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1. Introduction 

1.  INTRODUCTION 
 

 

Abomasal nematodes constitute an economically important group of 

gastrointestinal parasites in domestic ruminants worldwide, with Haemonchus 

contortus and Ostertagia circumcincta in sheep and Ostertagia ostertagi and 

Trichostrongylus axei in cattle being the most common parasites (URQUHART et 

al. 1987). Impaired weight gain, wool growth or milk production and poor 

reproductive performance caused by subclinical and chronical infections are the 

main reasons for the production loss, although in severe cases mortality can also 

occur (HOLMES 1985).  

 

Direct effects of parasitic gastritis are disturbed abomasal functions (reduced 

acid secretion, increase in serum pepsinogen and gastrin) and the loss of protein 

across the gut wall, with further negative metabolic consequences through 

anorexia, the induction of a negative nitrogen balance and the costs for repairing 

the damaged tissue and mounting the immune response  (PARKINS et al. 1973; 

COOP and KYRIAZAKIS 1999). Infections with the blood-feeding H. contortus 

are particularly pathogenic because they additionally cause a substantial 

anaemia (PARKINS and HOLMES 1989).  

 

Various authors have investigated the role of parasite excretory/secretory (E/S) 

substances in abomasal pathophysiology (SIMPSON 2000), but whether 

parasite chemicals have a direct effect on gastric cells or act indirectly by 

stimulating inflammation and release of cytokines is still under discussion.  

 

The inflammatory response of the abomasum involves the accumulation of large 

numbers of eosinophil and neutrophil granulocytes in the parasitized tissue 

(SCOTT et al. 1998a, 2000). There is some evidence that in addition to factors 

released by the host chemotaxins secreted by the parasites themselves may 

actively recruit these cells. Such chemotactic factors have been demonstrated 

for a range of parasites including O. ostertagi (KLESIUS et al. 1986), Ascaris 
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1. Introduction 

suum (TANAKA et al. 1979) and Onchocerca volvulus (RUBIO DE KRÖMER et 

al. 1998). The objective of this study was to investigate the presence of such 

chemotactic factors in E/S products or extracts of the sheep nematodes H. 

contortus and O. circumcincta through suitable in vitro and, if possible, in vivo 

methods. 
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2. Literature Review 

2. LITERATURE REVIEW 
 
 
 

2.1. Abomasal Parasites in Sheep 
 
 

2.1.1.  Taxonomy and Morphology 
 

The abomasal nematodes H. contortus and O. circumcincta both belong to the 

family Trichostrongylidae in the order Strongylida, which is a member of the 

class Secernentea (ECKERT et al. 1992).  

 

Polymorphism is not uncommon in the Trichostrongylidae, especially in the 

subfamily Ostertagiinae, where, for example, O. circumcincta and O. trifurcata 

are considered morphs of the same species (LANCASTER et al. 1983). 

 

The morphological characteristics of H. contortus, also called the red or twisted 

stomach worm or barber’s pole worm, are a weakly pronounced mouth capsule 

with a single strong dorsal lancet, two prominent cervical papillae in the 

oesophageal area and longitudinal and transversal striation along the anterior 

end.  Males are of evenly red colour, 19-22 mm long and their spicules, each 

with a small barb at the end, measure 480-540 µm. The bursa is trilobed, with an 

asymmetrical dorsal lobe and long lateral lobes. The females measure 25-34 

mm, with a sharply pointed slender tail and a vulva typically covered by an 

anterior vulval flap. Their white ovaries are wound spirally around the red 

intestine, giving it the “barber’s pole” appearance (SKRJABIN et al. 1954, 

SOULSBY 1965; ECKERT et al. 1992).  

 

O. circumcincta  has a terminal mouth opening leading into a small unarmored 

mouth cavity, two small lateral cervical papillae and 10-18 longitudinal grooves 

on the surface of the cuticle. The male is 7-10 mm long. Its two rod-shaped 

spicules, which measure 400-450 µm, are each fitted with two lateral fins. The 
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2. Literature Review 

powerfully developed bursa is composed of three lobes, of which the dorsal lobe 

is very weakly developed. Female worms have a length of 10-13 mm and a 

conically pointed tail, with an outward bulge of 3-5 rings close to the tip. The 

vulva is covered by a flap (SKRJABIN et al. 1954; ECKERT et al. 1992). 

 

 

2.1.2. Life Cycle 
 

H. contortus and O. circumcincta have a similar direct life cycle (URQUHART et 

al. 1987), which includes a free-living phase in the environment and a parasitic 

phase in the host.  

 

The free-living phase starts with the fertilised eggs that had been laid by gravid 

females in the abomasal lumen and passed with the faeces into the environment, 

where the first-stage larvae (L1) hatch (SILVERMAN and CAMPBELL 1959; 

WALLER and DONALD 1970). They grow in the faeces, feeding on organic 

material (e.g. faecal bacteria), moult for the first time (first ecdysis) to the 

unsheathed second-stage larvae (L2) and a second time, without casting the 

sheath (second ecdysis, incomplete), to the infective ensheathed third-stage 

larvae (ECKERT et al. 1992). This development depends on environmental 

conditions such as temperature, humidity and a sufficient oxygen supply. Under 

ideal conditions, infective larvae can be present in less than a week. The 

ensheathed L3 are far less sensitive to an unfavourable environment than the 

previous parasite stages. They leave the faeces, especially after a prolonged 

period of rain, and reach the vegetation to be picked up by grazing animals 

(ECKERT et al. 1992). 

 

The parasitic phase starts after ingestion by the host of L3, which complete the 

second ecdysis by exsheathing in the rumen within the first hour after ingestion 

(STOLL 1943; DAKKAK et al. 1981). This is initiated by the parasite through 

secretion of an exsheathing fluid (ROGERS and SOMMERVILLE 1960) and by 

components of the ruminal bicarbonate buffer system (SOMMERVILLE 1957; 
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ROGERS and SOMMERVILLE 1960, 1963, 1968; HERTZBERG et al. 2002).       

The exsheathed L3 reach the abomasum with the flow of ingesta, where they 

enter the gastric glands to undergo further development (SILVERMAN and 

PATTERSON 1960). During this histotropic phase, which takes 2-3 days in H. 

contortus (STOLL 1943; SOMMERVILLE 1963; HUNTER and MACKENZIE 

1982) and 5-6 days in O. circumcincta (SOMMERVILLE 1954; DASH 1985), the 

parasites moult for the third time to become fourth-stage larvae (L4). They may 

then emerge from the glands as L4 and complete their development in the 

abomasal lumen (SOMMERVILLE 1954, 1963), remain in the tissues and moult 

once more to become immature adults before they leave the glands, or enter a 

hypobiotic state as L4, in which they remain in the abomasal glands for a 

variable length of time (SOMMERVILLE 1954; ARMOUR et al. 1966; ARMOUR 

and DUNCAN 1987).  Arrested development may be caused by a large pre-

existing population of adult abomasal parasites or by the immune status of the 

host (WAGLAND and DINEEN 1967; MAPES and COOP 1970). The immature 

adults (or L5, after the fourth ecdysis) and the adult worms of H. contortus 

possess a piercing mouthpart that they insert into the mucosa to suck blood from 

small mucosal vessels (VEGLIA 1915; DARGIE 1979).  

 

Gravid female O. circumcincta were first observed 12 days after infection (p.i.) by 

DENHAM (1969), while MCLEAY et al. (1973) reported patency on day 13 p.i..  

In H. contortus, eggs are first produced 12-15 days p.i. in susceptible lambs or 

18-20 days p.i. in older animals (SILVERMAN and PATTERSON 1960; HUNTER 

and MACKENZIE 1982; STRINGFELLOW 1986). 

 

The length of the parasitic phase depends on the parasite species, but it also 

varies within the species, influenced by the physiological status and the immune 

response of the host, as well as by the strain of the parasite and its population 

dynamics.  Larval development is influenced by the size of the infective dose 

(DUNSMORE 1960; ELLIOTT 1974a, b; DURHAM and ELLIOTT 1976), the 

presence of adult worms (MICHEL 1971) and the immune status of the host 

(MICHEL 1970; STEAR et al. 1995).  For example, host resistance to H. contortus 
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delays egg laying (SILVERMAN and PATTERSON 1960) and parasite 

development is slowed when high numbers of O. circumcincta L3 are 

administered (ELLIOTT 1974a, b). At high population density, O. circumcincta 

females also lay fewer eggs per worm, which means that faecal egg counts do 

not accurately reflect the number of worms present (ANDERSON et al. 1965; 

STEAR and BISHOP 1999). 

 

 

 

2.1.3. Clinical Disease and Diagnosis  
 

In the field, mainly mixed infections with several trichostrongylid species (H. 

contortus, O. circumcincta, T. axei) occur. Lambs and lactating ewes are 

particularly susceptible to infection and can show severe clinical signs. In older 

animals with a fully functional immune system, the disease remains subclinical, 

but may cause reduced weight gain, as well as impairment of production 

parameters such as wool, meat and milk  (POPPI et al. 1990; HOLMES 1993; 

SYKES 1994; VAN HOUTERT and SYKES 1996; HIEPE 2001).  

 

Clinical signs of severe trichostrongylidosis are emaciation, anaemia, icterus, 

and oedema, whereas melaena and diarrhoea can occur temporarily. The clinical 

effects of haemonchosis are mainly caused by blood loss, since the blood uptake 

of each worm is about 50 µl per day (ROWE et al. 1988). In H. contortus 

infections, the parasitic gastritis presents itself with a thickened gastric mucosa 

with excess mucus, with haemorrhage and blood clots on the eroded mucosa 

(HUNTER and MACKENZIE 1982). During their histotropic phase, O. 

circumcincta larvae cause small white nodules, which may be mainly in the antral 

and pyloric region of the abomasum (ECKERT et al. 1992) or mainly in the 

fundus (SCOTT et al. 1998a). Initially, these lesions are in a localised area 

where larvae are developing, but after the parasites emerge, an overall uneven 

mucosal surface can be seen (ROSS et al. 1968, 1969; SNIDER et al. 1983; 

SCOTT et al. 1998a, 2000). 
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Clinical signs, age of the affected animals (lambs, lactating ewes) and the time of 

year in which the disease occurs (mid-summer to autumn), in addition to 

observation of eggs in the faeces, lead to the diagnosis of a trichostrongylid 

infection. To determine the species of parasite involved, either the eggs must be 

cultured to obtain larvae or adult male worms collected from the abomasa of 

dead sheep (BAUER 1990). Since abomasal nematodes cause an increase in 

serum gastrin and pepsinogen in sheep (LAWTON et al. 1996; SIMPSON et al. 

1997; SIMCOCK et al. 1999; HERTZBERG et al. 1995, 2000), raised levels of 

these substances in a serum or plasma sample can also indicate abomasal 

parasitism.  

 

 

 

2.2. Pathophysiological Changes in the Parasitised 
Abomasum 

 

 

2.2.1. Abomasal Anatomy, Histology and Physiology  
 
The abomasum, the fourth and last chamber of the ruminant stomach, is the 

functional and structural equivalent to the single stomach of monogastric 

mammals.  Three types of gastric glands define the different abomasal regions: 

the very small cardiac zone encircling the omaso-abomasal orifice contains 

cardiac glands; fundic glands are present in the fundus, or body, that presents 

about 90% of the mucosal surface and has leaf-like spiral mucosal folds 

protruding into the lumen and running towards the pylorus, which is the third 

gastric region carrying the pyloric glands (SCHUMMER and HABERMEHL 

1987).   

 

The abomasum is innervated by the autonomic nervous system with 

parasympathic fibres from the dorsal and ventral vagus and sympathetic fibres 

from the coeliac ganglion. They influence the intramural gastric nervous system 
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represented through the plexus myentericus, which lies in the muscular layer of 

the abomasal wall and regulates gastric motility, and the plexus submucosus, 

situated in the tela submucosa, which influences the secretory functions of the 

abomasum (MOSIMANN and KÖHLER 1990).  Blood is supplied through the 

right and left gastric and gastroepiploic arteries running along the greater and 

lesser curvatures of the abomasum; the accompanying venous blood vessels 

drain into the portal vein (WILKENS and MÜNSTER 1984). 

 

Histologically, four different layers can be differentiated in the gastric wall: (1) the 

tunica serosa, covering the outside of the abomasum; (2) the tunica muscularis, 

made up of two smooth muscle layers; (3) the tela submucosa as the connective 

tissue to (4) the inner mucosal part, the tunica mucosa. The mucosa itself 

consists of a thin muscle layer (lamina muscularis mucosae), connective tissue 

(lamina propria mucosae) that embeds the gastric glands and, separated by a 

basal membrane, the mucus-secreting epithelium (lamina epithelialis mucosae) 

that covers the gastric surface (LIEBICH 1990).  

 

The glands in the cardiac region are coiled and branched and contain cells that 

secrete mucus. The pyloric glands are also coiled and lined with mucus-

secreting cells, endocrine cells, principally G-cells, which secrete gastrin, and D-

cells, which release the paracrine regulator somatostatin. The gastric glands of 

the fundus are straight tubules, several of which open into the base of one 

gastric pit. The pits are lined with surface mucous cells.  The glands contain 

mucous neck cells in the upper segment, the acid-secreting parietal cells 

predominantly in the middle region, while pepsinogen-secreting chief cells are 

present in the base of the glands. Endocrine cells, secreting histamine 

(enterochromaffin-like cells), serotonin (enterochromaffin cells) or somatostatin 

(D-cells), are also present in the fundic glands (MURRAY 1970; BANKS 1986; 

LIEBICH 1990; SCOTT et al. 1998b).  

 

All gastric cells originate from a multipotent stem cell located in the proliferative 

zone in the isthmus at the pit-gland junction, which is located near the base of 
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the mucosa in the pylorus (LEE and LEBLOND 1985a, b) and in the upper half of 

the gland in the fundus (KARAM and LEBLOND 1993a).  Surface mucous cells 

migrate upwards to the pit, parietal cells predominantly move down the gland as 

they mature, while the zymogenic cell line first differentiates into mucous neck 

cells, then matures into chief cells as they migrate downward (KARAM 1993; 

KARAM and LEBLOND 1993a-d). There is a continuous replacement of cells, 

where epithelial surface cells are renewed every 3 days, but glandular cells are 

replaced more slowly, e.g. the turnover time for parietal cells in the mouse 

averages 54 days (KARAM 1993). 

 

The main physiological function of the abomasum lies in the digestion of proteins 

through continuous secretion of acid (HILL 1955, 1960; MCLEAY and TITCHEN 

1970, 1974) and pepsinogen (YAMADA et al. 1988; CYBULSKI and ANDREN, 

1990; SCOTT et al. 1998c, 1999). Intrinsic factor is also produced by fundic 

glands (MCKAY and MCLEAY 1981; LORENZ and GORDON 1993). The 

pylorus plays an important role in regulating acid secretion associated with food 

intake through its release of the hormone gastrin (WALSH 1988; DOCKRAY et 

al. 2001).  

 

 

2.2.2.   Pathophysiology and Changes in Tissue Morphology  
 

In the parasitised abomasum, gastric function and epithelial structure are 

disturbed by larval activity in the glands and subsequently by adult worms 

moving and feeding on the mucosal surface.  Larval invasion and development in 

the gastric glands cause nodular lesions around dilated infected glands, with 

mucous cell hyperplasia and superficial epithelial damage.  Glands containing 

developing larvae are often lined by a flat epithelium containing few secretory 

cells, and surrounding glands show mucous cell hyperplasia and reduced 

numbers of parietal and chief cells (ARMOUR et al. 1966; DURHAM and 

ELLIOTT 1976; ELLIOTT and DURHAM 1976; SCOTT et al. 1998a).  It has been 

suggested that stretching the glands leads to local epithelial mucous cell 
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hyperplasia and cellular de-differentiation in the parasitised glands (ARMOUR et 

al. 1966).  

 

Initially, lesions are localised to areas where larvae are developing, but, after 

parasite emergence into the lumen, there is more widespread mucosal 

hyperplasia, mucous cell hyperplasia and parietal cell loss in non-nodular areas 

(ROSS et al. 1968, 1969; SNIDER et al. 1983; SCOTT et al. 1998a, 2000).  

Transplantation of adult worms has demonstrated their importance in causing 

both extensive histological changes and also in altering gastric secretion 

(ANDERSON et al. 1985; MCKELLAR et al. 1986, 1987; LAWTON et al. 1996; 

SIMPSON et al. 1997; SCOTT et al. 1998a, b, 2000).  Widespread loss of 

parietal cells is seen as early as 1 day after transfer of adult O. circumcincta 

(SCOTT et al. 2000) and parietal cell numbers can be halved after 8 days p.i. 

(SCOTT et al. 1998a).  Along with the rapid decrease in abomasal acid 

secretion, the parietal cells develop dilated canaliculi and/or degenerative 

changes typical of necrosis (SCOTT et al. 2000). 

 

The emergence of parasites from the glands is associated with reduced acid 

secretion and increased serum gastrin and pepsinogen concentrations 

(ANDERSON et al. 1965, 1976; ARMOUR et al. 1966; JENNINGS et al. 1966; 

MCLEAY et al. 1973), so that the length of the histotrophic phase determines 

when abomasal dysfunction first becomes apparent.  This occurs in sheep 2-4 

days p.i. with H. contortus (SIMPSON et al. 1997), 5-6 days p.i. with O. 

circumcincta (ANDERSON et al. 1976, 1981; LAWTON et al. 1996) or 15-17 

days p.i. with O. leptospicularis (HERTZBERG et al. 1995, 1999b, 2000), or after 

16 days p.i. with O. ostertagi in cattle (JENNINGS et al. 1966; FOX et al. 1987).  

Abomasal dysfunction was attributed to tissue damage during emergence 

(JENNINGS et al. 1966), until it was shown that gastric secretion is also affected 

when adult worms are directly transferred into recipient animals.  After 

transplantation of adult O. ostertagi  (MCKELLAR et al. 1986, 1987), O. 

circumcincta (ANDERSON et al. 1976, 1981; LAWTON et al. 1996; SIMPSON et 

al. 1999; SCOTT et al. 1998a, b, 2000) or H. contortus (SIMPSON et al. 1997), 
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abomasal pH and serum gastrin and pepsinogen concentrations became 

elevated within a day, except in the calves of MCKELLAR et al. (1987), in which 

only serum pepsinogen concentrations increased. 

 

Inhibition and loss of parietal cells appears to be a key event responsible for both 

secretory dysfunction and the altered cellular composition of the gastric glands 

(SIMPSON 2000).  Mucous cell hyperplasia and loss of chief cells may result 

from the failure of immature mucous neck cells to mature to chief cells in the 

absence of the correct signals from parietal cells (SIMPSON 2000).  Similar 

histological changes are seen in transgenic mice lacking parietal cells (LI et al. 

1995, 1996a; CANFIELD et al. 1996; KARAM et al. 1997; SCHULTHEIS et al. 

1998) and in isolated gastric glands exposed to ammonia, in which chief cells 

became apoptotic after the parietal cells were killed (HAGEN et al. 1997).  

 

The abomasal hypoacidity reduces pepsinogen activation and appears to be 

responsible for increased gastrin secretion, at least in the initial phase of 

infection. Hyperpepsinogenaemia is attributed mainly to the increased back-

diffusion of luminal pepsinogen through the more permeable mucosa (HOLMES 

and MACLEAN 1971). Gastrin is a key stimulant of parietal cell secretion by 

increasing histamine secretion from enterochromaffin-like cells (PRINZ et al. 

1999), as well as a growth factor which maintains parietal cell numbers and the 

architecture of the fundic mucosa (DOCKRAY et al. 2001). Hypergastrinaemia 

eventually aids the generation of a new population of parietal cells in the 

parasitised abomasum.  

 

Parasite E/S products have been suggested to play a direct or indirect role in 

these pathological events. Two in vivo experiments support the involvement of 

E/S products in inhibition of acid secretion: abomasal pH increased in sheep in 

which adult worms were confined in porous bags (SIMPSON et al. 1999) and 

intramuscular administration of extracts of O. ostertagi inhibited acid secretion in 

rats (EILER et al. 1981).  Direct inhibitory effects on parietal cells are supported 

by in vitro experiments in which H. contortus E/S products reduced the uptake by 
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rabbit gastric glands of histamine-stimulated 14C-aminopyrine (MERKELBACH et 

al. 2002).  This is an indirect technique used to monitor acid secretion in isolated 

parietal cells and glands (BERGLINDH et al. 1976; BERGLINDH 1977; CHEW et 

al. 1980; CHEW 1986). RIKIHISA and HAMMERBERG (1982) reported that 

Ostertagia E/S products reduced the oxygen consumption of rat gastric mucosal 

cells, also an indicator of gastric acid secretion (BERGLINDH et al. 1976).   

 

Parietal cell inhibition by E/S products may also be indirect, either by inhibiting 

histamine secretion by the enterochromaffin-like cells (HERTZBERG et al. 

1999a) or by stimulating inflammation and the release of cytokines such as 

interleukin (IL)-1 and tumour necrosis factor (TNF)-α, both of which are potent 

inhibitors of the parietal cell (ROBERT et al. 1991; BEALES and CALAM 1998) 

and IL-1 also of the ECL cell (PRINZ et al. 1997). The timing of the influx of 

inflammatory cells matches that of parietal cell inhibition: neutrophils, 

lymphocytes and eosinophils began accumulating 1-2 days after adult transfer 

and were present in large numbers after eight days (SCOTT et al. 1998a, 2000).  

 

 

 

2.3. Inflammatory Response to Parasitic Invasion 
 

 

2.3.1.  Cellular Infiltration of the Abomasal Mucosa 
 

The cellular response to abomasal nematodes involves the accumulation of 

inflammatory cells such as mast cells and globular leukocytes, neutrophil and 

eosinophil granulocytes as well as lymphocytes. Cell pattern, time course, 

magnitude and effects of this cellular infiltration vary under the influence of 

several factors. Important host variables are its age (KNIGHT and ROGERS 

1974; SALMAN and DUNCAN 1984), immune status regarding previous 

exposure to parasites (STEVENSON et al. 1994), genetic predisposition 

(WOOLASTON et al. 1990; GAMBLE and ZAJAC 1992), reproductive status 
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(MANSFIELD and GAMBLE 1995) and plane of nutrition (MCKELLAR 1993).  

The pattern of experimental infection (single/repeated doses of infective larvae; 

transplantation of adult worms), strain and developmental stage (larvae/adults) of 

the parasite also influence the observations made in the infected animal.  

 

Generally, infiltration of the lamina propria with neutrophil and eosinophil 

granulocytes and mast cells starts from the proprial blood vessels within a few 

days after infection (CHARLESTON 1965; ARMOUR et al. 1966; HUNTER and 

MACKENZIE 1982; SCOTT et al. 2000). Lymphoid cells are found around blood 

vessels 4 days p.i., forming follicles of mainly plasma cells 35 days p.i. (HUNTER 

and MACKENZIE 1982). By day 21 p.i., globular leukocytes (derivates of 

mucosal mast cells) infiltrate the epithelium (ARMOUR et al. 1966). Other 

histological findings in the infected abomasum are loss of the surface mucus 

layer and oedema of the mucosa and submucosa (SALMAN and DUNCAN 

1984).  

 

Several authors have identified the cellular response in the abomasal mucosa as 

a hypersensitivity reaction to parasite antigens (MCKELLAR 1993; MEEUSEN 

1999; BALIC et al. 2000a). The immediate hypersensitivity reaction seen after 

challenge infection of immune animals is characterised by high numbers of 

abomasal mucosal mast cells that degranulate and recruit eosinophils as well as 

neutrophils, basophils, macrophages, and lymphocytes. It develops within 30 

minutes of antigen contact and persists for 1-2 days. A delayed hypersensitivity 

reaction, mediated by a subset of lymphocytes, the T helper 2 type cells, often 

occurs in sensitised hosts concurrently with the immediate hypersensitivity 

reaction and is characterised by an influx of predominantly eosinophils 

(MEEUSEN 1999). 

 

Infiltration of the mucosa with inflammatory cells develops weakly and more 

slowly in young and parasite-naïve animals than in older and pre-exposed 

animals (SALMAN and DUNCAN 1984; BALIC et al. 2000a). Only mild blood and 

tissue eosinophilia were found on day 10 p.i. in parasite-naive lambs given a 
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single dose of O. circumcincta L3. In contrast, lambs that had been infected 

repeatedly and then drenched before being challenged rapidly mounted a 

substantial local inflammatory response and blood eosinophilia (STEVENSON et 

al. 1994). Significantly greater numbers of mucosal mast cells and globular 

leukocytes were found in sheep immunised by repeated infection with T. 

colubriformis and H. contortus compared with parasite-naive animals (DOUCH et 

al. 1996).  

 

The inflammatory cell profile in the abomasal mucosa during infection with larval 

parasites differs from the response seen in animals bearing an adult nematode 

burden. Several studies indicate that mucosal mast cell hyperplasia is 

predominantly associated with the presence of adult parasites. BALIC et al. 

(2000b) observed a small increase in mucosal mast cells and globular 

leukocytes in 5-month-old lambs 5 days p.i. with 50,000 L3 H. contortus, but 

higher numbers were detected in lambs bearing an adult worm burden. Mucosal 

mast cells appeared after 4 weeks of weekly infection of sheep with O. 

circumcincta and intraepithelial globular leukocytes were found after 8 weeks of 

continuous dosing (SEATON et al. 1989a, b). 

  

Major changes in the mucosal lymphocyte population also occur during the larval 

infection stage. Increased numbers of B cells, γ/δ T cells and T helper cells were 

seen in the abomasal tissue after primary infection of lambs with H. contortus at 

3 and 5 days p.i. and all lymphocyte numbers, particularly B cells, decreased in 

adult infection (BALIC et al. 2000b). These cellular responses are even more 

pronounced in challenge infections of sensitised sheep (BALIC et al. 2000a).  
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2.3.2.  Structure, Function and Biochemical Properties of 
Inflammatory Cells in Parasitic Infection 

 

 
2.3.2.1.         Eosinophil Granulocytes 
 

2.3.2.1.1. Structure and Differentiation  

 

Mature eosinophils found in blood and tissues are characterised by their 

segmented nucleus and by large intracytoplasmic granules, which stain a yellow-

pink colour with acidic dyes such as eosin (WARDLAW and MOQBEL 1992).      

 

The bone marrow is the main production site for eosinophils as well as basophils 

and neutrophils. They all share a common precursor cell, the myeloblast, which 

divides and further develops into promyelocytes.  In the following myelocytic 

stage, specific granules appear and the distinction into neutrophil, eosinophil and 

basophil myelocytes can be made. In the subsequent metamyelocytic stage, 

division ceases and after further maturation the cells obtain their characteristic 

granulocyte features (LIEBICH 1990). In the rat, this cell cycle is completed in 

22-30 hours and the mature cells are released from the bone marrow after 36-40 

h. In parasitised animals, the first takes only about 9 h and the latter 18 h 

(MCEWEN 1992). Several cytokines have been implicated in eosinopoiesis, with 

IL-3 and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

stimulating the development of early precursor cells, whereas IL-5, produced by 

activated T cells and mast cells, is the principal cytokine that specifically 

stimulates proliferation and differentiation of eosinophil progenitors (JONES 

1993). 

 

In sheep, eosinophil granulocytes represent about 3-5% of peripheral blood 

leukocytes (LIEBICH 1990), but the circulating cells are only in transit between 

the sites of production and the tissue sites of consumption, mainly the skin and 

mucosal sites (CAPRON and DESREUMAUX 1996). It is estimated that for every 

circulating eosinophil there are 200 mature cells in the bone marrow and 500 in 
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loose submucosal connective tissues (KAY 1985). The life span of eosinophils is 

not known exactly; it has been estimated to be several days in healthy tissues 

(WELLER 1991) but can be prolonged during helminth infection or allergic 

reactions (BEHM and OVINGTON 2000). Apoptotic cells are phagocytosed by 

other cells, such as macrophages, or excreted after transepithelial migration in 

the gut or lungs (KAY 1985). 

 

Two populations of eosinophils of different densities can be separated from 

humans with eosinophilia (VADAS et al. 1979; BASS et al. 1980) or from 

parasitised sheep (CHAMBERS 1990). The eosinophils with lighter density, 

called hypodense eosinophils, are metabolically more active (increased 

production of mediators, increased chemotaxis) than normal (normodense) 

eosinophils (WINQVIST et al. 1982). They are also more cytotoxic for helminth 

larvae in vitro (CAPRON et al. 1984) and show morphological alterations and 

increased surface cell receptor expression (WELLER 1991). 

 

2.3.2.1.2. Function  

 

Although eosinophils are able to phagocytose particulate matter (e.g. mast cell 

granules and immune complexes) and release bactericidal substances (GLEICH 

and ADOLPHSON 1986), they cannot effectively defend against bacterial 

infections as neutrophils can. The main role of eosinophils is seen in the defence 

against larger pathogens that cannot be phagocytosed, such as helminth 

parasites (JONES 1993). At the site of helminth infection, eosinophils become 

activated and secrete immunomodulatory and proinflammatory mediators and 

cytokines. They degranulate and release cytotoxic products. Eosinophils are also 

thought to take part in wound healing, tissue repair and fibrosis and may act as 

antigen-presenting cells (WELLER and LIM 1997). 
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2.3.2.1.3. Granule Proteins 

 

Eosinophil granules contain several basic proteins, as described by JONES 

(1993): a crystalloid core is composed of major basic protein (MBP), surrounded 

by a matrix containing mainly eosinophil cationic protein (ECP), eosinophil 

peroxidase (EPO) and eosinophil-derived neurotoxin (EDN). Of the granule 

proteins, MBP, ECP and EPO were shown to be cytotoxic for helminth parasites 

as well as mammalian cells in vitro (GLEICH 1990). BUTTERWORTH et al. 

(1979) demonstrated the cytotoxity of purified MBP for larvae of Schistosoma 

mansoni. MBP and EPO have also been shown to be strong agonists for platelet 

activation (ROHRBACH et al. 1990) and ECP inhibits lymphocyte proliferation in 

vitro (PETERSON et al. 1986). The bactericidal and helmithicidal activity of EPO 

is intensified when it is combined with hydrogen peroxide (H2O2) and halide ions, 

e.g. bromide (GLEICH and ADOLPHSON 1986). EDN has a marked 

ribonuclease activity and was shown to be neurotoxic in rabbits and guinea pigs, 

causing the so-called “Gordon phenomenon” (GLEICH and ADOLPHSON 1986).   

 

Eosinophils also contain various enzymes, such as histaminase, collagenase, 

arylsulphatase, acid phosphatase and lysophospholipase. The latter makes up 

the Charcot-Leyden crystals, which are found at sites of eosinophil degranulation 

(JONES 1993). The role of lysophospholipase is unknown, but it may be a 

protection against the toxic effects of endogenous or parasite-derived 

lysophospholipids (JONES 1993). The granule contents are released through 

degranulation. This process is initiated by cross-linking of surface receptors after 

binding of molecules such as immunoglobulins and complement (BALIC et al. 

2000a). 

 

2.3.2.1.4. Eosinophil-derived Mediators 

 

Eosinophils are also able to newly synthesise and release a range of cytokines 

and membrane-derived lipid mediators. The secreted lipid mediators leukotriene 

(LT) C4, LTD4, prostaglandin (PG) E2, thromboxane (TX) B2 and platelet 
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activating factor (PAF) stimulate vasoactivity, smooth muscle contraction and 

secretion of mucus (WARDLAW and MOQBEL 1992; BEHM and OVINGTON 

2000). PAF also has chemotactic activity for eosinophils and stimulates the 

effector functions of eosinophils, neutrophils, macrophages and platelets (BEHM 

and OVINGTON 2000).  Other mediators secreted by eosinophils are various 

cytokines and growth factors (GM-CSF, IL-3, IL-5, eotaxin), regulators of the 

immune response [IL-2, IL-4, IL-10, IL-12, IL-16, Interferon (IFN)-γ] and other 

substances involved in inflammation, fibrosis, wound healing and tissue repair, 

such as transforming growth factor (TGF)-α, TGF-β, TNF-α, IL-1α, IL-1β, IL-6 

and IL-8 (WARDLAW and MOQBEL 1992; CAPRON and DESREUMAUX 1996; 

BEHM and OVINGTON 2000).  The cytotoxity of eosinophils is also partly due to 

their ability to generate substances like superoxide and hydrogen peroxide in the 

oxidative burst (WARDLAW and MOQBEL 1992). 

 

2.3.2.1.5. Migration and Activation  

 

Eosinophils react towards a variety of signals, transmitted through chemical 

ligands that bind to receptors expressed on the cell surface. This leads to 

activation of the cells and their migration to the source of the chemotactic 

stimulus, where they synthesise and secrete their stored or newly formed 

biologically active molecules.  

 

The first step in eosinophil migration from blood into tissues involves adhesion to 

endothelial cells through interaction between their surface receptors and 

eosinophil adhesion molecules. Receptor expression increases when the 

endothelial cells are stimulated with inflammatory mediators (e.g. IL-1, TNF-α) 

and eosinophil adhesion is up-regulated by mediators such as PAF, IL-3 and IL-

5; the latter two selectively enhance eosinophil but not neutrophil adhesion 

(WALSH et al. 1990; BEHM and OVINGTON 2000).  

 

Following adhesion to the endothelium, migration of eosinophils into the tissues 

is controlled by cytokines and chemokines. Apart from its role in eosinophil 
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differentiation in the bone marrow, IL-5 also is an important cytokine in eosinophil 

recruitment and activation (SANDERSON 1992; MOULD et al. 1997). During 

eosinophilia in allergic conditions and helminthosis, IL-5 mobilises eosinophils 

from the bone marrow, while the chemokine eotaxin induces sequestration of 

eosinophils from blood into the tissues. Both substances selectively regulate 

eosinophil trafficking and are also generated in inflamed tissue, where IL-5 is 

critical for eosinophil homing and migration into tissues in response to eotaxin 

(COLLINS et al. 1995). Other substances possibly involved in the complex 

process of eosinophil recruitment are the cytokines IL-1, IL-3, IL-4, GM-CSF, 

TNF-α and other chemotactic substances such as leukotrienes, PAF, 

macrophage inflammatory protein (MIP) 1α, monocyte chemoattractant protein 

(MCP) 3 and the anaphylatoxins histamine, C3a and C5a (MCEWEN 1992; 

WARDLAW and MOQBEL 1992). Some parasites also secrete factors with direct 

chemotactic potential for eosinophils, as described below in Section 2.5.  

 

Eosinophils possess Fc-receptors for antibody, and receptor binding of the 

immunoglobulins IgE, IgG and IgA was shown to trigger degranulation in vitro 

(CAPRON and CAPRON 1990; ABU-GHAZALEH et al. 1989). Binding of the 

secretory component of IgA provides a potent stimulus for eosinophil 

degranulation (LAMKHIOUED et al. 1995).  

 

 

2.3.2.2.         Neutrophil Granulocytes 
 

Neutrophils are structurally characterised by their multilobular nucleus and pale, 

finely granular cytoplasm. Their two major types of granules take up neither 

acidic nor basic dyes. Primary (azurophil) granules contain enzymes such as 

myeloperoxidase, lysozyme, neutral proteases such as elastase and acid 

hydrolases (β-glucuronidase and cathepsin B). Secondary (specific) granules 

contain lysozyme, collagenase and the iron-binding protein lactoferrin (TIZARD 

1994). 
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Under physiological conditions, neutrophil granulocytes make up 30-40 % of 

peripheral blood leukocytes in sheep (LIEBICH 1990). Although they are present 

in the inflamed abomasal tissue, neutrophils are not regarded as a key feature in 

abomasal parasitic infection. In some other parasitisms, such as the filarial worm 

Onchocerca, the inflammatory response is characterised by neutrophils as well 

as eosinophils (MEDINA DE LA GARZA et al. 1990), however, there is evidence 

that this neutrophil accumulation is in fact due to the presence of endobacteria in 

the filarial worms (BRATTIG et al. 2001). Generally, the major role of neutrophils 

is seen in phagocytosis and destruction of invading microorganisms and cellular 

debris (WITKO-SARSAT et al. 2000), but they also act as proinflammatory cells 

causing tissue injury (WEISS 1989). 

 

Neutrophils are released as final stage cells from the bone marrow and circulate 

in the bloodstream. They leave the blood at sites of increased adhesiveness of 

the vascular endothelium and move in the tissue along a gradient to the source 

of chemoattractant generated by bacteria and/or tissue injury.  Neutrophil 

chemotactic substances include bacterial substances (e.g. lipopolysaccharides) 

and fungal components, the peptide C5a (generated during activation of the 

complement system), LTB4 and cytokines such as TNF-α, IL-1 and IL-8, which 

strongly and specifically attracts neutrophils (CASWELL et al. 1999), growth 

factors like GM-CSF, and other mast cell and lymphocyte-derived factors 

(BUCHTA 1990; MULDER and COLDITZ 1993). Apart from being 

chemoattractants, these substances have been shown to activate neutrophils 

and amplify several of their functions, such as the capacity to adhere to 

endothelial cells, stimulation of degranulation, phagocytosis and oxidative 

responses (WITKO-SARSAT et al. 2000). 

 

Evidence has been presented that neutrophils can not only detect cytokines but 

are also a source of various proinflammatory cytokines, including TNF-α, IL-1α, 

Il-1β, IL-8, IL-12, IFN-α, IFN-β (CASSATELLA 1999), and some with 

antiinflammatory properties. This cytokine production can be modulated by T 

cell-derived regulatory cytokines: positively by T helper 1 type cytokines and 
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negatively by T helper 2 type cytokines (CASSATELLA 1999). It was also 

reported that the amount of mediators produced in vitro by neutrophils is much 

lower than the production by mononuclear cells (CASSATELLA 1995), but with 

neutrophils outnumbering monocytes in blood and at inflammatory sites, this 

might not be so obvious in vivo. 

 

Neutrophils contain Fcγ- and complement receptors on their surface that promote 

the ingestion of IgG- or complement-coated bacteria or other pathogens 

(WITKO-SARSAT et al. 2000). After uptake by a neutrophil, the pathogen is 

destroyed in the phagolysosome through release of the granule contents and the 

respiratory burst, which generates bactericidal products such as H2O2 and 

hypochloride ions.  Some of these factors may also be released into the 

extracellular environment and damage the surrounding tissue (WAKELIN 1996), 

for example neutrophil proteases expressing unrestrained activity in the 

extracellular matrix of the lung can cause emphysema (JANOFF 1985). 

Neutrophils can undertake only a limited number of phagocytic events, and their 

life span, once released into the blood, is estimated to be only a few days 

(TIZARD 1994). Apoptotic neutrophils are cleared from the inflammatory site 

through ingestion by macrophages (COX et al. 1995). 

 

 

2.3.2.3.         Mast Cells and Basophil Granulocytes 
 

2.3.2.3.1. Mast cells 

 
Mast cells are large, round cells with a bean-shaped nucleus. Their cytoplasm 

contains large granules staining metachromatically with basic dyes such as 

toluidine blue (TIZARD 1994). Mast cells originate from haematopoietic bone 

marrow precursor cells and, unlike granulocytes, are released into the blood as 

precursors which differentiate in vascularised tissues (GUY-GRAND et al. 1984). 

They are found around blood vessels in connective tissues, where they are 

named connective tissue mast cells (CTMC) and at surfaces exposed to the 
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environment, such as skin, lung and the mucosa of the gastrointestinal tract, 

where they are termed mucosal mast cells (MMC) and reside in the lamina 

propria and in the epithelium (WEDEMEYER and GALLI 2000). Intraepithelial 

mast cells have larger granules than other MMC, which is especially apparent in 

ruminants, where they are termed globular leukocytes (HUNTLEY et al. 1984; 

BALIC et al. 2000a).  

 

Growth and differentiation of mast cells are under the control of certain 

cytokines. Stem cell factor (SCF), derived from fibroblasts and bone marrow 

stromal cells, and T cell-derived cytokines such as IL-3, IL-4, IL-9 and IL-10 

promote mast cell growth, while IFN-γ inhibits mast cell proliferation (IHLE et al. 

1983; TSAI et al. 1991; WAKELIN and GRENCIS 1992; TIZARD 1994). In 

addition, SCF is chemotactic for mast cells and controls their migration into 

tissues. It also regulates apoptosis and the production and secretion of mast cell 

mediators (WEDEMEYER and GALLI 2000). 

 

Mast cells are important effector cells in IgE-associated responses of acquired 

immunology, which include allergic diseases like asthma and other immediate 

hypersensitivity reactions. Together with eosinophilia, gastrointestinal 

mastocytosis is regarded as a hallmark of parasitic helminth infections 

(FALCONE et al. 2001). Because of their ability to secrete various mediators, 

they are also thought to express active immunomodulatory functions in these 

events, for example stimulating migration and activation of other leukocytes 

(CHURCH et al. 1994; WEDEMEYER and GALLI 2000; WILLIAMS and GALLI 

2000). The most important trigger for mast cell activation is cross-linking of 

specific IgE bound to high-affinity receptors (FcεRΙ) on the cell surface by 

antigens, followed by aggregation of occupied FcεRΙ (TIZARD 1994). These 

events lead to degranulation, synthesis and secretion of lipid mediators and 

cytokines (KINET 1999; TURNER and KINET 1999). 

 

Some variations in granule contents exist between species and different mast 

cell subpopulations (TIZARD 1994), but generally the cytoplasmic granules 
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contain heparin (in some species also serotonin) and chondroitin sulphates, 

which are thought to help in binding and storing histamine in the granules, as 

well as carboxypeptidases and neutral proteases, especially chymases and 

tryptases (WEDEMEYER and GALLI 2000). Histamine is responsible for actions 

involved in acute allergic reactions, such as vasodilation, increased vascular 

permeability, increased mucus secretion and smooth muscle contraction causing 

gastrointestinal hypermotility. Proteases can destroy surrounding cells and 

activate the complement factors C3 and C5 to generate vasoactive 

anaphylatoxins (TIZARD 1994).  Mast cells are also able to synthesize a range 

of mediators with proinflammatory properties, such as several lipid mediators 

derived from arachidonic acid (PGD2, LTC4, LTD4, LTE4, PAF) and they have 

been identified as a possible source of various other cytokines and growth 

factors, e.g. IL-1 to -6, IL-8, IL-13, GM-CSF, TNF-α and TGF-β (TIZARD 1994; 

GALLI 2000; WILLIAMS and GALLI 2000).   

 

2.3.2.3.2. Basophils 

 

Basophils are cells of the granulocytic lineage, named after their granules, which 

stain intensely with basophilic dyes such as hematoxylin. They are the least 

numerous cell type of the myeloid system, constituting about 0.5% of blood 

leukocytes, and are normally not found in tissues (TIZARD 1994). Like the other 

granulocytes, they are released into the blood as mature end-stage cells that can 

be recruited into the tissues (GALLI 2000). An important cytokine in basophil 

development, which induces bone marrow and blood basophilia in vivo, is IL-3 

(LANTZ et al. 1998).  

 

The contents of the basic granules are similar to those of mast cells and include 

chondroitin sulphate, proteases and histamine. As in mast cells, degranulation 

can be mediated via cross-linking of IgE bound to FcεRΙ (WEDEMEYER and 

GALLI 2000). The ability of basophils to synthesise other mediators is less well 

researched than in mast cells, but production and secretion of LTC4, IL-4 and IL-

13 have been reported (BRUNNER et al. 1993; LI et al. 1996b).  
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A marked increase in circulating basophils was found in rats during infection with 

the nematode Nippostrongylus brasiliensis (ASKENASE 1977). Similar 

experiments in sheep infected with gastrointestinal nematodes produced a slight 

increase in blood basophil counts and a light basophilic infiltration of the 

intestinal mucosa (ROTHWELL et al. 1994). Some species, e.g. guinea pigs, 

appear to have stronger basophil reactions than others which show more 

pronounced mast cell reactions (e.g. rats and sheep), and it has been suggested 

that there is an inverse relationship between mast cells and basophils in different 

animal species (GALLI and DVORAK 1979).  

 

 

2.3.2.4. Lymphocytes 

 

Lymphocytes are small round mononuclear cells, with a round nucleus that 

stains intensely and evenly with dyes such as hematoxylin, surrounded by a 

small rim of cytoplasm (LIEBICH 1990). They arise from lymphoid stem cells in 

the bone marrow. These precursor cells mature in the primary lymphoid organs, 

where two functionally different lymphocyte populations develop. In mammals, B 

cells are generated in the bone marrow, whereas T cells develop in the thymus 

(WAKELIN 1996). Mature T and B cells are located in spleen, lymph nodes and 

Peyer’s patches. Many of them circulate continuously through blood and 

lymphoid organs, with T cells being the predominant circulating lymphocyte 

population, accounting for up to 80% of circulating lymphocytes (TIZARD 1994).  

 

The lymphocyte subpopulations are identified from their surface molecules. The 

antigen receptor complex found on T cells, the T cell receptor, is comprised of 

either α and β chains (α/β T cells) or γ and δ chains (γ/δ T cells) in combination 

with CD3, a signal transducer molecule found on all T cells. A subset of T cells 

named T helper cells expresses the CD4 complex, which acts as a receptor for 

major histocompatibility complex (MHC) class II molecules. These cells 

recognise processed exogenous antigen. Another T cell type, the cytotoxic T 

cells, expresses the CD8 marker that binds to MHC class I molecules and 
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recognises processed endogenous antigen. These cells can attack and kill 

abnormal cells such as tumour cells. In ruminants, γ/δ T cells constitute a high 

proportion of T cells. They are numerous in the intestinal epithelium and lamina 

propria. It has been suggested that they can recognise foreign antigens and may 

also be cytotoxic (TIZARD 1994). 

 

T helper cells (CD4+ cells) are regulators of the immune response. Their 

receptors bind the antigens associated with the MHC II molecule on the antigen 

presenting cells (e.g. macrophages, dendritic cells, B cells) and they respond by 

secreting cytokines that trigger the next stage of the immune response, since 

cytotoxic cells and B cells can only respond to antigens when they are stimulated 

by T helper cells. Naive T cells, that have not yet made contact with a foreign 

antigen, predominate in young animals, while in older animals the dominant T 

cells are memory T cells, which have had contact with various antigens. Naive T 

cells can differentiate into two subsets, T helper 1 and T helper 2 cells. This 

differentiation is strongly influenced by the immediate cytokine environment the 

cell experiences at the time of antigen presentation (ELSE and FINKELMAN 

1998). 

 

The two subsets of T helper cells, T helper 1 and T helper 2 cells, can be 

distinguished according to the cytokines they secrete and the stimuli that activate 

them. T helper 1 cells are stimulated by contact with antigen, IL-12 and IL-18. In 

response, they secrete IL-2, IL-3, IFN-γ, TNF-α, TNF-β and GM-CSF. They 

support cell-mediated immune responses such as delayed type hypersensitivity 

by activating macrophages and stimulating T cell cytotoxicity (TIZARD 1994). 

Some of their cytokines (IL-2, IFN-γ, TNF-β) inhibit the proliferation of T helper 2 

cells (MOSMANN and SAD 1996).   

 

T helper 2 cells respond to antigen and co-stimulation through IL-1 (from 

macrophages or dendritic cells). They stimulate B cell proliferation and 

immunoglobulin secretion (MOSMANN and SAD 1996). T helper 2 cells secrete 

IL-3, IL-4, IL-5, IL-10, IL-13, TNF-α, and GM-CSF (TIZARD 1994). The cytokines 
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IL-4, IL-5 and IL-10 inhibit the proliferation of T helper 1 cells. As described 

earlier, IL-5 has an important function in the generation of eosinophilia in 

helminth infections and immunity to helminths appears to depend on mounting 

an appropriate T helper 2 cell response (FINKELMAN et al. 1991; GRENCIS 

1996; MEEUSEN 1999; SCHALLIG 2000). Several authors even suggest that 

some parasites, e.g. adult H. contortus, may actively subvert the initial T helper 2 

immune response to a T helper 1 response, leading to chronic primary infections 

(GRENCIS 1996; BALIC et al. 2000a). 

 

B cells are responsible for the production of antibodies. This is triggered by the 

binding of antigen to the B cell antigen receptor, an immunoglobulin of the IgM 

class, together with additional co-stimulatory signals from T helper cells. Under 

the influence of the cytokines IL-4, IL-5 and IL-2, B cells become activated, 

divide and differentiate into the large plasma cells that secrete specific antibodies 

or into the smaller memory cells. Initially, plasma cells will release IgM, but then, 

again under the influence of T cell cytokines, may switch to other 

immunoglobulin classes (IgE, IgA or IgG). The specificity of the antibody 

produced, however, remains unchanged  (TIZARD 1994). Immune reactions in 

sheep involve the isotype antibodies IgG1, IgG2, IgM, IgA and IgE. Research in 

immunity to helminth infections has so far identified a role for IgA, IgG1 and IgE 

(SCHALLIG 2000).  Immunoglobulins binding to their specific antigens can have 

different consequences. Coating of small particles with antibody enables their 

phagocytosis by phagocytic cells. If the target is too large to be phagocytosed, 

adherence of leukocytes and release of their cytotoxic products may lead to 

target surface damage, a process called antibody-dependent cellular cytotoxicity 

(ADCC). Binding of complement to antigen-antibody complexes is the beginning 

of the classical pathway of complement activation, a cascade that results in the 

generation of the membrane attack complex, a tool of cell destruction (WAKELIN 

1996). Apart from producing antibodies, B cells can also act as antigen 

presenting cells (TIZARD 1994). 

 

 36 



2. Literature Review 

2.4. Role of Abomasal Inflammation in Parasite 
Immunity 

 

 

Several of the changes in mucosal and lymphoid tissue, which are regarded as 

characteristic of the inflammatory response to gastrointestinal parasites, have 

been demonstrated to strongly influence the course of a helminth infection.  

These factors include eosinophilia, mucosal mast cell hyperplasia and 

appearance of globule leukocytes, generation of specific antibodies (especially 

IgE) and increased production and changes in mucus quality (FINKELMAN et al. 

1991; MCKELLAR 1993; MEEUSEN 1999; BALIC et al. 2000a).  

 

When infective larvae enter the digestive tract, they first make contact with the 

gastrointestinal mucus. In immune animals, changes in mucins induced through 

larval infection can exclude the parasites from entering their normal tissue niche 

and lead to their rapid expulsion (MILLER et al. 1983).  NEWLANDS et al. (1990) 

found a significant reduction in neutral mucin at the mucosal surface and 

increased quantities of acidic mucin deeper in the mucosa after challenge 

infection of sheep previously immunized with daily doses of H. contortus larvae 

compared with normal controls. Naive animals showed a depletion of both 

neutral and acidic mucin after challenge. Proteases released by O. ostertagi 

were found to degrade bovine mucus and thus might assist parasite penetration 

of the mucus barrier (GELDHOF et al. 2000).  Changes in mucin glycosylation 

alter its physical properties, e.g. rigidity and protease resistance (MONCADA et 

al. 2003). In rats infected with the intestinal parasite N. brasiliensis, the alteration 

of terminal sugars of goblet cell mucins in primed animals prevented the 

establishment of this parasite (ISHIKAWA et al. 1994). 

 

Mast cells and intraepithelial globular leukocytes release potent inflammatory 

mediators, including histamine, prostaglandins, leukotrienes and platelet 

activating factor. These substances can have effects on the host similar to those 

seen in immediate hypersensitivity reactions (CROWE and PERDUE 1992; 

MEEUSEN 1999), including smooth muscle contraction, increased vascular 
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permeability, increased mucus secretion and degradation of blood vessels and 

epithelial cell basement membranes (MEEUSEN 1999; BALIC et al. 2000a). 

Recently, MCDERMOTT et al. (2003) demonstrated that mast cells increase 

epithelial paracellular permeability through degradation of the tight junction 

protein occludin. Mast cell mediators have also been shown to have an effect on 

the gastrointestinal nervous system, inducing increased electrical stimulation and 

acetylcholine release from enteric nerves (MCKAY and BIENENSTOCK 1994), 

which may result in increased water secretion and gut motility. Together, these 

events are thought to create a ‘washer/sweeper’ mechanism that may lead to the 

expulsion of parasites present in the lumen of the gastrointestinal tract (MCKAY 

and BIENENSTOCK 1994; BALIC et al. 2000a). 

 

Mast cells and eosinophils can also directly affect the parasites through release 

of their toxic granule products. Mucosal mast cells and globular leukocytes were 

shown to be the source of substances with larval migration inhibitory (LMI) 

activity that was present in the gastrointestinal mucus of nematode-resistant 

sheep (DOUCH et al. 1986, 1996). This inhibition of larval motility has been 

attributed to leukotrienes by some authors (LEWIS and AUSTEN 1981; DOUCH 

et al. 1983, 1996), but other substances were also suggested to be responsible 

for the larval paralysing activity in mucus (BALIC et al. 2000a). DAUGSCHIES 

and RUTTKOWSKI (1998) demonstrated that addition of eicosanoid synthesis 

inhibitors (e.g. acetylsalicylic acid) to larval cultures causes a dose-dependent 

inhibition of larval migration, which can be reversed by simultaneous addition of 

LTB4, LTC4 and LTD4. Another substance present in the abomasal mucosa and 

mucus of challenged sheep immune to H. contortus or O. circumcincta is the 

enzyme sheep mast cell protease (SMCP), as found by HUNTLEY et al. (1992) 

and STEVENSON et al. (1994). The increase in SMCP observed after larval 

challenge infection was associated with the rapid expulsion of challenge larvae 

(MILLER et al. 1983) and STEVENSON et al. (1994) demonstrated a negative 

correlation between nematode burden and SMCP levels in abomasal mucosa 

and mucus.  
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A number of in vitro experiments have demonstrated the cytotoxic potential of 

eosinophil granulocytes for parasite larvae.  RAINBIRD et al. (1998) observed 

the immobilisation and killing of H. contortus larvae by activated eosinophils and 

the effect was increased when IL-5, specific antibody and complement were 

added. Other parasites that were shown to be damaged or killed by eosinophils 

in vitro include schistosomula of S. mansoni (BUTTERWORTH et al. 1977; 

ANWAR et al. 1980), microfilariae of O. volvulus (GREENE et al. 1981), 

Toxocara canis (FATTAH et al. 1986), Fasciola hepatica cercaria (DUFFUS and 

FRANKS 1980) and Trichinella spiralis larvae (ORTEGA-PIERRES et al. 1984). 

Eosinophils were shown to bind to the parasite, followed by degranulation 

(BUTTERWORTH 1984; RAINBIRD et al. 1998). Deposition of the granule 

contents on the parasite surface, including EPO and other cytotoxic substances, 

induces damage of the target surface (BUTTERWORTH et al. 1979; 

BUTTERWORTH 1984; MCEWEN 1992).  

 

The effect of neutrophil granulocytes on the invading parasites has been less 

well investigated than that of the eosinophil, but there is some evidence that 

neutrophils are involved in the killing of microfilariae of O. volvulus (GREENE et 

al. 1981) and schistosomula of S. mansoni (ANWAR et al. 1980). They probably 

damage the parasites through cytotoxic molecules generated in their oxidative 

bursts (BUTTERWORTH 1984).  

 

In vivo evidence for eosinophil-mediated killing of helminths is more difficult to 

find and some authors doubt that eosinophils are important in expulsion of 

intestinal parasites (ELSE and FINKELMAN 1998), while others propose a role in 

the killing of infective larvae of most helminth parasites, but not in the rejection of 

adult parasites (MEEUSEN and BALIC 2000). In vivo evidence is based mainly 

on histological association of eosinophils with parasites in the tissues (BALIC et 

al. 2000a), for example, infiltrates of degranulating eosinophils were found 

around damaged or dead microfilariae of O. volvulus in skin lesions of infected 

patients (ACKERMAN et al. 1990). In H. contortus infected sheep, eosinophils 

were observed accumulated around larvae penetrating the abomasal tissue. 
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They were in direct contact with the larval surface and in the process of 

degranulation, while most of the surrounded larvae were damaged or dead 

(BALIC et al. 2000a).  

 

Immunity to parasitic helminths does not always lead to the killing of the worms; 

it can also be expressed in arrested development of larvae, reduced fecundity 

and growth or deformation of the parasites (TIZARD 1994; BALIC et al. 2000a). 

The exact mechanisms causing these changes in the parasites are not known, 

but acquired immunity to helminth infection is thought to play an important role 

(TIZARD 1994). The effector cells described above are recruited through 

cytokines released from T helper cells, which are part of the acquired immune 

system as well as the parasite-specific antibodies produced by plasma cells, 

where IgE and IgG1 are of special importance (BALIC et al. 2000a). The 

immunoglobulins bind to the surface of mast cells and induce their degranulation 

when linked by parasite antigen and they coat the parasites, mediating the 

binding and degranulation of eosinophils. Antibodies also mediate the 

neutralization of proteases used by larvae to penetrate the tissues, immune 

complexes of antibody and parasite E/S substances can block the anal and oral 

pores of larvae and larval development and ecdysis may be inhibited by 

antibodies directed against exsheathing antigens (TIZARD 1994). 

 

 

 

2.5. Parasite E/S Products and other Parasite 
Molecules 

 

 

A variety of parasite substances may come in contact with host tissues during 

abomasal parasite infection. These molecules, which are excreted after digestion 

or secreted from secretory glands, mainly those located in the parasite’s 

oesophageal region, belong to the E/S products and can be obtained in vitro by 

incubation of larvae or adult parasites. The E/S products released by abomasal 

 40 



2. Literature Review 

nematodes into their environment contain chemotaxins, metabolic end-products, 

enzymes, immunomodulators and growth factors.  

 

Among the excreted metabolites are free fatty acids (BRYANT 1993), propan-1-ol, 

acetate, propionate, small amounts of ethanol, lactate and succinate (WARD 1974; 

WARD and HUSKISSON 1978; WARD et al. 1981), polar and non-polar lipids 

(KAPUR and SOOD 1991) and ammonia (BARRETT 1981).  Ammonia as the 

principal nitrogenous excretory product is potentially involved in the 

pathophysiology of the parietal cell because of its known cytotoxicity and ability 

to reduce 14C-aminopyrine accumulation (HAGEN et al. 1997). 

 

Enzymes reported in the E/S products of a range of gastrointestinal helminths 

include acetylcholinesterase (LEE and HODSDEN 1963; OGILVIE et al. 1973; 

KNOX and JONES 1990; GRIFFITHS and PRITCHARD 1994; HUBY et al. 1999a), 

serine, cysteine, aspartic and metalloproteases (KARANU et al. 1993; TODOROVA 

2000), elastase  (KNOX and JONES 1990), N-acetyl-β-D-glucosaminidase and an 

acid phosphohydrolase (GAMBLE and MANSFIELD 1996).  Acetylcholinesterase 

is higher in the E/S products of adult than larval stages (KNOX and JONES 1990) 

and has been suggested to prevent peristalsis and parasite expulsion 

(OPPERMAN and CHANG 1992), inhibit mucus secretion (PHILIPP 1984) or alter 

the immune response to the parasite (RHOADS 1984).   Proteolytic enzymes 

present in the E/S products may aid penetration of host tissues (MATTHEWS 

1977), act as an anticoagulant (HOTEZ and CERAMI 1983; KNOX and JONES 

1990), degrade protein for ingestion (VON BRAND 1973) or inactivate complement 

and cytokines released by leukocytes (LEID et al. 1987). Different classes of 

proteases were shown to be secreted in a stage-specific manner in L3, L4 and 

adult stages in a number of gastrointestinal parasites in cattle and sheep (KNOX  

and JONES 1990; DE COCK et al. 1993). A number of proteases have been 

identified in adult H. contortus E/S products, specifically associated with the onset 

of blood feeding, including several cysteine proteases capable of degrading blood 

(KNOX et al. 1992; RHOADS and FETTERER 1995). 
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Many of the antigens in E/S products are expressed only in certain parasitic 

stages (BALIC et al. 2000a). Other antigenic parasite components are its surface 

molecules which are also specific for the different parasitic stages (FETTERER 

and RHOADS 1993), and can be released during moulting or during surface 

shedding which has been described for some parasites (BEHNKE et al. 1992). 

These surface molecules can also be present in varying amounts in the E/S 

preparations.  Some internal parasite molecules make contact with host cells 

only when parasite death and degradation occur within tissues. These ‘somatic 

antigens’, together with the other parasite products mentioned above, are 

contained in the parasite extracts obtained by mechanical disruption of whole 

worms. 

 

SCHALLIG et al. (1994) identified in the E/S products of adult H. contortus at least 

15 polypeptides, with molecular weights (mol.wt.) ranging from 10,000 to >100,000, 

which induced an immune response in infected sheep, as demonstrated by specific 

IgG levels and lymphocyte proliferation. Two of these polypeptides, of 15,000 and 

24,000 mol.wt., were cloned (SCHALLIG et al. 1997b) and vaccination of sheep 

with these antigens caused a substantial degree of protection against subsequent 

H. contortus infections (SCHALLIG et al. 1997a). TAKATS et al. (1995) 

demonstrated that the 24,000 antigen is produced in the oesophagus of adult H. 

contortus and is probably secreted during feeding. A stage-specific 31,000 

glycoprotein localised in the secretory organelles in the oesophageal glands of O. 

circumcincta L3 was recognised by sera of resistant sheep and was a major 

component in E/S products obtained from incubation of O. circumcincta L3 in vitro 

(MCGILLIVERY et al. 1989).  

 

Other E/S product components may be involved in immunomodulation 

(LIGHTOWLERS and RICKARD 1988; KLESIUS 1993) and stimulation of cell 

proliferation (HUBY et al. 1995, 1999b). Immunomodulation can reduce the 

effectiveness of host immunity (BEHNKE et al. 1992) and specific 

immunodepression by parasite products was demonstrated to occur in chronic 

infections with several filarial nematodes (BEHNKE 1987). Non-specific 
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immunodepression through impairment of antibody and cellular immune 

responses (e.g. suppression of lymphocyte reactivity) during Ostertagia infection 

in cattle has been demonstrated by KLESIUS (1988, 1993) and KLESIUS et al. 

(1984). MONROY et al. (1989) found a low mol.wt. immunosuppressive factor in 

the E/S products of adult Nematospiroides dubius which inhibited the 

proliferation of mitogen-stimulated mouse spleen lymphocytes.  The ovine 

intestinal parasite T. colubriformis was shown to secrete a molecule, which 

functionally resembled a human IFN-γ-induced protein (DOPHEIDE et al. 1991). 

IFN-γ is a T helper 1 cell cytokine that suppresses the protective T helper 2 cell 

response (see Section 2.3). Through secretion of this molecule, T. colubriformis 

may be committing its host to a non-protective T helper 1 response, thereby 

avoiding immunity. By shedding surface-bound antibodies and by changing their 

surface glycoproteins with the different developmental stages (MEEUSEN and 

BRANDON 1994), parasites may also try to evade attack of the host immune 

system. The ability of H. contortus to shed surface glycoproteins bound by 

antibodies as a continuous surface layer similar to the sheath of moulting larvae 

has been demonstrated by ASHMANN et al. (1995). 

 

Parasites may actively recruit granulocytes by secreting substances with direct 

chemotactic properties, which have been demonstrated in vitro in E/S products 

and/or extracts from a range of parasites. Eosinophil chemotactic factors have 

been found in O. ostertagi larvae (KLESIUS et al. 1985, 1986) and Anisakis sp. 

larvae (TANAKA and TORISU 1978), Ascaris suum adults (TANAKA et al. 1979), 

Schistosoma japonicum eggs (OWHASHI and ISHII 1982) and adults (HORII et 

al. 1984a), plerocercoids of Spirometra erinacei (HORII et al. 1984b), Fasciola 

sp. (HORII et al. 1986a), Taenia taeniaeformis metacestodes (POTTER and 

LEID 1986), Dirofilaria immitis adults (OWHASHI et al. 1996), adult 

Angiostrongylus cantonensis (ISHIDA and YOSHIMURA 1992), different stages 

of Metastrongylus apri (SASAKI and KATSUNO 1983) and Hymenolepis nana 

cysticercoids (NIWA et al. 1998).  Neutrophil chemotaxins have been reported 

from Ascaris suum adults (TANAKA et al. 1979), from adult D. immitis (HORII et 

al. 1986b), from plerocercoids of S. erinacei (HORII et al. 1984b), from F. 
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hepatica adults (JEFFERIES et al. 1996), Oesophagostomum aculeatum larvae 

(HORII et al. 1985), Trichinella spp. larvae and adults (SHUPE and STEWARD 

1991), S. japonicum adults (HORII et al. 1984a) and O. volvulus adult parasites 

(RUBIO DE KRÖMER et al. 1998). 

 

In several arthropod species (WERREN et al. 1995) and in a range of filarial 

nematodes, including several Onchocerca spp. (BANDI et al. 2001), the 

presence of intracellular bacteria has been described (MCLAREN et al. 1975; 

VINCENT et al. 1975; KOZEK 1977). Those bacteria have later been identified 

as members of the Wolbachia spp. (TAYLOR and HOERAUF 1999) and the 

neutrophil chemotactic activity demonstrated in Onchocerca sp. extracts (RUBIO 

DE KRÖMER et al. 1998; BRATTIG et al. 2001) is thought to be caused by 

endobacterial products, which may also be present in the E/S products of those 

parasites, causing the neutrophil accumulation around Onchocerca worms in 

vivo (BRATTIG et al. 2001). 

 

Some authors suggested that a benefit for abomasal parasites in the deliberate 

or inadvertent recruitment of inflammatory cells may lie in the damage of parietal 

cells leading to reduced acid secretion and thus preventing pepsinogen being 

activated, making the parasite’s environment less hostile (SIMPSON 2000).   

 

 

 

2.6. Neutrophil and Eosinophil Chemotaxis 
Experiments  

 

 

2.6.1. Definition and Cellular Mechanisms of Chemotaxis  
 

Chemotaxis is defined as a reaction by which the direction of locomotion of cells 

is determined by substances in their environment (KELLER et al. 1977). Positive 

chemotaxis is the directed movement of cells along the concentration gradient of 
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a chemoattractant to its source. The locomotion of cells in the absence of a 

chemoattractant is random in direction. Chemokinesis is a stimulated random 

migration where the speed of the nondirectionally moving cells increases 

(KELLER et al. 1977). Chemokinetic substances stimulate undirected cell 

migration in non-gradient conditions (BIGNOLD 1988). There is, however, 

ongoing discussion about the exact definition of terms and WILKINSON (1988a) 

stated the opinion that cells in the absence of a chemical stimulus are immotile, 

that chemokinesis and chemotaxis can not be viewed separately and that all 

chemotactic factors also have chemokinetic activity.  

 

The initial event in leukocyte chemotaxis is the binding of chemoattractant 

molecules to specific plasma membrane receptors on the leukocyte. This alters 

the transmembrane potential and activates ionic fluxes in the cell, initiating a 

number of metabolic processes that lead to a rearrangement of cytoskeletal 

elements (microtubules and microfilaments). The leukocytes develop a polarised, 

elongated shape, become morphologically oriented and migrate along the 

gradient to its source (SNYDERMAN and GOETZL 1981).  

 

 

2.6.2.  Measurement of Leukocyte Chemotaxis in vitro 
 

2.6.2.1. Chemotaxis Chamber Filter Assays 
 
The most popular in vitro assay for measuring leukocyte chemotaxis since its 

introduction by BOYDEN (1962), has been the chemotaxis chamber filter assay. 

The original assay involved the passage of polymorphnuclear granulocytes 

through a microporous cellulose ester membrane separating the upper and lower 

compartment of a perspex chamber. The size of the filter pores has to be chosen 

according to cell diameter, allowing the cells to crawl through actively, but not to 

drop through passively. The cell suspension is placed in the upper compartment 

and a solution containing the putative attractant, in Boyden’s original experiment 

antigen-antibody complexes, in the lower compartment of the chamber. The 
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attractant diffuses through the membrane and forms a gradient to which the cells 

that sedimented to the upper surface of the filter respond by migrating through 

the pores of the filter toward its lower surface. After a sufficient incubation time, 

1-3 h in Boyden’s assay system, the filter is fixed, stained, and the number of 

cells found on the lower surface of the filter counted microscopically to assess 

chemotaxis (WILKINSON 1974, 1988b; BIGNOLD 1988).  

 

Several modified versions of this chemotaxis chamber have been developed. In 

‘open-well’ chambers, a cylinder covered at one end by a membrane (upper 

compartment) is immersed in a bigger lower compartment that is open to the 

atmosphere (HURLEY 1963; CORNELY 1966; BIGNOLD 1987). ‘Blind-well’ 

chambers have an upper and lower compartment that are sealed and filled with 

cell suspension and chemotactic solution, respectively, through ports in the 

cylinder wall (WARD 1968). In modified blind-well chambers, the lower 

compartment is formed by a cavity in a rigid material that has to be filled before 

the filter is inserted and the upper compartment filled from above. This principle 

has also been used in multiwell assemblies like the one described by 

SWANSON (1977) and the 48-well micro chemotaxis chamber designed by 

FALK et al. (1980), which has been used by several scientists (HARVATH et al. 

1980; HARVATH and LEONARD 1982; RICHARDS and MCCULLOUGH 1984; 

MULDER and COLDITZ 1993).  

 

A variety of filters have been used to examine granulocyte chemotaxis in 

multiwell chambers. Cellulose ester or nitrocellulose membranes (thickness 150 

micrometres) were used by Boyden and others (ZIGMOND and HIRSCH 1973; 

RICHARDS and MCCULLOUGH 1984; STROM and THOMSEN 1990; 

THOMSEN and THOMSEN 1990; PERSSON et al. 1993; FOSTER and 

CUNNINGHAM 1998).  Polycarbonate filters of 10 µm thickness, first introduced 

by HORWITZ and GARRETT (1971) to study mononuclear leukocyte migration, 

have been employed by FALK et al. (1980), HARVATH and LEONARD (1982), 

MULDER and COLDITZ (1993) and NAGASE et al. (1999). Some authors 

inserted a second filter, impermeable to cells, below the first one, so that cells 
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that passed through the first filter were not lost by dropping off its lower surface 

(KELLER et al. 1972). To reduce the effect of background migration and 

chemokinesis when measuring chemotaxis, BIGNOLD (1987) introduced a 

‘sparse-pore’ polycarbonate membrane, in which the pores occupy only 0.1% of 

the surface area of the filter, compared with 5% in standard polycarbonate filters.  

 

Depending on the type of filter used, the cellular response can be evaluated in 

different ways (WILKINSON 1974; BIGNOLD 1988; WILKINSON 1988b; 

THOMSEN and JENSEN 1991). With both types of filter, the number of cells that 

have migrated through the filter and are present on its lower surface can be 

counted [lower surface count (LSC)]. The leading front (LF) technique was first 

described by ZIGMOND and HIRSCH (1973) and can be applied only for the 

thicker cellulose filters. In this method, one measures the distance that the 

leading front of cells has migrated into the filter after a given time. In both 

methods, the number of cells which have migrated is usually assessed directly 

by counting under a microscope.  Less time consuming methods have been 

evaluated for the LSC method with polycarbonate filters, including radioactive 

labelling and counting of the cells with a spectrometer (MULDER and COLDITZ 

1993) and a photometric assay for eosinophil chemotaxis by determining with a 

microtiter plate reader the eosinophil peroxidase activity of cells which had 

migrated (NAGASE et al. 1999). 

 

To test whether the cells in a chemotaxis chamber assay actually detect a 

concentration gradient or respond to the absolute concentration of the 

chemotactic substance diffusing from the filter, the putative chemotactic 

substance is placed above the filter in the cell compartment (negative gradient), 

below the filter (positive gradient) and in the same concentration on both sides of 

the filter (no gradient) (WILKINSON 1974; BIGNOLD 1988). Using a 

checkerboard assay, ZIGMOND and HIRSCH (1973) developed this system 

further, testing the chemotactic factor in varying concentration gradients (ranging 

from positive over no gradient to negative) and a range of absolute 

concentrations. Chemotaxis is said to have occurred if the movement of cells is 
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greater in the presence of a gradient than in the higher concentration of 

chemotactic factor in non-gradient conditions. A substance with only 

chemokinetic properties would also induce increased movement when present in 

equal concentrations on each side of the filter (KELLER et al. 1977). 

 

 

2.6.2.2. Other In vitro Methods 
 

Another similar method to the filter assays is the under-agarose assay 

introduced by CUTLER and MUNOZ (1974), in which the test substance, cell 

suspension and control medium are placed in separate wells cut into an agarose 

plate. The cells are placed in the middle between the two other wells and the 

migration of cells to both sides is assessed after 1-2 h of incubation. This 

method, like the Boyden’s chemotaxis chamber filter assay, does not allow 

studying the cells while they are moving. These so-called ‘indirect assays’ have 

been criticised by some authors for the lack of direct observation and 

measurement of cell behaviour during chemotaxis (WILKINSON 1988b; 

HADDOX and PFISTER 1993). 

 

Visual assays were designed to allow direct observation of cellular reactions to 

chemotactic stimuli. Most employ time-lapse photography of cells placed under 

the microscope in some kind of assay system, making it possible to study the 

course of individual cells. MCCUTCHEON (1946) observed the migration of cells 

from a blood clot to clumps of dried bacteria fixed to a coverslip.   ZIGMOND 

(1977) used glass-adherent granulocytes and liquid media in a two-trough 

chamber, where the cells are sedimented on a coverslip laid over a pair of 

parallel troughs cut in a perspex slide and separated by a small bridge, one 

trough filled with chemoattractant, the other with medium. The cells located over 

the bridge are then examined by continuous microscopy for their direction of 

movement.  Collagen-gel assays, like the one described by WILKINSON (1985) 

for lymphocyte chemotaxis experiments, provide a three-dimensional fibrous 

matrix in which the cells can move. They are pipetted onto the surface of the gel 
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and migrate into it over time. A piece of filter paper soaked in the 

chemoattractant serves as its source and is placed on top, in or below the gel. 

The assay system is placed under an inverted microscope and the orientation 

and movement of cells towards the chemoattractant is recorded in time-lapse 

photography. This assay was modified by HADDOX et al. (1991), who designed 

a novel chemotaxis chamber to monitor chemotactic behaviour of neutrophil 

granulocytes suspended in a collagen gel in combination with computer assisted 

tracking of cell movement.  A simpler assay system with neutrophil leukocytes 

suspended in medium uses the shape change of the previously spherical and 

immotile cells to polarized cells with an anterior lamellopodium and a posterior 

tail when a chemotactic substance is added (HASTON and SHIELDS 1985; 

WILKINSON and HASTON 1988). 

 

 

 

2.6.3.  In vivo Methods for Investigating Chemotaxis 
 

The measurement of chemotaxis under physiological conditions is difficult, since 

the animal’s response to a chemotactic agent is not solely caused by the direct 

chemotactic potential of that substance but can also be affected by any 

physiological chemotactic factors generated by it (e.g. C5a through activation of 

the complement system) and by the local blood flow and lymph drainage. So far, 

all in vivo methods have been considered unsuitable for the precise analysis of 

the mechanisms of chemotaxis and for differentiating chemotaxis and 

chemokinesis (BIGNOLD 1988; BOYLE et al. 1988). 

 

Histopathological examination of skin samples after the intradermal injection of 

test substances is one in vivo method for evaluating their chemotactic potential 

(THOMSEN and THOMSEN 1990; MULDER and COLDITZ 1993). Some 

authors also use radiolabeled cells to study their migration into sites of 

inflammation (FRANCO and MORLEY 1976; COLDITZ and MOVAT 1984; 

COLDITZ and WATSON 1992).    
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Another extensively used method is the skin window technique and its variations 

(BOYLE et al. 1988). In these approaches, some form of chamber containing a 

chemotactic factor is directly attached to a skin site that has previously been 

stripped of the epidermis. The cells that migrate into the chamber can then be 

identified and counted.   

 

The air sac procedure is mostly used in small laboratory animals. Air is injected 

subdermally on the back of the animal and creates a pouch into which the 

putative chemotactic factor can be injected. The ventral surface of that space is 

composed of a thin membrane of fascia, which can be removed, stained and 

examined microscopically (BOYLE et al. 1988). 

 

The collection of inflammatory exudate in a tissue cage implanted 

subcutaneously has been described by HIGGINS et al. (1984), who used 

multiperforated golf balls as chambers, injected a proinflammatory agent and 

collected an exudate considered equivalent to interstitial fluid by aspirating it with 

a needle through the skin. 

 

The non-lactating mammary gland of sheep (COLDITZ and MAAS 1987; ADAMS 

and COLDITZ 1991; GREENHALGH et al. 1996) or cows (DE CUENINCK 1979; 

CHANG et al. 1981; PERSSON et al. 1993) has been used as a model for tissue 

and transepithelial migration of inflammatory cells to various stimuli and as a 

source of neutrophil and eosinophil granulocytes for in vitro studies (JONAS and 

STANKIEWICZ 1994; RAINBIRD et al. 1998).  The infusion of activated 

complement C5a (COLDITZ and MAAS 1987), endotoxin (COLDITZ 1987), 

lipopolisaccharide (THAMSBORG et al. 1999) and PAF (TOPPER et al. 1992) 

caused an influx of predominantly neutrophil granulocytes with an increasing 

percentage of eosinophils in the case of PAF. ADAMS and COLDITZ (1991) and 

THAMSBORG et al. (1999) investigated the cellular response to H. contortus 

antigens in the sheep mammary gland and found predominantly eosinophils in 

the collected washings. ADAMS and COLDITZ (1991) detected higher numbers 

of eosinophils in ewes with protective immunity against the parasite and 
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increased eosinophil numbers after repeated infusion of antigen, thus 

demonstrating the involvement of acquired immunity in the recruitment of these 

cells. 
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3.  MATERIALS AND METHODS 
 

 
 
3.1. Experimental Overview 

 

E/S products and extract preparations of the abomasal parasites H. contortus 

and O. circumcincta were examined for the presence of chemotaxins for 

eosinophil or neutrophil granulocytes.  Parasite secretions and extracts were 

obtained by incubation and mechanical disruption of the parasites, respectively, 

and some products were fractionated and concentrated.  The protein 

composition of a selection of E/S products and extracts was further investigated 

by gel electrophoresis. 

 
Different methods for the generation of granulocyte-enriched cell suspensions 

required for the chemotaxis experiments were explored, using whole sheep 

blood, mammary gland washings and sheep bone marrow cells as sources of 

cells.  Tissue chambers were explored as an in vivo test for the chemoattractive 

properties of parasite products and direct chemotaxins were investigated in vitro 

using a micro chemotaxis chamber.  Molecular probing of the parasites was used 

to try to establish whether the chemoattractants demonstrated in parasite 

products might have originated from bacteria present in the parasites. 
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3.2. Parasitological Techniques 
 

 

3.2.1.  Infection of Donor Sheep 
 

The nematodes H. contortus and O. circumcincta had been donated to the 

Institute of Veterinary, Animal and Biomedical Sciences at Massey University by 

AgResearch, Palmerston North in 1990, where they had been selected from 

sheep carrying field infections. In the laboratory where this research was carried 

out, each species had been separately passaged through sheep for several 

years. L3 of these parasites were stored in distilled water at 4°C for O. 

circumcincta and at 10°C for H. contortus, respectively. Larval motility as a 

measure for their viability was assessed at room temperature under a 

microscope. Only batches containing at least 98% motile larvae showing strong 

movements were used to infect the donor sheep, which were given either 6,000 

H. contortus or 10,000 O. circumcincta L3 intraruminally by tube. 

 

Donor sheep, 6-12 months old, were used to collect eggs for the maintenance of 

larval cultures of the parasite strains or to raise adult worms. The sheep had 

either been raised parasite-free indoors or were brought indoors 2 weeks before 

infection. They were fed lucerne chaff ad libitum and had water freely available. 

When brought indoors, the sheep were drenched with a double dose of Leviben® 

(15 mg/kg levamisole + 8 mg/kg ricobendazole; Young’s Animal Health Ltd., New 

Zealand) and a single dose of Ivomec® (0.4 mg/kg ivermectin; Merck and Co., 

USA). Faecal samples were taken 5 days later and faecal floats in saturated 

saline were carried out to confirm that the sheep were free of nematodes. 

Intramuscular injections of dexamethasone (Dex 5®, 0.15 mg/kg; Virbac, New 

Zealand) were given twice weekly for the duration of the infection, beginning one 

week before infection with H. contortus or O. circumcincta. 
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3.2.2.  Recovery of Adult Parasites 
 

To obtain adult nematodes for further experiments, the infected sheep were 

killed between 19 and 26 days p.i., the day with the highest amount of adult 

parasites determined from daily faecal egg counts performed according to the 

McMaster method modified by  STAFFORD et al. (1994) from day 19 p.i. 

onwards. Donor animals were killed by stunning with a captive bolt, followed by 

exsanguination. Their abdomen was opened immediately and the abomasum 

ligated and removed with its entire contents. 

 

Adult worms were collected from the abomasum using the technique of 

SIMPSON et al. (1999), which is a modification of the method of VAN WYK and 

GERBER (1978). The isolated abomasum was opened along its greater 

curvature and the contents collected. The luminal surface was washed with 

saline (0.9% NaCl solution, at 37°C), warmed to 37°C to remove adherent 

worms. The washings were combined with the abomasal contents and solid 

material was allowed to settle in a measuring cylinder in a 37°C waterbath. After 

settling, some of the surface fluid was carefully poured off to reduce the volume.  

 

A 3% agar (Bacto Agar, DIFCO Laboratories, USA) solution in water at 40°C was 

mixed with the worm solution in a ratio of two parts abomasal contents to one 

part agar. This mixture was poured immediately into shallow plastic trays, setting 

rapidly in blocks about 1 cm deep, which were covered with pre-warmed saline 

and placed in a 37°C room. Soon after covering, the worms started emerging 

from the agar block into the saline where they proceeded to form clumps. Most 

worms had migrated from the agar by 30 min. The clumps of worms were picked 

up carefully with fine forceps and placed in PBS. They were washed three times 

in sterile PBS, followed by two washes in the incubation medium. Incubation to 

produce E/S products began immediately (Section 3.3). 
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3.2.3.  Larval Culture 
 

To maintain pure cultures of L3, male donor sheep were infected with either H. 

contortus or O. circumcincta larvae (Section 3.2.1). Faeces were collected into 

bags held in place by a harness. After the presence of nematode eggs in the 

faeces had been detected by faecal floats carried out from 19 days p.i. onwards, 

faecal egg counts were carried out using the McMaster method modified by 

STAFFORD et al. (1994). When there were more than 100 eggs per gram, 

faeces were collected daily, put into trays and mixed with water and about half 

their volume of Vermiculite® (Cartann Horticultural Supplies, New Zealand). The 

covered trays were incubated for at least 14 days in a room with a constant 

temperature of 24°C, keeping them moist by watering them regularly.  L3 were 

then harvested by putting the faeces in sieves lined with tissue paper and 

immersing them overnight in bowls of deionised water. In this time, the larvae 

emerged from the faeces and sedimented in the bowl. The water was poured 

through a 22 µm mesh filter and the retained larvae poured into tissue culture 

flasks containing deionised water at a density of about 1,000 larvae/ml. They 

were stored in the dark, O. circumcincta at a temperature of 4°C and H. 

contortus at 10°C, until used in experiments or for the infection of sheep. 

 

 

3.2.4. Exsheathing and Counting L3 

 

Larvae to be used for the generation of E/S products were exsheathed prior to 

incubation by mixing them with 0.2% sodium hypochlorite solution and 

monitoring their exsheathing under a microscope. The exsheathed larvae were 

removed from the solution by centrifugation at 200 x g for 2 min and washed four 

times, twice in deionised water, then twice in the incubation medium in which 

they were finally resuspended. They were counted under the microscope by 

mixing 100 µl of the suspension with a drop of iodine on a microscope slide and 

calculating the mean of ten replicate estimations to obtain larvae/ml suspension. 
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3.3. Preparation of Parasite Extracts and E/S 
Products 

 

 

3.3.1. Media and Reagents 
 

The media used to generate parasite extracts and E/S products were 0.9% 

saline, Hanks balanced salt solution (HBSS), Earle’s balanced salt solution 

(EBSS) and Roswell Park Memorial Institute medium (RPMI). Their preparation 

is described in Appendix 8.1.  All media were sterile and all, except the saline, 

contained antibiotics and antifungal agents (Appendix 8.1). HBSS used for the 

generation of extract N in addition contained one tablet of protease inhibitor 

cocktail (complete, Mini; Roche Diagnostics GmbH, Germany) per 20 ml 

medium. EBSS used to prepare E/S incubation batch 16A (Table 2)  contained 

0.5 ml protease inhibitor cocktail (P2714, 10x concentrated; Sigma, USA) per 

115 ml medium.  Prior to use, media were warmed to 37°C in a waterbath and 

the pH was adjusted to 7.2. 

 

 

3.3.2. Generation of Crude Extracts from L3 and Adult 
Parasites 

 

L3 for the generation of extracts were taken from stock larval cultures (Section 

3.2.3) and their motility was examined as the criterion for viability. If strong 

motility was less than 98%, the viable larvae were harvested from deionised 

water in a modified Baermann apparatus kept overnight at room temperature.  

They were exsheathed and washed as described in Section 3.2.4, except for 

larvae used for batches H and M (Table 1), which were left sheathed. After 

resuspending them in medium, they were centrifuged at 1000 x g for 5 min and 

the supernatant fluid was discarded. The larval pellet was snap-frozen in liquid 

nitrogen and homogenised in a small volume of incubation medium with a 

sterilised pestle and mortar for about 30 sec or until no more intact parasites 
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were identifiable under the microscope. The suspension was transferred to 

sterile 15 ml centrifuge tubes, the pestle and mortar were rinsed with 1-20 ml of 

medium and the washings added to the homogenized larvae. The tube was 

centrifuged at 1000 x g for 5 min and the supernatant fluid filtered through a low-

protein binding 0.2 µm pore size syringe filter (Acrodisc; Pall Gelman, USA). The 

extracts were stored frozen at -20°C, except of batches M, N and S, which were 

kept at 4°C for a maximum of 5 days.  A total of 15 batches of L3 extracts was 

produced, eight from H. contortus (batches A-H) and seven from O. circumcincta 

(batches I-O). More details of the preparation of extracts are presented in Table 

1.  

 

Adult parasites obtained from donor animals (Section 3.2.2) had been incubated 

to generate E/S products before they were used for the production of extracts. 

The worms had been removed from the incubation medium and 0.5 ml aliquots 

of packed worms were stored in microcentrifuge tubes at –20°C until extracts 

were prepared following the procedure for larvae. Extracts were filtered through 

0.45 and 0.2 µm filters and kept at 4°C for up to two days or stored at –20°C. 

Adult worm extracts were produced from H. contortus (batches P-Q) and from O. 

circumcincta (batches R-S).  Details of preparation of extracts are presented in 

Table 1. The protein content of all extracts was determined using the assay of 

BRADFORD (1976). 

 

Extract batches M, N, O and S were fractionated by ultrafiltration through 

membranes of a defined pore size in a stirred cell. The separation process is 

detailed in Section 3.3.4. 
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Table 1 Extracts prepared from L3 or adult parasites of H. contortus and O. 
circumcincta 

 
Parasite Extract 

batch 
Medium Number of 

parasites 
incubated 

Fractionation 
with mol. wt. 
cut-off filters  

A 2 ml saline 200,000  --- 

B 10 ml saline 900,000  --- 

C 8 ml saline 900,000  --- 

D 8 ml HBSS 900,000 --- 

E 8 ml saline 1,200,000 --- 

F 8 ml saline 1,100,000 --- 

G 10 ml EBSS 1,000,000 --- 

H. contortus  
L3 

H 3 ml RPMI 150,000 --- 

I 3 ml EBSS 200,000 --- 

J 10 ml EBSS 1,000,000 --- 

K 10 ml EBSS 1,000,000 --- 

L 10 ml EBSS 1,000,000 --- 

M 5 ml EBSS 150,000 10,000 

N 22 ml EBSS   
+ protease inhibitor 

1,500,000 30,000 
10,000 
5,000 

O. circumcincta 
L3 

O 25 ml HBSS 1,800,000 30,000 
10,000 
5,000 

P 40 ml EBSS 1.5 ml packed 
worms 

--- H. contortus   
adults 

Q 40 ml EBSS 2 ml packed 
worms 

--- 

R 5 ml RPMI 0.2 ml packed 
worms 

--- O. circumcincta 
adults 

S 4 ml EBSS 0.4 ml packed 
worms 

10,000 
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3.3.3. Generation of Larval and Adult E/S Products  
 

 

3.3.3.1. Incubation of Larvae 
 

L3 of H. contortus or O. circumcincta were taken from a stock that had been 

stored for no longer than 6 weeks. The viability of larvae was >98% in all batches 

used for incubations. The larvae were exsheathed, washed, counted and 

resuspended in the incubation medium (Section 3.2.4) to concentrations of 

1,000-15,000 L3/ml. They were transferred into sterile tissue culture flasks (75 or 

150 cm2 size; Corning Inc., USA) and placed in an incubator in humidified air 

containing 5% CO2 at 37°C.  The exception was batch 17, which was incubated 

in an anaerobic cabinet in an atmosphere of 10% CO2 in nitrogen. 

 

The pH of the medium and the viability of larvae were checked daily by removing 

a portion of the culture and the pH was readjusted to 7.2, if required. Incubations 

were terminated when the viability of larvae fell below 70%. The incubation 

periods varied between 19 and 144 h. The medium was replaced between 

consecutive incubation periods by transferring the incubate into sterile 50 ml 

polypropylene centrifuge tubes (A/S NUNC, Denmark) and centrifugation for 5 

min at 160 x g. The supernatant was removed with a sterile syringe and the 

larvae resuspended in fresh pre-warmed medium. Immediately after removal, the 

culture supernatants were filtered through 0.2 µm pore size syringe filters and 

kept at 4°C. They are referred to as E/S products. Details of incubations and 

separations are listed in Table 2. 

 

 

3.3.3.2. Incubation of Adult Parasites 
 

Two sets of incubations were carried out with H. contortus and three with O. 

circumcincta adults (Table 3), which had been recovered from donor sheep 

(Section 3.2.2). Worm number was determined by taking a small portion from the 
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washing medium containing the worms and counting them under a dissection 

microscope (Nikon, Japan). For incubation, the worms were transferred into 

sterile 50 ml tubes containing 20-45 ml of medium, where they formed a clump at 

the bottom of the tube. Their viability was checked by monitoring motility and 

formation of clumps. Incubations were performed in an incubator in humidified air 

with 5% CO2 at 37°C and the incubation periods lasted 2-11 hours. At the end of 

an incubation period, the culture fluid was removed carefully with a sterile 

syringe without disturbing the clump of worms and replaced with fresh, pre-

warmed medium. The culture supernatant was filtered immediately through a 0.2 

µm syringe filter and the crude E/S products were stored at 4°C. They were then 

concentrated and fractionated with a stirred cell (Section 3.3.4 and Table 3).  

 

The protein content in all E/S products was determined using the assay of 

BRADFORD (1976). 

 

 

3.3.4. Separation of Parasite Products by Molecular Weight 
 

Ultrafiltration of crude parasite products was performed with cellulose 

ultrafiltration membranes (Millipore, USA) mounted in a 50 ml volume stirred cell 

(Millipore, USA). The filters used had a mol. wt. cut-off (MWCO) of 30,000, 

10,000, 5,000 or 3,000. The system, which consisted of the stirred cell with filter, 

placed on a magnetic stirrer and connected to a cylinder with compressed gas, 

operated in a temperature-controlled room at 4°C. It was pressurised with 

nitrogen at 20 psi. After each fractionation process, the stirred cell was 

disassembled and cleaned in a 1% Decon® (Decon Laboratories, UK) solution 

followed by thorough rinsing under distilled water. The filters were soaked in a 

0.1% enzyme detergent solution (Terg-A-Zyme®, Alconox, USA), rinsed with 

distilled water and stored in 10% ethanol at 4°C. Before each separation, the 

filter was mounted in the stirred cell and flushed with sterile deionised water for 5 

min at 40 psi.  
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The crude parasite product was placed in the chamber. The volume was made 

up to 30 ml with incubation medium before starting the separation. The 

separation process was terminated when the retentate above the filter had been 

reduced to 6 ml or less.  

 

Fractionation of individual extracts is detailed in Table 1, Table 2 and 3 contain 

information about the production of E/S substances. Many of the parasite 

products were passed through a single filter, usually a 10,000 MWCO 

membrane, to concentrate substances with a mol. wt. >10,000 above the filter.   

 

Several parasite products were separated into four fractions by passing them 

sequentially through a system of three filters: first a 30,000 MWCO membrane, 

then the filtrate through a 10,000 MWCO membrane and the next filtrate through 

a 5,000 or 3,000 MWCO filter. The passage through these filters produced 

concentrates containing (1) substances with a mol. wt. >30,000, (2) substances 

between 30,000 and 10,000 mol. wt., (3) substances between 3,000 or 5,000 

and 10,000 mol. wt. and (4) a filtrate containing substances smaller than 5,000 or 

3,000 mol. wt.. To further purify the fractions and eliminate smaller molecules still 

present in the concentrates, each was flushed with 10-20 ml medium. For this, 

the concentrate that had been reduced to a volume of 5 ml was reconstituted to 

25 ml with medium and concentrated again.  

 

The crude E/S product batch 1 was concentrated by dialysis, using a 1,000 

MWCO pore size cellulose tubing (Sigma-Aldrich, USA) and polyethylene glycol 

20 000 (Polyethylene glycol 20 000, BDH Laboratory Supplies, UK). 
 
 
 
 
 
 
 
next page: 

Table 2 Details of incubations of H. contortus or O. circumcincta larvae and 
subsequent filtration processes of E/S products 
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1 concentrated with 1,000 MWCO dialysis tubing  

Parasite E/S batch 
no. 

   Medium Larvae / ml 
medium 

Incubation 
periods (h) 

 
H. contortus L3  

        
       1 

   
  60 ml RPMI 

    
  16,000 

    
   a   241   
   b   241   
   c   241   

        2 120 ml EBSS     5,000       1442   
        3 125 ml EBSS     5,000       1322  
O. circumcincta L3         4   60 ml EBSS     5,000    a   482  

   b   482  
   c   482  

        5   60 ml EBSS   15,000         662  
        6 125 ml EBSS     8,000       1152  
        7 150 ml EBSS     6,500         902  
        8 100 ml RPMI     5,000         902  
        9 100 ml RPMI     6,700    a   472  

   b   472  
      10 100 ml EBSS     6,300    a   652  

   b   782   
      11 100 ml EBSS     4,300         882  
      12   60 ml HBSS     4,300    a   482  

   b   452  
   c   442  

      13 150 ml RPMI   10,000    a   48  
   b   472  

      14 150 ml HBSS   15,000    a   442  
   b   442  

      15   60 ml HBSS   10,000    a   45  
   b   232  
   c   232  
   d   242  

      16 115 ml EBSS   10,000    a   42 
   b   24 
   c   232  
   d   192

      16A 115 ml EBSS 3   10,000    a   42 
   b   24 
   c   232  
   d   192

      17 125 ml RPMI     1,000       1682

2 concentrated with 10,000 MWCO filter in stirred cell 
3 medium contained 0.5 ml protease inhibitor 
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Table 3 Details of incubations of adult H. contortus or O. circumcincta and 
subsequent E/S product filtrations. 

 
 

1 concentration of with 10,000 MWCO filter in stirred cell 

Parasite E/S batch 
no. 

    Medium parasites / 
ml medium 

Incubation 
periods (h) 

H. contortus adults       18 150 ml RPMI     100       3.51   

      19   90 ml RPMI     100   a     52

  b   102

O. circumcincta   
adults 

     20   20 ml RPMI       50   a  3.5  
  b     33  
  c   123  

      21   50 ml RPMI       30   a  3.52

  b     22

      22   50 ml RPMI      500          54  

2 concentration with 30,000, 10,000 and 3,000 MWCO filters 
3 concentration of pooled culture fluids a + b with 5,000 MWCO filter 
4 concentration with 10,000 and 3,000 MWCO filters 
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3.4. Leukocytic Cell Preparations for Chemotaxis 
Chamber Experiments 

 

 

The leukocyte suspensions employed in the chemotaxis chamber experiments 

were generated from whole sheep blood as described in Section 3.4.1, except in 

those experiments specified in the following sections, and consisted 

predominantly of neutrophils with 0.5-28% eosinophils. Two suspensions of 

bovine granulocytes were similarly prepared.  

 

Four methods were explored in an attempt to provide suspensions enriched 

predominantly with eosinophils. These included two methods for the isolation of 

eosinophils from bovine blood (Section 3.4.2), the liquid culture of eosinophils 

derived from sheep bone marrow (Section 3.4.3) and the collection of 

eosinophils recruited into the mammary gland by H. contortus L3 or adult worm 

extract (Section 3.4.4). However, only enriched eosinophil preparations from the 

mammary gland were employed in ten chemotaxis chamber experiments 

(Section 3.4.4). 

 

 

3.4.1. Separation of Granulocytes from Whole Blood 
 

The mixed granulocyte suspensions were generated from whole sheep blood 

taken by venipuncture from sheep housed indoors for the maintenance of larval 

cultures. The following two methods yielded cell suspensions enriched with 

neutrophil and eosinophil granulocytes. At the end of the separation process, the 

cells were resuspended in 1 ml of medium containing 10 I.U. heparin/ml (Sigma, 

USA) and the concentration of neutrophil and eosinophil granulocytes 

determined by counting a 0.1 ml portion in 0.4 ml eosinophil stain in a 

haemocytometer (Weber Scientific, England). Cell viability was checked by 

trypan blue dye exclusion. All cell suspensions were used on the day they were 

prepared.  
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Method 1, modified after CHAMBERS et al. (1983): Blood was drawn into sterile 

20 ml plastic syringes, immediately mixed with twice its volume of 0.11 M sodium 

citrate (Appendix 8.1.) and transferred into sterile capped 15 ml plastic tubes 

(Corning Inc., USA). The blood was then centrifuged at 1000 x g for 15 min. 

Plasma and buffy coat (containing mainly platelets, monocytes and lymphocytes) 

were removed with a sterile disposable plastic transfer pipette and discarded. To 

lyse the red blood cells, distilled water (at 4°C, 2 parts water to one part blood) 

was added to the blood cell pellet, inverting it several times, and the lysis 

stopped after 30 sec by adding an equal volume of refrigerated citrate-saline 

solution (Appendix 8.1). This mixture was centrifuged again at 1000 x g for 15 

min, the supernatant discarded and the cell pellet resuspended in sodium citrate. 

If too many contaminating erythrocytes were present, the lysis procedure was 

repeated. The cell pellet was washed twice with Na-citrate, pelleting the cells by 

centrifugation at 500 x g for 7 min. A final wash was performed with HBSS, 

EBSS or RPMI containing 10 I.U. Heparin/ml, depending on the medium used in 

the subsequent chemotaxis chamber experiment. Blood cells separated by this 

method were used in experiments OLes-1+2, OLes-5, OLes-7+8, OLex-2, HLes-

3+4, HLex-4, HAes-1, HAex-1 and HAex-3+4.   

  

Method 2, after ROOS and DE BOER (1986): Blood was drawn into evacuated 

tubes containing lithium heparin or sodium ethylene-diamine-tetra-acetic acid 

(EDTA) as the anticoagulant and centrifuged at 1000 x g for 20 min. Plasma and 

buffy coat were removed and the remaining blood cells mixed with 2.5-times their 

volume of ice-cold ammonium chloride lysis medium (Appendix 8.1.).  After 

incubation for 6 min at 4°C, the mixture was centrifuged at 4°C for 6 min at 400 x 

g. The supernatant fluid was removed and the cell pellet resuspended in lysis 

medium containing 0.5% bovine serum albumin (BSA). Another incubation of 15 

min at 4°C followed and the centrifugation was repeated. The resulting cell pellet 

was washed twice in incubation medium containing 10 I.U. heparin/ml, 

resuspended and the cell concentration determined with the haemocytometer. All 

granulocyte suspensions derived from ovine blood, except those used in the 

experiments listed above, were prepared following this procedure. Two bovine 
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cell suspensions were also similarly prepared and used in experiments OLex-8 

and OAex-1 (Tables 77 and 79). 

 

 

3.4.2. Isolation of Eosinophils from Leukocyte Suspensions 
 

A method described by FREIBURGHAUS and JÖRG (1990) for the isolation of 

eosinophils from bovine blood was modified and tested on three bovine and 

three ovine blood samples.  

 

For this method, 40 ml of blood were collected into evacuated tubes containing 

Na-EDTA as an anticoagulant and centrifuged at 10°C for 20 min at 2300 x g. 

The plasma and buffy coat were removed by aspiration. The upper quarter of the 

erythrocyte pellet in each tube was collected, combined in one tube and 

centrifuged again at 10°C for 30 min at 2300 x g. The uppermost 1/10 of the 

erythrocyte pellet was collected. This procedure yielded three different fractions: 

a) the upper 1/10 of the erythrocyte pellet after the second centrifugation 

(eosinophil-enriched), b) the remaining 9/10 of this pellet and c) the lower 3/4 of 

the erythrocyte pellet obtained from the first centrifugation. Red blood cells in all 

fractions were lysed (Section 3.4.1, method 2) and eosinophil counts performed 

on whole blood and all three fractions.  

 

For one suspension of bovine granulocytes thus obtained, a further enrichment 

of the eosinophils was attempted by density gradient centrifugation using 

Percoll®, also described by FREIBURGHAUS and JÖRG (1990). The eosinophil-

enriched fraction was resuspended in PBS and 0.4 ml layered onto an isotonic 

68% Percoll® solution, which was prepared from 100% Percoll® (Pharmacia, 

Sweden), according to the manufacturer’s recommended method and diluted 

with 0.15 M sodium chloride. A tube with 0.4 ml of density marker beads 

(Pharmacia, Sweden), which were used for the calibration of density gradients of 

Percoll, was set up in parallel. The samples were centrifuged in an IEC B-22M 

refrigerated centrifuge with a fixed-angle rotor at 20,000 x g for 9 min at 4°C, 
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without brake. The location of the density marker beads was recorded and 

compared with the location of the cell bands, which were recovered and the 

concentration of eosinophils determined after resuspension in PBS.  The cell 

suspensions obtained with this method, however, were not sufficiently enriched 

for eosinophils and were not used in any of the chemotaxis chamber 

experiments. 

 

CHAMBERS et al. (1985) described another method for the isolation of bovine 

eosinophils by density gradient centrifugation. A 68% solution of Percoll® 

(specific gravity 1.092) was prepared.  Leukocytes were separated from 40 ml 

whole blood (Section 3.4.1, method 2) and resuspended in 0.11 M sodium 

citrate. One ml of this suspension was layered onto Percoll®, the same with 1 ml 

of density marker beads in another tube, and centrifuged in a Sorvall RC-5B 

refrigerated superspeed centrifuge with a HS-4 swinging-bucket rotor (Sorvall, 

USA) at 400 x g for 15 min. Visible cell bands and pellets were recovered and 

the eosinophils counted in each. Two bovine blood samples were separated by 

this method, the first separation without using density marker beads, but the 

resulting cell fractions contained too few eosinophils to be suitable for use in 

chemotaxis chamber experiments. 

 

 

3.4.3. Sheep Bone Marrow Cell Culture 
 

 

3.4.3.1. Isolation of Sheep Bone Marrow Cells (SBMC) 
 

On two occasions, bone marrow was taken from the sternum of sheep that had 

been killed to harvest adult parasites (Section 3.2.2), following the procedure of 

HAIG (1997). The sternum was removed, cut in half longitudinally and placed in 

a vice, which was tightened, the marrow scraped off with a scalpel blade and 

placed in autoclaved 50 ml capped tubes containing 30 ml HBSS for use in cell 

culture (Appendix 8.1). They were mixed by gently shaking and allowed to settle 
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for 5 min. All equipment and solutions used were sterile and all further 

manipulations performed in a laminar flow hood employing sterile technique. The 

cells were aspirated from below the fat layer with a 16G needle and 20 ml 

syringe, placed in a small beaker and filtered through a double layer of lens 

tissue. They were suspended in approximately 50 ml of HBSS for cell culture, 

transferred to capped 15 ml conical plastic tubes and centrifuged at 300 x g for 7 

min. The supernatant was removed and the cells resuspended in a small volume 

of HBSS for cell culture. Four ml of this suspension were layered over 8 ml of 

Lymphoprep® (Nycomed, UK) and centrifuged at 170 x g for 30 min.  The cells at 

the interface and the upper 1 cm of Lymphoprep® were collected. The cells were 

washed once with HBSS for cell culture, centrifuged at 170 x g for 10 min, the 

supernatant fluid discarded and the cells washed again in Iscove’s modified 

Dulbecco’s medium (IMDM). They were resuspended in 25 ml IMDM. The cells 

were counted and cell viability was assessed by trypan blue exclusion. A 

cytocentrifuge preparation (200 µl centrifuged at 170 x g for 5 min) was stained 

with Diff-Quick® (Dade AG, Switzerland) to determine the cell composition of the 

suspension.   

 

 

3.4.3.2. Liquid Culture of Bone Marrow-Derived Eosinophils 

 

The isolated bone marrow cells were diluted to an appropriate density (105-106 

cells/ml) using IMDM. The cultures were incubated in volumes of 25 ml in sterile 

75 cm3 polystyrene cell culture flasks with ventilation caps (Corning Inc., USA) in 

a humidified atmosphere of 5% CO2 in air. They were checked every second day 

under an inverted microscope for contamination and cell viability (trypan blue 

exclusion) was tested again on the fourth day of incubation.  

 

Two sets of incubations were performed, each with three flasks, adding varying 

amounts of the cytokines IL-3, IL-5 and GM-CSF to the cultures, for details see 

Table 4. The cytokines used were: recombinant murine GM-CSF and IL-3 (R and 

D Systems Inc., USA), reconstituted to 5 ng/µl for GM-CSF and 10 ng/µl for IL-3. 
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A crude lymphocyte cell culture supernatant containing ovine IL-5 (recombinant, 

from CHO-cells) in an unknown concentration was donated by Dr. I.G. Colditz, 

CSIRO, Australia and Dr. L. M. Stevenson, Massey University. All cytokines were 

stored in aliquots at –20°C until used. The cytokines used for SBMC 1 were 

governed by the availability at the time.  IL-3 and GM-CSF became available for 

SBMC 2.  

 

SBMC 1 was terminated on day 4 and SBMC 2 on day 6 of incubation, as 

described in Section 4.3. The cultured cells were not used for chemotaxis 

experiments. 

 

 

Table 4 SBMC preparations and culture details 
 

Cytokines 
 Culture  Flask 

 IL-5   GM-CSF  IL-3 
 A1  1 ml  -  - 
 B1  1.5 ml  -  - 

  
 SBMC 1 

 C1  -  -  - 
 A2  1 ml3  150 ng  50 ng 
 B2  1.2 ml  300 ng  100 ng 

  
 SBMC 22

 C2  -  -  - 
1 flasks contained 25 ml of medium with approximately 6 x 105 cells/ml 
2 flasks contained 25 ml of medium with approximately 2.7 x 105 cells/ml 
3 filtered with a 0.2 µm bacterial filter before use 
 

 

 

3.4.4. Recovery of Leucocytes from the Sheep Mammary 
Gland 

 

Eosinophils were recruited into the mammary gland of a non-lactating ewe by 

injection of H. contortus extract through the teat canal, using the method of 

ADAMS and COLDITZ (1991).  
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The ewe grazed on pasture until brought indoors for the experiment, where it 

was fed lucerne chaff and had water freely available. It received a dose of        

10 000 L3 H. contortus intraruminally on day 1 of the experiment to enhance the 

recruitment of eosinophils.    

 

The parasite extracts used had been generated as described in Section 3.3.2, 

Table 1 and were kept frozen in 1 ml aliquots until thawed and drawn into sterile 

1 ml syringes immediately before injection. H. contortus L3 extract preparations 

in pyrogen-free saline were used for most injections in this experiment, with 100 

µg/ml polymyxin B (Sigma, USA) added to the first extract infused (batch E). 

Only the last three injections were made with H. contortus  adult worm extract in 

EBSS.  

 

Before each intramammary infusion, the teats were cleaned with 70% ethanol. 

Infusions were made through a sterile 22G blunt needle that was gently inserted 

in the teat canal. One ml of extract was infused and the gland gently massaged. 

Lavages were performed one to three times between consecutive extract 

injections with 0.9% Na-Chloride for i.v. infusion (Baxter Healthcare, Australia), 

the first washing being done 24 h after the infusion of extract. The gland was 

massaged, the washing fluid stripped into 50 ml plastic tubes and passed 

through a double layer of sterile gauze. Total cells and eosinophils were counted 

in the haemocytometer.  

 

Three periods of infusions and consecutive lavages were performed. Period I 

covered 15 days with three infusions of L3 extract batch E into the left gland and 

five collections of mammary gland washings, the first washing being collected 

before an injection of extract. Period II started after a recovery time of four weeks 

and lasted 37 days. Both glands were infused during this period, using five 

batches of L3 extract (batch A, B, C, E, F). The left gland received six injections 

of extract and 15 washings were collected from it. Two infusions of extract and 

five washings were performed on the right gland during this time period, the first 

washing also being done before the injection of extract. After a rest of 4 months, 
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Period III followed with four infusions of adult worm extract, three into the right 

and one into the left gland. After 9 days, during which period six washings had 

been collected from the right and three from the left gland, the experiment was 

terminated because the glands began to secrete a fluid resembling milk. Table 

18 in Chapter 4.1. lists all extract injections and washings that were performed. 

 

Washings retrieved from the mammary gland were employed as leukocyte 

suspensions in chemotaxis chamber experiments OLes-3, OLes-4, OLes-6, 

OLex-1, HLes-1, HLes-2, HLex-1, HLex-2 and HLex-3 (Section 3.5.3, Table 5, 6, 

9, 10). In these cases, the cell suspension was centrifuged at 400 x g for 6 min, 

the cell pellet was resuspended in incubation medium (RPMI, EBSS or HBSS) 

containing 10 I.U./ml heparin and washed three times and a cell count was 

performed after the last washing step.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 71 



3. Materials and Methods 

3.5. Micro Chemotaxis Chamber Experiments 
 

 

3.5.1.  Description of Apparatus 

 

The AP48 Micro Chemotaxis Chamber (Neuro Probe Inc., USA), used for all in 

vitro chemotaxis experiments, consisted of two plates made of acrylic plastic, the 

bottom plate containing forty-eight 25 µl wells and the top plate the 

corresponding 48 holes, which became the top wells with a volume of 50 µl after 

assembly. A silicone gasket was inserted between the plates to obtain a 

complete seal of the wells. Polyvinylpyrrolidone (PVP)-free polycarbonate filter 

sheets (Osmonics Inc., USA) with a pore diameter of 5 µm and about 10 µm in 

thickness, sheet size 80 x 25 mm, were placed between bottom plate and gasket. 

The filter area for each well was 8 mm2. Pressure was applied to the assembled 

chamber by means of six screws with nuts along the edges of the apparatus.  

 

 

  

 
Figure 1  Assembled Micro Chemotaxis Chamber 
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3.5.2. Assay Procedure 
 
 
3.5.2.1. Filling the Micro Chemotaxis Chamber and Assay Conditions  
 
The chamber and solutions were prewarmed to 37°C. The bottom wells of the 

chamber were filled with approximately 26 µl of test substance (parasite product 

or control solutions). The filter was lowered onto the wells with forceps, followed 

by applying the silicone gasket and the top plate. This was pushed down firmly 

and kept in that position while applying and tightening the nuts. Accuracy in filling 

the wells and assembling the chamber were essential to prevent contamination 

between wells and air bubbles being trapped in the wells. The top chambers 

were then filled with 50 µl of the cell suspension, which was vortexed regularly to 

guarantee homogenously dispersed cells.   

 

The chamber was incubated at 37°C for 60 min in a CO2 incubator in humidified 

air with 5% CO2. After the incubation, the filter was removed for staining, as 

described below.  

 

The chamber was disassembled and cleaned after each experiment by rinsing it 

with distilled water and soaking it in the same overnight. The components were 

then soaked in a 1% (w/v) solution  of the active enzyme detergent Terg-A-

Zyme® at 58°C for 3 h, followed by thorough rinsing with sterile deionised water. 

Water residues in the lower wells were removed with a pipette and the chamber 

was allowed to air-dry under protective paper towels at room temperature. 

 
 

3.5.2.2. Removal and Staining of the Filter 
 

The chamber was taken from the incubator and the nuts were undone while 

holding down the top plate. The entire chamber was inverted on a paper towel 

and the upper plate, with adherent gasket and filter, coming to rest on the towel. 

The lower plate was immersed in distilled water immediately; the other 
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components followed after removing the filter. The filter was lifted from its 

position on the gasket with the migrated cells facing upwards (this side being 

referred to as the “cell side” from here onward). Keeping the cell side up, the 

underside (with the non-migrated cells) was wetted in a dish containing PBS. 

The non-migrated cells were then wiped off by pulling the filter across a rubber 

wiper blade; the underside was wetted twice more and this procedure repeated.  
 

Following this, the filter with migrated cells was fixed and stained using a Diff-

Quik Stain Set® (Dade AG, Switzerland), which yields results similar to a Wright-

Giemsa stain.  

 

 

3.5.2.3. Cell Counting 

 

The dried filter was cut in half, mounted with distrene-plasticiser-xylene (DPX) 

glue (BDH, UK) on microscope slides with its cell side facing up and covered 

with coverslips. Cell counts were performed under a microscope at 400x 

magnification using a 10 x 10 mm2 counting grid inserted into the eyepiece of the 

microscope. Both neutrophil and eosinophil granulocytes in the area of this grid 

were counted in five fields, which were selected at 45x magnification in different 

areas spaced evenly across the whole well. Fields in which an air bubble had 

been trapped in the lower well and areas where cells were stacked on top of 

each other were not counted.  
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3.5.3.  Chemotaxis Assays with Parasite Products  
 

 
3.5.3.1. Media and Test Samples  
  

The medium (HBSS, EBSS or RPMI), which had been used to generate parasite 

products and to suspend the granulocytes, was also employed for all dilutions in 

the chemotaxis chamber experiments. In several early assays, the medium 

contained 0.5% or 1% BSA or heat-inactivated ovine serum (HIOS) as a non-

chemotactic protein. For the preparation of HIOS see Appendix 8.6. Each assay 

included a negative control consisting of the medium that had been used to 

generate the parasite products as well as a positive control to test the 

responsiveness of the cells. The chemoattractant used for this purpose was 

zymosan-activated plasma (ZAP), which contains the chemotactic complement 

factor C5a. The preparation of ZAP is described in Appendix 8.1. Parasite E/S 

substances and extracts were generated as specified in Section 3.3 and are 

listed in Tables 1 to 3. 

 
 
3.5.3.2. Test Design 
 
The first thirteen tests were preliminary experiments to optimise the use of the 

Micro chemotaxis chamber, followed by three experiments with different dilutions 

of ZAP as the chemoattractant to gather information about the detectable range 

of cellular responses and to determine the appropriate concentration of ZAP to 

be used as the positive control. Several incubation media, with and without 

additives (BSA, HIOS, heparin), were included to detect possible influences of 

these substances on the migratory response of granulocytes. Each test was 

carried out at least in triplicate, with the test material in the bottom well and the 

cell suspension in blank medium in the top well. 
 

The chemoattractive properties of parasite E/S products and extracts were 

explored in a total of 63 experiments. Simple experiments, testing parasite 
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products in one or two different concentrations, were carried out first to detect 

the presence of a chemoattractant. When positive responses occurred, they 

were further evaluated in a modified assay after ZIGMOND and HIRSCH (1973), 

to differentiate chemotaxis from chemokinesis.  In these assays, the parasite 

product was tested in various dilutions, placing them in the lower well only 

(detects chemotaxis plus chemokinesis) or in the same concentrations in both 

the lower and the upper well, where it was mixed with the cell suspension 

(detects chemokinesis). All dilutions were tested in triplicate and positive controls 

with 1% ZAP (in duplicate) and negative controls with blank medium (in triplicate) 

were included in all assays.  

 

The experiments carried out with parasite preparations are listed separately: L3 

E/S products of O. circumcincta and H. contortus in Table 5 and 6; adult E/S 

products of O. circumcincta and H. contortus in Table 7 and 8; L3 extracts of O. 

circumcincta and H. contortus in Table 9 and 10, adult worm extracts in Tables 

11 and 12.  
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Table 5 Micro chemotaxis chamber experiments with E/S preparations of O. 
circumcincta L3 to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only). 

 
 
Experiment 

 
Medium Total cells 

per well  
Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

 OLes-1 EBSS 50,000  3.0 4a >10,000 1001

 OLes-2 EBSS 48,500  14.6 5 >10,000 1001

 OLes-3 EBSS  138,0002 40.6 6 >10,000 
7 >10,000 

1001 

1001

 OLes-4 RPMI   104,0002  42.8 8  >10,000 1001

 OLes-5 RPMI3 91,500 3.2 8  >10,000 1001

 OLes-6 EBSS3 87,5002 58.8 8  >10,000 1001

 OLes-7 EBSS 42,000 3.6 9b >10,000 1001

 OLes-8 EBSS 5,000 0.5 10a >10,000 1001

 OLes-9 EBSS 57,000 0.5 10b >10,000 1001

 OLes-10 HBSS 91000 15.4 11 >10,000 1001

 OLes-11 HBSS 42,500 0.5 12a >10,000 1001,804, 
504, 104

HBSS 73,000 0.5 12b crude 1004

   12b >10,000 
 OLes-12 
 

   12c >10,000 
1001, 804

1001, 804

HBSS 13b >10,000  OLes-13 
 

89,000 0.5 
14a >10,000 

1001, 804

1001, 804

HBSS 14b, crude  OLes-14 
 

84,000 1.5 
14b >10,000 

1001, 504

1001, 504

 OLes-15 HBSS 30,000 1.0 15a-c >10,000 1001, 504

 OLes-16 HBSS 105,000 1.5 16  c+d <10,000 
16Ac+d <10,000 

1001

1001

RPMI 17 crude 
 17 >10,000 

 OLes-17 

 

155,000 4.5 

17 <10,000 

1001

1001, 804

1001

1 E/S product placed in wells below filter only
2 medium contained 1% HIOS 
3 cells from mammary gland 
4 E/S product placed in wells below filter only and in both upper and lower wells 
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Table 6  Micro chemotaxis chamber experiments with E/S preparations of H. 
contortus L3 to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only). 

 

Experiment 
 

Medium Total cells 
per well  

Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

 HLes-1 RPMI 31,9501 67.9 1c >1,000 1002,3 
 HLes-2 RPMI 429,5001  76.2 1a+b >1,000 1002 
 HLes-3 EBSS  50,000 3.0 2 >10,000 1002,3 
 HLes-4 RPMI   71,500  4.9 3 >10,000 1002,3 

 
1 cells from mammary gland 
2 E/S product placed in wells below filter only 
3 E/S product placed in both upper and lower well 
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Table 7 Micro chemotaxis chamber experiments with E/S products of O. 
circumcincta adults to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only) 

 
 
Experiment 

 
Medium Total cells 

per well  
Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

 OAes-1 RPMI 89,000 2.8 20a+b crude 
20a+b >5,000 
20c >5,000 

1001 
801 
801 

 OAes-2 RPMI 167,000 28.0 21 crude 
21 >30,000  
21 >10,000 
21 >3,000  
21 <3,000 

801 
801 
801 
801 
801 

 OAes-3 RPMI 142,000 26.0 21 >30,000 1002, 801, 
501, 301,  
101, 11 

 OAes-4 RPMI   140,000 12.7 21 >10,000 1002, 801, 
501, 301,  
101, 11 

 OAes-5 RPMI 102,500 9.7 22 crude 
 
22 >10,000 
 
22 >3,000 

1002, 502, 
102 
1002, 502, 
102, 12 
1002, 502, 
102, 12 

 OAes-6 RPMI 117,500 2.0 22 crude 
22 >10,000 
 
22 >3,000 

1002, 502 
1002, 502, 
12 
1002, 502, 
12 

 
1 E/S product placed in wells below filter only and in both upper and lower wells 
2 E/S product placed in wells below filter only 
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Table 8 Micro chemotaxis chamber experiments with E/S preparations of H. 
contortus adults to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only) 

 
 
Experiment 
 

Medium Total cells 
per well  

Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

 HAes-1 RPMI 66,300 5.0 18 >10,000 1001, 501 

 HAes-2 RPMI 180,000 14.6 19a crude 
19b >30,000 
19b >10,000 
19b >3,000  
19b <3,000 

1002 
801 
801 
801 
801 

 HAes-3 RPMI 120,000 7.0 19b >30,000 
 

602, 451, 
251, 102 

 HAes-4 RPMI 167,200 1.8 19a >30,000 
19b crude 
19b >30,000 
19b >10,000 
19b >3,000 

802 
801 
602 
801 
801 

 

1 E/S product placed in wells below filter only and in both upper and lower wells 
2 E/S product placed in wells below filter only 
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Table 9 Micro chemotaxis chamber experiments with extracts of O. 
circumcincta L3 to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only)   

  
Experiment 

 
Medium Total cells 

per well  
Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

OLex-1 RPMI 104,0001 42.8 K 1002 
OLex-2 RPMI 57,000 0.5 L 1002 
OLex-3 HBSS 42,500 0.5 K 803, 503,  

253, 102 
OLex-4 HBSS 85,000 2.9 M crude 

 
M >10,000 

1003, 503, 
102 
1003, 503, 
253, 103 

OLex-5 HBSS 84,000 1.5 K 1003, 502 
OLex-6 HBSS 120,000 1.0 N crude 

N >30,000 
N >10,000       
N >5,000     
N <5,000 

1003, 502 
302 
1003 
1003 
1003 

OLex-7 HBSS 62,500 4.0 O crude 
 
O >30,000 
O >10,000 
O >5,000 
O <5,000 

1003, 103, 
502 
252 
502 
1003 
1003 

OLex-8 HBSS 362,5004 2.8 N >30,000 
N >10,000     
N >5,000   
N <5,000 

502 
1003 
1003 
1003 

OLex-9 RPMI 126,000 5.5 O >30,000 1003, 802, 
602, 402,  
202, 102 

 

1 cells from mammary gland 
2 E/S product placed in wells below filter only and in both upper and lower wells 
3 E/S product placed in wells below filter only 
4 cells from bovine blood 
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Table 10 Micro chemotaxis chamber experiments with extracts of H. 
contortus L3 to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only)   

 
 
Experiment 

 
Medium Total cells 

per well  
Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

 HLex-1 RPMI 31,9501 67.9 C 102 
 HLex-2 RPMI 250,5001  76.2 C 1003 
 HLex-3 EBSS 207,2501 45.7 E 1003, 103 
 HLex-4 EBSS4 50,000 3.0 B 1003, 252 
 HLex-5 HBSS 100,000 0.5 G 803, 603,  

403, 203,  
102, 53 

 HLex-6 RPMI 146,000 12.7 H 1002, 802, 
602, 402,  
202, 102 

 
1 cells from mammary gland 
2 E/S product placed in wells below filter only and in both upper and lower wells 
3 E/S product placed in wells below filter only 
4 medium contained 1% HIOS 
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Table 11 Micro chemotaxis chamber experiments with extracts of O. 
circumcincta adults to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only)     

 
 
Experiment 

 
Medium Total cells 

per well  
Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

 OAex-1 RPMI 133,5001 11.2 R crude 802, 502, 
302,102, 12 

 OAex-2 RPMI 125,000  4.4 R crude 802, 502, 
302,102, 12 

 OAex-3 RPMI 93,500 1.6 R crude 802, 502, 
302,102, 12 

 OAex-4 RPMI 142,500  0.5 S crude 1003, 753, 
503, 253,  
103, 13,   
0.53, 0.253 

 OAex-5 RPMI 151,000 6.0 S >10,000 
 
S <10,000 

802, 502,  
302, 102 
802 

 
1 cells from bovine blood 
2 E/S product placed in wells below filter only and in both upper and lower wells 
3 E/S product placed in wells below filter only 
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Table 12 Micro chemotaxis chamber experiments with extracts of H. 
contortus adults to investigate chemokinesis (on both sides of 
membrane) and chemotaxis (below filter only)     

 

Experiment 
 

Medium Total cells 
per well  

Eosinophils 
(%) 

E/S product 
(batch and 
fraction) 

Concen-
tration 
(%) 

 HAex-1 RPMI1 91,500 3.3   P 502, 253 
 HAex-2 EBSS1 87,5004  58.9   P 502, 103 
 HAex-3 EBSS 42,000 3.6   P 502, 103 
 HAex-4 EBSS 5,000 3.0   Q 502 
 HAex-5 EBSS1 126,500 0.8   P 502, 102 
 HAex-6 HBSS 91,000 5.4   P 502, 12 
 HAex-7 HBSS5 225,000 10.0   Q 103 
 HAex-8 HBSS5 115,000 15.0   Q 103 
 HAex-9 HBSS 30,000 14.0   Q 103 
 HAex-10 HBSS 70,000 9.7   Q 103 
 HAex-11 HBSS 45,000 2.8   Q 1003, 503,  

102, 13 
 HAex-12 RPMI 89,000 2.8   Q 802 
 HAex-13 RPMI 155,000 4.5   Q 1003, 503, 

103, 13, 
0.13 

 HAex-14 RPMI 58,000 8.7   P 1003, 802,  
602, 402, 
202, 102 

 
1 medium contained 1% HIOS 
2 E/S product placed in wells below filter only and in both upper and lower wells 
3 E/S product placed in wells below filter only 

4 cells from mammary gland 
5 medium contained 0.5% BSA 
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3.6. Subcutaneous Tissue Chambers as an In vivo 
Test for Chemotaxis 

 

 

3.6.1.  Experimental Overview 
 

Six subcutaneous tissue chambers were implanted subdermally into each of 

three parasite-naive sheep. Each chamber was injected with one of the test 

substances, or medium only as a negative control, and the cellular reaction to 

these substances was monitored in samples taken from the exudates that 

accumulated in the chambers. The parasite preparations tested were extracts of 

H. contortus and O. circumcincta L3, E/S products from larvae and adult 

parasites of both species, as well as live exsheathed L3. Their production is 

described in Section 3.3.  

 

There were three test periods. The sequence of test materials used in each 

chamber is listed in Table 13. The sheep were parasite-naïve for Tests I + II. 

Test III commenced 19 days after infection with 6000 H. contortus L3.   For Test 

I, pre-injection samples were collected and the test material injected into the 

chambers on day I.0 and fluid collected from the chambers on days I.1 – I.5.  

Test II started 1 day after terminating Test I. In Test II Sheep 20 was not used. 

The injection of material into each chamber was replicated on day II.0 and fluid 

collected on days II.1 – II.4.  For Test III, pre-injection samples were collected on 

day III.0 and the test material injected into the chambers. Exudation fluid was 

collected on the following days III.1 – III.5. 

   

 

3.6.2.  Sheep Surgery: Implantation of Tissue Chambers 
 

The sheep used for the implantation of subcutaneous chambers were three 

Romney-Merino crossbred lambs, two males and one female, aged five months. 
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They had been taken from their mother one day after birth and were raised 

parasite-free, housed indoors in pens and fed lucerne chaff ad libitum. 

 

The chambers were made of medical grade silicone rubber tubing (Degania 

Sillicone, Israel) with an inner diameter of 9 mm and an outer diameter of 16 mm, 

cut into lengths of 4 cm. They were sterilised by soaking in disinfectant for 

several hours prior to their implantation. 

 

Anaesthesia was induced by intravenous injection of thiopentane (Thiovet 2.5 g; 

20-25 mg/kg body weight; C-Vet Products, UK) and continued by means of 

inhalation anaesthesia with 1-3% halothane (Fluothane®; AstraZeneca, UK) 

mixed with 2 litres oxygen/min.  

 

The bilateral surgical fields were prepared by clipping and disinfecting areas 30 x 

20 cm over the ribcage and lateral abdominal wall, starting at the eighth rib. The 

tissue chambers – three on each side – were inserted in the subcutaneous 

connective tissue through 3 cm long horizontal skin incisions, spacing them 

evenly in the surgical field with gaps of at least 5 cm between them and in a line 

at about shoulder height. The chambers were positioned vertically and the skin 

incisions then closed with a suture. Over the next weeks, the area was checked 

regularly for signs of inflammation and the chambers were allowed to integrate 

into the surrounding tissue before injecting the test substances and taking 

samples from the cellular exudate. 
 

 

3.6.3.  Test Material 
 

E/S products and parasite extracts, which had been stored frozen, were thawed 

shortly before use and sterilised by passing through a 0.2 µm bacterial filter. O. 

circumcincta and  H. contortus L3 were exsheathed as described in Section 

3.2.4, washed three times in sterile physiological saline (SPS) and suspended in 

1 ml SPS. The test substances were drawn into sterile 1 ml syringes fitted with 
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20G hypodermic needles and injected into the chambers through their top 

openings.  
 

 

Table 13 Parasite substances tested in six subcutaneous tissue chambers in 
each of three sheep. The sheep were parasite-naive for Tests I +II. 
Test III commenced 19 days after infection with 6 000 H. contortus 
L3.  Sheep 20 was only used in Test I.  

 

Sheep Chamber  Substances injected in 
Test I + II 

Substances injected in 
Test III 

26 
 

1 
2 
3 
4 
5 
61 

H.c. L3 extract F 
H.c. L3 E/S 1 
O.c. L3 E/S 4 
H.c. adult E/S 18 
SPS 
--- 

5000 H.c. L3  
H.c. L3 extract F 
EBSS 
--- 
H.c. L3 extract F   
---    

29 
 
 

1 
2 
3 
4 
5 
6 

O.c. L3 extract I 
H.c. adult E/S 18 
H.c. L3 E/S 1 
O.c. L3 E/S 4 
O.c. adult E/S 20 
EBSS 

5000 H.c. L3 
H.c. L3 extract F 
EBSS 
5000 H.c. L3 
H.c. L3 extract F 
5000 H.c. L3 

20 
 
 

1 
2 
3 
4 
5 
6 

O.c. L3 extract I 
10 000 O.c. L3  
O.c. L3 E/S 5 
O.c. L3 E/S 5 
10 000 O.c. L3 
EBSS 

--- 
--- 
--- 
--- 
--- 
---    

 
1 chamber was rejected shortly after surgery    

 

3.6.4. Sampling and Assessment of Cellular Response 

 

Samples of chamber fluid were aspirated into 5 ml Vacutainer tubes containing 

Lithium-Heparin. The skin was cleaned with 70% ethanol and a sterile needle 

inserted into the chamber through its lower opening. If necessary, the chamber 

was squeezed slightly to obtain at least 1 ml of liquid. The total number of 
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leukocytes and the number of eosinophils per µl sample fluid were determined in 

a 0.1 ml aliquot mixed with 0.4 ml eosinophil stain in the haemocytometer.  

 

 

 

3.7. Investigation into the Presence of Parasite-
Associated Bacteria by Molecular Biology 

 

 

3.7.1. Extraction of Parasite DNA  
 
 
Adult H. contortus or O. circumcincta, which had been stored frozen at –20°C, 

were ground with pestle and mortar, adding ice cold 5 M sodium chloride solution 

[29.22 g sodium chloride (Sigma Chemicals, USA) dissolved in 100 ml sterile 

deionised water] to obtain a volume of at least 500 µl. The ground worms were 

transferred to a microcentrifuge tube and an equal amount (at least 1 ml) of 

icecold phenol-chloroform reagent (50:50 vol% phenol; Sigma Chemicals, USA) 

and chloroform (Ajax Chemicals, Australia) was added. The tube was mixed 

gently by inverting it about 20 times and left on ice for at least 15 min. This was 

followed by centrifugation for 10 min at 2000 x g at room temperature in a 

Micromax benchtop centrifuge (IEC, USA) to separate the phases. About 80% of 

the upper aqueous phase, which contained the DNA, was transferred to a new 

microcentrifuge tube and the phenol-chloroform reagent was added again, 

repeating the previous steps.  After the upper phase had been transferred to a 

new tube, an equal volume (at least 500 µl) of ice cold chloroform was added, 

and the tube gently mixed then centrifuged as detailed above. The aqueous 

phase was removed again and the addition of chloroform and centrifugation 

repeated. The resulting aqueous phase was mixed with twice its volume of 

icecold 100% ethanol (Sigma Chemicals, USA) and put in a –20°C freezer to 

precipitate for at least 1 h.  It was then centrifuged for 5 min at 10 000 x g, the 

supernatant removed and the precipitate washed first with icecold 70% ethanol, 

then with icecold 100% ethanol.  After removing the ethanol, the precipitate was 
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left to air dry for about 5 min and then resuspended in 50 µl sterile, double 

distilled water, by rocking it in a 37°C waterbath for 1 h.  The extracted DNA was 

stored at – 20°C until use.  

 

DNA quality and quantity were assessed spectrophotometrically:  A 1:100 

dilution of DNA was made up in quartz cuvettes and the absorbance read at 260 

nm and 280 nm wavelengths with an Ultraspec II spectrophotometer (Pharmacia, 

USA).  

 
The concentration of DNA was determined using the formula: 

concentration of DNA [ µg / µl ] = 0.05 x OD260 x 100 

where 0.05   = by definition the optical density of 1 µg DNA 

OD260 = optical density of the sample, read as the absorbance at 260 nm       

              wavelength    

100 = dilution factor of DNA 

 
The DNA quality was assessed using the ratio of the optical densities at 260 nm 

and 280 nm, which should have a value of 1.75 or higher.  

 

 

3.7.2.  Polymerase Chain Reaction (PCR) 
 

Five PCRs (numbered I to V) were performed by setting up a reaction mixture 

and amplifying the target DNA in a thermocycler. The reaction mixture consisted 

of reaction buffer, MgCl2, dNTPs as the building blocks for DNA, the enzyme Taq 

polymerase to link them, primers (forward and reverse to the target sequence) 

and the template DNA.  Details of the DNA, primers, reaction mixture and each 

of the five PCRs are given below and in Appendix 8.3. 
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3.7.2.1. Template DNA 
 
The template DNA from adult H. contortus or O. circumcincta had been extracted 

and stored as described in 3.7.1 and was used in the concentrations shown in 

Table 14. Drosophila sp. and blowfly DNA, donated by Dr. Max Scott, Institute of 

Molecular Biosciences, Massey University, were included in the PCR as potential 

positive controls for Wolbachia, because these bacteria have been shown to be 

present in many arthropod species (JEYAPRAKASH and HOY 2000).  Rat DNA, 

donated by Dr. Juliet Sutherland, Institute of Food, Nutrition and Human Health, 

Massey University, was used in the GAPDH reaction, which served as an 

external control to verify that the PCR procedure itself was successful. 

 

Table 14 Template DNA used in PCR I - V 
 

DNA Sample 
number 

DNA concentration in 
stock solution (ng / µl) 

Dilution factor 

O. circumcincta oc1 
oc2 
oc3 

825 
8.25 
1.65 

1 x 
100 x 
500 x 

H. contortus hc1 
hc2 
hc3 

1105 
11.05 
2.21 

1 x 
100 x 
500 x 

Drosophila sp. dro 53 1 x 
blowfly blo 170 1 x  
rat rat 500 1 x 

 

 

3.7.2.2. Primers 
 
BRAIG et al. (1998) described the primer pair wsp 81F and wsp 691R that was 

used in PCR I - III to amplify a variable DNA region of about 0.6 kb from the 

Wolbachia wsp gene sequence. PCR IV - V were performed with longer primers, 

wsp-F and wsp-R, as published by JEYAPRAKASH and HOY (2000).  Details of 

the primers are given in Table 15.  All primers designed to amplify DNA from 

Wolbachia were custom made by GIBCO BRL, Australia.   
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Table 15 Primers designed to amplify DNA from Wolbachia 
 
 
Primer 
name 

Primer sequence (5’ to 3’) 
in base triplets 

Molecular 
mass 
(µg/µmol) 

Concentration 
of reconstituted  
primer (pmoles/µl) 

wsp 81F TTG TCC AAT AAG TGA TGA 
AGA AAC 
 

7799.8 2105 

wsp 691R AAA AAT TAA ACG CTA CTC CA 6385.0 2012 

wsp-F TGG TCC AAT AAG TGA TGA 
AGA AAC TAG CTA 
 

9780.0 2620 

wsp-R AAA AAT TAA ACG CTA CTC 
CAG CTT CTG CAC 

9596.0 2080 

 

 

3.7.2.3. Reaction Mixtures 
 

The reaction mixture Wolbachia A, employed in PCR I - III, was prepared 

according to the protocol for standard PCR of JEYAPRAKASH and HOY (2000). 

Each reaction was performed in a volume of 25 µl, containing 10 mM Tris, 50 

mM KCl, 1.5 mM MgCl2, 200 µM dNTPs, 400 pM primers (wsp 81F and wsp 

691R), 0.8 units Taq polymerase and varying amounts of template DNA and 

water (the volume of the DNA sample determined the amount of water added to 

make up the required volume per reaction).  For details see Appendix 8.3. 

The reaction mixture Wolbachia B, employed in PCR IV - V, was prepared 

according to the protocol for long PCR by JEYAPRAKASH and HOY (2000).  It 

was performed in a 50 µl volume, containing 50 mM Tris, 16 mM (NH4)2SO4, 

1.75 mM MgCl2, 350 µM dNTPs, 800 pM primers (wsp-F and wsp-R), 5 units Taq 

polymerase, 1 unit Pfu polymerase, template DNA and water. For details see 

Appendix 8.3. 

 

The GAPDH reaction mixture for the external PCR control was always prepared 

in duplicate, once with rat template DNA (GAPDH positive control) and once 

without DNA (GAPDH negative control), as described in Appendix 8.3. 
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All reagents were purchased from Promega Corp., USA.  Sterile deionised water 

was used.  Contamination was avoided by using sealed pipette tips, autoclaved 

microcentrifuge and PCR tubes and separate work areas and pipettes for DNA 

preparation and PCR. 

 
 
3.7.2.4. Amplification Programmes 
 
DNA amplifications were carried out in an Eppendorf Mastercycler 5333 

thermocycler (Eppendorf, Germany) in 35 amplification cycles. Each cycle 

consisted of (1) a hot start to denature the DNA; (2) a lower temperature, specific 

for each primer, to allow the primer to anneal to the matching sequence; (3) 

elongation at a higher temperature to allow the addition of dNTPs, forming a 

sequence that matched the one between the primers.  When the PCR 

programme had finished, the thermocycler was cooled down to 4°C and the 

samples were stored at –20°C overnight for electrophoresis. 

 

PCR I - III followed the amplification protocol of SHOEMAKER et al. (2000): 

1. 1 cycle of 94°C for 1min 

2. 10 cycles: 30 sec at 94°C, 30 sec at 60°C (-1/2 °C per cycle) and        
                      1 min. at 72°C 

3. 25 cycles: 30 sec at 94°C, 30 sec at 53°C, 1 min at 72°C 

4. 1 cycle of 72°C for 5 min. 

In PCR III, the temperature of 60°C in step 2 was changed to a constant 53°C.  

 

PCR IV - V followed the protocol of JEYAPRAKASH and HOY (2000): 

1. 94°C for 2 min 

2. 10 cycles of 94°C for 10 sec, 65°C for 30 sec, 68°C for 1 min 

3. 25 cycles of 94°C for 10 sec, 65°C for 30 sec, 68°C for 1 min,   

plus 20 sec extra at 68°C for every consecutive cycle. 

In PCR V, two sets of tubes were prepared; in the second set Taq and Pfu 

polymerases were added to the PCR-tubes after the hot start. 
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3.7.2.5.  PCR Overview: Template DNA, Primers and Controls  
 

The following DNA samples, controls and primers were tested in PCR I – V: 

PCR I:  oc1 – 3, hc1 – 3; GAPDH control; primers wsp 81F, wsp 691R 

PCR II - III:  oc1, hc1, blo, dro (each in triplicate); GAPDH control; primers wsp 

81F, wsp 691R  

PCR IV - V:  oc2, hc2, blo, dro; primers wsp-F, wsp-R 

 

All PCRs included a negative control for the reaction mixture (Wolbachia A or B 

and water).  The amounts of reaction mixture and template DNA in each reaction 

tube for PCR I - V are shown in Appendix 8.3.   

 

 

3.7.3.  Gel Electrophoresis of PCR Products 
 
The PCR products from each experiment were separated by electrophoresis on 

2% agarose gels in a Sub-Cell GT DNA Electrophoresis Cell combined with a 

Junior Power Pack (Bio-Rad, USA).  Gels were prepared in TE buffer (Appendix 

8.1.) with 30 µl ethidium bromide. To prepare the samples, 5 µl of each PCR 

reaction mixture were combined with 1 µl loading dye (Promega, USA). One 

additional sample (two for more than 10 samples) contained 5 µl of a 100 bp 

DNA-ladder (Promega, USA).  The gel was run at 100 V for approximately 80 

min and the bands were visualised on a transilluminator and photographed.   
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3.8. Gel Electrophoresis of Parasite-Derived 
Proteins 

 
 

The protein compositions of selected molecular weight fractions of two O. 

circumcincta extracts and three E/S preparations were investigated by 

sodiumdodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a 

minigel system (Mini Protean 3; Bio-Rad, USA), according to the method 

described by SHI and JACKOWSKI (1998).  

 
 

3.8.1. Samples 

 

The nine fractions of parasite products (details of preparation in Section 3.3) and 

their protein concentrations were: 

• L3 extract batch O: crude (740 µg/ml), >30,000 mol. wt. (2080 µg/ml), >10,000   

   mol. wt. (57 µg/ml)     

• adult worm extract batch S:  >10,000 mol. wt. (550 µg/ml) 

• adult E/S product 21: >30,000 mol. wt. (5 µg/ml), >10,000 mol. wt. (12 µg/ml) 

• adult E/S product 22: crude (6 µg/ml), >10,000 mol. wt. (18 µg/ml) 

• L3 E/S product 10:  >10,000 mol. wt. (5.5 µg/ml) 

 

 
 
 
 
3.8.2. Gel Preparation 

 

To prepare a gel of 0.75 mm thickness for the SDS-PAGE discontinuous buffer 

system, the following reagents were required: 

• acrylamide-bisacrylamide mixture (30% T, 2.6% C) 

• polymerisation initiator solutions (1 µl TEMED and 10% (w/v) ammonium   

   persulfate) 
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• 10% (w/v) SDS 

• 4 x resolving gel buffer (1.5 M Tris-HCl, pH 8.8) 

• 4 x stacking gel buffer (0.5 M Tris-HCl, pH 6.8) 

•  distilled water, water-saturated isobutanol, 95% ethanol 

 

The 12.5% polyacrylamide resolving gel mixture was prepared by combining 

water, acrylamide-bisacrylamide mixture, 4x resolving gel buffer, 10% SDS, 10% 

ammonium persulfate and TEMED just prior to pouring the gel. The gel was 

transferred to the glass plate sandwich and overlayed with water-saturated 

isobutanol. A 4% stacking gel mixture was prepared by combining water (3 ml), 

acrylamide-bisacrylamide mixture, 4x stacking gel buffer, 10% SDS, 10% 

ammonium persulfate and TEMED. The resolving gel was overlayed with this 

mixture and a 10 well Teflon comb was inserted. The gel was left to polymerise 

for 2 h.  

 

 

 

3.8.3. Sample Preparation, Loading and Electrophoresis  
 

The samples were thawed, vortexed and 22.5 µl of each sample combined with 

2.5 µl sample buffer (2x sample buffer: 2 ml stacking buffer, 1.6 ml glycerol, 10% 

SDS, 0.8 ml 2-mercaptoethanol and 0.4 ml 0.1% bromophenol blue in water). 

They were heated to denature the proteins. The standard used was a broad-

range standard with bands at 97,400, 66,000, 45,000, 31,000, 21,500 and 

14,400 mol. wt.. 

The gel was placed in the gel tank, the reservoirs of the apparatus were filled 

with reservoir buffer (7.5 g Tris base, 36 g glycine, 2.5 g SDS in 1 l water, pH 

8.3) and the samples loaded into the gel wells. The gel was run at 150 V for 

approximately 1 h.  
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3.8.4. Staining the Gel 
 

The gel was placed in a plastic container, covered with staining solution 

containing coomassie blue R-250 and placed on an slow shaker for 

approximately 60 min. The gel was transferred to destaining solution 

(ethanol:water 1:1) and left on the shaker overnight. It was then rinsed with 

distilled water, dried and photographed.  
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3.9. Statistical Analysis of Results 
 

 

All statistical analyses were performed using the software package GRAPHPAD 

PRISM (Graphpad Software, USA).  

 

Mean and standard deviation (SD) of cell counts for each substance tested were 

determined in each chemotaxis chamber experiment. For each parasite product, 

the cell count when the product was placed only below the filter (chemotaxis), on 

both sides of the filter (chemokinesis) and in the negative control were compared 

by one-way Analysis of Variance (ANOVA) with Bonferroni’s Multiple 

Comparison Test as the post-test. Differences were considered significant at the 

5% level (p <0.05). 

 

Where chemotaxis of only one extract or E/S preparation was tested, the cell 

count was compared with that in the negative control using Student’s t-test.  

Differences were considered significant at the 5% level (p <0.05).  

 

Statistical analysis in subcutaneous tissue chamber experiments was performed 

by two-way analysis of variance (two-way ANOVA), where replicate estimates of 

the cell number in the chambers from each day were compared with a negative 

control.  Mean cellular responses from Test I were compared with those from 

Test II by Wilcoxon rank test.  Differences were considered significant at the 5% 

level. 
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4.  RESULTS 
 

 

4.1. Provision of Granulocytes for Chemotaxis 
Chamber Experiments 

 
 

4.1.1.  Granulocyte Suspensions from Whole Blood 
 

The cell suspensions obtained from whole blood employing the method of 

CHAMBERS et al. (1983) contained routinely more than 80% granulocytes, 

including 0.5-14.6% eosinophils. The contaminating cells were mainly 

erythrocytes and approximately 5% mononuclear leukocytes. Repeating the red 

blood cell lysis step in the separation procedure reduced the number of 

erythrocytes, but they remained the main contaminating cell population. The 

method after ROOS and DE BOER (1986), which was employed for the majority 

of blood cell separations, yielded granulocyte suspensions with at least 90% 

granulocytes (including 0.5-28% eosinophils).  In this lysis procedure, the 

erythrocytes were fully eliminated, a contamination of the granulocyte 

suspension occurred mainly through mononuclear leukocytes.  All granulocyte 

suspensions showed a cell viability >95% as determined with the trypan blue dye 

exclusion technique.  For the varying percentages of eosinophils in the cell 

suspensions used in the different experiments see Tables 5 to 12.  

 

 

4.1.2. Enrichment of Eosinophil Granulocytes  
 

Selective enrichment of eosinophil granulocytes from blood by collecting only the 

top 10% of the erythrocyte pellet (FREIBURGHAUS and JÖRG, 1990) was 

unsuccessful with ovine blood and enrichments by a factor of 1.3, 1.5 and 4 were 

achieved with the three bovine blood samples (Table 16).  
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Table 16 Percentage of eosinophils in leukocyte fractions separated from 
whole blood following the method of FREIBURGHAUS and JÖRG 
(1990) 

 

% Eosinophils in Blood sample 

Whole blood Fraction 11 Fraction 22 Fraction 33

(1) bovine  4.0 16.9 2.7 1.6 
(2) bovine 3.6 5.6 1.0 0.0 
(3) bovine 8.5 11.2 7.3 6.4 
(4) ovine 3.8 4.4 4.5 4.7 
(5) ovine 1.0 1.2 1.4 1.6 
(6) ovine 4.0 3.5 2.1 4.0 

1 upper 1/10 of erythrocyte pellet after second centrifugation (eosinophil-  
  enriched)  
2 remaining 9/10 of erythrocyte pellet after second centrifugation 
3 lower 3/4 of the erythrocyte pellet retained after the first centrifugation 
 
 
 
Density gradient centrifugation over Percoll was performed with Fraction 1 of 

bovine blood sample (1), containing 16.9% eosinophils. After centrifugation, one    

cell band, 3 mm wide, was visible, located in a density range of 1.018-1.075 

g/ml. The cell suspension recovered from this cell band contained 26% 

eosinophils. 

 

A 1.3-fold to 1.5-fold enrichment of eosinophil granulocytes was achieved in two 

bovine leukocyte suspensions centrifuged over Percoll using the method of 

CHAMBERS et al. (1985).  The first suspension, containing 7.3% eosinophils, 

produced only one band of cells (at the Na-citrate/Percoll interface) and no cell 

pellet at the bottom of the tube.  The cells collected from the interface contained 

11% eosinophils. The second leukocyte suspension (6.7% eosinophils) was 

centrifuged together with a reference tube containing density marker beads. The 

centrifugation produced one broad cell band of a density between 1.018 g/ml and 

1.035 g/ml. It contained 10% eosinophil granulocytes and the cell pellet visible at 

the bottom of the tube contained 7.7% eosinophils. 
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4.1.3. Bone Marrow Cell Culture  
 

The compositions of two bone marrow-derived cell suspensions that provided 

cells for cultures SBMC 1 and SBMC 2 are given in Table 17.  Figure 2 shows 

the cytospot preparation of SBMC 1 at 400x magnification. 

 
 
Table 17 Cell composition of two bone marrow-derived cell suspensions as 

determined from cytospot preparations 
 

            Cell composition (%) Cell 
preparation 
for culture  Stem cells  Erythrocyte 

precursors 
Immature 
neutrophil 
granulocytes 

Immature 
eosinophil 
granulocytes 

Others 
 
 

 
SBMC 1 
 
SBMC 2 

  
11 
 
17 
 

  
16 
 
19 

  
33 
 
37 

  
18 
 
8 

 
22 
 
19 

  
 
 

 
Cell culture SBMC 1: On day 2 of incubation, the culture media in both Flasks A 

and B appeared cloudy and the orange colour indicated a slight drop in pH; the 

pH in Flask C was unchanged.  On day 4 of incubation, the media in Flask A and 

B were yellow, contaminated with bacteria and had a cell viability of 10%.  Flask 

C showed no signs of contamination and the cells had a viability of 75%.  All 

cultures were discarded on day 4.  

 

Cell culture SBMC 2: On day 2 of incubation, the media in all three flasks 

appeared clear and the colour was unchanged.  The cell viability on day 4 was 

below 20% in all flasks and the medium in Flask B was cloudy and of a yellow 

colour; microscopic examination showed contamination with yeasts.  All flasks 

were discarded on day 6 of incubation.  
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Figure 2 Cytospot preparation from the bone marrow isolate for SBMC 1, 
  400x magnification, DiffQuick® stain 

 

 

4.1.4.  Leukocytes Recovered from the Mammary Gland 

 

Injection of parasite extract into teat canals of sheep mammary glands did not 

cause signs of inflammation such as swelling, reddening of the skin or increased 

warmth, except at the tip of the teat, which was slightly red and swollen during 

the periods of injections.  Cells in the washings collected during experiments I-III 

were > 99% leukocytes.  Total cell counts and percentages of eosinophils are 

given in Table 18.  Few cells, and no eosinophils, were present in washings 

taken from the glands before the first injection. The highest percentage of 

eosinophils in the washings was 90.2% on day II.5 of the experiment.  
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Table 18 Total cells and percentage of eosinophils in washings from the 
mammary gland of a ewe during Series I-III of infusions of H. 
contortus extracts batch A, B, C, E or F from L3 or extract batch P 
from adult worms (Table continues) 

 

Washings Day of    
Exp. 

Gland Extract infused 

total cells  
(x 106/ml) 

Eosinophils 
(%) 

I.1 
I.2 
I.5 
I.10 
I.15 

left 
left 
left 
left 
left 

1 ml E  
- 
1 ml E  
1 ml E  
- 

0.6  
93.15 
15.15  
23.45  
36.74  

0 
1.13  
49.5  
50.5 
64.9  

II.1 
 
II.3 
II.5 
II.7 
II.14 
II.15 
II.16 
II.17  
 
II.20 
 
II.24 
 
II.17 
 
II.20 
 
II.24 
 
II.25 
 

left 
right 
left 
left 
left 
left 
left 
left 
left 
right 
left 
right 
left 
right 
left 
right 
left 
right 
left 
right 
left 
right 

1 ml A   
- 
- 
1 ml C   
- 
- 
1 ml C   
- 
- 
0.5 ml B 
- 
- 
- 
0.5 ml E 
- 
0.5 ml B  
- 
- 
- 
0.5 ml E  
1 ml C 
- 

5.9  
0.05  
31.951  
25.051  
42.951

16.05  
- 
40.75  
20.73 
- 
16.3 
36.1 
5.25 
9.53 
20.731  
- 
16.3  
36.1  
5.25  
9.53  
4.5  
45.75 

26.3  
0 
67.9  
90.2  
76.6                 
67.9  
- 
27.7  
45.7 
- 
78.8 
36.6 
42.9 
51.4 
45.7 
- 
78.8 
36.6 
42.9 
51.4 
23.3 
26.7 

II.26 
II.31 
 
II.33 
II.34 
II.36 
II.37 

left 
left 
right 
left 
left 
left 
left 

- 
- 
- 
1 ml F 
- 
1 ml F 
- 

33.8  
5.05  
2.05  
3.35  
19.3  
- 
47.15  

8.7 
36.6 
19.5 
28.4 
17.4 
- 
18.9 

1 washings were employed as leukocyte suspensions in Micro Chemotaxis   
  Chamber experiments 
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Table 18 Total cells and percentage of eosinophils in washings from the 
mammary gland of a ewe during Series I-III of infusions of H. 
contortus extracts batch A, B, C, E or F from L3 or extract batch P 
from adult worms (continued) 

 
 

Washings Day of   
Exp. 

Gland Extract infused 
total cells 
(x 106/ml) 

Eosinophils 
(%) 

III.1 
III.2 
III.3 
III.4 
III.5 
III.6 
III.9 
III.11 

right 
right 
left 
left 
right 
right 
right 
right 

1 ml P 
- 
1 ml P 
- 
1 ml P 
- 
1 ml P 
- 

0.1  
19.2  
- 
34.3  
29.91  
24.5  
2.081  
8.751  

0 
38.2  
- 
5.5 
46.5  
86.1 
42.8 
58.9 

1 washings were employed as leukocyte suspensions in Micro Chemotaxis   
  Chamber experiments 
 

 

 

4.2. Parasite Extracts and E/S Products 
 
 
 
Incubated L3 began to develop into L4. From the second day of incubation 

onwards a growing number of cast cuticules was found in the incubation medium 

of H. contortus cultures and in both H. contortus and O. circumcincta cultures 

some larvae showed development of their mouth capsule and had increased in 

size. There was no apparent bacterial or fungal contamination of incubates. The 

pH of the incubation media remained stable, except when HBSS was incubated 

under CO2, when the pH tended to increase and had to be readjusted daily. 

 

The protein content of parasite extracts and E/S products is listed in Tables 19 to 

21. No protein was detectable in any filtrates of larval E/S products after passage 

through 5,000 or 3,000 MWCO filters. The protein content of all crude larval E/S 

preparations measured was also below the detectable range of 1 µg/assay. 
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Table 19 Protein content in crude extracts and fractions obtained by filtration 
through membranes with different MWCO, determined by the 
protein assay of BRADFORD (1976) 

 
 

Protein content (µg/ml) in mol. wt. fraction Extract 
batch crude >30,000 >10,000 30,000 

-10,000 
10,000 
-5,000 

<5,000 

A 350 - - - - - 
B 204 - - - - - 
C 660 - - - - - 
D 1,768 - - - - - 
E 1,690 - - - - - 
F 1,312 - - - - - 
G 420 - - - - - 
H 120 - - - - - 
I 300 - - - - - 
J 350 - - - - - 
K 450 - - - - - 
L 330 - - - - - 
M 270 - 230 - - - 
N 500 1,660 - 44 1.0 1.5 
O 740 2,080 - 57 1 1

P 3,000 - - - - - 
Q 5,800 - - - - - 
R 650 - - - - - 
S 4,640 - 550 - - -              

           1 no protein detectable 
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Table 20  Protein content in crude larval E/S products and fractions obtained 
by filtration through membranes with different MWCO, determined 
by the protein assay of BRADFORD (1976) 

 
  
E/S product batch  Protein content (µg/ml) 

 in mol. wt. fraction >10,000 
1 a-c 0.51

2  53 
3 12 
4 a / b / c 1 / 3 / 5 
5 a 4 
6 23 
7 4 
8 22.5 
9 b 7.5 
10 a / b 1 / 5.5 
11  60 
12 a / b / c 0 / 3.5 / 9 
13 b 5 
14 a / b 4 / 6 
15 b / c / d  2 / 4 / 6 
16 a / b / c / d 2 / 5 / 3 / 4.5 
16A a / b / c / d 1.5 / 4 / 4.5 / 3.5 
17 5.4 

1 fraction >1,000 mol. wt. 
 
 
 
 
Table 21  Protein content in crude adult E/S products and fractions obtained 

by filtration through membranes with different MWCO, determined 
by the protein assay of BRADFORD (1976) 

  
 

Protein content (µg/ml) in mol. wt. fraction E/S 
product 
Batch crude >30,000 >10,000 30,000 

-10,000 
10,000 
-3,000 

<3,000 >5,000 

18 - - 1,040 - - - - 
19a 30 375 - 90 37.5 7 - 
19b 60 696 - 95 5 2 - 
20a+b1 3 - - - - - 4.5 
20c 6      15.2 
21a+b1 2 5 - 12 1.5 - - 
22 6 - 18 - 5 - - 

1 batches have been pooled before fractionation 
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The protein compositions of 9 crude or fractionated E/S products and extracts 

from O. circumcincta larvae and adults were examined by electrophoresis in 

SDS-polyacrylamide gel (Figure 3). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 SDS-PAGE of O. circumcincta E/S products and extracts. Lane 1: 

adult E/S batch 21, mol. wt. >30,000; lane 2: adult E/S 21, mol. wt. 
10,000-30,000; lane 3: adult E/S batch 22, crude; lane 4: adult E/S 
batch 22, mol. wt. >10,000; lane 5: larval E/S batch 10, mol. wt. 
>10,000; lane 6: standard bands; lane 7: larval extract batch O, 
crude; lane 8: larval extract batch O, mol. wt. >30,000; lane 9: 
larval extract batch O, mol. wt. 10,000-30,000; lane 10: adult 
extract batch S, mol. wt. >10,000. 

 

 

The lanes containing E/S products (lanes 1-5) showed very few bands, mainly 

with a mol. wt. <10,000, which could not be resolved with this electrophoresis 

system. The concentrations of protein loaded onto the gel in lanes 1-5 were 5, 

12, 6, 18 and 5.5 µg/ml respectively.  In lane 4, but not the others, there were 

two bands corresponding to proteins of a mol. wt. of approximately 30,000 in the 

adult E/S product (batch 22, fraction >10,000).  The larval E/S preparation 
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examined (batch 10, mol. wt. >10,000, lane 5) contained a faint band 

corresponding to a mol. wt. around 20,000, but not at 30,000 as in the adult E/S 

in lane 4.  

 

The O. circumcincta extracts loaded in lanes 7-10 had protein concentrations of 

740, 2080, 57 and 550 µg/ml. All showed multiple bands across the whole mol. 

wt. range. There was a strong homology in the location of bands in lane 7-9, 

which contained different fractions of one larval extract. The fainter bands in 

Lane 9 are consistent with the lower protein content and removal of most of the 

larger mol. wt. constituents by prior passage through a 30,000 MWCO filter.  The 

bands in lane 10 (adult extract batch S, mol. wt. >10,000), matched many of the 

larval proteins, but three distinct bands of a mol. wt. between 14,000 and 21,000 

were only present in the adult extract. Some filtrates contained proteins which 

would be expected to be removed by the filter, e.g. the extract fraction >30,000 in 

Lane 8 which contained various bands <30,000 mol. wt., or the extract fraction 

10,000-30,000 in Lane 9, that contained proteins of a mol. wt. >30,000. 
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4.3. Cellular Responses in Subcutaneous Tissue 
Chambers  

 

 

Pre-injection fluid samples collected from the subcutaneous tissue chambers on 

day I.0 contained very low cell counts and there was no indication that the 

presence of any of the chambers provoked a cellular reaction. Total cell counts 

were also low in exudates collected on day III.0 (about 100 days after Test II was 

terminated) before the third test commenced. The injection of control medium 

generally caused only minor cellular responses.  

 

The total cell and eosinophil counts in exudates recovered from the tissue 

chambers for test periods I, II and III for each chamber are given in Appendix 

8.4. The mean cellular responses for each chamber for each test period and the 

results of the two-way ANOVA with the corresponding negative control (medium 

only in the same sheep and test period) are documented below in Table 24.  

 

All parasite products or larvae significantly increased cellular infiltrations into the 

subcutaneous chambers.  For each test of parasite products, the number of cells 

increased from low initial levels to a peak on day 1 or 2 after the injection and 

thereafter decreased. The cellular responses to the injection of live larvae 

increased continuously to the end of the observation periods (day I.5 and III.5). 

In all but four tests (one Test I and 3 Test III) there was a significant increase in 

cell counts in the cellular response to worms and control medium over the whole 

time period (Table 22).   

 

Significantly more cells entered the chambers in Test II than in Test I (p < 0.05) 

when the mean cellular responses in all chambers used in Test I were compared 

with those in Test II by Wilcoxon rank test. The mean value and maximum cell 

count for every individual chamber were also numerically greater after the 

second injection of parasite products than after the first, irrespective of which 

product or sheep were used.  
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The injection of parasite extracts caused only a moderate influx of leucocytes, 

despite the extracts having higher protein contents than E/S preparations.   Adult 

E/S preparations caused stronger cellular responses than larval E/S products; 

adult E/S products also attracted more cells than larval extract preparations. The 

injection of live larvae provoked strong cellular responses in sheep 20, but also 

some very weak responses in sheep 26 and 29, see Table 22 and Appendix 8.4 

for cell counts.   The same parasite product caused cellular responses of 

different magnitude in different sheep, e.g. in sheep 29 compared with sheep 26 

after the injection of H. contortus extract in Test III.  

 

The eosinophil responses to the injection of parasite products or larvae were 

generally very low, accounting for a maximum of 5.1% and usually less than 1% 

of the total cells.  Most of the higher eosinophil counts (1-5% eosinophils) were 

observed in Test III, particularly in chambers injected with larval extracts, where 

eosinophils accounted for 2.2-5.1% of total cells. 

 

 

 

 

 

 

 

 

 

 

 

 

next page: 

Table 22 Total cells per µl exudate and % eosinophils in exudates recovered 
from subcutaneous tissue chambers after the injection of parasite 
products or live larvae. Data are expressed as mean ! S.E.M. for 
each test period. Results are presented for two-way ANOVA of total 
cell concentration for each chamber for each test period compared 
with the corresponding negative control (medium only in the same 
sheep and test period)  
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  a count is significantly lower than negative control (p<0.001) 

Total cells per µl 
exudate 

Parasite 
product  
 

Test 
period 

Sheep Chamber 

Mean S.E.M. 

Eosinophils 
(%) 

I     20 1  600 a  390 3.3 
I     29 1  2200 b  1260 0.5 

O.c. L3 
Extract 

II    29 1  29000 b  4660 0.6 
I     26 1  1300 b  700 0.0 H.c. L3 

Extract II    26 1  2300 b  900 2.7 
 III   26 2  3400 b  1100 5.1 
 III   26 5  2800 b  1910 3.2 
 III   29 2  12400 b  3230 2.2 
 III   29 5  6800 b   1770 4.4 

I     20 3  2800 b  940 1.8 
I     20 4  2900 b  780 0.0 
I     26 3  1800 b  820 0.0 
II    26 3  4200 b  500 0.3 
I     29 4  900 b   450 0.0 

O.c. L3 E/S  
products 

II    29 4  6200 b   1620 0.2 
I     26 2  5600 b  3050 0.0 
II    26 2  6500 b  1430 0.0 
I     29 3  2100 b  730 0.0 

H.c. L3  E/S  
products 

II    29 3  8700 b  1740 0.3 
I     29 5  1200 b  740 0.0 O.c. adult E/S 

products II    29 5  8900 b  2950 0.1 
I     26 4  3100 b  210 0.3 
II    26 4  7900 b  3480 0.2 
I     29 2  10100 b  5770 0.0 

H.c. adult E/S 
products 

II    29 2  52500 b  18530 0.2 
I     20 2  41100 b  37860 0.1 live O.c. L3  
I     20 5  23100 b  18760 0.2 
III   26 1  500 c  250 2.1 
III   29 1  13400 b  3320 4.0 
III   29 4  1000 a  340 0.0 

live H.c. L3 

III   29 6  900 a  260 1.1 
I     20 6  2100  700 0.0 
I     26 5  800  820 1.2 
II    26 5  0  10 0.0 
III   26 3  600  110 2.2 
I     29 6  100   30 0.0 
II    29 6  500  220 0.0 

negative 
control 
(medium) 

III   29 3  2000  620 3.0 

 b  count is significantly higher than negative control (p<0.001) 
  c  count is not significantly different from negative control (p>0.05) 
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4.4. In Vitro Chemotaxis Experiments with the 

Micro Chemotaxis Chamber 
 

 

An overview of the chemotactic and/or chemokinetic responses obtained in all 

valid Micro Chemotaxis Chamber experiments is given in Tables 23-29. The raw 

data (mean cell count and S.E.M. for parasite products and medium) of all valid 

chemotaxis experiments is documented in Appendix 8.5. Some experiments 

were considered invalid because of unresponsive cells and are not listed 

separately in the results tables. Cells were regarded unresponsive when the 

cellular response towards the positive control with ZAP was not significantly 

different from background motility (response to medium only). No significant 

chemotaxis or chemokinesis towards a parasite product occurred in any invalid 

experiment.  

 

The appropriate concentration of ZAP to be used as the positive control was 

determined in three experiments testing dilutions of 0.005-30% ZAP (data not 

shown).  Cellular responses differing significantly from the negative control were 

obtained regularly in all dilutions containing more than 0.1% ZAP.   

  

 

 

4.4.1.  Influence of Different Incubation Media and Additives 
 

In several experiments the non-chemotactic proteins BSA or HIOS were added 

to the assay medium.  When comparing the cellular response in wells containing 

medium plus protein with that in wells containing medium only, the number of 

cells counted in the negative control with assay medium plus protein was always 

lower than that in wells with medium only. This numerical difference, however, 

was not found significant (p>0.05).   A significant difference was found when 

comparing the cellular responses to different incubation media. More cells 

(suspended in HBSS) migrated towards RPMI than towards HBSS. The addition 

 111



4. Results 

of heparin to the negative control did not cause a significant change in cell 

counts when compared with the response to medium without heparin. 

 

 

4.4.2. Experiments with Mammary Gland Cells and Bovine 
Blood 

 

Ten parasite products were tested for their chemotactic properties using 

leukocytes derived from the ovine mammary gland. Four experiments (OLes-6, 

OLex-1, HLes-1, HLex-1) were regarded invalid because of unresponsive cells, 

in three more experiments (OLes-3, OLes-4, OLex-1) the cells did not migrate 

through the filter but were found stuck in the pores of the membrane. The H. 

contortus L3 E/S product tested in Experiment HLes-2 as well as two H. 

contortus extract preparations tested in Experiments HLex-2 and HLex-3 caused 

an eosinophil migratory response when placed below the filter. The neutrophil 

response had not been evaluated in any experiments with cells from the 

mammary gland. Whenever leukocytes derived from the ovine mammary gland 

were used, the distribution of cells on the filter was found to be irregular and the 

cells tended to adhere to each other, sometimes causing clumps of several cell 

layers on the filter. 

 

From the two experiments performed with bovine leukocytes, OAex-1 was invalid 

because of unresponsive cells, in Experiment OLex-8 a positive neutrophil 

migratory response was recorded towards several extract fractions. 

 

 

4.4.3. Cellular Responses towards E/S Products from H. 
contortus and O. circumcincta Larvae and Adults  

 

Of O. circumcincta larval E/S products only batch 17, the incubate from an 

anaerobic cabinet (see Table 2), caused a significant chemotactic migration. A 

chemotactic substance for neutrophil granulocytes was present in all E/S 

fractions of this batch, whereas eosinophil migration was only recorded in the 
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fraction with a mol. wt. <10,000. Chemokinesis was not observed.  One 

concentrate of H. contortus larval E/S product batches 2 and 3, which had been 

incubated and fractionated similarly, showed chemotactic properties for 

neutrophils, the other for eosinophils only. More frequent chemotactic responses 

were obtained with adult E/S preparations. Several fractions of O. circumcincta 

adult E/S preparations batch 20 and 21 with a mol. wt. >5,000 and 10,000 were 

chemotactic for neutrophils. A dose-dependent migration of both eosinophils and 

neutrophils to different concentrations of the E/S product is shown in Figures 4 

and 5 below. Batch 22 had no chemotactic activity, except for eosinophil 

chemotaxis in crude E/S and the fraction with a mol. wt. between 10,000 and 

3,000.   
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Figure 4  Eosinophil migration in Exp. OAes-3 towards increasing 

concentrations of E/S product, with the E/S placed below filter only 
(chemotaxis) or in the same concentration on both sides of the filter 
(chemokinesis). The dotted line shows background motility with 
medium only 
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Figure 5 Neutrophil migration in Exp. OAes-3 towards increasing 

concentrations of E/S product, with the E/S placed below filter only 
(chemotaxis) or in the same concentration on both sides of the filter 
(chemokinesis). The dotted line shows background motility with 
medium only 

 
 
 
 
The experiments performed with H. contortus adult E/S substances (batch 18 

and 19) demonstrated chemotactic activity for both eosinophils and neutrophils in 

all E/S product fractions with a mol. wt. >3,000. Chemokinetic responses of 

eosinophils were recorded for several E/S product fractions of batch 19, 

neutrophil granulocytes showed chemokinesis only in crude E/S and the fraction 

>30,000 in Experiment HAes-2; this response could not be repeated in 

Experiment HAes-4. 
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4.4.4. Cellular Responses towards Extracts from H. 
contortus and O. circumcincta  Larvae and Adults 

 

In most experiments larvae extracts of both parasites caused a strong neutrophil 

chemotactic response, whereas eosinophil chemotaxis was observed less 

frequently. It was, however, present in two experiments with mammary gland 

cells (HLex-2+3) and seven others (see Tables 23 to 29).    Chemokinetic 

responses of neutrophils were recorded more often in experiments with extracts 

than in those with E/S products.  Several experiments (OLex-9, HLex-5+6, 

OAex-2,4+5, HAex-13+14)  with different concentrations of extract demonstrated 

a dose-dependent chemotactic response, some also a dose-dependent 

chemokinetic response of neutrophils (OLex-9, HLex-6, OAex-5).    All fractions 

of O. circumcincta larval extract N tested in Experiment OLex-6+8 were 

chemotactic for neutrophils. A corresponding experiment with Extract N in OLex-

7 showed chemotactic responses of both neutrophils and eosinophils, but here 

not all extract fractions produced a significant chemotactic effect. 
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Table 23 Results of micro chemotaxis chamber experiments with 
E/S preparations of O. circumcincta or H. contortus L3  

 
 

Chemotaxis Chemokinesis Experiment 
no. 

E/S products  
(batch and fraction)  

Conc. 
(%) 

 neut.1    eos.2  neut.1   eos.2

OLes-1 4a  >10,000 100     
OLes-10 11  >10,000 100     

13b >10,000 100 
80 

 
 

 
 

nt 
 

nt 
 

OLes-13 

14a >10,000 100 
80 

 
 

 
 

nt 
 

nt 
 

14b crude 100 
50 

 
 

 
 

nt 
nt 

nt 
nt 

OLes-14 

14b >10,000 100 
50 

 
 

 
 

nt 
nt 

nt 
nt 

17 crude 100 +  nt nt 
17  >10,000 100 

80 
+ 
+ 

 
 

nt 
 

nt 
 

OLes-17 

17  <10,000 100 + + nt nt 
HLes-2 1a+b >1,000 100 nt + nt  
HLes-3 2  >10,000 100  +  + 
HLes-4 3  >10,000 100 +    

 

1 neut., neutrophils; 2 eos., eosinophils 
+  count differs significantly from response to medium only (p <0.05) 
  no significant difference (p >0.05) 
nt  not tested 
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Table 24 Results of micro chemotaxis chamber experiments with E/S 
preparations of adult O. circumcincta  

 
 

Chemotaxis Chemokinesis Experiment 
no. 

E/S product  
(batch and fraction) 

Conc. 
(%) 

 neut.1   eos.2  neut.1   eos.2

20a+b  crude 100     
20a+b >5,000 80 +    

OAes-1 

20c  >5,000 80 +  +  
21, crude 80  +   
21 >30,000 80 + +   
21 30,000-10,000 80 + +   
21 10,000-3,000 80     

OAes-2 

21 <3,000 80  +   
OAes-3 21  >30,000 100 

80 
50 
30 
10 
1 

+ 
+ 
+ 
+ 
 
 

+ 
+ 
+ 
+ 
 
 

nt 
 
 
 
 
 

nt 
 
 
 
 
 

22  crude 100 
50 
10 

 
 
 

+ 
 
 

nt 
nt 
nt 

nt 
nt 
nt 

22  >10,000 100 
50 
10 
1 

 
 
 
 

 
 
 
 

nt 
nt 
nt 
nt 

nt 
nt 
nt 
nt 

OAes-5 

22  10,000-3,000 100 
50 
10 
1 

 
 
 
 

+ 
 
 
 

nt 
nt 
nt 
nt 

nt 
nt 
nt 
nt 

 

1 neut., neutrophils;  2 eos., eosinophlis 
+  count differs significantly from response to medium only (p < 0.05) 
  p > 0.05   
nt, not tested 
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Table 25 Results of micro chemotaxis chamber experiments with E/S 
preparations of adult H. contortus  

 
 

Chemotaxis Chemokinesis Experiment 
no. 

E/S product  
(batch and fraction) 

Conc. 
(%) 

neut.1 eos.2  neut.1 eos.2

HAes-1 18  >10,000 100 
50 

+ 
+ 

+ 
+ 

 
 

 
 

19a crude 100 + + nt nt 
19b >30,000 80 + + + + 
19b 30,000-10,000 80 + + + + 
19b 10,000-3,000 80     

HAes-2 

19b <3,000 80     
HAes-3 19b >30,000 60 

45 
25 
10 

+ 
+ 
+ 
 

+ 
+ 
 
 

nt 
 
 
nt 

nt 
+ 
 
nt 

19a >30,000 80 + + nt nt 
19b, crude 80 + +  + 
19b >30,000 60 + + nt nt 
19b 30,000-10,000 80 + +  + 

HAes-4 

19b 10,000-3,000 80 + +  + 
 

1 neut., neutrophils;  2 eos., eosinophlis 
+   count differs significantly from response to medium only (p < 0.05) 
  p > 0.05 
nt,  not tested 
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Table 26 Results of micro chemotaxis chamber experiments with                
O. circumcincta L3 extracts 

 
 

  Chemotaxis Chemokinesis Experiment 
no. 

Extract preparation  
(batch and fraction) 

Conc. 
(%) 

neut.1 eos.2 neut.1 eos.2

M  crude 100 
50 
10 

+ 
 
 

 
 
 

nt 
nt 
 

nt 
nt 
 

OLex-4 

M  >10,000 100 
50 
25 
10 

 
 
 
 

 
 
 
 

nt 
nt 
nt 
nt 

nt 
nt 
nt 
nt 

OLex-5 K crude 100 
50 

+ 
 

 
 

nt 
 

nt 
 

N  crude 100 
50 

+ 
+ 

 
 

nt 
+ 

nt 
 

N  >30,000 30 +  +  
N 30,000-10,000     100 +  nt nt 
N 10,000-5,000    100 +  nt nt 

OLex-6 

N <5,000     100 +  nt nt 
O  crude 100 

50 
10 

+ 
+ 
 

+ 
+ 
 

nt 
 
nt 

nt 
 
nt 

O  >30,000 25 + +   
O 30,000-10,000 50     
O 10,000-5,000 100 +  nt nt 

OLex-7 

O <5,000 100   nt nt 
N  >30,000 50 +  nt nt 
N 30,000-10,000 100 +  nt nt 
N 10,000-5,000 100 +  nt nt 

OLex-8 

N  <5,000 100 +  nt nt 
OLex-9 O >30,000 100 

80 
60 
40 
20 
10 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
 
 
 

nt 
+ 
+ 
+ 
+ 
+ 

nt 
 
 
 
 
 

 

1 neut., neutrophils;  2 eos., eosinophlis 
+  count differs significantly from response to medium only (p < 0.05); 
  p > 0.05 
nt,  not tested 
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Table 27 Results of micro chemotaxis chamber experiments with        
H. contortus L3 extracts 

 
 

Chemotaxis Chemokinesis Experiment 
no. 

Extract preparation 
(batch and fraction) 

Conc. 
(%) 

neut.1 eos.2 neut.1 eos.2

HLex-2 C crude 100 nt + nt nt 
HLex-3 E crude 100 

10 
nt 
nt 

+ 
+ 

nt 
nt 

nt 
nt 

HLex-4 B crude 100 
25 

 
 

 
 

nt 
 

nt 
 

HLex-5 G crude 80 
60 
40 
20 
10 
5 

+ 
+ 
+ 
+ 
 
 

 
 
 
 
 
 

nt 
nt 
nt 
nt 
 
nt 

nt 
nt 
nt 
nt 
 
nt 

HLex-6 H crude 100 
80 
60 
40 
20 
10 

+ 
+ 
+ 
+ 
+ 
 

 
 
 
 
 
 

nt 
+ 
+ 
+ 
+ 
 

nt 
 
 
 
 
 

 

1 neut., neutrophils;  2 eos., eosinophlis 
+  count differs significantly from response to medium only (p < 0.05) 
  p > 0.05 
nt,  not tested 
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Table 28 Results of micro chemotaxis chamber experiments with extracts 
of adult O. circumcincta  

 
 

Chemotaxis Chemokinesis Experiment 
no. 

Extract preparation 
(batch and fraction) 

Conc. 
(%) 

neut.1 eos.2 neut.1 eos.2

OAex-2 R  crude 80 
50 
30 
10 
1 

+ 
+ 
+ 
+ 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

OAex-3 R  crude 100 
80 
50 
30 
10 
1 

+ 
 
 
 
 
 

 
 
 
 
 
 

nt 
 
 
 
 
 

nt 
 
 
 
 
 

OAex-4 S  crude 100 
75 
50 
25 
10 
1 
0.5 
0.25 

+ 
+ 
+ 
+ 
+ 
+ 
 
 

 
 
 
 
 
 
 
 

nt 
nt 
nt 
nt 
nt 
nt 
nt 
nt 

nt 
nt 
nt 
nt 
nt 
nt 
nt 
nt 

S >10,000 80 
50 
30 
10 

+ 
+ 
+ 
 

+ 
 
+ 
 

+ 
+ 
+ 
 

 
 
 
 

OAex-5 

S <10,000 80     
 

1 neut., neutrophils;  2 eos., eosinophlis 
+  count differs significantly from response to medium only (p < 0.05) 
  p > 0.05 
nt,  not tested 
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Table 29 Results of micro chemotaxis chamber experiments with 
extracts of adult H. contortus  

 
 

Chemotaxis Chemokinesis Experiment 
no. 

Extract preparation 
(batch and fraction) 

Conc. 
(%) 

neut.1 eos.2 neut.1 eos.2

HAex-6 P crude 50 
1 

+ 
 

+ 
 

+ 
 

+ 
 

HAex-7 Q crude 10 +  nt nt 
HAex-8 Q crude 10 +  nt nt 
HAex-11 Q crude 100 

50 
10 
1 

+ 
+ 
+ 
 

+ 
+ 
 
 

nt 
nt 
 
nt 

nt 
nt 
 
nt 

HAex-12 Q crude 80 +    
HAex-13 Q crude 100 

50 
10 
1 
0.1 

+ 
+ 
+ 
+ 
 

 
 
 
+ 
 

nt 
nt 
nt 
nt 
nt 

nt 
nt 
nt 
nt 
nt 

HAex-14 P crude 100 
80 
60 
40 
20 
10 
1 

+ 
+ 
+ 
+ 
+ 
+ 
 

+ 
+ 
 
 
 
 
 

nt 
 
 
 
 
 
 

nt 
 
 
 
 
 
 

 

1 neut., neutrophils;  2 eos., eosinophlis 
+  count differs significantly from response to medium only (p < 0.05); 
  p > 0.05 
nt, not tested 
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4.5.         Molecular Biology 
 

 
4.5.1.  Parasite DNA Extraction 
 

The DNA extraction was performed with one batch of adult H. contortus and O. 

circumcincta each. Quality (assessed spectrophotometrically) and concentration 

of the extracted DNA are given in Table 30. 

 

 
Table 30 Quality and concentration of H. contortus and O. circumcincta DNA 
 

DNA Quality 
absorbance at 

Parasite Extract  

260 nm  280 nm 
 ratio 260:280 

DNA concentration 
   (µg/µl) 

H. contortus  
 
O. circumcincta 

0.221 
 
0.165 

0.125 
 
0.099 

 1.77 
 
 1.67 

   1.105 
 
   0.825 

       
 

 

4.5.2.           PCR and Gel Electrophoresis 
 

The products of PCR I – V were electrophoresed on agarose gels and visualised 

on a transilluminator.   The presence of Wolbachia sp. DNA in the parasite DNA 

samples would have been visible as a band of amplified DNA in the area of 600 

bp.    

 

PCR I, which was performed with three different dilutions each of H. contortus or 

O. circumcincta DNA, a negative control and a GAPDH positive and negative 

control, showed no bands in any of the lanes in the gel, apart from the DNA 

ladder in Lane 1.  PCR II included 1 µg nematode DNA as well as Drosophila 

and Blowfly DNA.  No bands were visible in any of the lanes.   
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PCR III repeated PCR II, but used a lower temperature in the PCR program to 

stay below the maximum temperature (57°C) allowed for the GAPDH primers. 

Again there were no bands visible in any of the lanes.  Sample 11 (Drosophila 

DNA) had evaporated in the thermocycler and is not included in the 

electrophoresis procedure. 

 

A different PCR program with long primers was employed in PCR IV. Tested 

were DNA of the two nematodes, Blowfly and Drosophila (concentration 100 ng).   

The gel shows two strong bands with a size below 100 bp in identical positions in 

all lanes except Lane 1 (DNA ladder). These bands represent artefacts of the 

PCR, resulting from the primers overlapping one another and amplifying 

themselves.  

 

PCR V followed the PCR program and setup of PCR IV, but to prevent the 

formation of primer dimers like in PCR IV, the DNA polymerases Taq and Pfu 

were added after the hot start to those samples positioned in Lane 1 – 5 of the 

gel.  Faint double bands with a size below 100 bp in these lanes and the strong 

bands situated in identical positions in Lanes 7 – 11 represent remainders of 

these primer artefacts.   Another band is faintly visible in Lane 5 in the area of 

600 – 800 bp. This band in the sample containing DNA extract from blowflies 

might represent amplified Wolbachia DNA. No other bands were visible in any 

other lanes of the gel. 

 

In the case of PCRs I – III it is not possible to determine if the PCR-Procedure 

itself had been successful, because the GAPDH positive control, included in the 

process to verify this, did not create the expected band. This might have been 

caused, however, by the annealing temperature used in PCR I + II (60°C). The 

maximum annealing temperature for the GAPDH primers was 57°C. Because of 

this, the annealing temperature in PCR III had been changed to 53°C, but again 

no bands were seen. The presence of primer bands in PCR IV + V confirmed 

that the PCR procedure itself was successful. 
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5.  DISCUSSION 
 

 

 

The present experiments have used two in vivo models and the in vitro micro-

chemotaxis chamber to study the inflammatory reaction to abomasal nematodes 

and their products. A particular focus was to determine whether the response to 

the presence of these parasites involved parasite-derived chemotactic 

substances in addition to the host-derived mediators. Although such chemotactic 

factors have been demonstrated in some other parasites, their presence in H. 

contortus and O. circumcincta, the objects of this study, has so far not been 

evaluated.  

 
The experiments carried out in this study with the micro chemotaxis chamber, an 

in vitro method to investigate the migration of cells in response to chemotactic 

factors, provided evidence for the presence of chemotactic factors for both 

neutrophil and eosinophil granulocytes in E/S products and extracts of H. 

contortus and O. circumcincta larvae and adults. In several experiments, there 

was also an indication of chemokinetic activity in some of the parasite products.  

Overall, the neutrophil chemotactic response was more pronounced than the 

eosinophil response. From the total of 35 experiments for neutrophil chemotaxis, 

only seven did not show positive neutrophil responses. Eosinophil chemotaxis 

was detected in 20 out of 38 experiments.  In contrast, the mammary gland and 

subcutaneous chambers proved less useful techniques.  The purpose of using 

these in vivo systems was twofold: either or both could be a useful test system to 

monitor purification procedures to identify active chemicals in worm products; or 

these systems might provide concentrated cell suspensions for use in the micro 

chemotaxis chamber to separate worm chemotaxins from indirect effects 

requiring a host response to the presence of the parasite. 
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5. 1.    In vivo Experiments 
 

5.1.1.   Ovine Mammary Gland 
 

The infusion of parasite products into the sheep mammary gland demonstrated 

the eosinophil chemotactic potential of H. contortus extracts in vivo. In the non-

lactating ovine mammary gland, infusion of parasite extracts caused an influx of 

cells, predominantly eosinophils (Table 18).  This also proved to be the most 

successful method in this study for obtaining eosinophil-enriched cell 

suspensions, with washings containing up to 90 % eosinophils. Interestingly, 

BISCHOF and MEEUSEN (2001) found in their mammary gland model of 

inflammation an acute neutrophilic response at 10 h post-challenge, with H. 

contortus larvae preceding the predominant recruitment of eosinophils 48 h post-

challenge. They interpreted the neutrophil response as part of a non-specific 

immune response, possibly induced by IL-8 and mast cell-derived mediators, 

while the late-phase eosinophilia was antigen-induced through T helper 2 type  

cytokines such as IL-5 and eotaxin. This illustrates the problem of all in vivo 

experiments, where it is not possible to separate the direct chemotactic effect of 

a parasite product from the migratory response to mediators generated by the 

interaction of inflammatory cells with each other and with components of the 

acquired immune system.  

 

The infusion of parasite extract into the non-lactating ovine mammary gland 

proved to be the most successful method in this study for obtaining eosinophil-

enriched cell suspensions, with washings containing up to 90 % eosinophils. The 

mammary gland has been used previously as a source for eosinophil 

granulocytes (Section 2.6.3.). RAINBIRD et al. (1998) employed eosinophils 

derived from the sheep mammary gland in an in vitro assay measuring 

eosinophil helminthotoxic activity and JONAS and STANKIEWICZ (1994) 

investigated their biochemical properties, but so far mammary gland-derived 

eosinophils do not appear to have been employed in chemotaxis chamber 

assays.   
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In the present experiments, eosinophils in mammary gland washings had a 

tendency to adhere to each other and form clumps of cells after migration 

through the filter (Section 4.4.2.). This raises the question whether such cells 

should be used in chemotaxis assays, since leukocytes that have been recruited 

across endothelial and epithelial barriers into the lumen of the mammary gland 

might show altered functional capacities compared with blood leukocytes. This 

has been demonstrated in an experiment by BISCHOF and MEEUSEN (2002), 

where eosinophils and lymphocytes recruited in response to H. contortus larvae 

into the ovine mammary gland showed altered expression of cellular adhesion 

molecules and activation markers. It remains to be established whether 

eosinophils recruited into the mammary gland by infusion of parasite extract 

would subsequently have enhanced reactivity and migratory response to 

parasite-derived products in the chemotaxis assay, and even if this were the 

case, would the test be invalid.  Because of this possibility, the results obtained 

when these cells were used have been noted and cautiously evaluated.  

 

 

5.1.2.   Subcutaneous Chambers 
 

In contrast to the response observed in the sheep mammary gland, the infusion 

of parasite products into subcutaneous tissue chambers did not result in a 

marked eosinophil influx, although there was a significant increase in total 

leukocyte counts in response to the injection of parasite products. In a series of 

similar experiments, cytospots were prepared and the other leukocytes were 

characterised as lymphocytes and neutrophils (I. SCOTT, pers. comm.).  

 

Previously, CROSS et al. (1987) demonstrated the typical response of tissues 

exposed to nematode parasites following the intradermal injection of O. ostertagi 

extracts in calves, of a cutaneous infiltration of eosinophil, neutrophil and 

basophil granulocytes.  The atypical response of subcutaneous tissues probably 

explains the absence of reports of subcutaneous tissue chambers being 

employed to investigate cellular response to parasite substances. Sub-
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cutaneous chambers would have been a convenient and readily accessible test 

system and perhaps a source of cells for in vitro studies, had this been a valid 

model for parasitism. SIDHU et al. (2003) demonstrated the usefulness of tissue 

chambers as a model for the study of acute inflammatory responses in farm 

animals, seeing them as a convenient method to sample a liquid representative 

of interstitial fluid. If this method, however, also presents an appropriate tool to 

investigate the response to parasite products is questionable.  

 

 

 

5.2. In vitro Chemotaxis Assay 
 
 
5.2.1. The Micro Chemotaxis Chamber as the In vitro 

Method to Measure Chemotaxis 
 

The chemotaxis chamber assay in its different variations is a widely accepted 

method for the measurement of leukocyte chemotaxis in vitro (Section 2.6.2.) 

and has been employed by many authors investigating chemotactic factors in 

parasite products (HORII et al. 1988; ISHIDA and YOSHIMURA 1990; KLESIUS 

et al. 1985, 1986; TANAKA and TORISU 1978).  

 

The Micro Chemotaxis Chamber with polycarbonate filters, described in Section 

3.5.1., was chosen because it offers several advantages. The reduced volume of 

its wells requires only small amounts of chemotactic factor and cells. In the 48-

well chamber unit, several parasite products or different dilutions can be tested in 

the same assay under the same conditions while handling only one unit instead 

of multiple single ones, reducing manipulation time required. In addition, the 

variation among triplicates appeared to be less in the multiwell unit than with 

individual chambers (FALK et al. 1980).  

 

Polycarbonate filters were used because the staining procedure is very simple and 

they allow microscopic analysis of the morphological appearance of different cells, 
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which is essential for separately assessing eosinophil and neutrophil migration 

while working with mixed cell suspensions. Some authors criticised the assessment 

of migrated cells by the lower surface count method because of the drop-off of 

migrated cells from the filter’s lower surface (CLARK et al. 1975; KELLER et al. 

1972), but according to HARVATH et al. (1980) no loss of cells occurred from the 

PVP-free polycarbonate filters used in this study.  

 

The addition of serum albumin to the incubation media was regarded necessary by 

some authors because it might act as a carrier for chemotactic factors 

(WILKINSON 1976) or prevented cell-to-cell adhesion (SCHREINER and HOPEN 

1979). On the other hand, WILKINSON (1974) also stated that highly reproducible 

and sensitive results were obtained in the absence of added protein. In the 

experiments performed here, no benefit was detected in the addition of BSA or 

HIOS to the medium and all later assays were performed with media free of added 

protein. 

 

 

5.2.2. Provision of Granulocyte Suspensions for the 
Chamber 

 

The requirement for cell suspensions enriched in neutrophil or eosinophil 

granulocytes led to the investigation of different sources of cells for use in the 

micro chemotaxis chamber. 

 

5.2.2.1. Neutrophils 
 

It was possible to obtain neutrophil granulocytes in adequate number and purity 

from ovine blood. The method applied by CHAMBERS et al. (1983) for 

purification of polymorphnuclear leukocytes from bovine blood was also found to 

be suitable for sheep blood (Method 1 in Section 3.4.1.). It yielded leukocyte 

suspensions enriched for neutrophil granulocytes and with little contamination by 

mononuclear cells (monocytes, lymphocytes), which should be kept minimal, 
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since mononuclear cells might influence cell movements measured in the 

chemotaxis chamber through release of chemotactic substances (Section 2.3.2.).  

The lysis of erythrocytes with NH4Cl (Method 2 in 3.4.1.) was preferred to lysis 

with distilled water, because it eliminates red blood cells more successfully 

(ROOS and DE BOER 1986).    

 

 

5.2.2.2. Eosinophils 
 
The generation of eosinophil-enriched cell suspension prove to be difficult. 

Several methods for the separation of eosinophil granulocytes from bovine blood 

by density gradient centrifugation have been described (RIDING and 

WILLADSEN 1981; ROTH and KAEBERLE 1981; CHAMBERS et al. 1985; 

FREIBURGHAUS and JÖRG 1990).  In ruminants, neutrophil and eosinophil 

granulocytes have very similar densities, with neutrophils being of slightly higher 

density than eosinophils (FREIBURGHAUS and JÖRG 1990). In other species, 

such as man and horse, eosinophils are of higher density than neutrophils 

(RIDING and WILLARDSEN 1981). In sheep, several factors impede the 

purification of eosinophils from leukocyte suspensions, especially from neutrophil 

granulocytes: eosinophil granulocytes were found to have densities of 1.060-

1.087 g/cm3 in sheep (CHAMBERS 1990; JONAS et al. 1995), compared with 

1.092-1.110 g/cm3 in cattle (RIDING and WILLARDSEN 1981; CHAMBERS et al. 

1985); the density varies between individuals but also in each individual, e.g. 

activated eosinophils have different densities from non-activated (see Section 

2.3.2.1.1.). The variation between species makes the extrapolation of methods 

even from bovine to ovine blood difficult. There are very few reports of 

successful separation of sheep eosinophils (JONAS et al. 1995; WOLDEHIWET 

et al. 2003). WOLDEHIWET et al. (2003) separated eosinophils over Percoll 

gradients of 1.100 g/cm3 with a purity of 65-98 % and a recovery rate of 33-89 % 

and found that large volumes of blood were needed to obtain distinct bands of 

eosinophils with high purity and high recovery rates.  
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The attempts made in the present work to enrich eosinophils from both bovine 

and ovine blood proved to be very time-consuming and of little success. The best 

result was an enrichment of eosinophils from bovine blood with 4.0% eosinophils 

in whole blood to 26% after centrifugation over Percoll following the method of 

FREIBURGHAUS and JÖRG (1990), but the same method failed to produce any 

enrichment of eosinophils in ovine blood (Section 4.1.2.).  

 

Sheep bone marrow cell culture as described by HAIG (1997) was investigated 

as another source for eosinophil granulocytes (Section 3.4.3.2). Bone marrow 

cells were harvested and purified successfully. Since virtually all cells in the bone 

marrow are immature, they have to be cultured in vitro. Under influence of the 

appropriate cytokines (GM-CSF, IL-3 and IL-5; for details see 2.3.2.1.1.) 

multipotent precursor cells and immature eosinophils can develop into mature 

eosinophils that may be used for further studies (STEVENSON and JONES 

1994; STEVENSON et al. 1998). The recombinant cytokines employed in this 

experiment, murine GM-CSF and IL-3, had been shown previously to express 

little cross-reactivity for sheep bone marrow cells (STEVENSON and JONES 

1994), but at present ovine cytokines are not commercially available. In an 

attempt to compensate for this lack of activity, the cytokine concentration in the 

cultures was increased 20- and 40-fold compared to the manufacturer’s 

recommendation for mouse cell lines. The lymphocyte culture supernatant used 

as a source for IL-5 was also added in generous doses, since its IL-5 activity was 

unknown. The contamination that occurred in SBMC 1, Flask A and B, may have 

been caused by a contamination of the IL-5 containing supernatant, since the 

third flask without addition of this substance was not infected. Bacterial filtration 

of the IL-5 supernatant, as done in SBMC 2, Flask A, avoided contamination. 

The experiment was terminated, since this method was, with the cytokines at 

hand at that time, unlikely to produce any mature eosinophils for use in the 

chemotaxis chamber experiments. With the use of appropriate recombinant 

ovine cytokines, when available, this method might, however, present the 

advantage of a source for mature eosinophils that have developed in a controlled 

in vitro environment. 
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Infusion of parasite extract into the non-lactating ovine mammary gland proved to 

be the most successful method in this study for obtaining eosinophil-enriched cell 

suspensions, with washings containing up to 90% eosinophils.  Possible effects 

of using eosinophils with enhanced reactivity in the chemotaxis assay have been 

discussed above (Section 5.1.1.).  

 

Considering the results obtained in evaluation of the different sources of cells for 

chemotaxis chamber experiments in this study, the only suitable method was the 

generation of granulocyte suspensions from ovine blood, containing mainly 

neutrophils and a varying amount of eosinophil granulocytes. In this case, there 

is a risk that the eosinophil migration might be influenced by the predominating 

neutrophils, but experiments measuring the migratory response of human 

eosinophils in mixed granulocyte suspensions demonstrated that the 

chemotactic and chemokinetic response of these eosinophils was in accordance 

with the response of isolated eosinophils from the same donor (HAKANSSON et 

al. 1987). 

 

 

5.3.  Parasite-derived Chemotaxins 
 

E/S products of adult parasites contained chemotactic activity for both 

neutrophils and eosinophils (Tables 24 and 25).  The two batches of H. contortus 

adult E/S products both showed ECF and NCF activity in all tests and, of the 

three adult O. circumcincta preparations, one showed both activities and the 

other two either NCF or ECF activity.  The reason for the less consistent activity 

in some O. circumcincta E/S products may be a better survival of adult H. 

contortus than O. circumcincta in the incubation media used, hence a greater 

secretion of chemicals. In support of this, in an in vitro study of a HeLa cell 

vacuolating agent, H. contortus more consistently produced the agent in E/S 

products than did O. circumcincta (PRZEMECK 2003).   It was noted that there 

were no viable worms in batch 20 at the end of the 18.5 h of incubation, 

suggesting that, although visibly moving during the early incubation periods, 
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these worms may not have been metabolically very active from the start of the 

incubation.   

 

Another factor may be the number of worms in the incubation medium.  Batch 

22, which contained only weak ECF activity, had a much greater worm density 

(500/ml) than all other incubates. Density-dependent effects have been observed 

in other studies: at high worm density, the production of the HeLa cell 

vacuolating agent declined (PRZEMECK 2003) and the rate of acid excretion by 

incubated parasites is similarly affected (H. SIMPSON, pers. comm.).  

  

Little chemotactic activity for both neutrophils and eosinophils was present in 

larval E/S products, particularly of O. circumcincta (Table 23). Of the tests of 

three L3 H. contortus preparations, two of three were positive for ECF and one of 

two for NCF. The only batch of O. circumcincta larval E/S products with 

chemotactic activity (both ECF and NCF) was batch 17, which had been 

generated in the anaerobic cabinet after an incubation period of 7-14 days, at 

which stage most larvae should already have developed from L3 to L4. A 

possible explanation for the weak chemotactic potential of most larval E/S 

preparations may lie in the very low secretory activity of third-stage larvae in 

vitro, which has been confirmed by GAMBLE and MANSFIELD (1996), who 

found that secretion/excretion of significant amounts of protein in H. contortus 

cultures did not occur until larvae had moulted to the fourth stage. More 

experiments employing culture fluids obtained under anaerobic conditions and 

after a prolonged incubation period would be needed to evaluate if this 

incubation method stimulates larvae to be metabolically more active than larvae 

cultured in an atmosphere of 5% CO2 in air, which is the most common 

incubation technique for these parasites (SCHALLIG et al. 1994; GAMBLE and 

MANSFIELD 1996).  

 

The less pronounced chemotactic activity for both neutrophils and eosinophils of 

larval than adult E/S products may be due to the higher metabolic activity of adult 

worms, which have been found to release a range of chemical substances 
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(Section 2.5.). This increased activity also shows in the higher amounts of 

protein measured in adult E/S products (Section 4.2.). The example of a 

concentration-dependent migration pictured in Figures 4 and 5 is characteristic of 

a chemotactic response (WILKINSON 1974). At high concentrations of a 

chemotactic factor, the number of migrating cells usually levels off or even 

declines, which may be due to inactivation of cells confronted with high amounts 

of the stimulating agent.   

 

The effect of a uniform concentration of chemotactic substance was studied in 

the chemokinesis tests included in many experiments. There is evidence for 

chemokinetic activity in several experiments. It was less frequently observed 

than chemotaxis, but it may be an indication that cellular migration is indeed a 

mixture of chemotactic and chemokinetic movement, as suggested by some 

authors (KELLER and SORKIN 1966; WILKINSON 1974). If the cell movement 

were due only to chemotaxis, the chemotactic factor would not stimulate a 

migratory response above background migration when present in the same 

amounts on both sides of the filter, whereas a chemokinetic substance increases 

the unspecific movement of cells, resulting in cell counts above random 

movement under these circumstances. The discussion about the relation 

between chemotaxis and chemokinesis is ongoing (Section 2.6.1.) and the strict 

separation of these terms may not be relevant for the effects of a substance on 

cellular locomotion in vivo.  

 

The extracts of both larval and adult H. contortus and O. circumcincta showed 

chemotactic activity for neutrophil and, to a lesser extent, eosinophil 

granulocytes (Tables 26 to 29). The response occurred in a concentration-

dependent fashion, as demonstrated with extract dilution series. In several 

experiments with fractionated O. circumcincta larval extracts, it was not possible 

to identify a particular fraction with chemotactic activity, which appeared in all 

molecular weight fractions.  
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Many investigations into the presence of parasite-derived chemotactic factors 

have employed parasite extracts, since they are easier to obtain than E/S 

products. Extracts also contain higher amounts of total protein, but the majority 

of these substances may have no chemotactic activity and could possibly ‘mask’ 

the actual chemotactic factor, making its identification more difficult. On the other 

hand, there could also be a range of substances with chemotactic activity in vitro 

in extracts, which would normally not make contact with host tissues. To 

establish the importance of such factors for cellular accumulation in vivo, the 

presence of the chemotaxin found in an extract should also be investigated in 

E/S preparations of the same parasite.  

 

 

5.4. Nature of the ECF and NCF 
 
Unlike other parasites (see below), little has so far been published about the 

nature of chemotactic factors in abomasal parasites. KLESIUS et al. (1986) 

suggested that the ECF they found in O. ostertagi L3 extracts and E/S 

substances with a mol. wt. >2,000 may be a peptide or protein, but until now no 

further analysis of the nature of this protein has been published.  POTTER and 

LEID (1986) identified an ECF in T. taeniaeformis as a protein with a mol. wt. of 

10,400, while HORII et al. (1989) found an eosinophil chemotactic glycoprotein in 

the mol. wt. range of 25,000-45,000 in Sprirometra erinacei plerocercoids. The 

same authors identified an ECF consisting of two acidic protein components with 

a mol. wt. of 27,000 in Fasciola spp. extracts (HORII et al. 1986a). Research in 

schistosomes revealed an ECF in S. japonicum eggs, being either a glycoprotein 

or proteoglycan with 40% sugar residues and a mol. wt. >900,000 (OWHASHI 

and ISHII 1982), and HORII et al. (1984a) found an ECF in S. japonicum adult 

extract, consisting of two components in mol. wt. fractions >440,000 and the low 

mol. wt. fraction near the NaCl marker, which were likely to be glycoproteins or 

polysaccharides.  
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HORII et al. (1986b) also discovered a protein with chemotactic properties for 

neutrophils in adult extracts of D. immitis, the DNA encoding this NCF was 

cloned by OWHASHI et al. (1993), revealing an amino acid sequence of 112 

amino acids. This protein showed no overall homology with any known host 

proteins (e.g. IL-8 or C5a), but it contained the amino acid sequence Met-Phe-

Lys, which is similar to the known chemotactic peptide Formyl-Methionyl-Leucyl-

Phenylalanine (fMLP), produced for example by some bacteria such as 

Escherichia coli (MARASCO et al. 1984). OWHASHII et al. (1996) furthermore 

demonstrated that the formylated tripeptide fMet-Phe-Lys, which they 

synthesised, was chemotactic for both neutrophils and eosinophils and is likely to 

be the functional epitope of the chemotactic protein in D. immitis. 
 

From the nature of chemotactic factors found in other parasite species, it was 

assumed that the chemotactic factor(s) presented in H. contortus and O. 

circumcincta might be proteins or glycoproteins with an unknown mol. wt.. In 

order to gain information about the approximate mol. wt. of the ECF and NCF, 

several parasite extracts and E/S preparations were passed through a series of 

filters with different pore sizes. The chemotactic activity demonstrated in the 

micro chemotaxis chamber experiments, however, was not limited to one 

fraction, but was inconsistently present across the whole range of separation 

products. This may have different reasons. The chemotactic factor could, for 

example, be a very small molecule (mol. wt. <3,000) that passes through the 

pores of all used filters. It might also adhere to bigger proteins and in this way 

remain in high mol. wt. fractions.  

 

There might also be some problems associated with the method of separation. 

The accumulation of concentrated solutes on the filter surface in the stirred cell, 

a phenomenon called ‘concentration polarization’, can cause a gel-like layer on 

the membrane surface that reduces the flow and clogs the membrane pores, so 

that particles usually passing through them partially stay in the concentrate 

above the membrane. This is supposed to be minimised by constantly stirring the 

solution.   Although the membranes used here are of a low protein-binding type, 

 136



5. Discussion 

some binding of solutes on the membrane may occur, reducing the recovery of 

the substance of interest. This can be particularly critical if the substance is 

present in very small amounts, which may especially be the case in larval E/S 

products.  

 

The protein content of larval E/S products was generally very low, in most cases 

no protein was detectable until the crude culture supernatants had been 

concentrated. Higher amounts of protein were released by adult parasites (Table 

21).  The SDS-PAGE (Section 3.8. and Figure 3 in Section 4.2.) visualises the 

protein compositions of several O. circumcincta extracts and E/S preparations. 

The gel also demonstrates the insufficient separation of proteins by the different 

pore size filters, especially in the parasite extracts, where three different fractions 

of O. circumcincta adult extract (batch O) all show bands across the whole mol. 

wt. range despite their passage through the different MWCO membranes. Small 

molecule with a mol. wt. <14,000 remain at least partly in the high molecular 

weight fractions, as can be seen in the bands visible at the bottom of the gel.  

 

It was thought possible that the neutrophil chemotactic factor in O. circumcincta 

and H. contortus might be of bacterial origin, and since bacteria of Wolbachia 

spp. had been discovered in several filarial nematodes (reviewed by BANDI et al. 

2001) and were shown to be responsible for neutrophil accumulation around 

Onchocerca worms (BRATTIG et al. 2001), H. contortus and O. circumcincta 

DNA was probed for Wolbachia DNA (Section 3.7.). The PCR of parasite DNA 

with Wolbachia primers, however, gave no indication of the presence of these 

bacteria in H. contortus or O. circumcincta. The possibility remains that other, not 

yet discovered symbiotic bacteria, perhaps located in the parasite’s gut, are 

responsible for the neutrophil chemotactic activity of O. circumcincta and H. 

contortus products. This might represent an interesting link between the 

chemotactic formylated peptide from D. immitis and the fMLP released by E. coli.  
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5.5.  Parasite Chemotaxins and Pathophysiology 
 

It is unlikely that abomasal parasites would produce neutrophil or eosinophil 

chemotactic factors involved in generating abomasal inflammation without any 

advantages for their survival. Although the inflammatory cells can have some 

deleterious effects on the parasites (Section 2.4.), the worms might also benefit 

from the changes in abomasal tissue morphology and physiology. Attacking the 

parietal cells, either directly through parasite E/S substances or through 

mediators released from the inflammatory cells, leads to reduced acid secretion 

and impaired peptic activity (Section 2.2.2.). Lowering the peptic activity may 

reduce damage to the parasite’s cuticle through proteolysis and allow the worms 

to be protected by adherent mucus, which would otherwise be broken down, thus 

making their environment less hostile for the parasites.  The enhanced mucosal 

permeability through the released inflammatory mediators increases the leakage 

of interstitial fluids, which may provide an additional source of nutrients for the 

parasites.  

 

Future research in this field should try to clarify the role of parasite E/S products 

in the pathophysiology of abomasal nematode infection. The identification of 

parasite substances playing a part in attracting inflammatory cells could help in 

an effort to inhibit abomasal inflammation, in this way removing the negative 

effects of gastritis on the general health of the animal. 
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6. SUMMARY /  
ERWEITERTE ZUSAMMENFASSUNG 

 

 

6.1.  Summary 
 
The inflammatory reaction to the presence of abomasal nematodes and their 

products has been examined in two in vivo models, the ovine mammary gland 

and subcutaneous chambers, as well as in vitro in the micro chemotaxis 

chamber.  An important question being addressed was whether the response to 

these parasites involved parasite-derived chemotactic substances in addition to 

the well characterized host-derived chemicals. 

 

H. contortus or O. circumcincta E/S products were prepared by incubation of 

either adult worms or exsheathed L3 in RPMI, HBSS or EBSS.  L3 were 

obtained by culturing eggs from the faeces of infected animals, adult worms were 

collected from the abomasa of infected sheep. They were separated from 

abomasal contents by setting the contents in 1% agar blocks, which were 

incubated in a saline bath and the worms collected after their emergence into the 

saline.  Extract preparations of the two parasites were obtained by mechanical 

disruption.  Some E/S products and extracts were concentrated or separated by 

ultrafiltration through filters of known pore size. 

 

Infusion of parasite products into the non-lactating ovine mammary gland caused 

an influx of cells, predominantly eosinophils.  This also proved to be the most 

successful method for obtaining eosinophil-enriched cell suspensions, with 

washings containing up to 90 % eosinophils, although these eosinophils had a 

tendency to adhere to each other and form clumps of cells after migration 

through the filter when used in the chemotaxis chamber. In contrast, the infusion 

of parasite products into subcutaneous tissue chambers did not result in a 

marked eosinophil influx, although there was a significant increase in total 

leukocyte counts in response to the injections of parasite products. 
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The Micro Chemotaxis Chamber was used to demonstrate the presence of 

chemotactic factors for both neutrophil and eosinophil granulocytes in E/S 

products and extracts of H. contortus and O. circumcincta larvae and adults. In 

several experiments, there was also an indication of chemokinetic activity in 

some of the parasite products.  Overall, the neutrophil chemotactic response was 

more pronounced than the eosinophil response. From the total of 35 experiments 

for neutrophil chemotaxis, only 7 did not show positive neutrophil responses. 

Eosinophil chemotaxis was detected in 20 out of 38 experiments.    E/S products 

of adult H. contortus and O. circumcincta parasites showed a more pronounced 

chemotactic activity for both neutrophils and eosinophils than larval E/S 

products. Extracts of L3 and adult worms of both species showed concentration-

dependent chemotactic activity for neutrophils and to a lesser extent, for 

eosinophils.  

 

Experiments with fractionated O. circumcincta larval extracts were inconclusive 

in identifying the chemotactic activity, as it was not limited to one fraction, but 

was inconsistently present across the whole range of separation products. This 

could be because the factors are very small molecules, which pass through the 

pores of all the filters used, or alternatively, they may adhere to bigger proteins 

and in this way remain in high molecular weight fractions.  

 

The possibility that the neutrophil chemotactic factor in O. circumcincta and H. 

contortus might be of bacterial origin was explored using molecular biological 

techniques. Molecular probes used to detect bacteria of Wolbachia spp., which 

are endosymbionts of several filarial nematodes, gave no indication for the 

presence of these bacteria in H. contortus or O. circumcincta. 
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6.2.  Erweiterte Zusammenfassung 
 
 
Stefanie Reinhardt:   Chemische Lockstoffe produziert von Nematoden des  

Labmagens im Schaf 

 

 
 
Die Nematoden des Labmagens stellen eine bedeutende Gruppe 

gastrointestinaler Parasiten der Wiederkäuer dar. Bei Schafen sind Infektionen 

mit Haemonchus contortus und Ostertagia circumcincta besonders verbreitet 

und führen weltweit zu hohen wirtschaftlichen Verlusten in der Schafproduktion. 

Eine Hämonchose bzw. Ostertagiose geht einher mit einer parasitären Gastritis, 

welche zu erheblichen Störungen der Verdauungsvorgänge im Labmagen führen 

kann. Die Labmagenschleimhaut wird von Entzündungszellen infiltriert, darunter 

eine große Anzahl neutrophiler und eosinophiler Granulozyten. Sie sind durch 

die Freisetzung potenter Entzündungsmediatoren und Enzyme maßgeblich an 

den histopathologischen und pathophysiologischen Veränderungen im 

Labmagen beteiligt. Es gibt Hinweise darauf, dass neben den wirtseigenen 

Cytokinen auch von den Parasiten Substanzen gebildet werden, die Leukozyten 

an den Entzündungsherd locken. Solche direkten Chemotaxine oder 

Chemoattraktantien für neutrophile und eosinophile Granulozyten wurden bereits 

in Extrakten bzw. Exkretions- und Sekretionsprodukten (E/S Produkten) 

verschiedener Parasiten, darunter Ostertagi ostertagi, Ascaris sp. und 

Onchocerca volvulus, nachgewiesen und als Proteine bzw. Glykoproteine 

identifiziert. In der hier vorliegenden Arbeit sollte das Vorhandensein und, wenn 

möglich, der Ursprung und die Struktur derartiger Chemoattraktantien für 

Granulozyten in Extrakten und E/S Produkten von Larven und adulten H. 

contortus und O. circumcincta untersucht werden. 
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6.2.1. Methodik 
 

Adulte Parasiten wurden aus dem Labmagen experimentell infizierter Schafe 

gewonnen, Drittlarven über in vitro Kultur von Eiern aus den Faeces infizierter 

Tiere. Durch mechanischen Aufschluss der so gewonnenen Parasiten wurden 

Extrakte hergestellt, das Kulturmedium aus der Inkubation von Larven bzw. 

adulten Parasiten diente als Quelle für E/S Produkte. Mittels Ultrafiltration einiger 

der so gewonnenen parasitären Produkte durch Filter mit unterschiedlicher 

Porengröße wurden diese Substanzen gemäß ihres Moleklargewichts fraktioniert 

und/oder konzentriert. Die Proteinkomposition einiger dieser E/S Präparationen 

und Extrakte wurde durch Polyacrylamid-Gel Eletrophorese optisch dargestellt.   

 

In verschiedenen Filarien, u.a. in Onchocerca volvulus, wurden intrazelluläre 

endosymbiontische Bakterien der Gattung Wolbachia als Quelle chemotaktischer 

Substanzen für neutrophile Granulozyten ermittelt. Um der Frage nachzugehen, 

ob derartige Bakterien auch in H. contortus oder O. circumcincta vorkommen, 

wurde aus ihren Extrakten DNA isoliert und mittels PCR auf das Vorhandensein 

bakterieller DNA untersucht. 

 

Das chemotaktische Potenzial (Fähigkeit einer Substanz, die aktive, gerichtete 

Bewegung von Zellen zu beeinflussen) der Extrakte und E/S Produkte wurde in 

einer Mikro-Chemotaxis-Kammer ermittelt. Bei diesem in vitro Testverfahren wird 

die Reaktion von Zellen in einer Suspension auf der einen Seite einer porösen 

Membran auf das potenzielle Chemotaxin in einer Lösung auf der anderen Seite 

dieser Membran ermittelt, indem nach einer Inkubationszeit die Anzahl der durch 

die Membran gewanderten Zellen mikroskopisch bestimmt wird. Die für diese 

Versuche benötigten neutrophilen und eosinophilen Granulozyten wurden aus 

dem Blut von Schafen isoliert. Es wurden außerdem Verfahren zur selektiven 

Anreicherung eosinophiler Granulozyten in den Zellsuspensionen erprobt. Als 

alternative Quellen für Granulozyten wurden Knochenmarks-Zellkulturen und 

Exsudatzellen, die mittels Injektion von Extrakt in die nicht laktierende 

Milchdrüse eines Schafes gewonnen wurden, getestet. Diese Methode diente 

gleichzeitig als Modell für die proinflammatorische Wirkung der Extrakte und E/S 
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Präparationen in vivo. Des weiteren wurden drei Schafen subkutane Kammern 

implantiert, in denen die chemotaktische Wirkung der parasitären Produkte in 

vivo ermittelt werden sollte. 

 

 

6.2.2.  Ergebnisse und Schlussfolgerungen 
 

Als Verfahren zur Gewinnung von granulozytenhaltigen Zellsuspensionen für 

den Gebrauch in der Mikro-Chemotaxis-Kammer hat sich vor allem die 

Separation dieser Zellen aus Schafsblut bewährt. Hier wurden routinemäßig 

Suspensionen mit mehr als 80% Granulozyten, davon bis zu 28% eosinophile 

Granulozyten, erzielt. Eine weitere Anreicherung dieser Granulozytenfraktion aus 

Schafsblut war jedoch mit keiner der erprobten Methoden möglich. Die Injektion 

von Parasitenextrakt in die nicht laktierende Milchdrüse führte zur Ansammlung 

eines Exsudats mit bis zu 90% eosinophilen Granulozyten. Bei der Anwendung 

dieser Exsudatzellen in Chemotaxis-Experimenten wurde jedoch festgestellt, 

dass sie verstärkt aneinander hafteten und zur Klumpenbildung auf dem Filter 

neigten, was ihre Nutzbarkeit in der Mikro-Chemotaxis-Kammer einschränkte. 

Die Injektion parasitärer Produkte in die subkutan implantierten Kammern 

hingegen resultierte nicht in einem verstärkten Einstrom eosinophiler 

Granulozyten, obwohl sie zu einer signifikanten Erhöhung der 

Gesamtleukozytenzahl führte. Die in vitro Kultur von Knochenmarkszellen war 

nicht erfolgreich, weil die vorhandenen Cytokine, die essentiell sind für die 

Heranreifung der Granulozyten, nicht den Anforderungen entsprachen. 

 

Die in vitro Experimente mit der Mikro-Chemotaxis-Kammer demonstrierten die 

Präsenz chemotaktischer Substanzen sowohl für neutrophile als auch für 

eosinophile Granulozyten in Extrakten und E/S Produkten von H. contortus und 

O. circumcincta Larven und adulten Parasiten. In mehreren Experimenten gab 

es außerdem Anhaltspunkte für das Vorhandensein von Substanzen mit 

chemokinetischer Wirkung (die ungerichtete Bewegungsaktivität von Zellen 

beeinflussend). Insgesamt war die chemotaktische Reaktion neutrophiler 

Granulozyten stärker ausgeprägt als die eosinophiler Granulozyten. Von den 
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insgesamt 35 Experimenten für neutrophile Chemotaxis waren nur 7 Tests 

negativ, während eosinophile Chemotaxis in 20 von insgesamt 38 Experimenten 

nachgewiesen werden konnte. Die E/S Produkte adulter Parasiten hatten eine 

ausgeprägtere chemotaktische Aktivität sowohl für neutrophile als auch 

eosinophile Granulozyten als die E/S Produkte von H. contortus und O. 

circumcincta Larven. Dabei konnte in den meisten Experimenten, in denen 

verschiedene Verdünnungsstufen der parasitären Produkte getestet wurden, 

eine Konzentrationsabhängigkeit der chemotaktischen Aktivität für neutrophile 

und weniger ausgeprägt auch für eosinophile Granulozyten demonstriert werden.  

 

Wie auch in der SDS-Gel Elektrophorese gezeigt wurde, war die Trennung der 

Extrakte und E/S Produkte in Fraktionen mit unterschiedlichem Molekulargewicht 

mittels Ultrafiltration nur bedingt erfolgreich und es gelang nicht, die 

chemotaktische Aktivität auf bestimmte Fraktionen einzugrenzen. Es wäre 

möglich, dass es sich bei den chemotaktischen Faktoren um sehr kleine 

Moleküle handelt, die die Poren aller verwendeten Filter passieren können oder 

die an größeren Proteinen haften und so in den Fraktionen höherer 

Molekulargewichte verbleiben. 

 

Die molekularbiologische Untersuchung der aus Parasitenextrakten isolierten 

DNA ergab keinen Hinweis auf das Vorhandensein von Wolbachia DNA in 

diesen Proben. Die Möglichkeit, dass andere symbiotische Bakterien in den 

Parasiten vorhanden und an der Bildung chemotaktischer Faktoren beteiligt sind, 

ist jedoch nicht auszuschließen. 

 

Die Ergebnisse dieser Studie unterstützen die These, dass H. contortus und O. 

circumcincta, wie für verschiedene andere Parasiten bereits nachgewiesen, 

Substanzen mit einer direkten chemotaktischen Wirkung auf neutrophile und 

eosinophile Granulozyten produzieren und durch die Ausscheidung dieser Stoffe 

für die Akkumulation von Leukozyten im Rahmen der parasitären Gastritis direkt 

mitverantwortlich sind. 
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8.    APPENDIX 
 
 
 
8.1.  Media and Reagents 
 
Chemicals were obtained from Sigma-Aldrich Inc., USA, unless stated otherwise. 

MilliQ-water was used to make up media. Media were made up sterile or filter-

sterilised directly after preparation. They were stored at 4°C in the dark when not 

in use and were warmed to 37°C in a waterbath prior to use, if necessary. 

 

 

Hanks Balanced Salt Solution (HBSS) 
 
Ingredients: 

• Hanks Balanced Salts Without Sodium Bicarbonate, powder (Life     

Technologies, GIBCO BRL, USA), 1 sachet for 1 l of prepared medium 

• 0.35 g/l NaHCO3  

• 1 ml/l Gentamicin Solution (10 mg/ml gentamicin sulfate in distilled water;       

Life  Technologies, GIBCO BRL, USA) 

• 1 ml/l Fungizone (250 µg/ml Amphotericin B; Life Technologies,  GIBCO BRL, 

USA) 

The pH was adjusted to 7.4 with 1 M NaOH and 1 M HCl respectively.  

 

HBSS for use in cell culture: Powdered medium and bicarbonate as above, plus 

• 2% (v/v) FCS 

• 10 I.U./ml Heparin 

• 1% (v/v) Antibiotic-Antimycotic (100x), containing penicillin, streptomycin, 

amphotericin B (Life Technologies, GIBCO BRL, USA) 
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Earle’s Balanced Salt Solution (EBSS) 
 
Ingredients: 

• Earle’s Balanced Salts Without Sodium Bicarbonate and Phenol Red,     

Product No. E3261, powder, 8.6 g for 1 l of prepared medium 

• 2.2 g/l NaHCO3  

• 1 ml/l Gentamicin Solution (10 mg/ml gentamicin sulfate in distilled water;       

Life  Technologies, GIBCO BRL, USA) 

• 1 ml/l Fungizone (250 µg/ml Amphotericin B, Life Technologies,  GIBCO BRL, 

USA) 

The pH was adjusted to 7.4 with 1 M NaOH and 1 M HCl respectively.  

 

 

RPMI-1640 
 
Ingredients: 

• RPMI-1640 With L-Glutamine, Without Sodium Bicarbonate and Phenol Red, 

Product No. R8755, powder , 10.4 g for 1 l of prepared medium. 

• 2.0 g/l NaHCO3  

• 1 ml/l Gentamicin Solution (10 mg/ml gentamicin sulfate in distilled water;       

Life  Technologies, GIBCO BRL, USA) 

• 1 ml/l Fungizone (250 µg/ml Amphotericin B, Life Technologies,  GIBCO BRL, 

USA) 

The pH was adjusted to 7.4 with 1 M NaOH and 1 M HCl respectively.  

 

 

Iscove’s modified Dulbecco’s Medium (IMDM) 
 
Ingredients: 

• IMDM, Powder (#12200; GIBCO, Life Technologies, USA), 1 sachet for 1 l of 

prepared medium 

• 3.024 g/l NaHCO3
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• 10% FCS (v/v) 

• 1% Antibiotic-Antimycotic (100x), (Life Technologies, GIBCO BRL, USA) 

• 10 µl/100 ml  2-mercaptoethanol 

• 10 I.U./ml Heparin 

One litre of medium was prepared, containing IMDM powder and bicarbonate. It 

was stored at –20°C in 200 ml-portions until needed. The pH was adjusted to 7.4 

with 1 M NaOH and 1 M HCl respectively and the remaining ingredients except 

FCS were added. The medium was filter-sterilized, and then FCS added sterile 

under laminar flow.  It was used immediately in cell culture. 

 

 

Phosphate-buffered saline (PBS) 
 

For 1 l PBS dissolve in 1 I water:  8 g NaCl 

      0.2 g KCl 

1.15 g Na2HPO4

0.2 g KH2PO4

 

    

0.11 M Sodium Citrate 
 
32.352 g Na-Citrate dissolved in 1 l water. 

 

 

Citrate-Saline Solution 
 

8.5 g/l NaCl dissolved in 0.11 M Na-Citrate. 

 

 

NH4Cl Lysis Medium 
 
For 1 l medium dissolve in 1 l of water:   

8.291 g NH4Cl 
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1.0012 g KHCO3

0.0374 g EDTA 

Lysis medium used in Step 2 of the procedure contained 5g/l BSA (Fraktion V, 

Boehringer Mannheim GmbH, Deutschland). 

 

 

1 x TE – Buffer 
 
1.2 g Tris base and 0.203 g disodium-EDTA were dissolved in 800 ml of 

autoclaved Milli-Q water. The pH was adjusted to 8.0 using concentrated HCl 

and the buffer made up to a final volume of 1000 ml with autoclaved Milli-Q 

water. 

 

 

Eosinophil Staining Solution 
 
0.02 g Eosin-Yellow and 1.5 ml CaCO3 (saturated) were combined with 40% 

Formaldehyde and made up to 50 ml with tap water. 

 

 

Zymosan-Activated Plasma  
 

Zymosan activated plasma was prepared after TRUSH et al. (1978), modifying 

his method for the opsonization of zymosan. Zymosan (Sigma Chemicals, USA) 

was hydrated by boiling it for 30 minutes in 0.9% NaCl solution in a concentration 

of 5 mg/ml saline. It was then centrifuged at 600 x g for 5 minutes and the 

supernatant discarded. 

Blood was drawn from healthy adult sheep in evacuated tubes containing Li-

Heparin and the plasma removed from the cellular fraction after centrifugation for 

20 minutes at 1000 x g.  
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Plasma and hydrated zymosan were combined (5 mg zymosan/ml plasma), 

vortexed and incubated for 30 minutes at 37°C. The zymosan was removed by 

centrifugation at 600 x g for 5 minutes. The plasma was filtered with a 0.45 µm 

syringe filter and stored frozen at –20°C in 0.5 ml aliquots until used as a positive 

control in the micro chemotaxis chamber assays. 

 

 

Heat-Inactivated Ovine Serum  
 

Ovine blood, taken from parasite-naïve sheep in plain Vacutainer tubes was 

centrifuged at 1000 x g for 20 minutes and the serum inactivated by heating at 

56°C for 30 minutes, as described by KLESIUS et al. (1985). It was stored frozen 

in 0.5 ml aliquots at –20°C until added to media in chemotaxis chamber 

experiments. 

 

 

 

8.2.  Methods 
 
 

Protein Determination with the Bradford Assay    
 

The protein content of parasite E/S and extracts was determined 

spectrophotometrically, following a modification of the method of BRADFORD 

(1976) with BSA (Boehringer Mannheim GmbH, Germany) as the protein 

standard. The standard assay for protein solutions ranging from 50 µg/ml to 

1,400 µg/ml was routinely used to determine the protein content in extracts, while 

the Micro assay for protein solutions ranging from 1 µg/ml to 100 µg/ml was 

employed for E/S preparations. In the standard assay, 100 µl of parasite E/S or 

extract are added to 3.0 ml of Bradford Reagent (Sigma, Sigma-Aldrich Inc., 

USA) The Micro assay follows the procedure of the standard assay, but with 

volumes of 200 µl sample and 800 µl Bradford Reagent. 
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8.3.  Molecular Biology  
 
 
 
8.3.1.   Reaction mixtures 
 

The Wolbachia A reaction mixture employed in PCR I – III contained the 
following ingredients in the total volume per reaction of 25 µl: 
 

 

Reagent Stock  
concentration 

Required 
concentration  
or amount 

Amount per  
reaction (µl) 

  10x Buffer: 
Tris-HCl  
KCl  
 

 
100 mM 
500 mM 

 
10 mM 
50 mM 

 
2.5  
2.5  

MgCl2 25 mM 1.5 mM 0.66  
dNTPs 10 mM 200 µM 2.0  

Taq  polymerase 5 units/µl 0.8 units 0.16  

Primer wsp 81F 2105 pmoles/µl 400 pmoles 0.2  
Primer wsp 691R 2012 pmoles/µl 400 pmoles 0.2  
 
Template DNA: 
oc1 
oc2 
oc3 
hc1 
hc2 
hc3 
dro 
blo 
rat 

 
 
825 ng/ml 
8.25 ng/ml 
1.65 ng/ml 
1105 ng/ml 
11.05 ng/ml 
2.21 ng/ml  
53 ng/ml 
170 ng/ml 
500 ng/ml 

  
 
1 µg 
100 ng 
10 ng 
1 µg 
100 ng 
10 ng 
100 ng 
100 ng 
1 µg 

 
 
1.2  
12  
6  
0.9  
9  
4.5 
2 
0.6  
2 

Water 
                                      
                                     To make a volume 
                                      of 25 µl 
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The Wolbachia B reaction mixture employed in PCR  IV - V  contained the 
following ingredients in the total volume per reaction of 50 µl: 
 

 

Reagent Stock  
concentration 

Required 
concentration  
or amount 

Amount per  
reaction (µl) 

10x Buffer: 
 Tris-HCl  
(NH4)2SO2 
 

 
200 mM 
200 mM 

 
50 mM 
16 mM 

 
12.5 
12.5  

MgCl2 25 mM 1.75 mM 3.4  
dNTPs 10 mM 350 µM 1.75  
Taq  polymerase 5 units/µl 5 units 1.0  

Pfu  polymerase 2.9 units/µl 1 unit 0.34  
Primer wsp-F 2620 pmoles/µl 800 pmoles 0.32  

Primer wsp-R 2080 pmoles/µl 800 pmoles 0.40 
Template DNA 
oc2 
hc2 
dro 
blo 

 
8.25 ng/ml 
11.05 ng/ml 
53 ng/ml 
170 ng/ml 

 
100 ng 

 
12.12  
9.05  
2.0  
0.6  

Water                                    to make a volume of 50 µl 

The GAPDH reaction mixture used in PCR I – III contained the following 
ingredients in the total volume per reaction of 20 µl: 

1 only in GAPDH positive control 

Reagent Stock  
concentration 

Required 
concentration 

Amount per  
reaction (µl) 

10x Buffer : 
Tris-HCl  
KCl 
  

    
   100 mM 
   500 mM 

    
   10 mM 
   50 mM 

 
2.0 
2.0  

MgCl2    25 mM    2.4 mM 1.8  

dNTPs    10 mM    120 µM 1.2  

Taq  polymerase    5 units/µl    1.25 units 0.2  

Primer  forward    500ng/µl    100ng 0.2  

Primer  reverse    500ng/µl    100ng 0.2  

Template rat DNA1     0.5 µg/µl    1 µg 2.0       
Water                                     to make a volume of 20 µl 
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8.3.2.   Template DNA, Primers and Controls 
 
 
 
Template DNA, controls and primers in each tube (final volume 25 µl or 20 µl for 
GAPDH) for PCR I were:  
   

Reagents and their volumes added to each tube   PCR-  
reaction 
number Reaction mix (µl) DNA sample Milli-Q water 

(µl) 
1 Wolbachia A  6.36  1.2 µl oc1 (1µg) 17.44  
2         “             6.36  12.0 µl oc2 (100 ng)    6.64  
3         “             6.36  6.0 µl oc3 (10 ng)        12.64  
4         “             6.36  0.9 µl hc1 (1 µg)          17.74  
5         “             6.36  9.0 µl hc2 (100 ng)      9.64  
6         “             6.36  4.5 µl hc3 (10 ng)        4.14  
7         “             6.36  --- 8.64  
8         “             6.36  --- 8.64  
9 GAPDH         18.0  2.0 µl rat (1 µg)             --- 
10         “             18.0  --- 2.0  

 
 
 
Template DNA, controls and primers in each tube (final volume 25 µl) for PCR II 
- III were: 
 

Reagents and their volumes added to each tube  PCR-     
reaction 
number Reaction mix (µl) DNA sample Milli-Q water 

(µl) 
1-3 Wolbachia A  5.72  1.2 µl oc1 (1µg)           18.08  
4-6            “          5.72  0.9 µl hc1 (1µg)           18.38  
7+8            “          5.72  --- 19.28  
9-11            “          5.72  2.0 µl dro (100 ng)       17.28  
12-14            “          5.72  0.6 µl blo (100 ng)        18.68  
15      GAPDH    18.0  2.0 µl rat (1 µg)             --- 
16           “           18.0  --- 2.0  
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Template DNA, controls and primers in each tube (final volume 50 µl) for PCR IV 
- V were: 
 

Reaction 
number in 
PCR_______ 

Reagents and their volumes added to each tube   

IV V Reaction mix (µl) DNA sample Milli-Q water 
(µl) 

1 1+6 Wolbachia B  19.71  12.12 µl oc2 (100 ng)    18.17  
2 2+7           “           19.71  9.05 µl hc2 (100 ng)      21.24  
3 3+8           “           19.71  ---  30.29  
4 4+9           “           19.71  2.0 µl dro (100 ng)         28.29  
5 5+10           “            9.71  0.6 µl blo (100 ng)         29.69  
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8.4. Cell Counts from Subcutaneous Tissue 
Chamber Experiments  

 
 
 
Total cell and eosinophil counts in the exudate recovered from the subcutaneous 

tissue chambers are documented below. All chambers from each sheep were 

sampled before the injection of parasite substances (Day 0) and on 5 successive 

days of each test period. Before the beginning of test period III, sheep 26 and 29 

were infected orally with H. contortus L3. 

 

 

Table 8.4.1 Concentration of total cells and eosinophils per µl exudate, 
aspirated from each of the subcutaneous chambers in sheep 20  

 

Cells per µl in exudate chamber 1 – 6  
1 2 3 4 5        6 

Test 
day 

total   eos. total    eos. total   eos. total   eos. total    eos. total   eos. 
I.0 0 0 50 0 0 0 100 0 50 0 0 0 
I.1 550 50 2600 0 6050 0 4200 0 1000 0 900 0 
I.2 2100 50 3650 0 3500 0 5200 0 2500 0 2500 0 
I.3 100 0 2050 0 1400 0 1950 0 7500 0 4600 0 
I.4 50 0 4650 50 750 0 1300 0 >105 0 1350 0 
I.5 200 0 >105 200 2200 0 1650 0 975 250 900 0 
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Table 8.4.2 Concentration of total cells and eosinophils per µl exudate, 
aspirated from each of the subcutaneous chambers in sheep 29 

 
 

Cells per µl in exudate chamber 1 – 6 
1 2 3 4 5 6 

Test 
day  
 

total    eos.1 total    eos. total    eos. total    eos. total    eos. total  eos. 
I.0 0 0 50 0 100 50 250 0 100 0 100 0  
I.1 6950 0 32600 0 1900 0 2550 0 300 0 100 0  
I.2 2450 50 4350 0 4650 0 1100 0 3850 0 50 0 
I.3 1200 0 8250 0 2050 0 450 0 1550 0 100 0 
I.4 50 0 0 0 100 0 300 0 0 0 50 0 
I.5 300 0 5500 0 1900 0 100 0 150 0 200 0 
II.1 22900 250 32800 50 9150 0 9600 50 4900 0 650 0 
II.2 42800 200 >105 150 9400 0 7700 0 17000 50 1100 0 
II.3 23900 100 29500 100 12400 50 2050 0 9550 0 250 0 
II.4 26300 100 40000 50 4000 50 5500 0 4150 0 100 0 
III.0 150 50 0 0 50 0 50 0 0 0 50 0 
III.1 7750 150 10800 250 650 0 1250 0 11800 3 100 0 
III.2 5500 150 22000 3 400 0 300 0 5200 0 800 0 
III.3 11600 350 14000 4 2400 0 1250 0 8450 50 800 0 
III.4 19900 1400 18500 0 3300 0 2000 0 7200 1100 1550 0 
III.5 22400 650 13200 400 3150 300 200 0 1150 50 1400 50 

1 eos., eosinophils 
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Table 8.4.3 Concentration of total cells and eosinophils per µl exudate, 
aspirated from each of the subcutaneous chambers in sheep 26 

 
 

Cells per µl in exudate chamber 1 – 5 
1 2 3 4 5 

Test 
day 

total     eos.1 total       eos. total     eos. total       eos. total       eos. 
I.0 50 0 200 50 100 0 50 0 1500 0  
I.1 2550 0 1950 0 5000 0 3150 0 4100 50  
I.2 3350 0 17500 0 1450 0 2950 50 100 0 
I.3 400 0 2500 0 1050 0 3450 0 0 0 
I.4 50 0 1300 0 700 0 3550 0 0 0 
I.5 0 0 1700 0 600 0 2350 0 0 0 
II.1 1550 0 5550 0 4850 0 5700 0 0 0 
II.2 1800 50 8900 0 4100 0 18200 0 50 0 
II.3 900 0 8750 0 4900 50 4200 50 50 0 
II.4 4950 200 2900 0 2750 0 3400 0 50 0 
III.0 0 0 50 0 0 0 0 0 
III.1 1400 50 4900 350 750 0 10400 150 
III.2 500 0 6800 150 250 0 1500 100 
III.3 400 0 2750 150 150 0 1050 50 
III.4 50 0 1000 0 0 0 400 50 
III.5 50 0 1300 200 550 50 

  
  2

650 100 
1 eos., eosinophils  
2 Infection with accumulation of pus, chamber not used any further 
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8. Appendix 

8.5. Raw Data from Micro Chemotaxis Chamber 
Experiments (Cell Counts) 

 

 
The cellular responses (mean cell count and S.E.M.) towards parasite products 

and medium only are documented in the tables below for all valid chemotaxis 

chamber experiments. The counts are given as cells per microscopic field (area 

inside a 10 x 10 mm counting grid at 400x magnification = 625 µm2).  Parasite 

products on both sides of the filter were placed in the same concentration above 

and below the filter, except when the concentration below the filter was 100% it 

was 80% above the filter. Table 8.5.1 gives the neutrophil counts of all valid 

experiments; the eosinophil counts (Table 8.5.2) are only listed for those 

experiments with positive eosinophil responses.  The following experiments were 

regarded invalid because of unresponsive cells: OLes-2 to -9, OLes-11 to -12, 

OLes-15 to -16, OLex-1 to -3, OAes-4, OAes-6, OAex-1, HLes-1, HLex-1, HAex-

1 to -5, HAex-9 to -10. 

 
 
Table 8.5.1 Neutrophil counts of all valid chemotaxis chamber experiments  

(Table continues) 
 

Neutrophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

Exp. Parasite  
product 
(batch and 
fraction) 

Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
OLes-1 4 100 3 0.5 1 0.2 2 0.4 
OLes-10 11 100 2 0.2 1 0.3 2 0.2 
OLes-13 13b 

 
14a 

100 
80 
100 
80 

7 
11 
2 
1 

0.9 
1.2 
0.4 
0.3 

- 
1 
- 
1 

- 
0.3 
- 
0.2 

5 0.4 

OLes-14 
 
 
 

14b     crude 
 
         >10,000 

100 
50 
100 
50 

4 
5 
2 
2 

0.5 
0.5 
0.3 
0.3 

- 
- 
- 
- 

- 
- 
- 
- 

3 0.5 

OLes-17 
 
 
 

17        crude 
        >10,000 

 
         <10,000 

100 
100 
80 
100 

31 
37 
27 
35 

2.3 
1.7 
2.4 
1.8 

- 
- 
14 
- 

- 
- 
1.6 
- 

16 0.9 

HLes-3 2       >10,000 100 5 0.7 - - 2 0.4 
HLes-4 3       >10,000 100 10 0.6 - - 1 0.2 
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Table 8.5.1 Neutrophil counts of all valid chemotaxis chamber experiments 
(continued)   

 

Neutrophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

Exp. Parasite  
product 
(batch and 
fraction) 

Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
OAes-1 
 
 

20a+b    crude 
            >5,000 
20c      >5,000 

100 
80 
80 

10 
45 
90 

1.5 
1.9 
2.5 

6 
10 
48 

0.5 
0.7 
2.3 

6 
 
 

0.5 

OAes-2 
 
 
 

21          crude 
          >30,000 
30,000-10,000 
  10,000-3,000 
            <3,000  

80 
80 
80 
80 
80 

15 
49 
34 
11 
12 

1.4 
2.2 
2.4 
0.9 
1.2 

3 
6.5 
5 
5 
4 

0.5 
0.5 
0.4 
0.8 
0.5 

20 
 

1.4 

OAes-3 21      >30,000 100 
80 
50 
30 
10 
1 

146 
125 
131 
108 
73 
54 

6.0 
4.2 
4.5 
4.3 
4.3 
3.7 

- 
25 
41 
63 
51 
32 

- 
2.4 
2.6 
3.8 
2.5 
2.4 

69 3.9 

OAes-5 22          crude 
 
 
          >10,000 
 
 
 
  10,000-3,000 

100 
50 
10 
100 
50 
10 
1 
100 
50 
10 
1 

14 
13 
16 
3 
8 
11 
13 
14 
11 
15 
26 

1.5 
1.3 
1.0 
0.6 
1.1 
1.6 
1.5 
1.3 
0.7 
1.6 
1.8 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

16 1.9 

HAes-1 18     >10,000 100 
50 

56 
71 

3.5 
3.0 

2 
2 

0.2 
0.3 

7 0.3 

HAes-2 19a        crude 
19b    >30,000 
30,000-10,000 
  10,000-3,000 
           <3,000 

100 
80 
80 
80 
80 

49 
135 
85 
16 
10 

2.5 
5.3 
4.9 
1.0 
0.7 

- 
75 
63 
14 
14 

- 
5.5 
5.3 
1.1 
1.0 

11 0.6 

HAes-3 
 
 
 

19b    >30,000 60 
45 
25 
10 

72 
96 
76 
26 

7.4 
6.2 
3.7 
1.6 

- 
31 
10 
- 

- 
2.0 
0.6 
- 

17 1.0 

HAes-4 
 
 
 

19a   >30,000 
19b       crude 
         >30,000 
30,000-10,000 
 10,000-3,000 

80 
80 
60 
80 
80 

83 
62 
84 
29 
27 

5.0 
3.4 
6.9 
1.7 
2.5 

- 
17 
- 
18 
10 

- 
1.4 
- 
1.4 
0.8 

11 0.9 
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Table 8.5.1  Neutrophil counts of all valid  chemotaxis chamber experiments    
                    (continued)  
 

Neutrophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

Exp. Parasite  
product 
(batch and 
fraction) 

Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
OLex-4 
 
 
 

M          crude 
 
 
         >10,000 

100 
50  
10 
100 
50 
25 
10 

20 
6 
1 
7 
4 
2 
3 

1.7 
0.7 
0.3 
0.8 
0.5 
0.3 
0.5 

- 
- 
3 
- 
- 
- 
- 

- 
- 
0.3 
- 
- 
- 
- 

4 0.4 

OLex-5 K 100 
50 

11 
5 

0.8 
0.5 

- 
- 

- 
- 

3 0.5 

OLex-6 
 
 

N           crude 
      
          >30,000 
30,000-10,000 
  10,000-5,000 
            <5,000 

100 
50 
30 
100 
100 
100 

68 
45 
51 
21 
27 
49 

5.4 
5.8 
8.6 
1.6 
2.0 
2.6 

- 
22 
20 
- 
- 
- 

- 
1.9 
1.3 
- 
- 
- 

8 0.7 

OLex-7 O           crude 
 
 
          >30,000  
30,000-10,000 
  10,000-5,000 
            <5,000 

100 
50 
10 
25 
50 
100 
100 

82 
106 
27 
64 
28 
42 
37 

4.5 
7.3 
2.1 
8.1 
1.6 
3.0 
2.3 

- 
10 
- 
17 
14 
- 
- 

- 
1.0 
- 
2.3 
1.2 
- 
- 

17 1.5 

OLex-8 N       >30,000 
30,000-10,000 
  10,000-5,000 
           <5,000 

50 
100 
100 
100 

139 
68 
60 
106 

19.3 
3.4 
3.0 
3.0 

- 
- 
- 
- 

- 
- 
- 
- 

10 0.9 

OLex-9 O       >30,000 100 
80 
60 
40 
20 
10 

343 
316 
300 
209 
179 
104 

7.0 
10.2 
9.5 
8.0 
12.0 
4.5 

- 
118 
135 
106 
87 
46 

- 
7.0 
5.1 
2.9 
5.0 
2.4 

16 1.2 

HLex-4 B 100 
25 

10 
3 

1.6 
0.7 

- 
8 

- 
1.3 

2 0.4 

HLex-5 
 
 
 

G 80 
60  
40 
20 
10 
5 

35 
35 
23 
25 
14 
6 

2.1 
2.2 
1.5 
2.0 
1.3 
0.7 

- 
- 
- 
- 
1 
- 

- 
- 
- 
- 
0.2 
- 

5 0.6 
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Table 8.5.1   Neutrophil counts of all valid chemotaxis chamber experiments   
                     (continued) 
 

Neutrophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

 
Exp. 

 
Parasite  
product 
(batch and 
fraction) 

 
Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
HLex-6 H 100 

80 
60 
40 
20 
10 

140 
115 
109 
124 
62 
29 

3.2 
6.1 
2.8 
3.9 
3.7 
2.7 

- 
68 
69 
87 
46 
18 

- 
4.0 
3.0 
3.3 
3.1 
1.8 

16 0.9 

OAex-2 
 
 

R           crude 80 
50 
30 
10 
1 

92 
82 
113 
73 
65 

5.2 
4.4 
6.9 
5.2 
3.1 

60 
54 
62 
53 
53 

3.2 
4.2 
4.1 
3.5 
3.4 

54 2.9 

OAex-3 R           crude 100 
80 
50 
30 
10 
1 

11 
5 
8 
7 
7 
4 

1.0 
0.4 
0.7 
0.7 
0.7 
0.6 

- 
4 
5 
3 
5 
3 

- 
0.4 
0.4 
0.4 
0.7 
0.6 

8 0.5 

OAex-4 S           crude 100 
75 
50 
25 
10 
1 
0.5 
0.25 

139 
142 
140 
122 
100 
26 
6 
4 

7.1 
6.3 
4.8 
5.9 
4.8 
2.0 
1.2 
0.7 

- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 

2 0.4 

OAex-5 S       >10,000 
 
 
    
          <10,000 

80 
50 
30 
10 
80 

422 
427 
328 
211 
46 

14.1 
14.6 
9.8 
15.1 
5.4 

148 
96 
87 
46 
46 

6.9 
5.9 
3.2 
4.6 
4.2 

13 1.4 

HAex-6 P 50 
1 

79 
2 

4.4 
0.2 

48 
2 

3.6 
0.3 

2 0.2 

HAex-7 Q 10 73 4.5 - - 2 0.4 
HAex-8 Q 10 49 3.3 - - 2 0.4 
HAex-11 Q 100 

50 
10 
1 

102 
113 
58 
5 

4.0 
6.7 
2.9 
0.8 

- 
- 
18 
- 

- 
- 
2.4 
- 

4 0.6 

HAex-12 Q 80 108 3.3 13 1.2 6 0.5 
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Table 8.5.1   Neutrophil counts of all valid chemotaxis chamber experiments  
                     (continued) 
  

Neutrophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

Exp. Parasite  
product 
(batch and 
fraction) 

Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
HAex-13 Q 100 

50 
10 
1 
0.1 

172 
124 
67 
45 
19 

2.9 
3.7 
1.8 
3.1 
1.1 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

16 0.9 

HAex-14 P 100 
80 
60 
40 
20 
10 
1 

253 
235 
195 
170 
146 
113 
48 

8.6 
9.7 
7.3 
5.4 
5.3 
5.6 
2.4 

- 
29 
27 
26 
32 
18 
12 

- 
2.6 
1.5 
1.5 
2.7 
1.1 
1.0 

38 1.9 

 
 
 
Table 8.5.2  Eosinophil counts of all chemotaxis chamber experiments with positive    
                      eosinophil responses (Table continues) 
 

Eosinophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

Exp. Parasite  
product 
(batch and 
fraction) 

Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
OLes-17 
 
 
 

17         crude 
         >10,000 

 
          <10,000 

100 
100 
80 
100 

1 
1 
1 
2 

0.2 
0.2 
0.4 
0.4 

- 
- 
1 
- 

- 
- 
0.2 
- 

1 0.1 

HLes-2 1          >1,000 100 82 4.1 - - 35 2.5 
HLes-3 2        >10,000 100 7 0.8 4 0.7 1 0.3 
OAes-2 
 
 
 

21          crude 
          >30,000 
30,000-10,000 
  10,000-3,000 
            <3,000  

80 
80 
80 
80 
80 

47 
105 
91 
42 
71 

3.4 
5.0 
4.7 
3.7 
3.0 

15 
26 
19 
19 
22 

2.0 
2.0 
1.5 
1.4 
1.5 

31 1.9 

OAes-3 21      >30,000 100 
80 
50 
30 
10 
1 

79 
98 
99 
99 
53 
46 

2.4 
5.1 
2.6 
5.7 
2.2 
3.6 

- 
22 
37 
53 
27 
28 

- 
2.4 
2.4 
3.0 
3.0 
2.9 

49 4.0 
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Table 8.5.2  Eosinophil counts of all chemotaxis chamber  experiments with                   
                    positive eosinophil responses (continued) 
 

Eosinophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

Exp. Parasite  
product 
(batch and 
fraction) 

Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
OAes-5 22          crude 

 
 
          >10,000 
 
 
 
  10,000-3,000 

100 
50 
10 
100 
50 
10 
1 
100 
50 
10 
1 

14 
9 
5 
1 
1 
3 
3 
19 
8 
7 
5 

1.3 
1.2 
0.7 
0.3 
0.2 
0.4 
0.6 
1.6 
1.1 
0.9 
0.5 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

6 1.0 

HAes-1 18     >10,000 100 
50 

3 
2 

0.3 
0.2 

1 
1 

0.2 
0.2 

1 0.2 

HAes-2 19a        crude 
19b    >30,000 
30,000-10,000 
 10,000-3,000 
           <3,000 

100 
80 
80 
80 
80 

25 
52 
36 
8 
7 

1.3 
3.0 
2.3 
0.6 
0.4 

- 
31 
34 
4 
3 

- 
2.3 
1.9 
0.3 
0.3 

6 0.4 

HAes-3 19b    >30,000 60 
45 
25 
10 

2 
4 
1 
1 

0.3 
0.5 
0.2 
0.2 

- 
2 
1 
- 

- 
0.3 
0.2 
- 

1 0.1 

HAes-4 
 
 
 

19a    >30,000 
19b        crude 
         >30,000 
30,000-10,000 
 10,000-3,000 

80 
80 
60 
80 
80 

3 
10 
10 
10 
9 

0.2 
0.8 
0.8 
0.8 
0.7 

- 
5 
- 
5 
3 

- 
0.4 
- 
0.3 
0.5 

1 0.2 

OLex-7 O           crude 
 
 
          >30,000 
30,000-10,000 
  10,000-5,000 
            <5,000 

100 
50 
10 
25 
50 
100 
100 

2 
3 
1 
2 
1 
1 
1 

0.2 
0.5 
0.3 
0.4 
0.2 
0.2 
0.2 

- 
1 
- 
1 
1 
- 
- 

- 
0.2 
- 
0.2 
0.2 
- 
- 

1 0.2 

OLex-9 O       >30,000 100 
80 
60 
40 
20 
10 

6 
3 
2 
1 
1 
1 

0.6 
0.6 
0.5 
0.2 
0.2 
0.2 

- 
1 
1 
0.5 
0.4 
1 

- 
0.3 
0.2 
0.1 
0.2 
0.1 

0.5 0.1 
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Table 8.5.2  Eosinophil counts of all chemotaxis  chamber experiments with  
                    positive eosinophil responses (continued)  
 

Eosinophil counts per microscopic field 
Parasite product Medium only 

below filter only above+below   

Exp. Parasite  
product 
(batch and 
fraction) 

Conc. 
(%) 

mean S.E.M. mean S.E.M. mean S.E.M. 
HLex-2 C  100 74 3.2 - - 27 0.9 
HLex-3 E 100 

10 
37 
34 

2.5 
1.9 

- 
- 

- 
- 

16 0.8 

OAex-5 U       >10,000 
 
 
    
          <10,000 

80 
50 
30 
10 
80 

3 
1 
3 
0.5 
1 

0.6 
0.2 
0.4 
0.1 
0.4 

0.5 
0 
0.6 
0.6 
1 

0.1 
0 
0.2 
0.2 
0.2 

0 0 

HAex-6 P 50 
1 

16 
1 

1.2 
0.3 

10 
1 

0.8 
0.2 

1 0.2 

HAex-11 Q 100 
50 
10 
1 

2 
3 
1 
1 

0.3 
0.3 
0.2 
0.1 

- 
- 
1 
- 

- 
- 
0.1 
- 

1 0.1 

HAex-13 
 

Q 100 
50 
10 
1 
0.1 

1 
1 
1 
2 
1 

0.2 
0.2 
0.2 
0.2 
0.1 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

0.5 0.1 

HAex-14 P 100 
80 
60 
40 
20 
10 
1 

9 
6 
3 
3 
1 
2 
1 

1.1 
0.6 
0.7 
0.4 
0.2 
0.5 
0.2 

- 
0.5 
1 
1 
0.5 
0.5 
0.5 

- 
0.2 
0.2 
0.2 
0.1 
0.1 
0.1 

1 0.2 
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