability Shown by TEER

Measurements

TEER measurements of CaCo-2 cell monolayers immediately before (0h) and 6h and 24h

after application of ES preparations of H. contortus adults (n=12) and of corresponding

controls (n=17) are shown in Table 5.2 and Figure 5.3. Mean TEER slightly decreased in
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Figure 5.5: Effect of T. circumcincta ES on the tight junctional structure of CaCo-2 cell monolayers. A/1 to A/3 CaCo-2 cell monolayers

control (D10 medium), B/1 to B/3 CaCo-2 cell monolayers exposed to T. circumcincta ES for 24h. A/1 and B/1 ZO-1 localisation, A/2

and B/2 Occludin localisation, A/3 and B/3 Merged A/1 and A/2 or B/1 and B/2, respectively, showing the co-localisation as yellow.

Original magnification 400x, bars 20µm.

B/1 - ES B/2 - ES B/3 - ES

A/1 - Ct A/2 - Ct A/3 - Ct
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Figure 5.4: Effect of H. contortus ES on the tight junctional structure of CaCo-2 cell monolayers. A/1 to A/3 CaCo-2 cell monolayers

control (D10 medium), B/1 to B/3 CaCo-2 cell monolayers exposed to H. contortus ES for 24h. A/1 and B/1 ZO-1 localisation, A/2 and

B/2 Occludin localisation, A/3 and B/3 Merged A/1 and A/2 or B/1 and B/2, respectively, showing the co-localisation as yellow.

Original magnification 400x, bars 10µm.

A/2 - Ct

B/2 - ESB/1 - ES B/3 - ES

A/1 - Ct A/3 - Ct
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control cell monolayers (20.8 ± 4.3 after 6h and 27.2 ± 5.2 after 24h). In comparison,

exposure to ES products led to a decrease of 152.0 ± 4.7 after 6h and 109.4 ± 4.0 after

24h, equivalent to a decrease of 28.6% ± 0.6 and 20.6% ± 0.5, respectively. Statistical

Analysis showed that there was a significant difference at later time points (p=<0.0001) as

well as for the treatment (p=0.0005) and interaction between these factors (p<0.0001).

5.3.2 Changes in Tight Junction Permeability Shown by Tight

Junction Protein Staining

5.3.2.1 CaCo-2 Cells

Decreased membrane-associated staining of the tight junction proteins occludin and ZO-1

was shown after 24h ES exposure with H. contortus and T. circumcincta ES products to

CaCo-2 cell monolayers.

Incubations of CaCo-2 cells with ES preparations and control media followed by

immunhistochemistry for occludin and ZO-1 were performed three times using one batch

of ES preparations for H. contortus and T. circumcincta and control media each. Results are

shown in Figure 5.4 for application of H. contortus ES products and in Figure 5.5 for

T. circumcincta ES products. In control cells, both occludin and ZO-1 staining was mainly

cell membrane-associated with low level intracellular punctate staining. Merged images

showed almost uniform colocalisation of occludin and ZO-1, which appeared as yellow.

The distribution of both occludin and ZO-1 changed after exposure to ES products:

membrane-associated staining was decreased with a simultaneous marked increase in

intracellular punctate staining. This effect was more prominent after exposure to

H. contortus ES products compared with T. circumcincta ES products. Merged images also

showed a different distribution of the intracellular punctate staining with mainly single-

molecule-type vesicles (either ZO-1- or occludin-type vesicles) rather than a colocalisation

inside vesicles.
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Figure 5.7: Effect of H. contortus infection on the tight junctional structure of abomasal mucosa - close-up. A/1 to A/3 Fundic abomasal

tissue folds of uninfected control sheep, B/1 to B/3 Fundic abomasal tissue folds of H. contortus infected sheep 21d p.i.. A/1 and B/1

ZO-1 localisation, A/2 and B/2 Occludin localisation, A/3 and B/3 Merged A/1 and A/2 or B/1 and B/2, respectively, showing the co-

localisation as yellow. Original magnification 600x, bars 5µm.

B/1 - H.c. B/2 - H.c. B/3 - H.c.

A/1 - Ct A/2 - Ct A/3 - Ct
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Figure 5.6: Effect of H. contortus infection on the tight junctional structure of abomasal mucosa. A/1 to A/3 Fundic abomasal tissue folds

of uninfected control sheep, B/1 to B/3 Fundic abomasal tissue folds of H. contortus infected sheep 21d p.i.. (H.c.) A/1 and B/1 ZO-1

localisation, A/2 and B/2 Occludin localisation, A/3 and B/3 Merged A/1 and A/2 or B/1 and B/2, respectively, showing the co-

localisation as yellow. Original magnification 600x, bars 10µm.

B/1 - H.c. B/2 - H.c. B/3 - H.c.

A/1 - Ct A/2 - Ct A/3 - Ct
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5.3.2.2 Fixed Abomasal Tissue Folds

Pieces of fundic tissue collected from sheep 21d after infection with H. contortus and from

uninfected control sheep were stained immunohistochemically for the tight junction

proteins occludin and ZO-1 and infected abomasal tissue appeared to show less intense

membrane-associated staining for both proteins.

Figures 5.6 and 5.7 show the gland openings of the luminal abomasal surface. Parts of pit

cells/surface mucous cells can be seen, but the tissue is not as flat as a cell layer. In control

tissue, cell membrane-associated occludin and ZO-1 staining appeared more intense and

thicker than in tissue from infected sheep. This was more prominent for ZO-1 staining.

Intracellular staining, as seen in CaCo-2 cells, was not observed.

5.4 Discussion

Experiments described in this chapter were aimed at investigating a possible role of ES

products in the disruption of tight junctions. Both H. contortus and T. circumcicncta ES

products were able to modify the structural organisation of tight junctions, demonstrated

by the relocation of occludin and ZO-1 in CaCo-2 cells (Figure 5.4 and 5.5). Furthermore,

the CaCo-2 cell monolayer became leaky after ES exposure, shown by decreased TEER,

with a maximum drop of 26.6% after 6h (Table 5.2 and Figure 5.3). H. contortus ES

products appear to be more effective than those of T. circumcincta, as was similarly seen in

vacuolation studies (Przemeck, 2003). This was shown by less severe tight junctional

structure rearrangements after exposure to T. circumcinta ES preparation compared with

H. contortus (Figure 5.4 and 5.5). Structural rearrangements appeared as decreased

membrane-associated staining with a concomitant increase in intracellular punctate staining

in CaCo-2 cells, consistent with endocytosis of tight junction proteins.

Internalisation of apical junctional proteins, including tight junction proteins, by

endocytosis may occur both under normal physiological conditions and in pathological

conditions (Ivanov et al., 2005; Shen et al., 2008; Yu and Turner, 2008). Suggested
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physiological functions include constitutive remodelling, accelerated internalisation at

certain stages of the cell cycle (cell division and apoptosis) or in conditions which require

transient opening of the epithelial barrier without loss of integrity (Ivanov et al., 2005; Shen

et al., 2008). Low level punctate staining of occludin and ZO-1, which was observed in

control cells, could be indicative of constitutive remodeling.

The response to pathogenic stimuli is usually accompanied by dramatic relocations of tight

junctional proteins, as shown for infection with Rotavirus (Obert et al., 2000), Clostridium

difficile (Nusrat et al., 2001) or H. pylori (Wroblewski et al., 2009). Similarly, exposure to ES

preparations resulted in marked increases in intracellular vesicles, but the distribution of

occludin and ZO-1 inside the vesicles was mainly different. A quantitative test of

colocalisation by intensity correlation analysis (Li et al., 2004) showed that occludin and

ZO-1 were differently distributed (unpublished data K. C. Pedley). In contrast, Ivanov et al.

(2004) reported significant colocalisation of ZO-1 with occludin, JAM-1 and claudin-4 after

induced endocytosis by calcium depletion. Further staining with markers for different

intracellular compartments (e.g. early endosome markers Rab5 and EEA1, recycling

endosome markers Rab4 and Rab11, lysosome marker LAMP1) could both clarify the

origin of the vesicles observed after ES exposure and may provide an indication why

occludin and ZO-1 were not colocalised after internalisation.

As well as in the CaCo-2 model system, structural changes in the organisation of tight

junctions appear to occur also in tissue of infected sheep, but were less prominent. In

general, cell membrane-associated occludin and ZO-1 staining appeared weaker in tissue

from infected sheep. However, for this staining, the thickness and uneven nature of the

tissue was challenging, with only parts of pit cells visible in most cases. In addition, small

pieces of abomasal contents, which were sticking to the mucus, showed high levels of

autofluorescence. To further investigate the distribution of occludin and  ZO-1 in infected

sheep in vivo, tissue sections were also stained, but staining was unsuccessful despite several

attempts (not shown). Alternatively, tissue could be analysed by freeze-fracture electron

microscopy, revealing tight junctional strand organisation (as seen in Figure 1.18).

This is the first reported study demonstrating that ES products are capable of disrupting

tight junctions. Mechanisms of tight junctional disruption can be diverse and could involve
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proteases of ES products, suggested from studies with other pathogens. The bacterial

protease gelatinase E of Enterococcus faecalis was found to impair barrier function

demonstrated by TEER reductions of ~75% (Steck et al., 2009). Additional secreted

bacterial components were shown to be required, since purified gelatinase E failed to

reduce TEER. Furthermore, exposure to the D. pteronyssinus allergen Der p 1, which has

protease activity, was shown to result in cleavage of occludin and ZO-1 (Wan et al., 1999;

2000). For the intracellular located ZO-1, this might happen indirectly and was proposed to

be the result of tight junction disassembly. In addition, degradation of JAM-1 and occludin

after exposure of cell monolayers to trypsin or chymotrypsin, respectively, was shown by

Ivanov et al. (2004). The degradation of extracellular matrix proteins by proteases of

H. contortus have been shown in in vitro experiments (reviewed in 1.3.3.1) and, relating to the

observed detrimental effects of other pathogenic proteases on tight junctions, it could be a

possibility that the proteases present in ES products are also able to degrade tight

junctional proteins. The use of different protease inhibitors could clarify whether a certain

class of ES proteases is involved. Experiments with the serine protease inhibitor AEBSF

were conducted (not shown), but were unsuccessful. TEER measurements increased for all

applications (Ct, Ct + AEBSF, ES, ES + AEBSF) and were inconclusive as well as

occludin and ZO-1 staining, which did not differ between exposure to ES preparations and

control samples.

Another involvement of secreted proteases could be indirect through protease activated

receptors (PAR). Four different receptors have been identified (PAR1 to 4) and, depending

on cell type and receptor, their activation result in a variety of effects. In the

gastrointestinal tract, these include for example neuropeptide release, cytokine release,

muscle contraction or relaxation (Vergnolle, 2005; 2008; Ramachandran and Hollenberg,

2008). Important in the context of barrier function, activation of PAR1 and PAR2 was

reported to increase intestinal permeability. For PAR1, this was shown to be due to

apoptosis in vitro and similarly in vivo dependent on caspase-3 activation. PAR2 activation

was reported to lead to rearrangements of the cytoskeleton dependent on MLCK

(Vergnolle, 2005; 2008). As both receptors are also expressed on CaCo-2 cells (Darmoul et

al., 2003; Fyfe et al., 2005), this could be a possible mechanism in vivo and in vitro by which

parasite secreted proteases impair barrier function.
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Parasite-secreted calreticulin, with its Ca2+ binding properties, could also be involved in the

disruption of the epithelial barrier, in addition to a possible role in cellular detachment

(chapter 4). It has been reported that extracellular depletion of Ca2+ (max. for 2h) results in

decreased TEER, increased paracellular permeability and disassembly of tight junctions and

adherens junctions (Shasby and Shasby et al., 1986; Klingler et al., 2000; Ma et al., 2000;

Ivanov et al., 2004). These effects could be reversed by repletion of Ca2+. PKA and MLCK

were involved in the disruption as inhibition of PKA or MLCK prevented tight junction

disruption (Klingler et al., 2000; Ma et al., 2000). It was proposed that Ca2+ depletion leads

to activation of both enzymes. For MLCK, it was suggested that its activation promotes the

contraction of the cytoskeleton leading to the opening of the tight junction barrier (Ma et

al., 2000). Similarly, activation of PKA was proposed to affect the cytoskeletal organisation

(Klingler et al., 2000). Similar experiments as already stated in chapter 4 (neutralisation of

secreted calreticulin, use of purified calreticulin) could clarify a possible role of calreticulin

in the disruption of tight junctions in vitro. However, the question still remains whether

calcium chelation by calreticulin in vivo would be sufficient to induce tight junction

disruption.

The involvement of MLCK was also shown for H. pylori. MLC phosphorylation was

increased in a MLCK- and Rho kinase-dependent manner. Functional urease activity

resulting in ammonium production was required for this process. Moreover, ammonium

chloride (10mM) itself reduced the TEER significantly (Wroblewski et al., 2009). It would

be interesting to examine the minimum concentration of ammonia required to disrupt the

barrier function. Although the ammonia concentration in ES product may be too low to be

involved in the induction of vacuoles (chapter 3), excreted ammonia could play a role in the

disruption of tight junctions.

Inhibition of the Na+/K+-ATPase (also discussed in chapter 4), which shares a high

sequence homology to the H+/K+-ATPase, by ES products could also be a possible

mechanism. The inhibition of Na+/K+-ATPase was shown to affect the distribution of

ZO-1 and occludin (Contreras et al., 1999). In addition, the possible inhibition of the

H+/K+-ATPase by ES products (Simpson et al., 1999; Hertzberg et al., 2000; Merkelbach et

al., 2002) could also be involved in the disruption of the barrier in vivo. It was demonstrated

that chronic inhibition (5d) of the H+/K+-ATPase by omeprazole in rabbit gastric mucosa
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enhanced parietal cell degeneration, which was accompanied by macrophage invasion

(Karam and Forte, 1994). Macrophage invasion was proposed as a mechanism to eliminate

degenerated parietal cells. Moreover, Mullin et al. (2007) reported that an eight-week course

of the proton pump inhibitor esomeprazole in gastroesophageal reflux disease patients

induced a transepithelilal leak in the upper gastrointestinal tract.

The immune system may also be involved in tight junction opening in vivo. McDermott et

al. (2003) showed that mast cells are involved in increasing epithelial paracellular

permeability. Permeability was increased and occludin translocated and degraded in

T. spiralis infection of the small intestine. In the absence of mast cells or mast cell protease

I, permeability did not increase. Previously, using an ex vivo perfusion model Scudamore et

al. (1995) demonstrated that soluble adult N. brasiliensis antigen triggered the release of mast

cell protease II and moreover, purified mast cell protease II was able to increase

permeabilty. Mast cell tryptase is also an activating protease for PAR2 (see above)

(Vergnolle, 2005). Increased mucosal mast cell responses are also observed in T. circumcincta

infections and are suggested as a mechanism for regulating worm numbers (Stear et al.,

2003).

Increased expression of cytokines and MMPs during the host inflammatory response could

also be a possible factor. Several cytokines, including  IFN-γ, TNF-α, HGF, TGF-α and

several interleukins (IL-1, -4, -6, -13) , were reported to increase paracellular permeability in

a variety of mechanisms, but this also depends on the context (Sawada et al., 2003;

González-Marsical et al., 2007; Yu and Turner, 2008; Capaldo and Nusrat, 2009), for

example, IFN-γ, TNF-α and HGF increased permeability in some cell lines, but decreased

permeability in others (Capaldo and Nusrat, 2009). Mechanisms to increase permeability

include downregulation of tight junction proteins, MLC posphorylation and actin

reorganisation (Yu and Turner, 2008; Capaldo and Nusrat, 2009). Additionally, it was

demonstrated that MMPs were able to degrade claudin-5 and occludin (Rosenberg and

Yang, 2007) and translocate occludin and ZO-1 (Tan et al., 2005). Epithelial cells also

produce cytokines and MMPs. Secretion of  IL-6 and -8 (Hosoi et al., 2003) and MMP-2

and -9 (Li and Shan, 2005) was shown in CaCo-2 cells in response to pathogenic and non-

pathogenic bacteria or HGF, respectively. This could also be a possible mechanism of tight

junction disruption in the in vitro model. Apart from direct effects of ES products on tight
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junctions, exposure to ES products might also trigger the release of cytokines and/or

MMPs, which in turn have an effect. Determination of cytokine and MMP secretion of

CaCo-2 cells in response to ES products could clarify whether this is a possible mechanism.

In summary, the experiments described in this chapter clearly demonstrate that ES

products of H. contortus are able to reduce the TEER and ES products of both H. contortus

and T. circumcincta to disrupt the distribution of the tight junctional proteins occludin and

ZO-1 in CaCo-2 cells. This could also be a possible mechanism in vivo. Occludin and ZO-1

also appeared to be differently distributed in infected tissue compared with uninfected

tissue. However, further experiments would be needed to assess the effects and

mechanisms in vitro and in vivo and the nature of the responsible factor(s).
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Chapter 6

GENERAL DISCUSSION

The work presented in this thesis was aimed at investigating host-parasite interactions

during abomasal parasitism with H. contortus or T. circumcincta. An important aspect was the

mechanism by which these abomasal nematodes might disrupt the normal function of the

parietal cell resulting in the development of hypoacidity. A major focus was on

investigating potential roles of ES products, which was conducted in vitro and may relate to

in vivo observations. The examination included possible roles for ES products in the

induction of vacuolation and cell loss, which is observed in parietal cells in vivo. In addition,

effects of ES products on the tight junctional barrier were investigated as a possible

mechanism for protein loss and pepsinogenaemia during parasitism.

In vivo, the fate of the parietal cell was examined via histological studies of tissue derived

from sheep after transplantation of adult T. circumcincta, using TGF-α and H+/K+-ATPase

antibodies. Lectin staining as an additional marker for parietal cells was not successful,

although parietal cell staining with lectins has been reported (Malchiodi Albedi et al., 1985;

Kessiman et al., 1986; Callaghan et al., 1990; 1992). Staining parietal cells for TGF-α and
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H+/K+-ATPase, parietal cell numbers were decreased 12h and 72h after the transplant

compared with the control, which was similar to previous studies (Scott et al., 2000;

Przemeck, 2003). The main finding of the experiments presented here was that 72h after

the transplant, numbers of TGF-α positive and H+/K+-ATPase positive parietal cells

differed markedly with the population of H+/K+-ATPase positive parietal cells being

decreased compared with TGF-α positive parietal cells. This could indicate that a sequence

of events might lead to hypoacidity with the H+/K+-ATPase being lost first before parietal

cells are lost. Loss of the H+/K+-ATPase might be sufficient to initially increase abomasal

pH without a major change in parietal cell numbers, which are then lost later in infection.

Similarly, increases in H+/K+-ATPase expression without increase in parietal cell numbers

might be involved in the fast recovery of acid secretion after drenching, before parietal cell

numbers recover. Parietal cell numbers in sheep infected with adult T. circumcincta did not

recover within seven days after drenching (Scott et al., 2000).

Vacuolation of parietal cells was observed previously in abomasal tissue sections of sheep

infected with T. circumcincta larvae and after adult worm transfer (Scott et al., 1998a; 2000;

Przemeck, 2003) and was also observed in the presented study. Various studies, in vivo and

in vitro, have now been conducted which suggested that a parasite-derived factor could be

involved with the decreased parietal function (Eiler et al., 1981; Simpson et al., 1997; 1999;

Merkelbach et al., 2002). However, the involvement of a parasite-factor is only presumed

and it has to be noted that for all in vitro experiments, reported previously and presented in

this thesis, the concentration of ES products, which originate from incubations of huge

densities of worms, is very likely much higher compared with ES concentrations present in

the abomasum. In vitro experiments presented here have also shown that the vacuolating

ability of ES preparations starts to decrease with 4-fold dilution of the in vitro incubations

and ES concentrations are likely to be even lower in vivo. Alternatively to a parasite-derived

factor, there is also evidence that the inflammatory response of the host might be involved

in parietal cell loss (Scott et al., 1998a; 2000). However, an association between cellular

vacuolation and inflammation has not yet been evident. Moreover, ES products were

shown to induce vacuolation in HeLa cells in vitro (Huber et al., 2005; Przemeck et al., 2005).
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These in vitro experiments of Huber et al. (2005) and Przemeck et al. (2005) also

demonstrated that larval ES preparations of H. contortus or T. circumcincta induce less severe

effects than adult ES preparations. However, in vivo ES products are released from a larva

inside a gland to a very confined area and the ES concentration in direct vicinity to the cells

might be very high.

Experiments presented here further characterised the vacuolation in vitro as well as the

vacuolating factor(s). ES products were able to induce vacuolation in different epithelial

cell lines with vacuolation taking place in the first two hours after exposure to ES products,

which demonstrated that cell damage due to ES products can occur very quickly and could

be a possible factor in the rapid changes observed in abomasal function and morphology

due to adult parasites (Lawton et al., 1996; Simpson et al., 1997; 1999; Scott et al., 2000).

ES-induced vacuolation was also partly reversible, but with ~30% of the cells still

vacuolated 48h after the withdrawal of ES preparations. It is not clear whether vacuolation

was reduced because of increasing cell numbers due to normal cell proliferation, but this

seemed likely. Some of the vacuolated cells could also possibly have been detached and

lost, although this seems not been linked to the observed vacuolation as vacuolated cells

usually appeared viable (also see below). However, vacuolation in vitro appears to be

different from that observed in parietal cells in vivo and it remains speculative whether

ES products are involved in vivo. ES products generated in vivo might also be different in

composition and amounts released compared with in vitro generated ES preparations since

in vitro conditions are very different from the natural environment of the worms.

Furthermore, differences in ES preparations were even noted in successive in vitro

incubations.

An interesting result from the experiments characterising the vacuolating factor present in

H. contortus ES products was the finding that the ability to induce vacuolation in HeLa cells

differed markedly for ES preparations generated via successive incubation periods,

reflecting changes in the release of ES products during in vitro incubations. Vacuolating

ability dropped notably after the first incubation periods, followed by a gradual increase in
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vacuolating ability concomitant with loss of worm viability. The vacuolating activity was

highest in samples collected after all worms had died, indicating that either increased

amounts of ES products or other worm constituents, which were also able to induce

vacuolation, were released from dying and degrading worms. If ES products are involved in

inducing parietal cell vacuolation in vivo, this could indicate that not only alive worms

contribute to the observed histopathology, but components released by dying and

degrading worms may also partly contribute. Although, dying worms will detach from the

mucosa and be removed from the abomasum.

Low concentrations of lipids were detected in ES products via SDS-PAGE and TLC,

however extracted lipids from the TLC were not able to induce vacuolation demonstrating

that it is very unlikely that the lipid compounds detected are involved in vacuole formation

in HeLa cells. Another interesting finding from the experiments characterising the

vacuolating factor was that the vacuolating factor(s) is most likely a protein as it was heat

and acid sensitive, reducing vacuolation ability markedly after the respective treatment of

the ES preparation. The acid sensitivity to pH 2 is of special interest as abomasal pH of

uninfected control sheep averaged between pH 2 and 3 (Simpson et al., 1997; 1999; Scott et

al., 2000). After infection with T. circumcincta, which were shown to induce similar vacuoles

in vitro (Przemeck et al., 2005), increased vacuolation of parietal cells in vivo occurred as early

as 5d after larval infection (Przemeck, 2003), around the time the parasites emerge into the

lumen after development for 5-6 days (Armour et al., 1966; 1981; Anderson et al., 1976;

Lawton et al., 1996), or 12h after adult transplant, which was reported by Przemeck (2003)

and observed in the experiments presented here. The abomasal pH might not represent the

pH in the vicinity of the worms and a vacuolating factor in ES products might still be

active and responsible for the vacuolation. Alternatively, this could also suggest that

vacuoles are not directly induced by ES products. Vacuoles observed in parasitised tissues

appear to be different from those in vitro and were suggested to be due to necrosis (Scott et

al., 2000).

ES products were further analysed in vitro for their ability to induce cell detachment or cell

loss. The loss of parietal cells during abomasal parasitism has been observed in vivo (Scott et
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al., 1998a; 2000; Przemeck, 2003), which could possibly be mediated by ES products.

Huber et al. (2005) and Przemeck et al. (2005) noted that exposure of HeLa cells to ES

preparations appeared to increase the rate of cell detachment. In vitro experiments described

in this thesis to quantify the rate of cell detachment showed a similar trend in the results

with decreased cell numbers after exposure to ES preparations compared with control cells,

however, the variation was high. Staining of the actin cytoskeleton revealed a decreased

content of stress fibres or less conspicuous stress fibre staining. Fibrillar actin structures

were also often visible on the edges of detaching cells. Simultaneous staining of the nuclei

showed an increased number of degenerating nuclei and apoptotic bodies after exposure to

ES products, which could indicate that an increased rate of apoptosis is responsible for the

increased rate of cell detachment. Another possibility is that apoptosis follows cell

detachment, a process which in anchorage-dependent cells is termed anoikis. In vivo and in

vitro, both apoptosis and anoikis are possible mechanisms of cell detachment or cell loss

and it needs to be further examined how cells are lost.

It is also not clear whether it is the same factor that is causing vacuolation and cell

detachment or whether cell detachment might be a result of the vacuolation. Karam et al.

(2003) reported that in vivo parietal cells occasionally degenerate with extensive dissolution

of canaliculi and intermitochondrial cytoplasm with the formation of vacuoles. Although, in

vitro it seems that cell detachment and cell loss may not be a result of vacuolation. Very

often cells were heavily vacuolated but appeared otherwise normal and showed no signs of

cell detachment, which can also be seen as fibrillar structures on the cell edges in bright

field images. This is consistent with results from Huber et al. (2005). They demonstrated

that HeLa cells exposed to H. pylori OMV or adult H. contortus ES products were viable

despite being heavily vacuolated.   

Furthermore, in vitro experiments undertaken to investigate the ability of ES products to

disrupt the tight junctional barrier clearly showed that ES products of both H. contortus and

T. circumcincta were able to do so, but ES products from T. circumcincta were less effective.

Staining of the tight junction proteins occludin and ZO-1 changed markedly after exposure

to ES products, with decreases in membrane-associated staining and simultaneously
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increasing intracellular punctate staining. In addition, for H. contortus ES products, it was

shown that ES exposure resulted in significant decreases in TEER.

Taken  together with the other experiments with HeLa and AGS cells, these results suggest

that it seems very unlikely that the disruption of the tight junctions leads to the observed

cell detachment since both HeLa and AGS cells detached, but do not form tight junctions.

However, this might also be different in vivo, where opening of tight junctions might lead to

other events including vacuolation, cell loss and leakage of proteins such as pepsinogen

into serum, but also leakage of proteins into the gastrointestinal tract.

Tight junctions might also play a role in the development of other pathological changes

observed during abomasal parasitism. Opening of the tight junctions increases the

exposure to bacteria, toxins and luminal antigens potentially present in abomasal contents,

which could also be a factor in increased inflammatory responses as seen in inflammatory

bowl disease (Clayburgh et al., 2004). Furthermore, Suzuki et al. (2000) demonstrated that

the serosal side of fundic mucosa was more sensitive to ammonia than the luminal side.

Ammonia applied in vitro to the serosal side resulted in comparably greater decreases of

TEER and more severe vacuolation in all cell types of the gland with numerous small

vacuoles in surface mucous cells and large vacuoles in parietal cells, which was also the case

when applied on the luminal side of injured mucosa. Similarly, it has been previously

shown by Boron et al. (1994) that gastric gland cells are unaffected by 2.7mM ammonia

applied to the apical but not basolateral membrane. Although it was shown in previous

studies (Huber et al., 2005; Przemeck et al., 2005) and in experiments described here that

the ammonia concentrations in ES products were very low and are therefore unlikely to be

involved in the observed pathology, it is possible that other ES products might have more

detrimental effects on the serosal/basolateral side of the epithelium, which is exposed after

disruption of the tight junctions.

Stear et al. (2003) hypothesised that a key event in the pathogenesis in T. circumcincta infected

sheep is the destruction of cell junctions, which was suggested to apply also to O. ostertagi
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infected cattle and might also explain some of the pathology of H. contortus infected sheep.

It was proposed that parasite derived molecules trigger mast cell degranulation releasing

mast cell proteases, which have been shown to increase epithelial paracellular permeability

(Scudamore et al., 1995; McDermott et al., 2003). However, experiments presented here

clearly demonstrated for the first time that parasite ES products of both H. contortus and

T. circumcincta are also capable of directly targeting tight junctions and possibly might act

together with the inflammatory response in vivo. In addition to mast cell proteases, several

cytokines have been shown to increase paracellular permeability (Sawada et al., 2003;

González-Marsical et al., 2007; Yu and Turner, 2008; Capaldo and Nusrat, 2009), some of

which are also able to interfere with acid secretion (Lord et al., 1991; Robert et al., 1991;

Prinz et al., 1997; Yasunaga et al., 1997).

In vivo, it seems likely that parasite-derived factors and the inflammatory response

potentiate each other leading to the observed pathophysiology and histopathology. The

opening of the tight junctions seems likely to be a key event as previously hypothesised

(Stear et al.; 2003), which then leads to further damage by ES products penetrating the

mucosal barrier but also other noxious components potentially present in abomasal

contents. It is possible that opening of the tight junctions also allows inhibition of parietal

cells deeper in the glands, which is possibly also linked to the disruption of cell-cell and

cell-matrix adhesion as parietal cells cannot function when separated from adjacent cells.
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Appendix I: Parasitology

1.1 Animals

Between two and four month of age male sheep (Romney and Romney-cross; Massey

sheep farm) were brought inside a shed and kept in pens of up to six animals, fed chaff and

water ad libitum and cleaned once daily. A parasite-free stage (before experimental single

infections) was reached by a double dose (1ml/5kg, calculated with the weight of the

heaviest animal in the group) of Matrix (Ancare, New Zealand) followed by a single dose

(1ml/10kg) of Matrix two days later. The parasite-free stage was controlled via faecal egg

count (FEC) (1.2).

1.2 FEC

A modification of the McMaster technique (modified by Stafford et al., 1994) was used. The

collected faecal sample from the sheep (2g for quantification) was placed in a small sieve in

a scale pan. 30ml saturated sodium chloride (universal glass filled) was poured over the

faecal sample, which was mashed, submerged in the salt solution, with a pestle. The sieve

with the large detritus left behind was discarded then. For qualification, the float method

was used: the salt solution/faecal mix was poured back into the universal glass and a

coverslip placed on top on which any eggs present in the faecal sample will stick to after

floatation. After 10min, the coverslip was placed onto a slide and the sample examined for

any eggs. For quantification, both sides of the McMaster slide were filled with the salt

solution/faecal mix and the number of eggs within the grids was counted. The total

number was multiplied by 50 to get the eggs per gram of faeces (e.p.g.).
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1.3 Infections

Once the sheep were parasite-free and free of drench residues (five weeks after drench with

Matrix for H. contortus infection and four weeks for T. circumcincta) they were infected. After

counting (100µl in 0.5ml iodine), the desired number was taken out from the H. contortus

(approximately 10,000 L3) or T. circumcincta (approximately 50,000 L3) larval culture stock

and sheep were infected orally via syringe.

1.4 Labelling of H. contortus

1.4.1 Solutions

Hoechst 33258 (stock solution 2mM)

1.068mg/ml were diluted in MilliQ water. The stock solution was stored in 1ml aliquots at

-20°C.

Nile Red

For a stock solution 0.5mg/ml Nile Red was dissolved in Acetone. The working solution

was a 1:100 dilution in PBS.

1.5 ES Preparations of Adult H. contortus and T. circumcincta

1.5.1 Solutions

Saline 0.9%

18g NaCl were diluted in a final Volume of 2l in MilliQ water. The solution was warmed to

37°C and used directly.
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Agar 3%

3% agar was made up in 0.9% saline. 1l was heated for 8min in the microwave (high

power) and kept warm in a water bath at 45°C (prior to use).

Phosphate Buffered Saline (PBS)

4.0g NaCl

0.2g KCl

0.575g Na2HPO4

0.1g KH2PO4

Made up in 500ml of MilliQ water and adjusted to pH 7.2 before sterilised by autoclaving.

PBS in use was kept at 4°C for a maximum of four weeks.

1.5.2 Method

Sheep were killed 21 (H. contortus) or 28 days (T. circumcincta) after infection with L3 using a

captive bolt pistol followed by exsanguination. The abdomen was opened and the

abomasum tied off at both ends and removed from the animal. Adult worms were

collected from the abomasum using a slightly altered technique described by Simpson et al.

(1999), which was modified from van Wyk and Gerber (1978).  The abomasum was cut

open along its greater curvature and washed with 0.9% saline (37°C). The abomasal

contents and washings were collected and mixed 2:1 (v/v) with 3% agar (37°C). This

mixture was poured in a thin layer (~1cm high) into plastic trays and after the agar set

overlaid with 0.9% saline (37°C) and incubated 10-30min in a 37°C room in the dark until

the worms migrated out of the agar into the saline.

Worms, most of them aggregated, were then carefully picked with forceps. 53mg/ml

(Huber et al., 2005) H. contortus were incubated for 12h in cell culture media (CEM, F12-

Hams, D10; composition see Appendix II/Cell Culture) or PBS (15ml and 50ml tubes or

T75 cell culture flask) in an incubator in an atmosphere containing 5% CO2 and 95%

humidified air at 37°C.
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1.6 Larval Culture Stock

For the maintenance of larval culture stocks, sheep were regularly infected with either

H. contortus or T. circumcincta. Their faeces were collected each into a bag that was attached

to a harness. The presence of nematode eggs in the faeces was monitored from day 18 p.i

for both H. contortus and T. circumcincta infections by FEC (qualification/float method, 1.2).

Once present, FECs (quantification/McMaster slide, 1.2) were carried out and feaces

collected once there were more than 200 e.p.g present. Feaces were placed in trays,

moistened and mixed with vermiculite. The trays were covered with glass plates and incubated

in a warm room (27 to 28°C) for 10 to 14 days for both H. contortus and T. circumcincta. The

mixture was kept moist and turned over twice during the incubation. Larvae were harvested

using a modified Baermann technique (Baermann, 1917): the faeces mixture was placed

into a sieve lined with tissue and the sieve was put into a tray filled with RO water leading

to L3 entering the RO water. After 24h, the RO water containing the larvae was placed into

another sieve lined with tissue on top of a funnel attached to a short tube with a closable

end where the larvae were collected after another 24h. H. contortus larvae were stored at 10°C,

and T. circumcincta at 4°C, in RO water in culture flasks.
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Appendix II: Cell Culture

2.1 Cell Culture Media and Solutions

Complete Essential Medium (CEM)

74ml autoclaved MilliQ water

10ml FBS

10ml MEM 10x liquid

3ml NaHCO3

1ml PSN 100x liquid

1ml Non-essential amino acids solution 100x liquid

1ml Glutamax

The pH was adjusted with 1M HCl or 0.1M NaOH to 7.4 if it was necessary. CEM was

kept for a maximum of 10 days at 4°C.

F12-Hams

100ml F12-Hams media were supplemented with 10ml FBS and 1ml PSN 100x liquid. The

pH was adjusted with 1M HCl or 0.1M NaOH to 7.4 if it was necessary. F12-Hams was

kept for a maximum of 10 days at 4°C.

D10 (DMEM + 10%FBS)

84ml DMEM 1x liquid

10ml FBS

3ml NaHCO3

1ml PSN 100x liquid

1ml Non-essential amino acids solution 100x liquid

1ml Glutamax
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The pH was adjusted with 1M HCl or 0.1M NaOH to 7.4 if it was necessary. D10 was kept

for a maximum of 10 days at 4°C.

PSN (Penicillin-Streptomycin-Neomycin)

PSN 100x liquid was divided into 1ml aliquots, which were stored at -20°C.

FBS

FBS was thawed at 37°C, aliquot at 10ml and stored at -20°C then.

Sodium Bicarbonate (7.5%)

15g NaHCO3 were diluted in 200ml MilliQ water and sterilised by filtration through a

0.2µm filter. The solution was stored at 4°C.

HCl 1M

Concentrated HCl was diluted with MilliQ water and sterilised by filtration through a

0.2µm filter.

NaOH 0.1M

0.4g were diluted in 100ml MilliQ water, sterilised by  filtration through a 0.2µm filter.

Trypsin-Versene

0.02% EDTA

0.25% Trypsin

The solution was made up in 0.9% saline and sterilised by filtration through a 0.2µm filter

and was stored at -20°C in 10ml aliquots.

Ammonium chloride 1M

0.53g was diluted in a final volume of 10ml in MilliQ water. The solution was kept at 4°C.

Prostaglandins

PGA2 and PGB2 were delivered as 1mg in 100ml methylacetate. PGD2, PGF2α and PGE2

were dissolved as 1mg/ml in ethanol.
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Proteinase K

A 1mg/ml stock solution was prepared in MilliQ water and sterile filtered (0.2µm syringe

filter). The solution was stored at 4°C.

Paraformaldehyde 4%

4g paraformaldehyde were diluted in 80ml MilliQ water and carefully heated at ~60°C for

30-60min. 10µl aliquots of 1M NaOH were added with stirring until the solution cleared.

After cooling to room temperature, the solution was filtered through a 0.2µm filter and was

made up to the final volume of 100ml. The pH was adjusted to 7.4 to 7.6. The solution was

kept for a maximum of two weeks at 4°C or stored in aliquots at -20°C.

Hoechst 33258 (stock solution 2mM)

1.068mg/ml were diluted in MilliQ water. The stock solution was stored in 1ml aliquots at

-20°C.

Alexa Fluor Phalloidin (stock solution 200units/ml)

The vial contents were dissolved in 1.5ml methanol. The stock solution was stored at

-20°C.

2.2 HeLa Cell Passage

Cells were grown in 75cm2 cell culture flasks and split every two to five days when they

reached ~80% confluency. The supernatant of CEM was removed and the cells were

washed twice with 10ml PBS. 2ml of Trypsin-versene was added and the cells were

incubated for 2 to 5min in an incubator in an atmosphere containing 5% CO2 and 95%

humidified air at 37°C until the cells were detaching from the cell culture flask (sometimes

supported by gently rocking the flask if it was necessary). After that, 8ml CEM was added

to neutralise the trypsin. For normal culture, the desired amount (split ratio 1:5 to 1:10)

were then placed into the new flask containing 15ml CEM and cultivated in an incubator in

an atmosphere containing 5% CO2 and 95% humidified air at 37°C.
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For experiments, the cell solution was centrifuged (20°C, 5min, 1000rpm) and the medium

discarded to a volume of 1ml. Then, the cells were counted in a hemocytometer (Neubauer

counting chamber), seeded at 10,000 cells/ml on autoclaved coverslips (in a petri dish) and

incubated for 48h in an incubator in an atmosphere containing 5% CO2 and 95%

humidified air at 37°C before they were used for experimental incubations.

For the cell proliferation assay, cells were seeded in wells of 24 and 96 well plates and

allowed to attach for 6h before they were used for experimental incubations.

2.3 AGS Cell Passage

AGS cell passage was followed the same protocol as for HeLa cells (2.2). Instead of CEM,

F12-Hams medium was used and the cells were usually split at a ratio of 1:5 to 1:10 every 2

to 5 days.

For experiments, cells were counted and seeded at 20,000 cells/ml on autoclaved coverslips

and for the cell proliferation assay in wells of a 96 well plate with the same attaching

periods like HeLa cells.

2.4 CaCo-2 Cell Passage

CaCo-2 cell passage followed the same protocol as for HeLa cells (2.2) but D10 medium

was used. Cells were split at a ratio of 1:5 to 1:10 when they were ~80% confluent (~6-

10days). The medium was changed once per week for the longer incubation periods. For

experiments, they were seeded in transwell plates (12 wells per plate).
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2.5 Cryopreservation of Cells

The same protocol as for the cell passage was used. After counting, the cells they were

resuspended at 2x106 cells/ml in adequate medium containing 5% DMSO. The cryocups

were placed in “Mr. Frosty” (Nalgene) for 2 days at -80°C before they were put into liquid

nitrogen.

2.6 Thawing of Cryopreserved Cells

After warming the cryocup (out of the liquid nitrogen tank) in a 37°C water bath, the cell

suspension was transferred to a final volume of 10ml in cell culture medium and

centrifuged for 5min at 1000rpm (at 20°C), the supernatant was discarded. The cell pellet

was resuspended in 10ml cell culture medium and transferred into a cell culture flask with a

final volume of 15ml medium. Cell culture medium was changed after 24h and the cells

were split the next time at ~80% confluence.
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Appendix III: Gel Electrophoresis

3.1 SDS-PAGE

3.1.1 Solutions

All solutions were kept at 4°C unless stated otherwise.

Acrylogel 30%

40% acrylogel was diluted to 30% by diluting 15ml of 40% solution with 5ml MilliQ water.

Tris 1.5M, pH 8.8

100ml were made up of 18.165g Tris in MilliQ water and the pH was adjusted to 8.8 then;

filtered through Whatman No.1 filter.

SDS 10% (w/v)

3.5g SDS were diluted to a final volume of 35ml MilliQ water. The solution was filtered

through a 0.2µm filter and stored at room temperature.

Tris 1M, pH 6.8

10ml were made up of 1.211g Tris in MilliQ water and the pH was adjusted to 6.8; filtered

through Whatman No.1 filter.

Ammonium persulfate 10% (w/v)

0.1g was dissolved in 1ml MilliQ water (prior to use), kept for a maximum time of five

days.
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SDS Gel Loading Buffer (4x)

200mM  ≙ 6.055g Tris HCl

8%         ≙ 2g SDS

24%    ≙ 6ml Glycerol

4%   ≙ 1ml β-Mercaptoethanol

0.016%  ≙ 0.004g Bromphenolblue

The solution was made up to 25ml of MilliQ water, filtered through a 0.2µm filter and the

pH adjusted to 6.8. The solution was stored at room temperature.

Tris-Glycine Electrophoresis Buffer (5x)

125mM     ≙ 7.5686g Tris

1250mM   ≙ 46.9375g Glycine

0.5% SDS ≙ 25ml SDS 10% solution

Made up to a final volume of 500ml. The pH was adjusted to 8.3; filtered through

Whatman No.1 filter.

3.1.2 Gel Composition

5-20% Gradient-Gels (size range ~10-200kDa) were prepared (using gel electrophoresis

device 73.1010V, Apollo; gradient mixer GM-40, C.B.S. Scientific; peristaltic pump Mini

Pulse 3, Gilson):

5% [ml] 20% [ml]

MilliQ water 2.8 0.3

30% Acrylogel 0.8 3.3

1.5M Tris (pH 8.8) 1.3 1.3

10% SDS 0.05 0.05

10 % Ammoniumpersulfate 0.05 0.05

TEMED 0.004 0.001
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On top of the resolving gel a 4% stacking gel was poured:

4% [ml]

MilliQ water 1.178

30% Acrylogel 0.53

1M Tris (pH 6.8) 0.25

10% SDS 0.02

10 % Ammoniumpersulfate 0.02

TEMED 0.002

For the detection of lipids with Sudan Black staining 20% gels were also used:

20% [ml]

MilliQ water 0.6

30% Acrylogel 6.6

1.5M Tris (pH 8.8) 2.6

10% SDS 0.1

TEMED 0.1

10 % Ammoniumpersulfate 0.002

3.2 BN-PAGE

3.2.1 Solutions

All solutions were kept at 4°C unless stated otherwise.

Acrylogel 30%

See above (3.1.1)

Ammonium persulfate 10% (w/v)

See above (3.1.1)
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Resolving-Gel Buffer (4x)

2M        ≙ 26.236g 6-Aminocaproic acid

200mM ≙ 2.422g Tris

Made up to 100ml of MilliQ water and adjusted to pH 7, filtered through Whatman No.1

filter.

Cathode Buffer (5x)

50mM ≙ 44.7925g Tricine

15mM ≙ 9.0825g Tris

0.02% ≙ 1g  Coomassie Brilliant Blue G250

Made up to 1l of MilliQ water, adjusted to pH 7 with 6M HCl and filtered through a

Whatman No.1 filter.

Anode Buffer (5x)

50mM ≙ 24.22g Tris

Made up to 1l of MilliQ water and adjusted to pH 7 with 6M HCl, filtered through

Whatman No.1 filter.

Sample Buffer (3.5x)

750mM ≙ 1.9677g 6-Aminocaproic acid

50mM   ≙ 0.1211g Tris

1.25%   ≙ 0.25g Dodecylmaltoside

0.35%   ≙ 0.07g Coomassie Brilliant Blue G250

Made up in 6ml of MilliQ water, adjusted to pH 7 and filtered through a 0.2µm syringe

filter.
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3.2.2 Gel Composition

5-20% gradients gels were prepared:

5% [ml] 20% [ml]

MilliQ water 2.85 0.35

30% Acrylogel 0.8 3.3

4x Resolving Gel Buffer 1.3 1.3

10 % Ammoniumpersulfate 0.05 0.05

TEMED 0.004 0.001

On top of the resolving gel a 4% stacking gel was poured:

4% [ml]

MilliQ water 1.198

30% Acrylogel 0.53

4x Resolving Gel Buffer 0.25

10 % Ammoniumpersulfate 0.02

TEMED 0.002

Gels were stained after a complete destain in destaining solution.

Destaining Solution

45% Methanol/10% acetic acid in MilliQ water (prior to use).
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3.3 Gel Staining Methods

3.3.1 Coomassie Brilliant Blue

3.3.1.1 Solutions

Staining Solution

100ml were made up of 0.25g Coomassie Brilliant Blue G250 dissolved in 90ml of

methanol : MilliQ water (1:1 v/v) and 10ml acetic acid. The solution was filtered through a

Whatman No. 1 filter.

Destaining Solution

100ml were made up of 90ml methanol : MilliQ water (1:1 v/v) and 10ml acetic acid. The

solutions were made up prior to use.

3.3.1.2 Method

The gels were stained in staining solution containing Coomassie Brilliant Blue G250 for 4h

at room temperature before they were destained in destaining solution with several solution

changes, kept in MilliQ water and photographed with a Canon Power Shot G1 digital

camera on a light box.

3.3.2 Silver Staining

3.3.2.1 Solutions

Fixative I

45% ethanol/10% acetic acid made up in MilliQ water (prior to use).

Fixative II

40% ethanol/10% acetic acid made up in MilliQ water (prior to use).
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0.1% Silver Nitrate

The solution was made up prior to use in MilliQ water

3% Sodium Carbonate/0.5% Formaldehyde

The solution was made up prior to use in MilliQ water.

Stop solution

1% acetic acid in MilliQ water made up prior to use.

Farmer’s Reducer

0.3% sodium thiosulfate, 0.15% potassium ferricyanide, 0.05% sodium carbonate made up

in MilliQ water (prior to use).

3.3.2.2 Method

Alternatively, for a more sensitive stain gels were stained with silver. They were fixed in

fixative I (1h) and II (2x 30min) followed by a 2x 20min wash in MilliQ water. Then, the

gels were stained with silvernitrate for 30min, washed for 2x 20s before they were

developed in sodium carbonate/formaldehyde. This process was stopped with 1% acetic

acid. After a 5min wash in MilliQ water, Farmers Reducer was added to clear the

background. This was stopped again with 1% acetic acid. Gels were stored in MilliQ water

until photographing.

3.3.3 Modified Carbohydrate Silver Staining

3.3.3.1 Solutions

Fixative

30% ethanol/10% acetic acid made up in MilliQ water (prior to use).
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0.7% Periodic Acid in Fixative

The solution was made up prior to use.

0.1% Silver Nitrate

see above (3.3.2)

3% Sodium Carbonate/0.02% Formaldehyde

The solution was made up prior to use in MilliQ water.

Farmer’s Reducer

See above (3.3.2)

Stop solution

See above (3.3.2)

3.3.3.2 Method

Gels were also stained with a modified silver stain, staining proteins and carbohydrates

(Kittelberger and Hilbink, 1993; Harrison et al., 2003): the gel was fixed overnight in 30%

ethanol/10% acetic acid, then oxidised in 0.7% periodic acid in fixative (30% ethanol/10%

acetic acid) for 10min, followed by a three times wash in MilliQ water for 10min each.

Then, the gel was stained with 0.1% silver nitrate for 30min, washed one time in MilliQ

water (10s) and the staining developed with 3% sodium carbonate/0.002% formaldehyde

for 20min. This reaction was stopped by a five minute incubation with 1% acetic acid. The

gel was washed again three times for 10min with MilliQ water, reduced for 10 to 30s with

Farmer’s reducer and then washed another three times for 10min with MilliQ water. The

staining/developing/reduction cycle was repeated a second time and the gel was then

stored in 7% acetic acid until photographing.
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3.3.4 Sudan Black

3.3.4.1 Solutions

Sudan Black Staining Solution

500mg Sudan Black were dissolved in 20ml acetone. This was added to 15ml of acetic acid,

and then added to 85ml of MilliQ water. This mixture was stirred for 30min and then

centrifuged to remove any precipitate.

Destaining Solution

37.5ml Acetic acid

50ml Acetone

162.5ml MilliQ water

3.3.4.2 Method

Sudan Black staining was performed for detecting lipids following the suppliers protocol.

The gels were placed overnight in Sudan Black staining solution and destained in three

changes of Sudan Black destaining solution, kept at 4°C in MilliQ water until

photographing. For a pre-stain of the samples 6µl of a sudan black staining solution (20%

in ethylene glycol) were added and the samples were incubated for 1½h before loading

onto the gel (Yepiz-Plascencia et al., 2002).
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Figure IV.1: Bradford assay standard curve with BSA.
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Appendix IV: Assays

4.1 Bradford Assay

The samples were set up in triplicate and measured (6505 UV/Vis Spectrophotometer,

Jenway) in acryl cuvettes against the blank:

Blank 0.4ml MilliQ water

Standard solutions 0.4ml 0.005mg/ml to 0.1mg/ml BSA in MilliQ water

Samples 0.4ml ES/Ct preparation (undiluted or dilutions in MilliQ water)

1.6ml Bradford reagent were added to each sample including the blank, mixed and

incubated for 10min. The absorbance was read at 595nm against the blank. To estimate the

protein concentration a standard curve was constructed (Figure IV.1).

4.2 Ammonia Assay

4.2.1 Solutions

Phenol Nitroprusside Reagent

0.017g nitroprusside was diluted in 25ml MilliQ water, 3.5g phenol were added and the

solution was made up to 50ml. The solution was stored at room temperature in the dark.

Hypochlorite Reagent

1.48g NaOH were diluted in 70ml MilliQ water, 14.87g Na2HPO4•12 H2O were added and

8.3ml of a 5% NaOCl solution. The volume was made up to 100ml. The solution was

stored at room temperature in the dark.
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Figure IV.2: Ammonia assay standard curve.
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4.2.2 Method

A standard curve was produced using NH4Cl standard solutions of 0, 1.25, 2.5, 5, 12.5, 25,

50, 75 and 100µM in MilliQ water (Figure IV.2). If necessary the pH of the samples was

adjusted to near 7. Then, 50µl phenol nitroprusside reagent and 100µl hypochlorite reagent

were added to 0.5ml sample and the tube mixed immediately. The samples were heated in a

50°C water bath for 30min and the absorbance read at 636nm against an appropriate blank.
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Appendix V: Histochemistry

5.1 Solutions

2% Calcium acetate

The 2% calcium acetate solution was made up in MilliQ water and stored at 4°C.

Carnoy’s Fluid

Carnoy’s fluid was made up of ethanol, chloroform and acetic acid in a ratio 6:3:1 and was

kept at room temperature in the fume hood.

Ethanol

The different ethanol concentrations (90%, 70%, 40%) were made up by diluting 95%

ethanol with MilliQ water.

Blocking Buffer

1g BSA was diluted in 100ml PBS, aliquot at 5ml and stored at -20°C. Goat serum at a

concentration of 2% was added prior to use.

Sodiumborohydride

1mg/ml made up in MilliQ water (on ice, prior to use).

H+/K+-ATPase 

A stock of a 1:100 dilution in PBS was stored in aliquots at -20°C. This stock solution was

diluted with blocking buffer to a working concentration of 1:2000 every time prior to use.

Label

The H+/K+-ATPase antibody was labelled with the Zenon® Alexa Fluor® 488 Mouse

IgG1 labelling Kit following the suppliers protocol every time prior to use. As the
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concentration of the H+/K+-ATPase antibody was not available, the best ratio for the label

was found to be 10µl of the 1:100 solution of H+/K+-ATPase antibody labelled with 5µl of

the label (for 5min); the reaction was then stopped by adding 5µl of the blocking solution.

To get a final concentration of 1:2000 of H+/K+-ATPase antibody 180µl blocking buffer

were added.

TGF-α

The antibody was stored at 4°C and was diluted 1:100 (≙ 1µg/ml) with blocking buffer

every time prior to use .

Occludin

The antibody (0.5mg/ml) was aliquoted at 5µl and stored at -20°C. Before use 995µl

blocking buffer were added to get a final concentration of 1:200 (2.5µg/ml).

ZO-1

The antibody (0.25mg/ml) was aliquoted at 10µl and stored at -20°C. Before use 990µl

blocking buffer were added to get a final concentration of 1:100 (2.5µg/ml).

2nd Antibody, fluorescent

The biotinylated goat anti-mouse IgG [2mg/ml] was diluted 1:20 and then stored in 100µl

aliquots at -20°C. For use, it was diluted with blocking buffer to a final concentration of

1µg/ml.

Streptavidin

The streptavidin Alexa Fluor® 546 conjugate was dissolved in PBS at a concentration of

1mg/ml. A 1:10 stock solution was prepared and stored in 100µl aliquots at -20°C. For use,

it was diluted with blocking buffer to a final concentration of 1 µg/ml.

Lectins: DBA, SBA, PNA, UEA

A 1mg/ml stock solution of each lectin was prepared with sterilised MilliQ water and they

were stored at 4°C. Stock solutions were diluted with PBS to a final concentration of

7.5µg/ml.
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Appendix VI: Chemicals

6-Aminocaproic acid Sigma

Acetic acid Riedel de-Haën

Acetone Merck

Acrylogel (40% Acrylamide) BDH

Agar Sigma

Alexa Fluor® 488 goat anti-rabbit IgG Invitrogen (Molecular Probes)

Alexa Fluor® Phalloidin 488 Invitrogen (Molecular Probes)

Ammonium chloride BDH

Ammonium persulfate Sigma

Anti-H+/ K+-ATPase β Antibody (host: mouse) Affinity BioReagents

Anti-Occludin Antibody (host: mouse; Zymed®) Invitrogen (Molecular Probes)

Anti-TGF-α Antibody (host: mouse) Calbiochem

Anti-ZO-1 Antibody (host: rabbit; Zymed®) Invitrogen (Molecular Probes)

Aprotonin from bovine lung Sigma-Aldrich

Biotin-XX goat anti-mouse Antibody Invitrogen (Molecular Probes)

Bradford Reagent Sigma

Bromphenolblue Sigma

BSA liquid New England Biolabs

BSA powder Boehringer

Calcium acetate Aldrich

Calcium chloride BDH

Chloroform Univar

Coomassie Brilliant Blue G250 Fluka

CyQUANT® NF Cell Proliferation Assay Kit Invitrogen

DMSO Sigma

DMEM Gibco

Dodecylmaltoside Sigma

EDTA Sigma
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Entellan Merck

Ethanol 95%

             absolute

Massey Chem Store

Merck

Ethyl acetate Fluka

F12-Hams media Sigma, Gibco

FBS Gibco

Formaldehyde Aldrich

GlutamaxTM (100x) Gibco

Glycerol Sigma

Glycine Sigma

Goat serum Invitrogen

HCl BDH

Hoechst 33258 Sigma

Iodine Sigma

Isopropanol BDH

KCl Sigma

KH2PO4 Ajax Chemicals

Lectins (DBA, SBA, PNA, UEA) Vector Laboratories

Mayer’s Hematoxylin Sigma

MEM Gibco

MEM Non-essential amino acids solution Gibco

Methanol Massey Chem Store

Na2HPO4 Pancreac Quimica

NaCl Sigma

NaHCO3 Merck

NaOH BDH

Neutral red Sigma

Nile Red Sigma

Nitroprusside Sigma

Pre-stained protein molecular weight standard

(Novex Sharp)

Invitrogen

Paraformaldehyde BDH

Penicillin-Streptomycin-Neomycin (PSN) Gibco
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Periodic acid Sigma

pH standards (IUPAC, pH 10.012/7.00/4.00) Radiometer analytical

Phosphatase inhibitor cocktail Sigma

Phosphomolybdic acid Sigma-Aldrich

Potasium ferricyanide Sigma

Prostaglandins Cayman Chemical

Protease inhibitor cocktail Sigma

Protein molecular weight marker, broad range Sigma

Proteinase K Sigma

SDS BDH

Silica gel 60 ADAMANT on TLC plates (glass) Fluka

Silver nitrate Sigma

Sodium borohydride Sigma-Aldrich

Sodium carbonate BDH

Sodium hypochloride Sigma-Aldrich

Sodium thiosulfate M&B Laboratory Chemicals

Streptavidin Alexa Fluor® 546 conjugate Invitrogen (Molecular Probes)

Sudan Black Sigma

Syto® 17 Invitrogen (Molecular Probes)

TEMED Sigma

Tricine Sigma

Triton-X-100 BDH, Sigma

Trizma Base (Tris) Sigma

Trypsin Sigma

Trypsin inhibitor from Glycine max (soybean) Sigma

Xylene Merck

Zenon® Mouse IgG labelling Kit Invitrogen (Molecular Probes)

β-Galactosidase from Escherichia coli Sigma

β-Mercaptoethanol Merck


