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AUTHOR'S NOTE

This thesis is presented in two volumes because it contains a large
rwmber of micrographs; the first contains the text and the second, the

illustrations.
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GENERAL  INTRODUCTION




Parasitic disease is regponsible for considerable economic loss to agriculture
throughout the world. [Efficient anthelmintics, enlightened husbandry and
immunisation procedures have done much to reduce this., Yet it is still not
possible to treat and control certain types of parasitism, This is mainly due to
lack of knowledge of the basic pathogenic and immunological mechanisms involved.

In the last few years the increaging use of modern techniques in parasitological
research has helped to clarify many of these phenomena.

In Britain Qstertagis ostertagi infection in cattle is the most common cause

of the widespread morbidity and mortality associated with bovine gastrointestinal
parasitism (Ritchie, Anderson, Armour, Jarrett, Jemnings and Urquhart, 1966)
(Figure 1), The main clinical signs of this disease are diarrhoea, inappetance
and weight loss. The pathogenesis and epidemiology of bovine ogtertagiasis has
several unexplained features which are reflected in inability to treat and control
certain severe forms of the disease (Anderson, Armour, Jarrett, Jennings, Ritchie
and Urquhart, 1965).

Since 1890 when Ostertag first attributed abomasal lesions in cattle to

Ostertagia ostertagi, there have been a number of reports of outbreaks of parasitic

geatritis in animals at grass (Stiles, 1900; Moras, 1907; Gardenrer, 1911; Ackert
and Maldoon, 1920; Bruford and Fincham, 1945; Bailey, 1956; Gracey, 1960).
In thege, there was 1ittle detailed information on the epidemiology of the out-
breaks or on the pathology of the disease process.

The situation became more complicated when Maritin, Thomas and Urquhart (1957)

found severe abomasmal lesions due to 0. ostertagl in young housed catitle with




chronic dairrhoes. These animals had completed one grazing season and when
initially housed in autumn they were ¢linically healithy. After a period which
ranged from 3 to 20 weeks, diarrhoesz developed. This history was one which up
till that time would not have been associated with parasitic gastritis but wounld
have suggested s non—parasitié aetiology.

Anderson et al. (1965), in a detailed investigation of field outbresks of
bovine ostertagigsis, did much to resolve the understanding of this condition.
They classified the disease into 3 phases, 2 of which (Type I and Tyve II) were
clinically obvious and one which was not (Pre-Type II); these were desoribed as
followss

Type T This corresponded to the classical desceription of ¢linical parasitic
gastritis in which calves, at grass for the first time, showed a loss of weight
and diarrhoea; outbreaks occurred any time from late July until the end of the
grazing season. The majority of the ingested larvae developed to maturity in the

expected period of 3 weeks.

\

Pre-Type IT (or the Stage of Inhibition). In this stage, which preceded

Type 1I, large populations of Q. ostertagi (over 100,000 in many cases) were present,

and of these over 80% were inhibited in the early 4th stage. These animals had
grazed infected pasture in autumn, buit had no history of diarrhoea and usually
appeared healthy to the farmer.

Type II  The history in this type was that calves in which diarrhoea or
weight loss had not been prominent during the grazing season, had been housed about

the beginning of Hovember. After a lapse of time which ranged from 3 weeks to 6



monthg, the animals started to lose weight and showed profuse watery diarrhoea.
The appearsnce of these clinical signs coincided with the development to maturity
of large numbers of inhibited larvae. This syndrome 2lso occurred in outwintered
animals.

In Type I and Type II, the principal lesions found in the abomasum were
umbilicated nodules in the mucosa which resulted in diffuse irregular epithelial
hyperplasia (Fig. 1), sloughing of epithelium, congestion and cedema. Histologically,
the most significant changes occurred in the specialised cells lining the gastric
glands. These cells were replaced by rapidly dividing and apparently undifferentiatec
epithelial cells in the parasitised glands and in the surrounding glends. It was
noted that globule leukocytes were numerous and that lymphoreticular and plasma cell
activity could be marked. In Pre~-Type II cases the macroscopic changes and
microscopic changes were minimal and were confined to the parasitised glands
housing the inhibited 4th stage larvae. These authors found elsvation of the pH
of abomasal contents of animals with Type I and Type II ostertagiasis and attributed
this to loms of the specialised secretory cells responsible for HC1l production,
namely the parietal cells. In both phages, the plasma pepsinogen levels were
raised; hypoalbuminaemia occurred but only in Type IT ostertagiasis. It was
theorised that the cell junciions responsible for the integrity of the epithelial
sheet were seriously interfered with, thereby allowing pepsinogen, not activated
in the zalkaline conditions in the abomasum, to lezk into the circulation and like-
wise plasma macromolecules to leak out. Using isotopically labelled albumin and
the non-digestible macromolecule polyvinylpyrrolidone (P.V.P.), it has been shown

that, in calves infected with Q. ostertagi, the half life of albumin was significantly




ghortened and that P.V.P. wag lost into the gut (Mulligan, Daliton and Anderson, 1963).
Ross, Todd and Dow (1963) and Ross and Todd {1965) also observed elevation

of the pH of the abomasal contents of caltle severely affected with O, ostertagi;

in addition, they found a marked reduction in the pepsin concentration of the
abomasal contenta.

Experimental inoculations of Q. osteritagi larvae wore given to susceptible

calves by Threkeld and Johnson (1948), Osborne, Balbe and Bell {1960) and
Mahrt, Hammond and Miner (1964). In these experiments a standard dose of
inoculum was not employed and necropsies were carried out at long intervals
after inoculation; 1little data were given on the development or consequences of
the lesions.

More recently, Ross and Dow (1965) and Ritchie et al. (1966) studied the
sequentisl development of the abomasal legions following experimental inoculations

of 100,000 third stage O. ostertagi larvae. Ritchie et zl. (1966) used 8 to

10-week ¢ld worm-free calves and these were necropsied in pairs at selected
intervals from 2 to 90 days after infection. It was found that a single dose

of 100,000 0. ogtertagi larvae produced all of the abomasal lesions seen in

typical field cages of Type I ostertagiasis. This infecting dose was too low
to produce widespread confluence of lesions and hence the main c¢linical features
of the severely affected case were not produced. Ritchie et al. (1966)
described the pathogenesis in terms of 3 phases.

1) The larve is located in a gastrie gland by day 2; it grows and
matures in the gland, the epithelium of which becomes stretched and replaced by

mucous cells,.



2) Emergence of the adult parasite commences about 16 days after
infection and a loss of a large part of the adult worm population takes place
over the next 10 to 12 days. At about the time of emergence the functional
cells lining the glands surrounding the parasitised gland are replaced by an
undifferentiated and hyperplastic epithelium. The unit lesion produced is a
raised nodule at the centre of which is the gasiric gland originally dilated by
the presence of a2 larva. The emerged parasites lie apposed to the surface
epithelium and at thig point cytolysis and sloughing of the superficial cells
may ocour, There is an increase of plasma ocells in the lamina propria and

globule leuvkocytes appear within the mucosa.

3) As the infection subsides the epithelium resumes its normal appearsnce
and content of differentiated cells. Some of the glands, which have contained

larvae, remain lined by tall mucus~secreting epithelium.

In further experiments, which were done to give guantitative dose-response
data, Anderson, Avmour, Eadie, Jarrett, Jennings, Ritchie and Urquhart (1966)

infected groups of 15-week old parasite-free calves with doses of Q. ostertazi

larvae ranging from 50,000 to 800,000, All calves were killed 21 days after
infection. Doses of 400,000 larvae and upwards produced marked diarrhoes,
anorexia and loss of weight, severe abomasal lesions, considerable elevation of
the pH of the abomasal contents and raiged plasme pepsincgen levels. It was
found that doses of 200,000 and over resulted in coalescence and overlapping of

unit lesions and led to a morocco leather appearance of a thickened, hyperplastic,



non=-differentiated and non-functional mucosa. The degree of cytolysis and
epithelial sloughing of the superficial mucosa was directly related to the
dose level, In all calves there were marked reactive changes in the regional
lymph nodes. In calves given doses of 400,000 and 800,000 larvae, a purulent
lymphadenitis was superimposed on the reactive changes.

Jennings, Armour, Lewson and Roberts (1966) inserted abomasal cannulae

into calves and subsequently infected them with 300,000 O, ostertagi larvae.

Studies of the daily biochemical changes in the abomasal fluid and in the

blood were made. Thisg allowed the blochemical findings on the abomasal {luid

and on the blood tc be correlated with the development of the abomasal lesions.

The period of maximal change occurred immediately after the emergence of the
parasites from the gastric glands at day 19 and lasted till about 27 days

after infection. In the abomasum there was an increase in sodium ion concentration
and a decreased cancentration of hydrogen, potassium and chloride ions. During
this period, pepsin activily was reduced and there was an increase in plasma
pepsinogen levela., With the loss of the adult worm population there was a

gragual return to normal function.

From the resulte of the investigations described & hypothesis of the
pathogenesis of bovine ostertagiasis can be formulated. The period immediately
after infection, when larvae are developing to the aduli stage in the gastric
glands, is associated with cellular changes which are confined to the parasitised
glands; during this period, significant changes do not occur in the biochemical
values of either the abomasal fluid or the blood, and clinical signs are not

detectable, By day 16 after infection, adult worms begin to emerge from the
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parasitised glands, and this leads to an apparent loss of parietal cells; when
these areas become confluent, giving a morocco leather appearance Lo the mucosa,
then complets loseg of parietal cells appears to have ccocurred and the pH of the
abomasal fluid riges markedly. This uwndifferentiated and hyperplastic mucosa
has increased permeability to macromolecules (Mulligan et ale, 1963), which is
possibly reflected in the increasged plasma pepsinogen levels and algo in the
excesns loss of albumin into the gut. The principal clinical sign, i.e. severe
diarrhoea, alse occurs after emergence of the adult 0. ostertagi from the glands
and coincides with the increase in the pH of the zbomasal fluid to more than 7.
The primary purpose of thig work was to study by light and electron
microscopy the development of the sgtruetural changes in the gastrointestinal {ract

of cattle infected experimentally and naturally with Q. ostertagi and to relate

these to alterations in funetional activity. In addition, a ¢ytochemical and
ultrastructural study was made of certain cell types which appear to be

particularly involved in parasitic infections.



MATERTAT.S AND METHODS




Ixperimental Animals

(i) Parasite-free calves

Ayrshire bull calves, purchased when 3 to % days old, were housed
individually Indooxs. They were reared on whole milk at the rate of one
pint of milk per 10 lbs. live weight per day. During the 3rd and 4th
weeks, hay and calf weaner pellets (British Oil and Cake Mills Ltd.)
were introduced and milk feeding was stopped by the end of the 4th week.
From then until slaughter, the calves were fed on 3 lbs. of pelleted
ration daily with hay and water available ad Iib. Reared in this way,
the calves had a mean growth weight of 1 1b. per day. Llegulaxr faecal

examination for nematode eggs gave negative results.

(ii) Tigsues were taken from 10 young cattle, aged 12 to 15 months,
with Type II ostertagissis (Anderson et al., 1965). The animals had
severe diarrhoea.

Their plasma-pepsinogen levels were elevated being greater than
4,000 milliunits of tyrosine (vide p.12 ; normal is 326 + 8 milliunits
of tyrosine). They had marked hypoalbunizemia, serum albumin levels being
less than 1.5 gms.% (normal is 2.9 + 0.4 gms.%). A% necropsy the pH of
abomasal fluid of every case was greater than 6 (normal is 2.4 + 0.1).

The normal levels quoted are from Anderson et al. (1965). In all cases at

least 50,000 Q. osteritagi were recovered; in one the number was greater

than 500,000,
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(1ii) Sheep
Material was taken from the abomasum of 2 sheep experimentally

infected with Haemonchus contortus. They were subjected to repeated

infections, receiving in the course of one year, approximately 15 million
laxvae.
Tigsue was examined from the biliary tract of 2 sheep which had been

vaccinated against Fagcicla hepatica with Freund's adjuvant-whole worm

antigen preparation and then experimentally infected with 500 F. hepatica

netacercariae. These sheep were killed 19 weeks after infection.

{iv) BRals
Tissuwe was taken from the intestine of normal adult rats and from

rats at various intervals after infection with 3,000 or 10,000 N. brasiliengis.

Material was also examined from hyperimmune rats infected with successive

doses of 3,000, 5,000 and 7,000 N. brasiliensis.

Histological Technigues

(i) TFixation

A range of fixatives was used. These were isotonie~formaldehyde
acetic acid (IFAA) (Enerbick, 1966a), Carnoy's fluid (Clayden, 1955) and
corrosive formal (CF) (Carleton and Drury, 1957). Tissues were fixed
for 24 ~ 48 hours, dehydrated and cleared in an alcohol-amyl acetatew
chloroform series and embedded in paraffin wax.

With respect to the cytochemical investigations carried out in

Section V, 1t was found that IFAA gave poor overall fixation of tissues
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although the subepithelial mast cells and globule leukocytes (GL) were

well preserved. Carnoy's fluid was the fixative of choice in the rat;

in the bovine and sheep, most of the GL granules were not adeguately fixed

by this method. Tissues from the bovine and sheep were best preserved

by corrosive formal, although the mast cells did not stain as metachromatically
witk tolunidine blue nor as brighitly with astrs blue as those cells fixed

in Carmoy's fluid.

(ii) Staining Procedures

Paraffin sections were stained with haemalum and sosin, picro-
Mallory, phosphotungstic acid haematoxylin, pericedic acid=Schiff and Southe
gate's mucicarmine (Pearse, 1961).

The following special staining procedures were employed in the study
of magt cells and globule leukocyles,

(a) Thiazine dyes. Toluidine blue was used in & 0.5% agqueous

solution at pH 4 or 4.5 (McIlvaine's citric acid~disodium phosphate
buffer; stalning time 45 seconds) (Bnerbdek, 1966b). Sections
were stained with a 0.1% agueous solution of toluidine blue at pH 0.3
(dye diluted in 0.7 N HC1) for 10 minutes followed by rinsing in 0.7
N HC1 for 10 minutes (Bnerbick, 1966b).

(b) Copper phthalocyanine dyes. Astra blue (G, T. Gurr Ltd.)

wvas used in a 0.5% solution at pH 0.3 (Bloom and Kelly, 1960);
staining time was 30 minutes. Sections treated with astras blue as

described were counterstained with 0.5% safranin O (Hopkin and William Ltd.




Jrin
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in 0.125 N HC1 (about pH 1} for %0 seconds (EnerbHck, 1966b)

(¢) Acridine orange was used as a 0.001% solution ‘Jagatic and

Weiskopf, 1966) and also as a 0.1% solution in distilled water
(pH 7.2) and as a 0.1% solution in 0.01M acetic acid (pH 3.2),
(Sauvnders, 1964).

(@) Biebrich scarlet (Spicer and Lillie, 1961} was used as a

0.04% solution in glycine buffers at pH 8.15, 8.9 and 9.9; staining

time was 30 minutes.

3 Preeze-drying Technique for Fluorescent Demongtration of Monoamines

(¥alck, Hillerp, Thieme and Torp, 1962).

Tisgsues 3 ~ 4 mm in size were quenched in isopentane and cocled in ligquid
nitrogen; these were placed in an INdwarde-Pearse Tissue Drier and left overnight
under a vacuum of 0.001 forr at -4000. They were then exposed to paraformaldehyde
vapour at 80°C for 1 hour and impregnated with de~gassed molten paraffin wax
in the tissue drier at 60°C under vacuum of 0,001 torr for 15 minutes. The
tisgsues were embedded in molten paraffin wax. Material was stored in the daxk
until gectioned. Prior te cutting, the wax blocks containing the tissues were
left for 30 minutes at +4°C. Sections were cut on a Cambridge Rocking
Microtome at 6 p and mounted on warm slides to melt the wax; surplus wax was
removed with warm liguid psraffin, the mounting medium. The block was then re-
covered with sgoft wax to seal it from moisture.

Acridine orange=-stained sections and sections treated for monocamines were

examined with a Leitz Ortholux microscope; A BG 12, 3 mm exciting filter and a
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K 530 barrier filter were used., ‘the light source was a mercury vapour lamp

(Wotan HBO 200 w).

4. Electron Microscopical Techniques

- For fixation, concentrations of glutaraldehyde ranging from 1% to ¢%
were prepared in a 0.067 M Sorensen's phosphate buffer at pH 7.4. Tissues
from the abomasum and small intestine of sheep and catltle, from the biliary
tract of sheep and the emall intesgtine of rats were removed under barbiturate
or {trichlorcethylene anaesthesla or after stumning and exsanguination. In
Section I the methods and requiremenbts for adequabte fixabtion are described in
detail,

Thick sections, 1 - LeDp were cut on an IKB Mark ITIT Ultratome. They
were mounted on glass slides and stainred with Mallory's borax-methylene blue or
aqueous toluidine blue after the methods of Richardson, Jarret and Finke (1960)
and Trump, Smuckler and Benditt (1961). These sections were used to locate

lesions for electron microscopical examination.

5 Biochemical Analysis

(i) Plasma pepsinogen

15 ml. of blood were collected into a tube containing 2 - 3 drops of
121000 solution of hepaxin. The heparinised sample wasg centrifuged at
room temperature at 1500 x g for 20 minutes. The plasma was then pipetted
into plastic tubes and immediately forzen and stored at -500. The method

of estimation was essentially similar to that described by Edwards, Jepson



and Wood (1960) in that plasms was incubated at pH 2 with a bovine serum
albumin substrate (Avmour's Fractiom V.  Armour Pharmaceutical Co. Lid.)
for 24 hours at 3700. The liberated tyrosine, non~precipitable with
trichloroscetic acid, was estimated with Folin-Ciocalteau reagent (British
Drug Houses) and read in a spectrophotometer (Unicam, Cambridge). The
activity was expressed as millunits (ml) tyrosine ( p mols tyrosine per

litre of plasma per minute x 100).

(ii) Total Serum Protein Concentration

Total serum protein concentration was estimated by the biuret method

of Weichselbaum (1946).

(1ii) Serum Protein FPractionation

Separation of serum protein fractions were carried out by electro-
phoresis. Cellulose acetate strips (Oxoid Litd.) were saturated with
barbitone buffer (pH 8.6) and placed in a horizontal electrophoresis tank
(Shandon Scientific Co.). Serum (0.03 ml.) was pipetted on to strips
and a voltage of 150 volts was applied for one hour from a Vokam power pack
(Shandon Scientific Co.). The strips were then removed and dried in an
oven at 80 - 100°C for ten minutes and developed by staining with 0.2%
Ponceau S (G. T. Gurr Ltd. : for electrophoresis) in 3% agueous trichloro-
acetic acid for 5 mimutes. After staining, the strips were washed in 5%
acetic acid until the background was white. The strips were evaluated

automatically as described by Neil (1963) using a Chromoscan recording

13
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densitometer (Joyce Loebl and Co. Itd.). The results were expressed

ag grans per 100 ml. of serum albumin, total globulin and gamma globulin.

(iv) pH of Abomasal Contents

This was determined using a glass electrode (Beckmen Instruments Ltd.)

immediately after collection.

Ge Parasitological Technigques

The details of parasitological techniques used in the experimental studies

in Sections IIT and IV are those described by Armour (1967).



SECTION T

PREPAHATION OF BOVINLE GASTRIC MUCOSA

FOR TLECTRON MICROSCOPICAL EXAMINATION




INTRODUCTION

Up to the present time all studies of the ultrastructure of the gastric
mucosa have employed osmium tetroxide or potassium permanganate (KMnO4) as
fixatives. While ithe results are useful, the information obtained is limited
by the fact that these fixatives do not preserve protein structures in the cell.
With the introduction of glutaraldehyde (Sabatini, Bensch and Barnett, 1963),

a major advance was made in the stabilisation of protein structures for eleciron
microgcopical examination.

Barly in this study glutaraldehyde fixation gave rise to many technical
undesirable effects ineluding cell shrinkage, myelin configurations, breakdown

of cristae mltochondriales and uneven fixation. It was realised that several

properties of the fixative solution influenced the ultrastruciure of gastric
MICOSa.. Such properties included the concentration of the fixative, the buffer
system, the osmolality of the fixative solution and the pH of the fixative itself
and of the buffered fixative solution.

As some components of aldehyde-fixed tissues, such as membranes, are
extracted during dehydration, primary aldehyde fixation was followed by treatment
with osmium tetroxide. |

To date the embedding medium used in most electron microscopical studies
of the gastric mucosa has been methacrylate. This substance produces congiderable
shrinkage and distortion of tissues; these deleterious effects can lavgely be

eliminated by the use of epoxy resins such as Araldite and Epon as embedding mediz.

Ut



In this work, a study was made on the influence of glutaraldehyde
concentration, osmolality of the fixative solution and type of buffer gystem on
cell wltrastructure in the bovine gastric mucosa. The experimental design is
shown in Table 1. Pirstly, glutaraldehyde concentrations were varied from
1 to 4%, maintaining a constant buffer solution (0.067 M Sorensen's phosphate
uffer). Secondly, the osmeolality of the Tyrode buffer was gradually increased

by edding sodium chloride, maintaining constant glutaraldehyde concentrations.

MATERIALS

1. Tissues Tissue was taken from the gastric mucosa of 2 parasiite~free bovines
under barbiturate anaesthesia. The fixatives used penetrate tissues very slovwly
(Glavert, 1965) and so it was found esgsential to limit the size of the specimen

t0 1-2 mm for optimal results.

2, Glutaraldehyde Stock Solutions In preliminary investigations, solutions

were prepared from 25% glutaraldehyde supplied by Union Carbide Ltd. The pH of
thig solution was frequently less than % due to free glutaric zecid produced by

spontaneous auto-~oxidation of glutaraldehyde. VWhen the stock glutaraldehyde
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solution has a pH of less than 3.5, the quality of fixation is poor (*lauert, 1965).

In our initial studies the solution was purified by adding z small guaniity of
barium carbonate. A precipitate was formed, and after centrifugation the ¢lean
gsupernatant was removed and usged as fixative. The resultant pH was greater than

3.5, In the present experiment, a 25% solution of glutaraldehyde, specially



purified and stabilised at pH 5-6& by Taab Laboratories, was used.

3. Buffers The composition of the 0.067 M Sorensen's phosphate buffer was

as follows:
Na., HpO A - 9,118 gm/litre - 3 parts

K H2PO4 - 9,512 gn/litre = 1 part

The final pH of the buffered fixative solution was between 7.2 and 7.4.

The composition of Tyrode solution was as followss KCi, 0.2 gms., CaClz,
0.2 gms., M;gCl2 6 H2O, 0.1 gms., distilled water ad 1,000 ml. In addition,
variable amounts of sodium chloride (2, 4, 6, 8 and 10 gus.) were added to vary
the finagl osmolality of the solution. The pH of the fixstive solution was
adjusted to 7.2 to T.4 by bubbling a mixture of 95% oxygen-5% carbon dioxide
through the solution.

Millonig's phosphate buffer was prepared as followes

NeH,PO A 2H,0 (2.26%) 83 ml.
NaOH (2.52%) 17 ml.
0 10 ml,
Sucrose 0.54 gms.

The final osmolalities of the fixative solutions shown in Table 1 were
measured by depressgion of the freezing point on a Knguer Semimicroosmometer

(Shendon Ltd.).

1%
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4. Embedding Material The embedding medium used was the epoxy resin Araldite

or a mixlure of Araldite and Epon. The composition of the Aragldite was as
follows:
Mixture 1 Resin CY 212 1 1b. (Ciba (A.R.L.) Ltd.)

Hardener HY 964 1 1b.

Mixture 2  Accelerator DY 064 5 mls.

Dibutyl Phthalate 25 mls,

Mixture 3 Mixture 1 19 mls.
Mixture 2 1 ml,
All Araldite preparations were mixed together very thoroughly, veually being
sbirred overnight.

The Araldite-Epon mixture was prepared in the following proportionsi
25 ml. Epon 812 (Bpikote 812) (Shell Chemioals Ltd.)

55 mlg. DDSA (Dodecenyl Succinic Anhydride) (Cambrian Chemicals
Ltd.)
15 mls. Araldite CY 212
4 mls. Dibutyl Phthalate
This mixture was kepl at +4°C before use. Just prior tc using, 1.5 ml.

DMP 30 were added as acceleratoxr.



19

METHODS

Tissues were sliced into small blocks in drops of chilled huffered
glutaraldehyde. The blocks were left for 1% hours at +4°C, rinsed in
Millonig's phosphate buffer and post~fixed for 1 hour in 1% osmium tetroxide.

In addition, tissues were fixed for 1% hours in 1% osmium tetroxide preparead

in Millonig's phosphate buffer at pH 7.4. Dehydration was through an ascending
series of TU%, 90% and absolute alcohol. The blocks were then treated with
propylene oxide and embedded in the epoxy regin preparation in gelatine capsules.
Araldite-embedded tissues were left atl 5700 for 48 hours and Araldite=Lpon
embedded tissues were kept at 80°C for 36 hours, to allow the resins to polymerise.
Sectiong were cul on an LKB Mark III Ultwratome, mounited on copper mesh grids end
double~gtained with gaturated uranyl acetate in methancl and then with lead

citrate (Reynolds, 1963); they were examined with an AEI electron microscope 6B.

RESULIS

Due to the poor penetrative qualities of the fixatives uged, fixation
was found to be variable in the deeper parts of the blocks; therefore sections
were cut only from the superficial parts.

The criteria used for Jjudging the quality of fixation were, breakage of

crigtae mitochondriales, tissue tears, myelin configurations, density of the

cytoplasm and cell apposition.
It was found that glutaraldehyde concentrations could be varied over a wide

range without inducing cell swelling or shrinkage. At osmolalitieg less than
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360 milliosmoles/litre and even more so at less than 310 milliosmoles/litre,

cell swelling was obvious. Thieg wag indicated by loss of density of the cytoplasm,
swelling of mitochondria with breakage of their cristae and separation and
dilatation of the cisternae of the rough surfaced endoplasmic reticulum (RSER)

and of the membranes surrounding the nucleus (Fig. 2). At osmolalities greater
than 430 milliosmoles/litre, the tissues became shrunken as shown by dilatation of
intercellular spaces, increased cytoplasmic density and shrinkage of mitochondris
(Pige 3). In all preparations used, fixation was found to be rather variable and
in each cage soue areas of fixation were excellent,

Uging Tyrode solution asg fixative vehicle and buffering with carbon dioxide,
the quality of fixation was poorer in comparison with phosphate buffer
preparations. However, changes in osmolality of the fixative solutions of 50 =
60 milliopmoles/litre were clearly reflected in tissue preparations. Salutions
& and 12 (Table 1) showed swelling of cells (Fig. 4), while 11, 16 (Fig. 5) and
to a lesser extent 15 (Fig. 6) showed shrinkage of cells. Solutions 9, 10, 13
and 14 showed little evidence of c¢ell swelling or shrinkage.

Bpithelial cells in the gastric mucosa were much more sensitive to changes
in osmolality than cells in the lamina propria which were adequately fixed
by most fixative solutions.

With solution 17, fixation was good and cell apposition was exact (Fig. 7).

It was found that the quality of the sections and their ability to with=-
stand electron bombardment was directly dependent on the time the epoxy resin

mediwn was left to mature.
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DISCUSSION

In this study no one preparation gave completely satisfactory results.

Adequate fixation was obtained using glutaraldehyde concentrations from
1.5% - 4% in Sorensen's phosphate buffer. Optimal apposition was obbained
using fixative solutions between 350 and 430 milliosmoles/litre. Small changes
in the number of osmotically active ions (Na+, ¢17) of 50 - 60 milliosmoles/litre
could be detected by changes in cell wltrastructure; glutaraldehyde concentrations
could bhe altered over a wide range without changes in cell strumeture. Similay
conclusions were reached by Maunsbach (1966) in a study of fixation of the rat
kidney. Maser, Powel and Philpott (1967) emphasised the importance of the
ogmolality of the fizative solution. They considered that osmolality could affect
cell structure to the extent that it should be recorded when describing results.

The quality of fixation given by phesphate-buffered solutions was superior
to that given by Tyrode/002 buffered solutions.

It was considered that, in order to aid interpretation of results, the
concentration of fixative used and the final osmolality of the fixative solution
should always be stated.

Using osmium tetroxide alone, good fixation and cell apposition were obtained
using a fixative solution approximately isotonic with the blood serum of the
hovine, i.e. 290 = 300 milliosmoles/litre (McFwan, 1967). The value of this
fixative was limibted in this study by its inability to preserve certain structures.

Although fixation techniques used in the preparation of one tissue or in

one species may not be valid in another tissue or species, it was found that in



the case of ovine ahomasal and biliary mucosa and rat small intestine, adequate
fixation was given by 1.5 - 4% glutaraldehyde solutions in 0.067 M Sorensen's

phosphate buffer.
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TABLE 1

Concentration of Pixative, Buffer System and Osmolality of Fixative Solution

Selution Osmolality
No. Concentration of Fixative Buffer milliosmoles/litre
1 1 % Glutaraldehyde 0.067 M Phosphate 250
2 1.25% i n 280
5 1.5 % " " 310
4 1.75% " " 330
5 2 % " " 360
6 2.5 % " " 425
7 4 % " " 450
Tyrode/Nall in gms.
8 1.5 % " 4 330
9 1.5 % 1" 6 380
10 1.5 % " 8 445
11 1.5 % E 10 510
12 2,0 % " 2 310
13 2.0 % " 4 370
14 2.0 % t 6 420
15 2.0 % " 8 480
16 2.0 % n 10 550
17 1.0 % Osmium Tetroxide Millonig's Phosphate 290




SECTION II

THE I'INE STRUCITURE OF THE ABOMASAL

MOCOSA OF THE PARASITE-FREE BOVINE,
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IRTRODUCTION

The abomasum forms the fourth diviesion of the ruminant stomach and
corresponds to the secretory stomach of other animals. Tt constitutes 7 to 8%
of the capacity of the bovine stomach (Sisson, 1958). It is divided by a
trangverse constriction into two main areas, tThe fundus and pylorus. The fundus
is lined by a glandular mucosa which forms a dozen or move spiral folds with an
interfold area between (Fig. 1). These folds commence at the omaso~abomasal
Junction, rapidly attain their maximum depth which may be 3 to 4 cms., and then
graduslly become smaller as they approach the pyloric region. The pylorus
ig narrower than the fundus and is covered with a smooth mucous membrane thrown
into a few small rugae which resemble those of the simple stomach. There is
a transition area beilween the fundus and pylorus known as the transverse fold
area in which the abomasal folds become smaller and smaller in depth.

To date the fine structure of the bovine abomasum has not been described.
Since the introduction of glutaraldehyde as a fixative and epoxy resins as
embedding media, there have been no reports in which these materials were used
to study the ulirastructure of the gastric mucesa in any species. Existing
publications have employed osmium tetroxide ox potassium permangenate asg
fixatives and usually methacrylate as an embedding mediuvm (Kurosumi, Shibasaki,
Uchida and Tanaka, 1958; Shibasaki, 19613 Helander, 1962; Ito and Winchester,

1963; BSedar, 19643 Lillibridge, 1964; Corpron, 1966).
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In these publications general agreement exists concerning the ultre-
structural characieristics of the cells present. Surface nucous cells are
recognised by their apical content of electron-dense granules arranged in
rouleaux formation and by an extensive golgi complex capping the nucleus; their
lateral plasmalemmata are usually elaborately interdigiltated. Parietal cells
axre packed with large mitochondrie with numerous transversely oriented cristze

mitochondriales; intracellular chammels lined by microvilli and termed canaliculi

pursue a tortucus course around the nucleus and communicate directly with the
gland lumen. The main ultrastructursl featuves of zymogen cells are mimerous
gtacks of rough-surfaced endoplasmic retbiculum (RSER) in the basal cytoplasm,
an extensive paranuclear golgi complex and an apical content of granules of
variable eleclron density. Enterochromaffin cells are characterised by-small
membrane=-bound granules in their basal cytoplasm; the base of the cell rests
on the bagement membrane but ite apical part rarely reaches the gland lumen.

At one time there was some controversy as 1o whether mucous neck cells, readily
recognised in light microscopy, could be distinguished ultrastructurally from
surface mucous cellsy Helander (1962), working with the mouse, was unable to
differentiate them and criticised earlier identification and description of
mucous neck cells in the rat by Kuromsumi et al. (19%8) and Shibasski (1961) on
the grounds of poor fixation. Since then the ultrastructural features of the
mucous neclk cell have been delineated in geveral species, the bhat, dog, man and
rat by Ito and Winchester {1963), Sedar (1964), Lillibridge (1964) and Corpron

(1966) respectivelys. I+t is recognised by its apical conbent of granules which



are larger than those in surface mucous cells and by relatively straight lateral
plasmalemmata..

Apart from Ito and Winchester's (1963) description of the pyloric gland
cell in the bat,'there are no reports on the ulirasiructursl characteristics
of the cell types found in the pylorus. These workers noted a similarity belween
the pyleric gland cell and the mucoug neck cell,

For many years it was generally assumed, on the basis of light microscopy,
that cells were joined together by bands of condenged intercellular substance
called fterminal bars. In an electron microscopical study, Farquhar and Palade
(1963) showed that the terminal bvar is a bripartite complex between Juxtaluminal
gegments of adjacent cells and that it consigts of modifications of the lateral
plasmalemmata and the associated cytoplasm. They demongstrated this complex
between a wide variety of epithelial cells in glands and cavitary organs of the
rat and guinea pig.

In this section, a description is given of tissues which were examined from
the abomasum of 4 parasite-free bovines; these animals were aged 12, 16, 20
and 24 weeks. The objects were to define the cell types present and to examine
the appearance of normally functioring cells.

In order to stabilise protein structures for ultrastructural examination,
glutaraldehyde was used as fixative followed by osmium tetroxide. To reduce
tissue shrinkage and distortion Araldite and Araldite-Epon were employed as

embedding media.



RESULTS

The micrecarchitecture of the fundic and pyloric parts of the bovine
gastric mucosa resembles that described by Ham (1965) in other mammals. Figure 8
shows <he gastric pit descending through the mucosa to reach the gastric gland
which opens into the pit. In the bovine, the gastric gland is a relatively
simple tubular structure. It is in the gastric gland that the highly acidic
proteolytic gastric juice is produced. Figure 9 shows the pyloric mucosa
with a much longer gzstric pit traversing the mucosa to the pyloric glands.

On electron microscopical examination it was found that the epithelial
calls of the bovine gastric mucosa are joined by a tripartite junectional
complex. The nomenclature used in the following description follows that
adopted by Farquhar end Palade (1963).

The first part of the complex, the zonula occludens (or tight junction),

is located immediately behind the line of reflection of the plasma membrane

from the apical to the lateral surface of the cell body (Fig., 10). I% is
characterised by fueion of the adjacent cell membranes resulting in obliteration
of the intercellular space over variable distances (0.2 to 0.5 u). Within the
obliterated zone, the dense outer lamina of adjoining cell membranes converge

to form a single intermediate line. A thin accompanying zone of electron-~
dense material is cbvious in the adjacent cytoplasm. In view of the fact that

the yonula occludens is constantly found, irrespective of the plane of section,

it is concluded that this structure encircles the cell completely. This is in

agreement with Parguhar and Palade (1963). In a few cages, one or moxe focal
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splittings of the fusion line may be found (Fig. 11).

Basally, the zonuls occludens separates into 2 lines, the emerging outer

leaflets of the lateral cell memrbrane forming what is termed the zonula
adhaerens (Figs. 10 and 11). This is characterised by a true intercellular
space of gpproximately 200 % ana by.conspicuous condensation of the adjacent
cytoplasmic matrices. The triple-~layered plasms membranes of the adjoining
cells are distinct. Throughout the junciion the apposed membranes run parallel
to each other over a straight or wavy course for 0.2 to 0.5 u. The intercellular
space is occupied by material of moderate electron density cccasionally bisected
by a faint band of higher demnsity. The zones of cytoplasmic condensation
along this junctional element have a tightly matted fine fibrillar texture with
most of the fibrils appearing to run parallel to the cell surface. It is
thought that the fibrillar material is a local condengation of the terminal

web. The zonula adhaerens is found in all plenes of section and is therefore

assumed to form a complete belt xround the cell.

The third element of the Junctional complex, the macula adhaereng or

desmosome is located at the basal end of the zonula adhaerens (Fig. 12).

It consists of 2 straight plagues of dense material each disposed parallel

to the imner leaflet of the corresponding trilaminar plasme membrane. The

two apposed plagues are aligned in perfect phase, measuring from 0.1 u to 0.5 u.
The intercellular space of 200 to 250 R is occupied by a disc of moderately
dense material bisected by a denser central layer sometimes called the inter-

cellular contact layer. Bundles of cytoplasmic fibrils, coarser and more distinct



than those of ‘the terminal web, converge on the inner aspect of each desmosomal
plaque approaching at an angle or occasgionally running parallel to it (Fig. 11).
In most fields several desmosomes are present along the lateral cell membranes
(Fig. 10). ‘he ocourrence of these structures is irregular and il is considered
that they are probably discrete.

Elsevhere along the lateral wall of the cell, the apposed plasmalemmata
run parallel to one another with a gap of about 200 2 between them, Occasicnally
they are thrown into tortuous interdigitations especially between surface
mucons cells (Fig. 10).

Flectron microscopical examination of the small intestine of the same
animals demonstrated that the cells a2re joined by a similer type of tripartite
complex (Fig. 13).

In the fundus at least 6 cell iypes are present: (1) the surface mucous
cell, (2) the mucous neck cell, (3) the parietal cell, (4) the zmymogen cell,

(5) a "fibril-containing" cell and (6) the enterochromaffin cell.

In the pylorus at least 4 cell types ave present: (1) the surface mucous
cell, (2) the pyloric gland cell, (3) the enterochromaffin cell and (4) the
parietal cell.

In all 4 calves the lamina propria contgined very few cells; only in
parasitised animals did cells become mmmerous enough for electron microscopical

examination.

Fundus

(1) The Surface Mucous Cell

A single layer of surface mucous cells lines the gastric lumen and extends
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into the gastric pit and upper gland where they mingle with parietal cells
(Fig. 8). They contain a considerable guantity of apical mucus which decreasges
in the deepest part of the pit and in the gland isthmus,

Ulitrastructurally surface mucous cells range from cuboidal to columnaxr.
On their free surface a few stubby microvilli arxe present while the lateral
plasmalemmata, although usually straight near the apical border, are elaborately
interdigitated and closely apposed along most of the lateral border (Figs. 14
and 15). The apical cytoplasm is packed with membrane-bound granules., The
number present depends on the location of the cells; in the lower pit and upper
gland area the number of granules present is markedly reduced. The granules
assume g spherical, ovoid, or disceid profile and range in size up to 1 u. The
density of granules varies considerably, and is not affected by the concentration
of glutaraldehyde used; the granules are either of low (Fig. 16) or marked
electron density (¥ig. 15). Occasionally both types are present in the same
cell énd some granules contain patches of electron-dense material (Fig. 17).
In osmivm tetroxide~fixed material the granules are of high electron density
(Fig. 14).

The nucleus is located towards the base of the cell and is most often
oval or pear shaped. Prominent central nucleoli are frequently present. A
sizeable golgi complex usually caps the pucleus (Figs. 14 and 15). It consists
of several parallel arrays of flat cisternae with dilated vacuoles and small
vegicles, Mitochondria are confined to the lower two~thirds of the cell and

assume an oval or elongated shapse and contain a modergte number of transversely
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oriented cristae mitochondriales. Numerous ribosomes zsre present in the

cytoplasmic matrix, Cisternae of RSER are present mainly in the basal part
of the cell; they are wide, tortuous and contain moderately dense material.
RSER never occurs in such high concentrations ags in zymogen cells. An

occasional feature of the cytoplasmic matrix is bundles of fibrils.

(2) The Mucous Neck Cell

These celle are located in the middle segment of the gastric gland. They
oceur singly or in clusters among the parietal cells. When stained with
periodic acid-Schiff, the apical cytoplasm is full of foamy pink mucus, The
miclei are frequently flattened against the cell bases.

The shape of these cells is generzlly columnar (Figs. 18 and 19) but
marked variations are encounitered. Some are flask-shaped with a narrow apex
and a broad basge resting on the bagement membrane. Others have a wide luminal
border and a narrow base (Fig. 20). The free svrface of the mucoue neck
cells has a sparse covering of short microvilli. Although interdigitations
of the lateral plasmalemmata occur, they are not as [requent as in surface mucous
cellsy in many cells the lateral plasmalemmata are, for the most part, straight.

Membrane-bound spherical granules measuring up to l.5 u are present in
the apical cyboplasm. In some cells the granules occupy the entire supra-
nucleaxr part of the cytoplasm and often appear to indent the nucleus (Figs. 19
and 20). 1In other cells where gramles are not so numerous the extent of
the golgi complex can be delineated and granules are frequently in ¢lose proximity

to it (Fig. 18). In most cells granules are located lateral and basal to the
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nuclens (Fig. 20). The electron-density of the granules varies with the type
and concentrations of fixative used. After glutaraldehyde fixation, the

graimmles assume a patehy appearance with irregular asreazs of electron~-dense
material scattered in the granule, After osmiuvm tetroxide fixation, the granules
are consgistently less dense than those of the surface mucous cell. The

cytoplasm contains a moderate number of mitochondria some of which are markedly
elongated. Scattered irregular and dilated profiles of RSER are oresent,
parbicularly towards the cell base (Fig. 18); there is an abundance of free
ribosomal particles in the cytoplasmic matrix. The golgl complex is well déveloped
and is located in a supranuclear position and also lateral to the nucleus

(Yig. 18). It consists of arrvays of several smooth-surfaced profiles with
dilated vacuoles and small vesicles. The nucleus is irregular in outline with

deep infeoldings and is often indented with gramiles.

(3) The Parietal Cell

Parietal cells are located principally in the neck and isthmus region
scattered between surface mucous cells and mucous neck cells and occasionally
among zymogen cells (Fig. 8). These cells have abundant eosinophilic cytoplasn,
are round or lriangular in shape and have round centrally-placed nuclei.

Electron micrographs reveal a well developed canaliculug within the cell
(Figs. 21, 22, 2% and 24). This structure is continuous with the gland lumen
and appears to run a tortuous course within the cell, often appearing to completely
encircle the nucleus (Figs. 21 and 23). The canaliculus is lined by numerous

irregularly oriented microvilli and is limited by a membrane which is continunous
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with the plasmalemmata at the apex of the cell. The degree of patency of the
lumen of the canaliculus varies markedly from cell to cell. In some cells

the microvilli are closely intermeshed and almost completely fill the lumen

of the canaliculus (Fig. 22). DMost freguently the microvilli are less closely
packed and the canaliculus is relatively open with a free lumen (Fig. 21).

The cytoplasmic matrix contains a limited number of vesicles in the wvicinity of
the intracellular canaliculi (Fig. 23). The cytoplasm of the parietal cell,
particularly in the vicinity of canaliculi and occasionslly within the micro~
villi, is crowded with mitochondria.  The mitochondria are more numerous and

larger than those in other gastric spitheliasl cells. The crigtae mitochondriales

are abundant and closely spaced transversely (Fig. 24). The golgi complex is
poorly developed and can be identified only in a few cells whexe it consists of

a few cisternae ond vesicles. While lateral plasmalemmata are usually straight,
the basal plasmalemmatas {requently form complicated infoldings or interdigitations

(Fig. 21).

(4) '[he Zymogen Cell

These cells occupy the base of the gastric glands and intermingle
with parietal and mucous neck cells in the neck region (Pig. 8). Their apical
cytoplasm is packed with granules while the cytoplasm in the paranucleaxr area
is highly basophilic,

Ultragbtructurally, the apicasl border of the cell has a few small micro-
villi (Pigs. 25, 26 and 27 )« The lateral plasmalemmata are relatively straight

with occasional interdigitations (Figs. 26 and 27). The nucleus is located



basally and the outer layer of the nuclear envelope is gtudded with numerous
ribosomes.

The apical and paramiclear cytoplasm contain numerous round or oval
membrane~bound granules which measure up to 2 u in dismeter (Figs. 2%, 26 and
27). Their contents vary in density depending on the method of fixation.

With glutaraldehyde fixation the granules are highly electron-dense while

after osmium tetroxide fixation the granules are electron-lucid and often

have patches of electroun-dense material. This latter appearance can be related
to different degrees of extraction during tissue preparation.

Stacks of RSER are very much more abundant in the zymogen cell than in
any other cell type in the gastric mucosa. The cisternae are arranged in
parallel stacks and dominate the basal coytoplasm. They tend 1o crientate more
or less parallel to the basal and lateral cell surfaces (Figs. 25 and 27).
Large numbers of free riboscmes are scattered throughout the cytoplasmic matrix.

The golgi complex ig well developed and is located in s paranuclesr
pogition. It consists of several arrays of membranes with dilated vacuoles
and vesicles associated with which are small secretory granules (Figs. 25 and
26).

The mitochondria are neither as numercus nor ag large as those in the
parietal cell and are generally similar in structure to those in mucous cells.
They are lodged between cisternae of RSER at the cell base and only rarely are

found in the granule~laden apical cytoplasme.
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(5) The "fibril-containing" Cell

These cells are located singly in the isthmus and neck of the gastric
gland between surface mucous cells (Figs. 28 and 29), mucous neck cells
(Fig. %0) and zymogen cells (Fig. 51), to waich they are joined by a tripartite
Junctional complex. Apically o few microvilli are present while the lateral
plasmalemmata are straight in the apical part of the cell but are often inter-
digitated in the basal half., Desmosomes are occasionally located along the
lateral border of the cell,

The characteristic feature of this cell is bundles of fibrils scattered
throughout the cyitoplasmic matrix and encirceling the nucleus. These £ibrils
become concentrated near the apex of the cell where they project inte the micro-
villis Longitudinal and transverse gections of fihrils are observed.

The golgi complex is prominent and is situated mainly in a supranuclear
position (Pigs. 28 and 29). It is composed of stacks of cisternae with dilated
vacuoles and numerous small vesicles, In gome of these cells a few membrane~
hound granules are located in the vicinivy of the golgi complex and in the
apical cytoplasm, When granules are present they clozgely resemble in size and
appearance the granules within adjacent cells (Figs. 28 and 30).

The cytoplasmic matrix is apparently lost and agsumes a pseudo-vacuolated
appearance. A few irregular cisternae of RSER and clusters of ribosomes are
scattered throughout the cytoplasmic matrix. One or twe small mitochondria
are also present, The nuclei in these cells are located in the basal part of

the cell and are often deeply indented.
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(6) 'The Enterochromaffin Cell

Of the cell types in the gastric mucosa the enterochromaffin cells are
smallest and least numerous. They are situated mainly in the basal part
of the gastric gland where they are isolated among other epithelial cells.

They can be digtinguished from other cells by demonsirating the presence of
5-hydroxytryptamine vsing the technique of Falk, Hillarp, Thieme and Torp (1962)
(Section V of this study).

In electron micrographs, these cells are oval or pyramidal with their
apices pointing towards, but rarely reaching, the lumen., Nost of them axe
wedged beltween the basal halves of adjacent gland cells., A few cells have
thin prolongations extending to the gland lumen into which elongated microvilli
project (Fig. 35). Their lateral borders are relatively straight and occasional
desmosomes are present.

The en‘ter'ochromaff in cells contain granules which are located mainly in
the basal part of the cell (Fig. 35). These granules are electron-dense, round,
oval or elliptical and measure 0.2 - 0.3 u in diameter (Pig. 32), Bach is
enveloped by a trilaminar membrane which occasionally has a loose fitting
appearance. The number of granules present tends Yo vary from cell to cell;
in some the cytoplasm ig packed with granules while in others separate and small
groups of granules are scatbtered in the cytoplasmic matrix.

A few elements of RSER and some free ribosomes are present in the cytoplasmic
matrix. Mitochondria are small and usually spherical. The golgi complex is
of moderate proportions and consists of pzraliel cisternse with some dilated

vacuoles and a few vesicles (Fig. 32).



37

lorus

(1) The Surface Mucous Cell

These cells are identical in structure to those found in the fundus.
They cover the luminal surface of the pylorus and line the deep gastric pits

which open into glands lined by mucus-secreting cells (Pig. 9).

(2) The Pyloric Gland Cell

Ultrastructurally these cells are mainly columnar and often assume a
conical shape (Pigs. 33 and 34). A few apical microvilli are present and the
lateral plasmalemmata are usually straight with only an occasional intler-
digitation. The apical cytoplasm is packed with membrane-hound granules of
variable size and eleciron density. The gramules measurs up to l.5 w although
many smaller granules measuring about 0.2 u are alsc present (Figs. 3% and 54).
The electron~density of the granules varies from moderate to the marked degree
of zymogen granules. Granules are aleo located in a paranuclear position
lateral and basal to the nucleus. A well-developed golgi complex of several
gtacks of cisternae with dilated vacuoles and smell vesicles is usually present
in a paranuclear position (Fig. %4).

A few irregulaw, often branching and dilated, cisternae of RSER are in
the basgal part cf the cell and clusters of ribosomes are scattered throughout
the cytoplasmic matrix. Mitochondria are usually oval although sometimes they
are markedly elongated.

The nueclei of these cells are usuglly round or oval and when oval the long

axls is frequently parallel to the basement membrane.



-Enterochromaffin Cell and Parietal Cell

These cells are identical to those in the fundus (Fig. 35).

DISCUSSICN

Previous workers studying the fine structure of gastric epithelial cells
have employed osmium tetroxide or potassium permanganate, fixatives of restricted
use in preserving protein structures in cells, e.g. the granmules in zymogen
cells, known to contain the protein pepsinogen, showed complete ox partial loss
of contents, In this study the use of glutaraldehyde gave superior protein
fixation and allowed more meaningful interpretation of resulits.

All epithelial cells in the bovine abomasum and in the small intestine
are joined by a tripartite Junctional complex similar in structure to that
described in the rat and guinea pig by Farquhar and Palade (1963). The purpose
of this complex is not fully understood but it is thought to be important in
preserving cell apposition and structure; there is evidence Lo suggest that the

zonula occludens is & site of maximum constraint against macromolecules moving

into and out c¢f the epithelial sheet (Section VI).

In the fundus there are 2 mucus-secreting cells, the surface mucous cell
and the mucous neck cell. Histologically, these cells are recognised by their
position and appearance. However, there has been some controversy as to
whether they can be distinguished ultrastructurally, In this study they appear
as two distinet types. The main distinguishing feature is the morphology of

the gramiles. In the mucous neck cells the granules are larger, more unitformly
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spherical and exhibit a patchy electron density. Unlike surface mucous cell
their granules are frequently located in the perinuclear or the basal cyvoplasm.
Some mitochondria in mucous nsck cells are markedly elongated, a fealure not
chserved in surface mucous cells. In addition, the lateral plasmalemmsta of
the mucous neck celle usually contain fewer interdigitations. The function of
these cells is not precisely understood. It is generally considered thet the
mucug secreted by these cells has a protective role against the proteolytic
gastric juice, preventing autodigestion and also protects the surface mucosa
from abrasion by ingesta.

The bovine parietal cell is characterised by the presence of intracellular
cangliculi whica are lined by numerous microvilli with only a few vesicles in
the adjacent cytoplasm,. The cytoplasm i packed with large mitochondria with

aumerous transverse crisbae mitochondriales. The parietal cell is responsible

for HCl production and the maintenance of an acid medium in the bovine abomasum
(pd 2.4 + 0.1, Anderson et al. (1965)). Continuous basal secrelion of gastric
juice occurs in the bovine (Hill, 1961; Hirschowitw, 1967). Studies have been
made on the structural changes found in parietal cells of species in which
gastric secretion is intermittent (Vial and Orrego, 1960, working with the cat;
Sedar and Friedman, 1961, in the dog; Helander, 1962, in the mouse; Sedar, 1964,
in the dog; Rohrer, Scott, Joel and Wolf, 1965, in the human; Orrego, Navia and
Vial, 1966, in the toad), Tissues were examined after a period of inanition,
l.e. cell inactivity and after stimulation of gastric secretion by a variety of
tecimiques. It was found that after stimulation the intracellular canaliculi

become more extensive and the microvilli more numerous; +the number of vesicles
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in the adjacent cytoplasm is reduced. Most bovine parietal cells show similar
ultrastructural characteristicss +this probably indicates that they are active
cells. The above workers concluded that acid secretion is directly related to
the surface area of the canaliculi and that the numerous vesicles in the cytoplasm
of inactive cells act as a reserve of cell membrane and are incorporated into

the surface during the process of secretion.

Zymogen cells are mainly located at the base of gastric glands. Apically-
situated membrane-bound electron~dense granules and extensive areas of RSER are
the main structural features of these cells, The pepsinogen in their granmules
is secreted inte the lumen of the gastric gland where it is activated in the acid
medivm to the proteolytic enzyme pepsin.

It is considered that the cell type recognised by its fibrils and pseudo-
vacuolated cytoolasm is a discharged or degenerated secretory cell; these
cells are found scatiered among surface muacous cells, mucous neck cells and
zymogen cells.

Enterochremaffin cells are characterised by smell membrane-bound granules
located in the basal part of the cell; these granules contain 5-hydroxytryptamine
(Falck, Nystedt, Rosengren and Stenflo, 1964). The functional significance
of the S5-hydroxyiryptamine and of these cells is not known.,

The gland cell in the pylorus ie structurally similar to the mucous neck
cell. In addition to the large granules of variable electron density similar
to those in mucous neck cellg, large and small electron-dense granules are

present. It is possible that the electron~dense granules conltain pepsinogen as



41

they are similar in size and morphology to those in zymogen cells; in the dog
and in man, at least, pepsinogen is secreted by the vyloric glands (Grossman
and Mark , 1960; Turner, Miller and Segal, 1967). On the other hand, gastrin
which ig found in high concentrations in the pyloric mucosa of many species

(Blair, 1966) may be present in these granules.
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THE DISEASE PROCESS
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INTRODUCTICN

In the General Introduction, published information on bovine ostertagiasis
was reviewed and a hypothesis of the pathogenesis was formulated. The main
study of the sequential development of abomasal lesions in calves infected with

O. ostertagi was made by Ritchie et al. (1966) using a single inoculum of

100,000 larvae. It was found that this was too low o produce a syndronme
analogous to the field disease. Anderson et al. (1966) showed that in order
to produce this, infecting doses of over 200,000 larvae were reguired.

In the present experiment a single inoculum of 300,000 0. ostexrtagi

larvee was used, i.e. a dose large enough to produce c¢linical signs and severe
abomasal lesicng. The object was to study with the light and electron
microscopes, the sequential development of abomasal lesions at different stages

of the life ecycle of Q. ogtertagi and attempt to relate these to c¢linicel and

biochemical findings.

In pddition, it was congidered that bovine ostertagiasis might afiord an
opportunity to study the mode of differentistion of gastric epithelial cells as
little is known about this field. It has been shown in colchicine studies
that surface mucous cells and mucous neck cells arise in the lower pit ~ upper
gland region and that there is a rapid turnover of these cells (Stevens and
Leblond, 1955). Mitoses are rare in zymogen and parietal cells and their mode
of differentiation is controversial., Using 48/80 to stimulate mitotic activity
and. 'I‘hymidine—H3 as a marker, Hunt and Hunt (1962) showed that parietsl and

gymogen cells were capable of dividing. In light microscope studies Townsend
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(1961) and Hunt and Hunt (1962) concluded that parietal and zymogen cells

arose from mucous neck cells. With the electron microscope Lawvm (1960) and
Corpron (1966) described a cell, the neck parietal cell, in the neck reglon

of rat gastric gland, and considered it to be a developing parietal cell.
Corpron {1966) founa mucous gramiles in some of these cells and concluded that
the neck parietal cells arose from immature surface mucous cells, In suckling
and. foetal rabbits, it has been shown that parietal cells develop from

undifferentiated cells (Hayward, 1967a and 1967b).



TXPERIMENTAL DESIGN

Twenty-two Ayrshire male calves, reared parasite-free from birth, were
given a single oral inoculum of 300,000 0. ostertagi larvae. At the time
of inoculation (Day 0), the calves were ten weeks old. They were necropsied
singly on days 4, 10, 17 and then daily until day 30, and thereafter at

weekly intervals from day 35 to day 70,

OBSERVATIONS

& daily clinical examinabtion was made of all calves. The five calves
due to be necropsgied from day 42 onwards were weighed thrice weekly and the
quantity of concentrates consumed at each feed measured. Blood samples were
also collected thrice weekly from these five calves and plasma pepsinogen and
serum provein estimations were made.

Faecal examinations were collected daily and examined for consistency.
Paecal egg counts were done on days 0 and 17 and thereafter daily until the
end of the experiment.

At necropsy, the calves were stummed with a captive bolt and exsanguinated.
The abomasum was removed intact as quickly as possible and opened along its
greater curvature. Tigsue wag removed from the fundus, pylorus, small intestine
and regional lymph nodes for electron microscopic and histological examination.

The pH of <the abomasal contents was measured and a parasitological

examination of the abomasal contents and mucosa was made.
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RESTULTS

The clinical and parasitological results have been described in detail
by Armour (1967). A brief descristion is given of these because of their

relevance to the present investigation.

CLINICAL OBSERVATIONS

The mean body weight of the group of five calves is shown in Graph 1;
in addition, the onset and severity of diarrhoes and reduction of appetite

for concentrates are recorded.

PARASTITOLOGICAL OBSERVATTONS

Details of the numbers, sex ratios and stage of development of

0. ostertagi present at necropsy are given in Table 2. A plot of the log

mumber of 0. ostertagi against Lime is shown in Graph 2. Regression analysis

of' this data showed that through days 17 - 35, there was an inverse linear,
functional relationship between log worm numbers aznd time, i.e. - the loss
of worms was exponential.
The mean fascal egg counts from day 18, i.e. when eggs first appeared
in the faeces, are shown in Graph 3. The mean egg count increased to a maximum

of 1,000 eggs per gram on day 24 and thereafter decreased to 0 by day 63.

BLOOD AWALYSIS

There were no significant alterations in serum protein values (4Appendix

1, Tables 1 and 2).
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Table 2

Worm CGounts at Necropsy of Calves

Given a Single Dose of 300,000 0. osteriagi Larvae

No. of No. of Percentage Sex
Day ig. of D?veloping Stages Tarly 4th of Ratio
X ult i.e. late 4th,
Killed Worms 4th moult & 5th Larval Inoculum
1 Stages Lgtablished Ms:F
arval stages
4 ~- - 50,000 17 oos
10 - 34,000 - 11 v
17 12,200 56,800 - 23 1:1
18 5,600 38,700 - 15 1:1
19 36,600 40,000 - 26 1:1
20 33,600 8,000 - 14 1:1
21 28,000 24,200 ~ 18 1:1
22 50,000 10,500 - 20 131
23 24,000 1,800 - 9 231
24 33,800 2,200 - 12 3:2
25 12,600 - 100 4 914
26 10,000 500 - 4 534
27 9,600 - - 3 312
28 21,000 900 - T 2:1
29 15,000 200 - 5 231
%0 28,000 200 - 9 321
35 10,600 - 200 4 431
42 10,000 - - 3 Te3
49 2,000 - 200 1 5t4
56 6,700 - - 3 5:1
63 200 - - =l Os1*
70 600 - - -] 1:7

* No Male Worms Found
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There were marked chenges in plasme pepsinogen levels (Graph 4). A slight
increase occurred by day 4 (1,100 millunits of iyrouine) and this became elevated
to 2,200 milliunits of tyrosine by day 14. During the next few days the level
increased sharply to a maximu mean value of 7,400 milliunits of tyrosine on
day 23. Details of individual plasma pepsinogen results are given in Appendix

1, Table 3,

ABOMASAL, pH

The pH of the abomasal contents in calves necropsied up to day 21 was not
gignificantly altered. Thereafter, a marked increase in pH occurred and this
was maintained in calves necropsied till day 30. From day 35, the pH gradually

returned to normal (Table 3).

PATEQLOGICAL FINDINGS

The disesase process was divided infto three phases.
Phase 1 - the lesion produced by the parasite within the mucosa,, termed
'the primary nodule! by Jarrett (1966).
Phase 2 = the lesion which results from emergence of the adult pzrasite from
within the gastric mucosa, termed 'the secondary nodule' by Jarrett (1966)
(>day 17).
DPhase 3 ‘- the structure of the gastric mucosa after the loss of the aduld

worm population ( Yday 35).
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Table %

Mean pH of Abomagal Contents from Calves

Necropeied duxring Three Different Periods of Infection

FPollowing Inoculation with 300,000 Q. ostertagi larvae.

Day of Necropsy

4 = 20 21 -~ 30 35 - 70
No. of calves 6 10 6
Mean pH 3027 6.42 ,7).56
Se€Co» 0039 :t SeCa 0032 i g.8. Q421

S.e. = standard error



Phase 1 - The Development of the Primary Nodule ®

Grosg and histopathological findings

Four days aftexr infection, lesions could be seen in all parts of the

53

abomagum, the largest number being located in the fold areas of the fundus. Small

white nodules aboul 1 - 2 mms, in diameter were raised above the surface of the

mucosas in some areas, the nodules had become conjoined, giving the mucosa a

granular appearance. At the centre of the nodule was the gland moderately dilated

by the presence of a larva, giving an umbilicated apﬁearance which was to become
marked in longer-sitanding infectionz (IFig. 3%6a). Histologically, the epithelium
of the parasitised gland had logt the clarity of delineation of mucous, parietal
and zymogen layerss; the lining epithelium was mainly of a low cuboildal natuxre
and was undifferentiated and vapidly dividing (Fig. %6b). The eosinophilic
staining of some cells indicated their formal parietal cell identity. VWhere
the larva did not touch the epithelium, it was often hyperplastic and was
differentiating into mucoug cells.

In the lamina propria ip the vicinity of parasitised glands, a few
eoginophils and neutrophils were present ag were acocuwmilations of lymphoid cells.

By day 10 of the infection, tne glands had basically similar appearances,
the pattern being one of laxval growth, lengthening of the gland, comdlete
conversion of the lining cells of the gland to mucous cell types, verying fron
cuboidal to columnar (Fig. 37). The surrounding glands were structurally normal
although some glands had become slightly dilated and were lined by stretched,

flattened epithelium; this occurred particularly in the neck-isthmus region.



Granulocyte infiltration was evident, but not marked in the lamins ovropria.
In addition, focal accumulations of plasma cells and lymphoid cells were
occasionally found.  The number of magt cells had increased. Moderate
stromal cedema and congestion occurred around the upper part of the gastric
glands and the pits.

Grossly, the nodules had increased in gize, ranging from 2 -~ 3 mi. They
were distinctly raised and had dark, translucent centres produced by the
contained larvae. They were particularly numercus in the fundus of the =bhomasum,
being confluent in some areas, Some fold oedema =nd patches of congestion were
obvious. The abomasal lymph nodes were enlarged and contained numerous
follicles with active germ centres.

By day 17, Jjust prior to emergence, the nodules had become digtinctly
raised and umbilicated over the parasitised glands {Fig. %8). They were
approximotely 3 mms. in dieameter and many areas had started to coalesce,

The parasitised gland was now considerably dilated by the mature adult
paerasite which often measured up to 10 mm. The gland was lined by mucus-
secreting cells whose height varied from cuboidal to columnar (Piz. 39 a and b).
The surrounding gland epithelium could still be differentiated into several
layers. Some glands in the immediate vicinity were dilated and lined by
stretched epithelial cells the structural features of which could still be
recogniged; it was in this area, during the ensuing days, that The major
structural changes were found.

By this stage, the gramilocyte and mononuclear cell response was much

more intense and the number of mast cells had increased markedly.
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Ultragtructural Pegtures of the FPrimary Nodule

As described histologically, the consequence of the presence of a psrasite
within the gastric gland was the loss of the functional gagtric epithelial cells,
namely mucous neck, parietal and zymogen cells. Initially, these were replaced
by low cuboldal, rapidly dividing cellg, which, hy day 10, had developed into
micug-gsecreting cells. The height of these cells depended on their relationship
to the parasite. Where the parasite was in close apposition to the gland, the
cells tended to be low and flattened with the long axis of their nuclei parallel
or tangential to the basement membrane. Elsewhere, the cells were taller and
often arranged in a pseudostraltified fashion.,

The apical cytorlasm of the low cuboidal cells (Figs. 40, 41 and 42) had
only a few stumpy, flatlened microvilli, while their lateral plasmalemmata were
tangential to the hasement membrane. Interdigitationg of the lateral plasma~
lemmata occurred at 2ll the levels, but were more elaborste near the hase of
the cell. Lven at day 4, a few membrane-bound granules of moderate electron;
density were found in the apical cytoplasm, These were round or oval and measured
up to 1 u in diameter. A fairly well-developed polgi complex was usually in a
paranuclear posiltion. It consigted of parallel stacks of cisternae with dilated
vacuoles and some associated veaicles. The cytoplasmic mnatrix was rich in
ribosomes. A few irregular cisternae of RSER were present mainly in the basal
eytoplasm. Scatiered throuvghout the cytoplasm were mitochondris which were
round, oval or occasionally elongated and contained a moderately well-developed

interrnal membrane system.
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By day 17, nearly all cells were columnar and mucus-secreting (Fig. 43).
The apical cytoplasm of these cells showed sghort, stumpy microvilli, Theix
lateral plasralemmata exhibited marked cytoplasmic interdigitations, particularly
in the basal vart of the ceil. The apical cytoplasm contained o wvariable number
of memorane~bound granules with a range of electron-density. These granules
were oval or discoid, measuring up to 1.2 u in diameter although most gramiles were
less than 1 us they were positive for mucin when stained with periodic acid-
Schiff and Southgate's mucicarmine, In most cells, a prominent golgi complex
was found in a paranuclear position and showed similar features to that described
in low cuboidal cells. The nuclei were elongated or oval with their long axis
perpendicular to the basement membrane; they were frequently indented and
nucleoli were occasionally present. These cells vere structurally similar to
surface mucous cells (Section II).

The tripartite junctional complcxes between celle lining the parasitised

glands were invariably intact, although the zomnla occludens was sometimes shortened,

The cells in the glands surrounding the parasitised gland showed the
ultrastructural (eatures of normal functional cells, althougn in some dilated

glands the cells were rather stretched =nd flattened.

The Functional Congeouenceg of the Primary Nodule

Up to day 17, the plasma pepsinogen levels rose gradually (Graph 4).
However, the pH of the abomasal contents did not alter significantly (Table %)
No diarrhoea was observed up to this stage, and the animals continued to eat

and. gain weight normally (Graph 1).
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Phase 2 = The Development of the Secondary Nodule

Gross and Histopathological Pindings

About the time the parasites reached maturiity and started to emerge a
striking change took place in the surrounding glands and this was reflscted in
equally striking clinical and biochemical changes. Between days 17 and 30 of
infection, there was & considerable overlap of daily structural changes. Therefore,
the descriplion of the development of the secondary nodule is not dealt with on a
deily basis.  Between day 17 and 25, adult wormg were found emerging or had
emerged from the gastric glands (Figs. 44a and b, 45, 46). Tall, fully
differentiated mucous cells now lined the parasitised glands (Fig. 4?&); the
imnediate surrounding glands were stretched and sometimes dilated and their
epithelium was flattened, low cuboidal and non~functional (Figs. 46, 47 a and b).
The next few glands were still lined by differentisted gastric epithelial cells
(Figs. 47 a and b). In the ensuing days, these changes became more widegpread
and most of the glands surrounding the parasitiszed gland, (aftew emergence of the
perasite) were lined by low cuboidal, rapidly dividing cells which sghowed no
functional differentiation (Figu 48). It was the rapid division of these cells,
pvarticularly in the lower pit, upper gland areas, which resulted in the marked hyper-
plagia and thickening of the gastric mucosa which occurred during Phase 2.

Where the nodules were situated close together, these lesions overlapped,

so that the functional gastric mucosa was lost over a considerable area (Fig. 49).
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However, in these areas, pavietal cells could still be identified (¥Fig. 50).

The dose of 300,000 Q. ostertagi was sufficiently high to produce consideraible

coalescence of the secondary nodules (Fig, 51). The individuzl noduleg were
raised with a visible cenlral orifice surrounded by an elevated area of hyper-
plastic cells (Fig. 52). These individual lesions coslesced to form an Intensely
hyperplastic mucosa; to the naked eye, this had a characterislic morocco-

leather or crazy-paving appearance (Fign 1).

A lesion whick followed emergence was necrosis and sloughing of the surface
micovs cells. idere the worm lay apposed ©o the hyperplastic mucosa, enbedded
in an cxudate of protein, polymorphs and clumps of bacteria (Fig. 53). A
striking feature in tae top layer of the mucosa was the accumnlation of large
ageregates of plasma cells (Pig. 54). Grossly, this lepion appeared as
ixvregular grey-white plagues of diphtheresis (Fig. 55) s

Oedema, particularly of the folds of the abomasum, was a common, but not
constant finding. 0Occasionally, the surface mucous cells were sgtretched and
flattened by the presence of oedema {(Fig. 56); in the adjacent lamina propria,
lymphatice became markedly dilated. The gastric mucosa was freguently congested
and on occasions hasmorrhagic (Fig. 57)

Following emergence, the cellular reaction in the lamina propris became
narked and had many striking features. The high mast cell content in the
mucosa found at day 17, was maintained during phase 2, and from day 25 the
number of globule leukocytes within the epithelium gradvally increased.

There was an increage in the nmumber of eosinophilsy these were found in blood
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vessels in the lamina propria and migrating through epithelia to the gland lumen.
The number of polymorshonuclear leukocytes also incressed, Occasionally, pogt-
parasitised glands were distended with pus (Fig. 58); grossly, these lesions were
racognised by cream-white cores al the centre of the nodule. As desgecribed earlier,
the plasma cell reaction, especially in the surface laysr of the mucosa, was
intense. In the lower mucosa and in the submucosa, lymphoid nodules, many with
germ centres, were [reguently found encircling small blood vessels, particularly
in the viecinity of parasitised glands (Fig. 59). Occasgiongzlly, worasites had
penetrated the lining epitheliuvm of the gland, resuliting in giant cell or
gosinophil granulomata around the aberrant parasile (Fig. 60).

Following emergence, the abomasal lymph nodes became reactive; in some

cases Tthere was a marked, superimposed purulent lymphadenitis.

Ultraslructural Features of the Secondary Nodule

The cells lining glands which formerly contained parasites hzd developed
into colvmnar mucous cells (Fig. 61). They exhibited structural features similer
to surface mucous cells although they usually contained fewer granules. these
cells were often piled on top of one another in a peeudostratified fashion (Fig. 62).
Scattered among mucous cells were a number of undifferentiated cells (I'ig. 62)3
these were devoid of any of the structural fealures of mature end cells, Their
golgil complexes were extenasive, often encircling the nucleus. Mitochondxria were
fairly nwnerous and some had well-developed internal sitructures. The cytloplasm
and nucleoplasm was of low electron density. RSER was gparse while clusters of

ribosomes were fairly numerous.
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mlectror-dense material was occasionally found between cells lining parasitised
glands (Figs. 61 and 62). BExamination of the junctional complexes hetween these

cells ghowed that in many ingbances the zonula occludens was shortened and tae

intercellular spaces were dilated by electron-dense material (Fig., 63).

The dilatled and stretched glands in the vicinity of the parasitised glands
were lined by flattened mucous neck cells (Fig. 64) and zymogen cells (Fig. 65).
An occasional perietal cell was also stretched, but in most cases they maintained
thelr oval oxr triangular outline. IMany zymogen cells contained few or no
granmules; ‘those that were present were smaller than normal (Pig. 66). In the
stretched parietal cells, the intercellular canalicull were greatly dilated and
were exposed o the lumen of the gland (Fig. 67). In these glands, the cells
were sometimes pulled completely apart or junctional complexes were shoritened
and obviously under considerable pressure, Some cells were held togetner only

by a shortened zonula ocecludens, others only by a desmosome (these lesions are

fully illustrated in Section VI).

The cells lining these glands were soon replaced by rapidly dividing un-
differentiated cells. These cells lacked the structural features of any gastric
epithelial cells, e.g. granules, extensive RSER, intracellular canaliculi (Figs.
68 and 69). They had a few apical microvilli, moderate interdigitations of the
lateral plasmalemmata, while the hasal plasmalemmata were straight. Their nuclei
were mainly rouand, and in some, nucleoli were present. The macleoplasm and the
cytoplasmic matrixwere of low electron denasity. The golgi complex was located

in a paranuciear position and was well=developed. It consisted of stacks of
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parallel cisternae, many of which were dilated to form vacuoles and of numerous
associated vegicles. Cisternae of RSER were present throughout the cytoplasm;

they were irregular in outline and were dilated by the presence of electron-dense
malerial. Clusters of ribosomes were scattered throughout the cytoplasm.

Mitochondria were prominent; they were large, round, oval or occasgionally elongated
and usually had a well-developed interral structure. In some cells, a few apical
electron-dense granules were presgent. Invariably, electron-dense material lay
betweer. these cells (Figs. 68 and 69). Examination of the junctional complexes betwee
them revealed that in a number of instances, there was separation of the plasma-

lemmats forming the zonula occludens and electron-dense material lay between

(Mig. 70).

Although large areas of the mucosa consisted mainly of undifferentiated
cells, differentiated cells were still present in many glands; these cells showed
distinct changes in their structural festures. In parietal cells, intracellular
canaliculi were either abseni (IMig. 71} or greatly weduced in extent. In most
cells, the cytoplasm had assvmed a degenerate pseudo-vacuolated appearance (Fig. 71).
When canaliculi were present, they were greatly dilated and were lined by only a
few microvilli (Figs. 72 and T3.cf Mig 22, Section I1). The adjacent cytoplasm
contalned numerous mitochondria, but was devoid of other organelles, such as
vesicles.

Zymogen cells showed a marked reduction in the number and size of pepsinogen
granmules present (Fig. T4). 'The fibril-containing cells described in Section II
were observed with increased frequency. Ne structural changes were found in

enterochromaifin cells,
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In some areas, the outline of differeniiasted gastxic gland cells and
surface mucous cells was delineated by electron-dense material dilating the inver-
cellular gpace and lying betwesn the lateral plasmalemmata of adjacent cells
(Fig. 75).

After emergence, severe submucosal oedema became a common, but not a
congtant finding. Ultrastructural examination of these areas showed merked
dilatation of the intercellular spaces bhetween the superficial surface mucous
cells and often breakdowa of their junctional complexes. Material of moderztbe
electron density was present in the dilated intercellular spaces (Figs. 76 and 77).

In the lemina propria, striking changes took place in the micro-circulation.
The vessels became packed with red blood cells (Figs. 78 and 79) eosinophil
leukocytes (Fig. 80), polymorphonuclear leukocytes (Fig. 81) and lymphocyies
(Yig. 80); these cells were found migrating across the walls of post-capillary

venules. In the pogt~capillary venules, many zonulae occludentes were separated

(Fig. 82) and lymphatics became greatly distended and their cell junctions widely
separated (Fig. 8%). Junctional complexes between endothelial cells lining

capillaries remained intact (Figs. 84 and 85).

Functional Conseguences of the Development of the Secondary Nodule

Biochemically, there was & marxked elevation of the pH of the abomasal fluid
(Table 3) and an increase in plasma pepsinogen levels (Graph 4). By day 22, the
calves had developed severe diarrhoes and were partially snorexic. There was

a resultant decline in weight main (Graph 1).
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B Phage

Gross and Histopathological Findings

With the gradual loss of the adult worm population, lesions regressed.

There was a gradual return of the parietal and zymogen cell mass. By day 63 and
70, the gastric mucosa had almost completely returned to normal, although the
glands vhich had formerly contained larvae, were still obvious by their mucous
cell lining (Fig. 85).

Grosely, the nodules graduwally disappeared and the former sreas of necrogis
were recognised by thumb-~print lesions in which the sloughed mucosa was being
replaced by rapidly-dividing epithelial cells (Fig. 87).

The numper of cells found in the lamina propria gradually decreased although

globule leukocyteg within epithelium increased.

Ultragtructural Features of the Recovery Phase

With the expulsion of the adult worm burden, there was a gradual return
to normal structure.

Trom day 28 of the infection, a mumber of incompletely differentiated cells
was found in The gastric mucose. These tshowed some of the structural features
of the vndifferenliated cells described in phase 2 and also some features of
moture gastric epithelial cells,

4 serieg of cells, considered to be Immature surface mucous cells,was found
(Figs. 88 and 75). Although similar to undifferentiated cells, these cells
ghowed some increase in the density of the cytoplasmic wmatrix; morce strands of

RSER and ribosomes were present, In these cells the mitochondria were largely
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confined to the basal cytoplasm. In the zpical cytoplasm some granules were

pregent; they were round, oval or discoid, always less than 1 u in diametexr,

and of varicble electron density, i.e. similar to those found in meture surface
mucous cells (Section II).  Their lateral plasmzlemmata were often elsborately inter-
digitated, perticularly towards the base of the cell,

Cells showing many c¢f the structural features of mucous neck cells were
present in areas of undififerentiated epilhelium (Figs. 89 and 90). These were
recognised by the presence of a few apical granmiles; granules were also located
lateral to the nucleus. The gramiles were round and measurcd vp to 1.5 uj
they contained patches of electron-dense material, i.e. similer to mature mucous neck
cells (Section II). The golgi complex was well-developed. Elongated mito~
chondria, a feabure of mucous neck cells, were often present. Irregular stacks
of RBLER were situated mainly in the bhasal cytoplasm. Their lateral plasmalemmata
vere commonly but not constently straight. It was considered that these cells were
differentiating mucous neck cells.

A serieg of cells, thought to be developing parietal cells was located in
the isthmigs - neck region of gastric glands. In these cells, intracellulsr
canaliculi were present, but were less extensive and conlained fewer microvilli
than mature parietal cells; also mitochondria were not as numerous, nor was their
internal structure zs elaborale (Figs. 91 and 92). Membrane-bound granules
of moderate electron-density, measuring up to 0.6 u in diameter were sometimes
found (Fig. 91). In a2ll cases interdigitation of the basal plasmalemmata
occurred (Figs. 91, 93, 94 and 95); +his is a constant feature of the mature

varietal cell. Bome cells, in which the intracellular cangliculi were poorly
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developed {Figs. 94 and 95), countained mitochondris similar in size, morphology
and numbers, to thoge in mature parietal cells. | In these cells there was a
fairly extensive golgi complex, not a feature of the mature parietal cell (Fig. 93).

Scattered among undifferentiated cells, were cells with few or no granules;
when granules were present, they were electron-dense. They contained fairly
extensive stacks of RSER located in the bzsal cytoplasm and clusters of ribosomes
scattered throughout the cytoplasmic matrix (Pig. 96). These cells were mainly
cuboidal, with a few stumpy, apical microvilli; the lateral plasmalemmats were
straight, but occasionally were elaborately interdigibtated. An extengive golgi
complex was situated paranuclearly. The rucleus was basal and usually had a
prominent nucleolus. It was considered that these cells were differentiating
zymogen cells.

Cells were localted in the bhasal part of the gastric gland. Thege were oval
or pyramidal, and were mostly wedged between the basal half of adjacent glanc
cella. Their ilateral plasmalemmata were occasionally interdigitated and
degmosgomes were found. In the cytoplasm, & few electron-dense, membrane-bound
gramiles, up to 0.3 u in diameter were present (Fig. 97). A polgi complex of
moderate preportions was lecated in a paramiclear positiony it congisted of a
few cisternae with some dilated vacuoles and a few vesicless. Centriocles were
occasionally found in association with the golgi complex. The mitochondria were
mainly small ard oval, but were occasionally elongated. These cells showed meny
of the structural characteristics of enterochromaffin cellsy it is likely that
they were differentigtbting cells and their ability to divide was indicated by the

presence of centrioles.

Functional Changes in Phase 3

Biochemically, the pH of the abomasal fluild (Table 3) and the plasma pepsinogen

levels (Graph 4) gradually returned to normal. Diarrhoea stopped and the calves

started bo eat and gain weight.
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Ultrastructural Studies on Cells in the lLamine Propria of the Bovine Abomasum

in Ostertagiasis.

With the development of the secondary nodule, Phase 2, the cell reaction
in the lamina propris of the gastric mucosa became marked. Thig presented an

opportunity to study the firne siructure of bovine immuno-inflammatory cell types.

Monomiclear Cellsg

Lymphoid Cells. These cells were scattered throughout The lamina propria

but were most of'ten found in follicles surrounding small vessels in the lower part

b3

of the mucosa (Fig. 59). They had a rouné nucleus with large clumps of chromatin
surrounded by a rim of cytoplasm containing one or two mitochondria and

clusters of ribosomes. In some cells centrioles were present (Fig. 98) and
occasionally a few Auer bodies were found (Fig. 99). In Jymphoid cell follicles
a series of cells wag identified which appeared to link small lymphocytes and
immunoglobuline=producing cells (plasma cells); this was based on the amount of

BSER present (Fig. 100).

These cells became nmumerous and active after emergence, particularly in
the superficial part of the mucosa (Figs. 54 and 101). The nucleus was
eccentric and contained large patches of chromatin. The golgi complex was
located in a paranuclear position and was well-developed; 1t consisted
of numerocug stlacks of cisternae and many vesicles. An associated centriole

was occasionally found. The main features of this cell type were numerous parallel
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stacks of cisternae of RSER interspersed belween which were oval or elongated
mitochondria and an occasional lysosome (I'ig. 102). As the cells produced move
antibody, the cisternae of' the RSER became distended (Fig. 203). Some cells
showed uncoiling of their cisternae of RSER (Fig. 104), a possible mode of
immunoglobulin digcharge.  Others showed enormously distended cistermae of
undischarged immunoglobuling termed Russell body-containing cells (White, 19547,

(Fig. 105).

Macrophages These cells were scattered throughout the lamina propria.
They were large with abundant cytoplasm which was irregular in outline (Fig. 106).
A moderately well-developed golgi complex wes often found. Irregular stacks
of RSIER were gscatiered tharoughout the cytoplasm. Membrane-bound granules and
vacuoles of verious sizes were frequently present, Occasionally these cells
were found in the vicinity of mast cells and it was considered that they were
vhagocytosing mast cell granmules (Fig. 107). On the other hend, many of these
membrane~bound vacuoles contained degenerating oxeganelles such as mito-
chondria. 'Their nuclel were round or oval and often showed distinct margination

or clumping of chromatin.

Fibroblasts These were mainly elongated cells which were often found in
the vicinity of the basement membrane of epithelial cells (Fig. 108},  Their
main feature wag an abundance of irregularly-dilsted ard orientated cisternae
of RSER with numerous interspersed small oval or elongated mitochondria (Fig. 109).

Their nuclei were round or oval with margination of the chromatin and an

occasional rmicleolus.
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Granvule Containing Cells

loginophil=leukocytes  These cells were found in large numbers at all
levels of the gastric macosa especially during Phase 2, They were oval or
elongated iu outline and were characlterised by numerous electron-dense membranew
pound granules. These gramles were round oxr oval, pear-shaped, or occasionglly
angular, measuring up to 1 u in diameter (Figs. 110 and 111). Central bars, a
feature of eosinophil granules in mzny species (Hﬁdson, 1967 and Bessis, 1964)
including sheep (Figs. 112, 11%, 114 and 115),were nct found afier either glutar
aldehyde or osmium tetroxide fixation. Golgi complexes of moderate extent were
usually located in e paranuclear position, often with an asgsocisted centriole.
Other orpanelles were fzirly scant. Wheir nuclei assumed a reniform, bilobed,

or occasionally trilobed, shepe and contained large amounts of chromatbin.

Polymorphonuclear leukocytes  These cells were scattered throughout the
lamina propria, but were particularly numerous in areas of superficial diphtherezis
(Pig. 53) or gastric gland abscesses (Fig. 58). The cells were oval or elongated
in outline and their cytoplasm was packed with eleciron-dense, membrane-bound
grarules, measuring up to 0.5 u in diameter. These granules assumed a variety

of shepes, being round, oval or elongated (Figs. 116 and 117). Their golgi
complex was mocerately well-developed and wasg lecalbled in a paranuclear vposition
with an occasional asgsociated centriole, Other features of the cytoplasm were

a few irregular cisternae of RSER and electron~dengz particles of the nature of

glycogen.,
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Mast Cells and Globule Leukocytes  TIn the course of thig experiment there
was a markéd increase in the mumbers of thesc cells. GLs were located mainly
within epithelivm and it is shown in Section V that they are dexived from
subeﬁithelial nast cells., The structural features, the cytochemical characteristics
and the significance of mast cells and globule leukocytes are discussed in
Section V.

All cell types described above, apart from [ibroblasts, were found at some

time within the epithelium of the gasitric mucosa.

DISCUSSTON

fMfunctional Congequenceg of Bovine Ostertagiasis

A single inoculum of 300,000 0. ostertagl larvae proved to be sufficient

Lo give severe clinical signs and extengive pathological changes in the abomzsuvm.,.
These occurred aboul the time the parasite reached maturity and emerged from the
gastric glands. The main pathogenic effect of the parasite was to produce a
reduction in the functional gastric gland mass responsible for the production of
the highly acidic proteclytic gastric juice. The biochemical consequences were
elevation of pH of abomasal fluid due to reduction in the functional parietal cell
mass and diminution in pepsin activity (Jemnings et al., 1966). Ag the peptic
activity is negligible above pE 5 (Piper and Fenton, 1965), a serious impairment
of digestion must occur, hence the animals beccome anorexic and start to lose

weight. The cause of diarrhoea was not clear, but ite course appesred to follow
PP
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closely the elevated pH of the abomasal fluid; it has also been observed
that during Phase 2 there is an increase in the number of viable bacteria present

in the abomasal fluid (Jermings et al., 19656).

Structural Chenges Associagted with the Loss of Gagtric Funciion

Although the gastric gland mass was largely replaced by rapidly-dividing
mndifferentiated cellsg, many parietal cells were still present. Their fine
structural appearance was suggestive of a gtate of reduced functional activity.
The cytoplasm of many had a pseudovacuclsted and degenerate appeaxrance and
the intracellular canaliculi when present were reduced in extent; although
dilated, the canaliculi were lined by only a few microvilli, i.e., their surface
area was diminished. It is known thatl the amount of acid produced by parietal
cells is directly related to lLhe surface area of the intracellular cenaliculi
(Section II). The structural appearance of the bovine parietal cell in a
state of reduced aclivity bore a striking resemblance lo thal described by
Vial and Orrego (1963) who examined the wltrastructure of “he parietal cell of
the rat after depressing acid secretion with 2, 4-dinitrophenol and with iodoacetate.

It is posgible that the adult 0. oglertagi parasite secrete chemicals of a similarx

nature, perhaps acting as enzyme inhibitors. On the other hand, during this
phase, a large mumber of immunoglobulin-producing cells appear (Fig., 101L) suggesting
the possibility of an immunological reaction.
Zymogen cells showed ultrastruclural features suggestive of reduced
pepsinogen production; the number of pepsinogen gramnles present in most cells
wag greatly reduced in size and in number. It is likely that most of the

pepsinogen which was secreted was not activated in the alkaline conditions found
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in the abomasum in Phase 2.

Structural. Changes Possibly Associated with Incressed Permeability of Bowel

Wall to Mgeromolecules ( vide Section VI)

FPollowing emergence, it was found that in certain areasg, the outline of
epithelial cells was delineated by electron~dense material. Examination of the

zonula occludens between such cells showed that they were shortened or their

plesmalemmats had become separated. It was estimated that this occurred most
commonly between rapidiy-dividing, undifferentiated cells. This observation

may he biased by the fact that these were the main cell types in the hyperplastic
mucosa alter emergence, The integrity of the mucosa was also breached in

dilated glands found in the viecinity of parasitised glandsi the lining epithelium,
which was stretiched and flattened,; was often completely pulled apart. In areas
of severe cedema,there was marked dilatation of the intercellular spaces between
surnface mucous cells; the junctional complexes between some of these cells

were separated. There is considerable structural and physiological evidence to

suggest that the breakdown of zomulae occludentes allows the leakage of macromolecules

into and out of the mucosa. It was congidered mainly on the basis of its
electron density, that lhe material found belween cells was protein, possibly
plasma proteins leaking out of the mucosa or non~activated pepsinogen lesking
through the wmucosa into the circulation and giving rise to the elevated olasme
pepsinogen levels recorded during Phase 2 (Graph 4).

A number of changes occurred in the microcirculation during Phase 2. The

vopulae or maculas cccludentes Joining endothelial cells in post-capillary venules
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became separated. Mast cells, known to contain the vascactive amine
S5-hydroxytryptamine (Section V) were often locabted in the viecinity of these
vessels.  Lympnatic charmels became greatly distended. These changes probably
indicate an increased permeability of the post-capillary venules and a leakage
of plasma protein into the lamina propria (Majno, Palade and Schoeofl, 1961
Movat and Fernando, 1964; Cotran, 1967 and Karnovsky, 1967).

Biochemical results similar %o those described above have been reported
in e number of parasitic infections in a variety of species. Elsvation of the

pH of gastric fluid has been recorded in sheep with Ostertagia circumcincta

(Arxmour, Jarrett and Jennings, 1966) axd with E. contortus (Christie, Brambell

znd Mapes, 1967) and in pigs with Hyostroneylus rubidus (Davidson, Murray and

Sutherland, 1967). Raised plesme pepsinogen levels have been found in sheep

infected with Q. circumeincta (Armour et al., 1956).  Although hypoalbuminaemia,

was not found in experimental "ype I estertagilasis, it occurs in Type 11 ostertagiasis

and a number of other parasitic conditions (Section VI, Table 5).

Differentiation of Gasgtric BEpithelisz) Cells

Tollowing emergence oif' adult Q. ostertagi parasites, the gastric mucosa

became lined largely by undifferentiated cellg. It was thought probable that
these represented stem cells., They showed none of the structural features of
mature gacslric epithelial cells, namely granules, extensive RSER or intra-
caellular canaliculi. UTheir cytoplasmic matrix was largely devoid of orgenelles
apart from an extensive golgli complex and some mitochondria. Similar cell types

were located in areas of cell hyperplasia in parasitised glands.
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From the latter half of Phase 2 onwards o series of cells which showed
glructurel evidence of differentiation was found in lhe gastric mucosa,

It would appear thatl surface mucous cells differentiated directly from
alem cellgy a number of intermediate cell types was recopgnised. As these cells
matured there was & graduwal increase in the number of apically-situated gramules;
these were of the sigze and shape of those In mature cells. The density of the
cytoplasm increased and most organelles became confined Hto the lower two-thirds
of the cell.

In parasitised glands a complete range oi cells from stem to maiture surface
mocous cells was recogrised (Figs. 62, 40, 4L, 42, 43 and 61).

Cells thought to be immature mucous neck cells were present, These were
identified by the gize and shape of granvles, the number of vhich gradually
increased in the apical cytoplas, The mitochondria were occasionally elongated
and the lateral plasmalemmats straights; these are features of mature mucous
neck cells.

Some cells showed progressive differentiation towards panietal cells.

Theze cells had elaborate interdigitations of the hasal plasmalemwata and poorly
developed intracellunlar canaliculi. Initially, the internal structure of the
few mitochondria which were presert was relatively poonly developed. A prominent
golgi complex was present in the early parietal cells but it decreased in extent
ag the cells matured. In a few of these cells, mucus-like gramiles were found,
an observation alsgo made by Corpron (1966). This anthor suguested that parietal
cells arose from early surface mucous cells. In this study, it was considered

that a cell differentisting inte a surface mucous cell is unlikely %0 have the
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ability to chenge and differentiate into the structurally highly complex
parietal cell. It was concluded that parietal cells arcse de novo and possibly
by cell éivision. Hayward (1967b and 1967a), found that parietal cells
developed directly from undifferentiated cells in suckling and foetal rabbits.
Levm (1960) and Corpron (1966) described a cell type in the rat similar Ho

Figs, 91 and 92 and called it the neck parvietal cell; they suggested that it
was an immature parietal cell.

Cells were founc which showed some of the structural features of zymogen
cells namely, stacks of cisternae of RSER in the basgal cytoplasm, e well-developed
golgi complex and occasional electron~dense granules. It has been suggested that
gymogen cells differventiate from mucous neck cells (lownsend, 1961; Hunt and
Hunt, 1962). The present findings indicate that this is uniikely. Algo,
mucous neck cells are packed with mucous gramulesg and appear fully differentiateds;
it is unlikely that such cells can act as a gource of zywogen cells,

The function of the enterochromaffin cell and its relationship to other
cell types in the gastric mucosa remains unknown. In this study, pooxrly-
differentiated cells with centrioles,showing some of the features of entero-
caromaffin cells, were located within the mucosa.  This would suggest that this
cell arises directly from an undifferentiated cell znd at least at this stage
ig capable of civision. By virtue of the faclt that thiz cell occurs at all
levels of the gastrointestinal trsct, it isg unlikely to be related tc any other cell

type in the gastric mucosa,

Posgsible Stimuli of Cell Hyperplagia

The nature of the stimulus leading to cell hyperplasia and replscement of

functional gastric gland epithelial cells is unknown. Townsend (1961) found that,



after localiged surgical trauma to the rat gastric mucosa, the denvded area

was guickly relined by flattened non-différentiated cells and that the
differentiated gastric gland cells lining the surrounding glunds were replaced
by non-functional cuboidal cells. In the same way, it is possible that necrosis
and sloughing of the surface mucosa, a lesion which follows emergence, stimulates
proliferation of stem cells in the upper gland-lower pit region in an attempt to
replace the damaged mucosa. It is also possible that the physical stretching

effect exerted on the gastric micosa by 0. cstertegi parasites as they matured had

en effect gimilar to the surgical damage induced by Townsend (1961). Weight is
possibly added to this theory by the findings of Armour et al. (1966) in sheep

experimentally infected with Q. cirvcumecincta. Structural and functional changes

similar to those found in bovine cstertagiasis were described; Thowever, these
occurred at a much earlier stage in the life cycle of the parasite, while the

parasite was still within the mucosa. O, circumcincta is a much larger parasite

than O. cstertagi and it ig possible that because of this the physical stretching

produced by the parasite had an effect at an earlier stage.

Poggible Mechanism of Parasite Bxpulgion ( vide Section V)

It was shown that there was an exponential expulsion of the adunlt woxm
ourden between day 17 to 35 of the infection. With the onset of The expulsive
vhase, there was an increase ian cell aciivity in the lawiva propria; in
particular, there was a marked increase in mast cell numbers znd towards the
end of Phage 2 and during Phase %, many GLs appeared within the epithelium.

Jarrett, Jarrett, Miller and Urquhart (1967) cstablished a definite guantitative

(8
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relationship between the kinetics of mast cell and globule leukocyte populstions

in rate infected with H. brasiliensig. They showed that a svdden epilsode of mast

cell activity occurred at the commencement of the expulsion of the worm burden.

Due to the extensive hyvexrplasia of The gastric mucosa in 0. ostertagi infections,

it was not possible to apply quantitative methods tc mast cell and GL ccounting;
the obgervations made wers visuval estinationg. in the ultrasiruciural and
cytochemical studies made in Section V, it was concluded that GLs were the
end product of a series of changes in subepithelial mast cells, namely discherge of
amines and an accompanying alteration in the relationsiip between The acid
mucopolysaccharide and the basic protein of the granules. Following emergence
zr:d the onsel of the expulaive phase, there was a marked increage in lrmunoglobulin-~
producing cells in the lamina propria of the abomasgum. From theilr gtructural
fegtures, i.e. digtended cistermae of RSER, it would appear thatl bthey were
producing large quantities of antibody. It has been shown that the antibody present
in such cells in the human gastrointestinal tract is mainly Lgld (Crabbé and
Heremans, 1966). Mast cells were frequently located in close aprosition to
active plasma cells (Fig. 1%4).

It is possible thet the mast cellw-GL transformation might be associated with
an effector mechenism involved in the transport of locally-produced immunoglobulins
into the lumen of the gastrointestinal ftract and expulsion of the adult worm burden.

The cellular activity at the time of expulsion of both N. brasilicnsis and

0. cgtertagl is remarkably similar. This would suggest that the mechanism of

the expulsive processes are alike. Prelininary observations, which I have made

on the cytological axrd ultrastructural features of cellular reactions in the biliary



tract of gheep infected with F. hepatica and the abomasum of sheep infected with

H, contortus and of sheep infected with O. ¢ircumcincta, indicate that the

nature of the cellnlar response is almost identical To thalbt descrited in bovine
ostertagiagis,
Plasma cells were especially numerous in tThe upper mucosa on which lay

adult O. ostertagi in a diphtheritic membrane. It has been suggested that

superficial necrosis of the epithelium may bhe the regult of an antigen-antibody

reaction (Jarrett, 1966).

Phase 1 and Phase %

Up to day 17 (Phase 1) the structural changes were more or less confined
to the parasitised gland. Ho signit'icant biochemical or ¢linical findings were
noted apart from glight elevation of the plasma pepsincgen level. This could
be accounted for by limited breakdown of {tripartite junctional ccmplexes
initially in dilated parasitised glands and later in associated dilasted glands,
After day 35 (Phase 3)with the expulsion of the adult worm burden, there was a

gradual return of normal struclure and function and at day 63 and 70 the gastric

i

lnucosa was virtually normal except for the presence of post-pareasitised glands and

occasional globule leukocytes.
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STRUCTURAL AND FUNCTIONAT, CHANGES ASSOCIATED WITH

THli  USE O THIABENDAZOLE TN  BOVINE OSTERTAGIASIS
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THTRODUCT TON

It has been shown sarlier in this work thatl clinical ostertagiasis is
asgociated with reduction ir the functiomal parietal cell mass, This results
in a rise in pH of the abomasgal fluid and impairuent of peptic digestion. With
the loss of the adult vorm burden there is & gradual return of parietal cell
tanction and normal digestion.

Thiabendazole (Thibenzole; terclk, Sharp and Dohme, Ralway, Hew York,
U.3she and Boddesdon, Hertfordshire, Ingland) is an anthelmintic widely used
in the treaiment and prophylaxis of bovine ostertagiasis., It was thought
desgirable to study in precise detail its effect in this disease. In this study
particular reference ig made to the biochemical and pathological changes in the
abomasum after treatment with Thiabendazole to ascertain if the removal of the

adult Q. ostertami worm population accelerates tne resclution of the pathological

changes and a more rapid return bto normal gastric function.

EAPEHINNTTAL DS IGH

The objects of this experiment were 3 1) to vest the antheimintic
J xp

efficiency of ''niabendazole against adult 0. oglertagi at 220 mg. per kg. body

weight; these results have been reported ian detail by Armour, Jennings, Kirk-
patbrick, Halezewski, Marray and Urquhart (1967) and Armour (1967).
2) To study the biochemical and patholeogical changes in the abomagum after

treatment of c¢linical ostertagiasis.
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Ten parasite-free calves, aged 8 - 10 weeks, were allotted to two groups

of five each (Groups 1 and 2) and inoculated on day 0 with 400,000 0. ostertag:

third-stage larvae. Group 1 remained untreated while each calf of Group 2

was treated orally with Thiabendazole at 220 mg. per kg. body weight on the day
of onget of clinical signs, i.e. anorexie, weighl loss and diarrhoea. One
calf in each group had an abomasal cammula inserted after the method of Jennings
et al. (1966) to allow samples of abomasal flvid to be withdrawn; this enabled
daily changes in the pH of abomasal contents to be followed. All calves in

Groups 1 and 2 were nccropsied 28 days after infection. A Turther 2 parasite-

free calves were infected with 400,000 0. osteriagi larvae and necropsied fouxrteen
days later to establish the infectivity of the inoculum; in experimentsl
infectiong of this magnitude, a large proportion of the worm population is

expelled between the 17th and 35th day {(Section III).

OBSERVATTONS

The calves were exsmined clinieally each day and faecal samples were
inspected for assessment of consistency. The calves in groups 1 and 2 wvere
weighed prior to inoculation and on days 7, 14, 20, 25 and 28. Faecal samples
for egg counts were collected on day O and daily from day 17 to 28. Samples
of abomamal Fiuld for pil estimatior were examined deily from ithe two calves with

the abomasal canulae.



At necropsy, parasitological examinations were carried out as in
Section IIY and the pH of the abomasal contents was determined. Tigsnes were
taken from the abomasum and regional lymph nedes for light and electron

microscopical examination.

RESULLS

CLINICAL DATA

A1l calves in both groups developed clinical signs of ostertagiasis,
i.e. anorexia, weight loss and diarrhoea, within 17 days to 28 days of infectiong
these signs persisted in the unitreated czlves until necropsy on day 28, by which
time % calves were in extremis. Following treatment of calves in Group 2,
there was = complete ceggsation of diarrhoea and return of appetite within 48
hours. Thege changes were reflected in resuwnpltion of weight gains 3 to 4

days after treatment (Graph 5).

PARASTTOLOGTICAL TILUDINGS

Faccal egg counts were positive in calves of both groups on day 17 and
increased until day 23 in the untreated calves and thereafter decreased; in
the treated calves, faecal egg counts decreased to zero within 24 hours of
treatmert, The course of the mean faecal egg counts in treated and untreated
calves is shown in Graph 6.

In the trested calves the mean mumbers of 0. ostertbagl were reduced by

94% compared to lhe untreated calves (Table 4). The mubers of 0. ostertagi
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found ia the two calves necropsied on day 14 were 138,000 and 110,000
respectively;s this indicated that the larvae used in the expexriment were

of normal infectivity.

BIQCHEMICAL RESULTS

In the treated calves, the pfl of the abomasal contents (Table 4) had
returned to normal levels {mean 5.2) whereas in untreated calves they remained
elevated (meoan 7.0)., Daily changes in the pH of abomasal contents in the
two calves with abomasal canulae are outlined in Graph 7 and show that the pll
of the abomasal contents became markedly elevated in both calves aftexr day 19
and remained so in the untreated calf until necropsy on day 28; in the
treated calf, the pH of the abomasal contents decreased steadily umbil necropsy

on day 28.

PATHOLOGY

Macroscopic Findings

The gross lesions found at necropey of calves in Group; 1 and 2 were
similar to those described in Section III in that the unit lesions, the nodules,
had coalesced to give rise to g morocco leather like appearance. There were
ereas of superiicial necrosis and diphthergsls which were morzs extengive in the
untreated calves {Group 1). The abomasal lymph nodes were highly reactive
in both groups. The mucese in the untreated calves was more thickened and

oedematous than in the treated ones,
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DAYS.

The pH of abomasal contents from two calves (with abomasal cannulae)

following incculation of 400,000 0. ostertagi larvae on day O,

one calf being treated with thiabendazole (Tbz).
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Histopathological Findings

In both treated and untreated calves, emergence of parasites from glands
was almost complete and there were mumerous dilated post-infected gastric glands
lined by coluummay mucus-~secreling cells. The glands surrounding ithese cells
in the untreated calves of Group 1 showed & marked apparent loss of functional
G¢ifferentiation (Fig. 118 and Fig. 49, Section ITII), although many parietal
cells courld still be found amongst the rapidly dividing non-differentiated cells.
By contrast, in the treated calves, many of the surrounding glands showed a
return of normal functional cells, particularly parietal cells (Figs. 119 a and b,
120 a and b) although the mucosa was sbill thickened as the result of hyperplasia
of undifferentiated and rmcous cells. The cell response in the lamina propria was
marked in both trealted and untreated calves; however, the rnmber off plasma cells
pregent in the superficigl part of the gastric mucosa wag reduced in untreatbed
calved. Cytolysis and necrogis of the superficial gestric mucosa was more

exteonsive and severe in untreated calves.

Ultrastructural Findines

The changes found in the untreated calves {Group 1) were similar to
thoge in Phame 2 of the experimental infection described in Section IIT. Those
parietal cells which were sbill present had a degenerate appearance with a
peeudovacuoclated cytoplasm and in some cages complete loss of intrecellular
canaliculi. The intracellulsar canaliculi which remained showed a maxrked
reduction of the surface area available for acid secretion, i.e. lhey were

less extlensive and although often markedly dilated, were lined by only a few
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microvilli (Figv 121 cf. Section ITI Figs. 71, 72 and 73).

On the other hand, in calves treated with Thisbendzazole, the parietal
cells showed structural features indicative of a return to normal functional
activity. Thesc cells were more akin to those described in the noxmal functional
gastric mucosa in Section IT, Figs. 21, 22 and 24, l.e. they ccntainzsd extensive
and elaborately developed intracellular canaliculi lined by nume ous microvilli
(Fig. 122). In some of these cells the structurzl changmes were graded and
evidence of previous inactivity, i.e. dilated intracellular canaliculi with

only a feyw microvilli, was vreseant (Figs. 123 and 124}.

DISCUSSION

The results of this experiment demonstrated the high efficiency of
Thiabendazole al 220 mg. per kegm. body weight as shown by a drawnzlic cessation
of diarrhoes,; resumption of normal appetite within 48 houvrs and almost complete
elimination of the adult worm buvrden. Tt ie pyobable that this dramabtic expulsion
of the adult worm burden facilitated the rapid return cof the funcitional vaxietal
cell mass. In treated calves, the pH of the abomasgal contents returned to
g Tunctional level within 48 hours. That & new parietal cell mass could have
differentiated in this time is possible, but the data available indicate that
this is unlikely. In twreated calves, no mitotic figures were found and no
developing parietal cells were identified. Fost of the parietal cells present
contained extensive canaliculi lined by rmumerous microvilli, although some

showed areas wifth dilated canaliculi lined only by a few microvilli, i.e. areas




of inactivity (Section TII, Diescussion); +this would suggest that the inactive
cells, seen in controls, were capable of returning to ncrmal function. The
mechanism of the depression of HCl prodvction in the parietal cells is possibly a
chemical one {Section IIL, Discussion) or it may be immunological; +*he treated
caolves showed a marked veduction in the superficisl mucosa of the number of
plasma ceils, cells likely to be producing antibody.

With the return of the functioning parietal cell wmass and noxmal pH, peptic
activity was resumed and allowed digestion to start and normal weight gaing to

¢

be made.
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SECTION V

THE GLOBULE TLEUKOCYTE AND TTS DERIVATION

FROM THE SUBEPITHRLIAL MAST CHELL




89

TINTRODUCT TON

Despite its striking morphology, the globule leukocyte (GL) is one of
the few cells in the body whose origin has remained unknown and whose function is
uncertain,. It is found within epithelia (Figs.lZBa &132a), and characteristically
containsg large acidophilic granules or globules. It occurs in many speciles
and is particularly prominent in parasitic infections.

A number of investigations have been carried out in an attempt to find
the origin and function of this cell. Kirkman (1950) considered that the GL
was of connective tissue origin and that there was probably a close relation-
ship between it and the Russell body-containing cell. Kent (1952) suggested
that the GL originated from the small lymphocyte. In histochemical studies,
Dobson (1966) and Whur and Gracie (1967) decided that the mast cell and the GL
were unrelated and that the GL originated from immunoglobulin»producing cells;
they postulated that its function was to carry antibody into the intestinal
lumen.

Preliminary histochemical and ultrastructural evidence has been presentsd
to show that in perasitic infections the GL originates from the mast cell of
the lamins propria of mucous suxrfaces (subepithelial mast cell).  (Jarrvett,
Miller and Murray, 1967; Miller, Murray and Jaxrrett, 1967).

Globule leukocytes occur in large numbers in the intestines of rats

experimentally infected with Nippostrongylus brasiliensis (laliaferro and

Sarles, 1939). Kirkman (1950) related the appearance of these cells in the
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urinary tract of the rat to infection with the bladder worm Trichosomoides

crasgicanda and found them to be absent in uninfected rats., Sommerville (1956)
noted their presence in parasitised lambs but was wnable to find them in lambs
raiged free of parasites. Whur (1966a) found that there was a relationship
between the appearance of GLs in the intestinal mucosa and the onset of

expulsion of the worm burden in rats infected with N, brasiliensis. It hes

also been shown that in such rats there is an increase in the numbers of
intestinal mast cells (Wells, 1962). Jarrett, Jarrett, Miller and Urgquhaxrt
(1967) established a definite quantitative relationship bhetween the kinetics of

mast cell and GIL populations in rats infected with N. brasiliensis.

Little published data are available on the histochemical properties of
mast cells in the bhovine or the sheep. Many histochemical sgtudies have been
done on the comnective tigsue and peritoneal mast cell of the rat. The
classical connective tissue magt cell granule is known to qontain a sulphated
acid mucopolysaccharide (Schiller and Dorfman, 1959; Benditt and Lagunoff, 1964)
associated with a highly basic protein (Spicer, 19633 Benditt and Lagunoff, 1964).
The granule also contains the vascactive amines, histamine and 5-hydroxytryptamine
(Benditt and Lagunoff, 1964).

On the other hand, mast cells of the rat gastrointestinal laminag propria
have been the subject of conflicting reports. Scme workers have found very
few or no mast cells in this region (Mota, Ferri and Yoneds, 1956; Whur, 1966b)
while others have shown thatl there is a high density of Tthese cells in the
lamina propria (Lindholm, 1960; Wells, 1962).  Enerbick (1966a; 1965b) showed

that the demonstration of such gagtrointestinal mast cells depends on the method



of fixation. He found thalt the granules of these cells stained diflerently
from thoge of the commnective tissue mast cells. In addition, the wat gastro-
intestinal mast cells were found toc contain a monocamine, possibly dopamine
(Enerbdck, 1966¢c). It has been shown that the mast cells of the gestrointestinal
tract and the liver of cattle and sheep may also contain a catecholamine,
probably dopamine (Coupland and Heath, 1961; Falck, Nystedt, Rosengren and
Stenflo, 1964; Jaxrett, Miller and Murray, 1967;\ Miller gﬁ;é;., 1967);W"\“3

Little has been published on the ultrastructurél features of the subepithelial
mast cell in the gastrointestinal tract of the bovine or rat or om the sub-

epithelial mast cell of the ovine biliary tract (Jarrett, Willer and Murray,

19673 Millér_gﬁ‘gl., 19671;\‘ Several observations have been made on the fine
structﬁre éf”the rat comnective tissue and the peritoneal mast cell (Smith
and Lewig, 19573 Smith, 1963; Benditt and Lagunoff, 1964; TFujita, 1965; Singleton
and (lark, 1965; Bloom and Haegermark, 1965; Combs, 1966; Kent, 1966).

On the basis of ultrasiructural studies, Toner (1965) in the chicken
and Kent (1966) in the rat, were unable to find any funciional significance
foxr the presence of GLs and suggested that they were derived from lymphocytes.
Kent {1966) stated that, of the cells found in the vicinity of GLs, mast cells
were most like them in ulirastruciture and gross cytology. Whur and Johnstone
(1967), in an electron microscopic investigation, concluded that the 6L of the
rat was a migratory cell and considered that it structurally resembled immuno-
globulin-producing cells, In this section detailed cybochemical and wltrastructural

data are pregented Lo show that the GL is deriwved from the mest cell and is
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not s member of the immmoglobulineproducing cells. Tisgnes were examined

from bovines infected with 0. ostertagl, sheep infected with F., hepatics or

H. contortus and xats infected with W, brasiliensis. The studies in the rat

were made by my colleague H. R. P. Miller (Ph.D. Yhesis, in preparation) and
details are given in a conjoint paper (Mnrray, Miller and Jarrett, 1968). In
summary, it was found that mast cells and globule leukocyles in the rat were
similar cytochemically and ulirastructuraslly to their bovine and ovine counter-

parts,

RESULTS

CYTOCHE TSTIY

The Bovine

The Mast Cell IMast cells were located both gubepithelially snd intra-

epithelially in the abowasum. These showed a deep viclet metachromasia at pE

4.5 after toluidine blue staining (Fig. 125 a and b); when stained with toluidine
blue at pd 0.3, metaschromasia was reduced or abgent in many cells but was still
obvious in some. The granules bound astra blue sirongly (Fig. 126s), oven when
counterstained with safranin, and fluoresced orange with acridine orange (Fig. 127).
Biebrich scarlet stained the granuleg at pH 8, 9 and 10 (Fig. 126b); this reaction
waes not found in all mast cells. Biebrich scarlet also stained eoginophil
leukocyte granules at pH 10.

In the lamina propria, the granules of most mast cells fluoregced bright
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apple-green with the wonamine reaction (Fig. 128b); others were packed with
small granules which fluoresced hright yellow (Fig. lZBa). Some cells contained

green and yellow fluorescing granules (Fig. 129).

The Globule Leukocyte This cell was readily recognised intraepithelially

by its large intracytoplasmic globules or granules which frequently indented the
rmcleus.

With toluidine blue at pH 4.5, the greounles showed a range of reacltions
from deep violet metachromasia (Figs. 125 a and b) through blue to almost colour-
less; the reactivity found at pH 0.3 was much less. With astra blue-safranin
the gramules of most cells alao bound agtra blue to a varylng extent, sbaining
from bright blue through pale blue to colourless. A feature found in some was
a halo effect, the granmules being rimmed by astra blue-positive material (Fig. 1262).
With acridine orange they sometimes fluoresced yellow, sometimes green (Fig. 127).
"he granules bound biebrich scarlet up to pH 10 to varying extents {Fig. 126b).
Some stained bright red, some pale red, while others had a bright red halo.

Using the technigue for monocamines, it was found thaet the granules Iluoresced
dull green bul not uniformly so (Fig. 128 b); many were only rimmed with green
fluorescence while others contained green fluorescing centres. In general, the

intensity was much less than in mast cells (Fig.ll29).

The Transitional Cell Thig cell was found predominantly within epithelias,

It contained granules of a similar size and cytochemical nature to those of the
mast cell and also larger granules showing z range of staining affinity similax

to those of the clasgical Gl. wWith acridine orange, cells were found containing



small granules which fluocresced orange in the same way as mast cells but also
heving larger gramiles which fluoresced yellow or green similar to those of fhe

classical GL (Fig. 130).

The Sheep

Tisgues were examined from the abomagums and biliary tracts of parasitised
animals. ‘'lhe range of cells defined by morphological and cytochemical features
wvas similar to the bovine; svbepithelial and intraepithelisl magt cells, GLs
z2ad transitional cell {ypes, were all recognised. Bach of thegse cells had
cytochemical features identical fto those of its bovine counterpart (Figs, 131a

and. b, 132z and b, 133).

CLIRASTRUCTURE

The Bovine

94

The Mast Cell Very few mast cells were seen in the parasite-free abomasal

mucosa of the bovine and these were difficult to locete on eleclron microscopic
examination. The following description is of those found in the gastric
macosa of narasitised animals.

Subepithelial mast cells were often located in close apposition to plasma
cells which had markedly distended cisternae of HSER (Fig. 134), to cosinophils

and ovolymorphonuclear leukocytes and to macrophages. Iast cells were also
L £ v

identified cloge to small blood vessels or bordering epithelial basemenl membranes

(Pig. 1%5). These cells assumed oval, iriangular, or sometimes eiongated forms



(Fig. 136). There wers cytoplasmic finger-like projections around the borders
of meny mast cells. Their mnclei were frecuently eccentric and most often
round or oveal in shape and were usually indented by granmules, Margination of
chromatin was present as were cccasional nucleoli. The cytoplasmic matrix
contained round or oval granules which ranged in size up to 1.3 us most were
less than 1 u diameter. These were bounded by smooth-surfaced unit membranes
(Fig. 137). Afser glutaraldehyde fixation the electron density of the granules
varied considerably from cell to cell, from granule to grarmle and within granules
(Figs. 134 and 1%6), Some gramiles had an amorphous, homogeneous appearance
(Pig. 138), others had denge homogeneous cores rimmed by less electron-dense
material, while the contents of others had a rebiculated or moth-eaten appearance
(Pig. 136). The matrices of a few gramles could be seen gpilling through
ruptured grasnvle membranes (Fig. 137); in others there were distinet halos
between the grsnuvle content ard surrounding membranes. The mmmber of granules
varied from cell to cell. Yhroughout the cytoplasmic matrix ribosomes and RSER
were present in varisble amounts allhough they were sparse when the cell was
fully srenulated. In some cells, well-developed golgi complexes, often with

2n associated cenbriole, were located in psramiclear positions (Pigs. 139 and 140).
liach complex was composed of parallel arrays of Ilattened ciziernae which were
dilated at the ends to form vacucles; they hed numerous agsociated vesicles,
Some vacuoles contaired electron-~dense material (progranules) (Fig. 140).
Occagionzl small round, or oval oxr elongated mitochondria wexe interspersed
between greniles. Cytoplasmic fibrils were frequently present in the vicinity
of tae nucleus. Denge particles similar to glycogen granules were scattered in

the cytoplasm.



The Globule Leuvkocyte Within the epitheliwn ftgelf, classical GlLs were

fourd at all levels (Fig. 141), Ccecasionally, small cyloplesmic prolongations
projected from these cells into the intercellular space. Lo desmosomal ox
other attachnenis were found between GLs arnd epithelial cellg,

“he cytoplasm of the GL contained a variable number of granules wnich
were surrounded by smoothesurfaced unilt merbranes (Fig. 142), Granules
measured from 1 - 5 u diamcter and freguently indented the nucleug. The matrices
of tie small pramules showed a similar range of appearances fto those of the
subepithelial mast cell. TIn most GLs the gramileg were up to 3 u dismeler,
some cells contained only large grenules, i.e. the classical globule leuvkocytes
(Fig. 143); some cells had only swall gramileg, i.e. the intraepithelial mast
cells while in others, a mixture of large and small grarules was vresent, i.e.
the transiticnal cell (Fig. 144)° ‘ihe matrices of the larger granules were
electron~dense although some had a reticulated or meta-eaten appearance (Fig, 145)
while others had lost their contents. In some cells, a few large eleclron~iucent
granules were present.

Well-developed golgi complexes sgimilar to those of the subepithelial
masgt cells were present in varanuclear positions. In some cells, particularly
those with large granules, the cytoplasumic matrix was devoid of organelles and
had a pseudo-vacuolated appearance (Fig. 145), In others, some rihosomes were
scattered throughout the matrix and a2 few cisternse of BESER were found (Fig. 143).
A few small round or oval mitochondria were presernt. Cytoplasmic fibrils,

similar to thosge of subepithelial mast cells, were identified in paranuclear

o



positions.  the nuclel of these cells were moal olten eccentric and were zimilar
in appearance to those of subepithelial mast cells.

A few transitional cells and GLs were found in the lamina propria (Fig. 146)0

The theep

The Mast Cell The gtructural features of the subepithelial ovine mast

cell found in the bilizry tract resembled those of the bovine. The mast cell
wag characterised by a variable complement of gremules surrounded by smooth

unit membranes. Theze granules showed a range of electron densitiss (Fig. 147).
A point of difference from the bovine mast cell was that the cytoplasm of the
ovine mast cell contbained & much greater number of small membrane-bhound vacuoles

(Pig. 147).

The Globule Leukogyte The intreepithelial GL contained large membrane=-

bound granmules (Figs. 148 and 149). Some were extremely electron-dense;
some were reticulated or moth-eaten, others appeared to have logt their gramle
countert. Within some of these (transitional) cells, granules of a similar size
and nature to those of the suhepithelial masl cell were found (Fig. 150). A
feature which the GL had in common with the subepithelial mast cell was the
presence of numerous small membrane-bound vacuocles in the cytoplasmic matrix
(Fig. 148).

The nuclei of botlth the GL and the gubepithelial mazt cell were similar in

appearance to the bovine nuclei and were freguently ndented by gwanules. In

g
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the biliary tract of the sheep exsmined, classical GLs and transitional cells

were also found in the subepitheliagl lamina propria.

DISCUSSION

Experimental infections with parasites afford an excellent opportunity

to study the formation of Gls. In N, brasiliensis infections in the rat it

has been clearly shown thet there is a quantitative relationship hetween episcdes
of mast cell activity and the appearance of waves of GLs in the epithelium
(Jarrett, Jarrett, Miller and Urquhart, 1967). A similar situation exists
in parasitic infections of the bovine and sheep. In these circumstanceg, one
might expect to find the series of changes which shows the development of GLs.
We have demcnstrated that the granules of the gastrointegtinal mast cell
of the rat and the great majority of the subepithslisl and intraepithelial mast
cells in the bovine and the sheep contain a sulphated acid mucopolysaccharide,
which stalns metachromatically wivh agueous toluidine blue at pH 4 and 4.5
but not at pH 0.3 and vhich binds astra blue strongly. A mucopolysaccharide
cf similar affinities was found in the trangitional cell types and GLe of the
bovine and sheep and also in the GL of the rat. With acridine oranse the acid
mucopolysaccharide of the granules of the mast cells of all three species and
the grasnules of the GLs of the rat fluoresced orange. In the bovine and sheep,
& sitriking series of changes wag seen gs mast cells transformed to GLss; asg the
granules became larger, the orange Lluoregcence chaaged to yellow and then to

Sreen, In individual transitional cells, all phases of acwidine orange
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fluorescence were demonstrated. Thig range of staining affinities within
individoal transitional cells probably indicates a structaral change in the muco-
polysaccharide leading to loss of the stacking effect (Ssunders, 1964).

Spicer (1963), using the acid dye biebrich scarlet at hish pil, demonstrated =
bagic protein in certain mast cells of the rat. Cur results show that mast
cells, transitional cells and GLs of the three species bind this dye un to
at least pH 10, indicating that the granules of the GLes like those of the mast
cells, contain a highly basic protein.

Jhe relationship of the subepithelial mast cell 1o the maturs connective tissue
mast cell remsing unclear. In the developing rat connective tissue mast cell
(COMC), maturation accompanied by increasing degrees of sulvhation is rellected
by changing histochemical properties of the granule. The granules of the
mature cells stain with safranin in preference to asgtra bHlue in contradistinction
to those of the lass maltvre forms., Whereas mature cells bind toluidine blue and
stain metachromatically at pd 0.3, the immature cells do not stain metachromatically
below pH 4 (Combs, Legunoff and Eenéitt, 1965). The gastrointestinal mast
cells of the rat resemble these developing cells in thet their gramiles do not
have the full range of staining charvacterigtics of the keparin of the mature
CMC (Muxrray et al. , 1968).

The :rature CWMC of the rat contains 5-HT which is demonsitrable by its
yellow fluorescence in the Palciz reaction (Miller, 1968), This is the typical
reaction of the perivascular mast cells in the submucosa of the intesgtine. In

a rat which has just expelled its population of . brasiliensgis (e.g. 19 days
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after primary irfection), there is a great increzse in mast cells in the

laming proepria. Most of the cells in the villi do not show marked 5-HT
fluorescerce vult are weakly greenish-yellows however, many of the cellg arcund

the venules between crypis have o similar colour and intensity to the submucosal
mast cells and obviocusly contain 5-HT. Globule leukocytes usually show the
indeterminate green fluorescence but occasgionally ave bright yellow. Intermediate
forms are found between the two mast cell types (Miller, 1968; Furray et al.

1968),

Many of the subepithelial most cells of the bovine and sheep ghow bright
apple~green fluorescence charscteristic of catecholamines.  Some mast cells
are packed with small bright yellow fluorescing gremiles and obviously contain
H-HT. Other cells contain s wixture of yellow and green fluoremcing granules.
The granules of cells within the epithelium have a range of intensity of green
fluorescence. The granmules of some individuzl cells show this range of green
gtaining intensity.

Tt should bhe emphasised Lhel these datz do not show that the so-called
subepithelial mest cells are exclusive o this site; cytochemically similar
cells have been found in other sites bul theszse have not yet heen investigated
fully.

the fine strucﬁural features of the svbepithelial mast cell of the rat
(Miller, 1968) and mast cells of the hovine anl sheep have been delineabed.
“here arve minor differences between the wast cells of the three species, yet the
ginilarities hetweer GlLg and subepithelisl nast cells in each snecies are

strikingly apverent. irantles bounded by unit membranes, =olgi conplexes,
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microvilli and relatively susll amounts of ISHER awe all ieatvures found in GLs

that are common to subepithelial mest cells. In the rat, GLs are found whose
pranules are indistinguishable from the subepithelial mest celle (Miller, 1968;
Murrsy et al., 1968), In the bovine and sheep, the complete range of grznule size
found 1o studies with the light microscope 1s readily seen with the electron
nicrogcope. A spectrum oI cells covering subepitheliasl wast cells through
traasitional cell types to GLs with large graanules is denonslrable. The ultra-
structura’l relationship between the subepithelial mest cell snd the GL emphasises
the already strong histochemical evidence that GlLs are derived Ifrom subepithelial
mast cells,

The wvariation found in gramule structure of the GL may have resulited from
gevaersl different factors. In the bovire and shesp, hisicchemical data point to
a loss of amine and ecid mucopolysaccharide from the gramule; the ultrastructural
changes in the gramuvles possibly reflect thiz loss.

Whur and Johnstone (1967) and Dobson (1966) susgested that there were umany
sinilarities between GLg and immunoglobulin-producing cells, Theyr elaborated
the hypothesis that the globules contain immuncglobulin and that the fuaction
of the GL is to bransport anvibody across the epithelium to the target site.
Doring our gtudies, meny plasma cells were seen, all of which were chzracterised
by the presence of extensive and well-developed LSER. In many cases the
cigternae of RSHER were markedly dilated for form Russell hodies, The latter
were recognised by the presence of mough-surfaced membrane surrounding the dilated
cisternae (Fig. 151), and were al 211 times easily distinguished from wmast cells

and Gls.
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From the guantitative, ultrastructufal and cytochemical data which are
now available, it is possible to trace the gteps in a process which demonstrates
that the GL is derived from the subepithelisl mast cell. In the experimental
conditions used, i.e. active parasitic infections, it can he seen that the
cells involved are in a dynamic gtate. It seems probable that the changes
observed are the result of the maslt cells discharging amines during the course
of wigration and of an accompanying alteration in the relationship beitween
the acid mucopolysaccharide and the basic protein of the gramiles, The end
vroduct of this process is a cell with the staining affinities of the classical GL.

Although the details of the functional effects of this cellulaxr process
have not yet been fully worked out, recenl research has thrown some light on
the possibilities. Jt is clear, for example, that at least some parasities
secrete two substances which have an effect on mast cells. It has long been
knowvm that Ascaris extracts contain a mast cell degranulator and This has been
shown 1o be a peptide with a molecular weight of about 2000-3000 (Uvnis and

Wold, 1967)° N, brasiliensis produces a substance which causes degranulation of

mast cellg, almost immediately after the worms reach the intestine (Jarrett,
Jarvett, Miller and Urquhart, 1967). At this time, a locel vascular leak

is esteblished and the comnective tissve of the villi and the msubepithelial spaces
becomes markedly cedematous. It is possible that this mechenism ie asgsocizted
with the feeding procegses of the worm., During this desranulation, there is

a peak production of CGLs (Jarrett, Jarrett, Miller and Urquhart, 1967). Later

in the infection, the mast cell population regenerates. A sudden episode of mast



cell activity associated with a second peak of production of GLs occurs at the
commencement of expulsion of the worm burdan (Jarrett, Jarrett, Miller and
Urquhart, 1967}. This worm ls krown to produce an aliergen capable of reacting
with reagins and mast cells with the production of anaphylactic shock (Urquhart,
Mulligan, Dadie and Jennings, 19653 Ogilvie, 19643 Jones and Ogilvie, 1967
Wilson, 1967). The expulsive phase of a helminth infection can be accelerated
by vassively adminigtering antiwvorm antiserum and simulianeouzsly producing a

heterologous anaphylactic shock with albumin-adjuvanted Haewophilus pertusgis

(Barth, Jarrett and Urquhart, 1966). It hes therefore been suggested that tho
rast cell~GL transtormation might be associaled with the effector mechanism which
is involved in the trangport of anvibodies from immunoglobulin-producing cells
thzough the bowel wall to the Target siteg on parasites (Jarrett, Miller and

Marray, 1967).



SECTION VI

THE STRUCTURAL CHANGES TN THE BOWEL WADL

ASSOCIATED WITH INCREASED PERMEABITITY TO MACROMOLECULES
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TNTRODUCTION

Isotopically labelled proteins have enabled significant advances to be
made in understanding the role of the gastrointestinal tract in the homeostasis
of plasma proteins in both normal and pathological states. The gastrointestinal
tract has been shown to be involved in the synthesis of immunoglobulins
(Crabbé'and Heremans, 1966) and lipoproteins (Isselbacher and Budz, 19633
Cardell, Bedenhausen and Porter, 1967), in the absoxption of intact gamma
globulin in newborn animals (Brambell, 1957) and in the loss and degradation of
plasma proteins (Holman, Kickel and Sleisenger, 19593 Glass and Ishimori,
19613 Hollander and Howowitz, 1962; Wetterfors, 1964 and 1965; Stanley, 1965).

Excessive loss of plasma protein via the gastrointestinal tract results
in hypoproteingemia, particularly hypoalbuminaemia. Thig ocours in a variety
of diseages in man (Schwartz, 1964; Waldmann, 1966). 4 large number of
technigues have been proposed for the detection and quentitation of gastro-
intestinal plasma protein loss. These have been reviewed by Waldmenn (1966).

Hypoalbuminaemila has been weporited in a number of parzsitic conditions
in cattle and sheep (Table 5). Mulligan et al. (1963) and Wielgen (1966)
using T- -lgbelled albumin and T™ +-labelled polyvinylpyrrolidone (P.V.P.)
demonstrated that there is a leak of macromolecules into the gastrointestinal
traet of bovines with Type IT ostertagiasis, a condition in which severe hypo-
albuminaemia occurs (Anderson et azl., 1965),

In man, hypoalouminaemia has been found in association with giant hyper-

trophy of the gastric mucosa, a condition with many structural features similar
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to ogtertagiasis; it has heen shown using Ilsl-labelled albumin and 1131~

labelled P.V.P. thal the hypoalbuminaemia is the result of excessive loszs of
albumin through the gastric mucosa (Citrin, Sterling and Halstead, 19573
Schwaxrtz and Jarnum, 19613 Dawson, Williams and Williams, 1961; Glass and
Tshimori, 1961). Using the same technique it was demonsirated that the hypo-
albuminaemia found in association with gastric cancer is the result of excessive
loss of albumin into the stomach (Jarnum and Schwartz, 1960; Schwartz and
Jarnum, 1961; Dich, Paaby and Schwartz, 1961l; Glass and Ishimori, 1961
Wetterfors, 1965).

Wo debtailed electron microscopical stuvdies have been made on the structural
changes in the towel wall associated with increased permeability to macro-
molecules., There are a numher of light microscopic studies which deal with
this problem. Schiraldi, Pastore, Strade and Marano (1968) used Cr *—labelled
albumin in a histoautoradiographic study of protvein loss in the intestine of
antifolicntreated rats;y it is known that in such rats albumin is lost into the
bowel. They showed particles of radioactive material associated with capillaries
in the lamina propria and concentrasted in the apical cytoplasm of epithelial
cells; they concluded that protein logs would seem to occur mainly through
epithelial cells. Uging the immunofluorescent technique, Gelzayd, Kraft and
Fiteh (1967) demonstrated IgA in the apical cytoplasm of human rectal mucosal
epithelial cells and in adjacent lymphoid cells, They concluded that IgA pro-
duced in the lympheoid cells entered the epithelial cells and was transported to

the apical cytoplasm. In the foregoing studies labelled material was not

&
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demonstrated in the mid or basal paris of epithelisl cells nor between them.
Therefore it was not clear vhether these macromolecules passed through or between
epithelial cells.

A number of workers have presented evidence Lo show that macromolecules
are capavle of moving across cell membranes under certain conditions. Green,
Fleischer, Barrow and Goldberg,(l959) ghowed that tissue culiure cells, injured
by cytotoxic antibody, permit the passage of electrolytes and larger molecules
across the cell membrane. Jging the {luorescent antibody technigue, Xent
(196'?) demonstrated that, following damage to The cell membrane of ccxdiac
muscle fibres, in patients with myocardizl infaretion, there was increased
permeability of the cell membranes Ho plasma proteins; he found albumin, IgG and
fibrinogen in affected cells. I% has been shown that colloidal particles
( saccharated irvon oxide, thorium dioxide, ferritin) introduced at the basal
surface of the simple squamous epithelium of the corneal endothelium, passed
across the cell membrane and were transported through the cell in membrane-bound
vesicles without appearing in the intercellulzr spaces (Kaye and Pappas, 1962).
In a study of the ultrastructural changes involved in placenlal transfer of
large molecules, Lambson (1966) found that in the visceral yolk sac of the rat,
ferritin passed intracellularly through the visceral endodermal cells in a
gystem of wvacuoles and wvesicles.

A mumbexr of authors have suggested thal macromolecules may pass between
cells and that the Junctions Jjoining cells are important in preserving the

integrity of mucous surfaces with respect to the movement of macromolecules. In
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a discussion on the mechanism of serum protein transier across the bowel wall
Hollander and Hﬁ%owitz (1962) concluded that intercellulax passage was the most
likely route. Dilatation of intercellular spaces has been shown to occur
between epithelial cells in cerdtain protein-losing enteropathies (Schwartz, 1964
Shnitka, 1964; Gonzalez-Licea and Yardley, 1966). On this basis, Schwartz (1964)
concluded that plasma protein loss occurred between cells and not through them,
There is no evidence that dilatation of the space between epithelial cells of the
intestine is necessarily indicative of plasma protein movement. Casggidy and
Tidball (1967) demonstrated that dilaiation of the intercellular space in
intesgtinal epithelial cells of the rat occurred under conditions of enhanced
permesbility and agreed with Diamond and Tormey (1966) who provided evidence of
enlargement of intercellular chammels under conditions of graded water transport
activity in the gallbladder. Heﬁce, dilatation of these spaces would appear

to be related primarily to fluid transport and is not evidence of plasma profein
movement. Dobbims (1966 a and b) in an ultrastructural study of the small
intestine, showed that dilated intercellular spaces were found in normal patients.
however, in his electron micrographs, the intercellular spaces demonstrated were
not of the extent shown in the protein-losing entercpathies.

It was first suggested in 1895 by Boﬁnet and laver in 1911 by Zimmerman that
the terminal bar might act as a diffusion barrier between the lumen and inter-
cellulaxr spaces. It has been shown thalt haemoglobin administered intraperitoneally
to mice was concentrated in the tubules of the neparon and that penetration of
haemoglobin beiween adjacent cell walls stopped invaxiably at the height of the

terminal bar, demonstrating that this structure acted as an elfective bharrier
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against penetration of large molecules (Miller, 1960). Similar results were
obtained using the particulated tracers saccharated iron oxide, thorium dioxide and
ferritin. It was found that these did not penstrate the terminal bars in the
simple squamous epithelium of the rabbit cornea (Kaye and Pappas, 1562). Choi
(1962, 1965) showed that thorotrast and saccharated iron oxide did not entexr the
epithelium of the toad urinary bladder beyond the level of the terminal bhar.

For many years it was generally assumed on the basis of light microscopy
that the berminal bar consisted of bands of condensed intercellular substance
cementing cells together. In 1863, Farquhar and Palade showed that the terminal
bar is a tripartite complex between the juxtaluminal segments of adjacent cells
and that it consists of modifications of lateral plasmalemmats and the associated

cytoplasm. The most apical part of the complex is termed the zomula occludens

or tight junctions; it was shown that this structure can restrict the flow

of macromolecules between cells. To demonstrete this, advantage was taken of the
progressive concentration undexgone by haemoglobin in the renal tubules of the

rat during experimental haemoglobinuria. Haemoglobin, given intravenously ox
intraperitoneally, filtered through the glomeruli and was concenbrated by re-
absorption of water in tubules. It eventually formed a dense homogeneous mass
that £illed the tubular lumina. In a2ll segments, the dense mass was btraced along
the cellular marging down to the level of the occluding zounulae. Beyond these,
the intercellular spaces appeared free of tracer. Since the density of

the material in the junctionmal gaps was considerably lower than that of the

luminal haemoglobin and since there was no evidence of a concentration gradient
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down the Junctional complex, it wasg concluded that penetration of haemoglobin
molecules way effectively stopped along the line of fusion of the adjoining

cell membranes at the zomula occludens. Further demonstration of this was

obtgined hy the same workers using zymogen discharged from pancreatic acini and

ducts. It was shown that no dense material penetrated the zonula cccludens

to accumulate in the intercellular gpace.
Additional evidence that the occluding parts of the intercellular Jjunctions
acted as # barrier to the passage of macromolecules was provided by Brightman

(1962, 1965). Zonmulae adhaerentes { the intermediate part of the tripartite

complex)were demonstrated adjoining the luminal parte of ependymal cells lining

the ventricles of the rat brain. Macnlae occludentes were found at varying

intervals along the lateral cell membrane. Brightman injected ferritin into the
lateral ventricles and found that this tracer readily passed between the zonula

adhaerens but was "occluded'", if only temporarily, by the maculse occludentes.

On a morphological hasis, Farquhar and Palade (1965) considered that the

gonula occludens must be the site of maximal constraint to the diffusion of micro

and macromolecules between cells of the amphibian skin.

Horseradish peroxidase (HPQ) is a substance with a molecular weight of
40,000 (slightly smaller then that of albumin). Its use as a tracer in electron
microscopy hag helped in the understanding of how macromolecules pass from the
lamina propris through the epithelial sheet to the lumen in normal tissues.
Becker, Novikoff and Zimmexman (1967) found that the egress of HFO from the

circulation into tae cerebrospinal fluid via choroidal cells in the rat was
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apparently blocked hy apical zonulae occludentes. HPO was also present within

cells in coated vesicles which appeared to arise from the latersl plasmalemmnata.

Apical intercellular Junctions, namely zonulae occludentes, between

epithelial cells in the small intestine of normal mice appeared to constitute
an effective barrier to HPO which had been administered intravenocusly and lay
between the epithelizl cells (Hampton and Rosario, 1967). It was also found
in vacuoles free within the epithelial cells.

A poggible route for the egress of serum macromolecules, whick is known
to occur to a limited extent in normal healthy subjects, can be postulabed:
macromolecules pass from the lamina propria through the epithelial basement

membrane into the intercellular space as far as the zonula occludens which acts

as a barrier. The macromolecules then vass within the cell to the apical
cytoplasm in vesicles and vacuoles and are discharged.

Considerable evidence has been presented above to suggesl that the zonula
occludens presents a barrier to the movement of macromolecules into and out
of epithelia. However, there are two reports Lhai suggest that this misht not be
the case. Sedar (1966), in a short communication, stated that IIPO passed inter-

cellularly belween zonulae occludentes, zonulae adhaerentes and maculae adhaerentes

(desmosomes) of' the ductuli effercntes of the Syrian hamster. In addition, it

wag shown by Yodaiken (1966) that the zonula occludens did not appear to act as

a bharrier to the movement of lead-gum acacia combinabions from the liver sinusoid
to the bile canaliculus, although the passage of thiz tracer through the zonuls

occludens was not demonstrated.
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Jarvett (1966) discussed the movement of macromolecules through the gastric

mucosa of calves infected with 0. ostertagi and suggested a breach in the

integriiy of the epithelium due to improper fusion ol the zonula occludens between

cellg with the resultant cgress of macromolecules, In addition it has been
suggested that the raised plasma pepsinogen levels found in certain phases of
ostertagiasis (Anderson et al., 1965; Jennings et gl., 1966) might be a marker
of a leaky mucosa. It was theorised that the pepgsinogen secreted into the
lumen was not activated due to the elevated abomasal pH and then passed back
between cells into the circulation (Jarrett, 1966; Jennings, Armour, Kirkpatrick
and Murray, 1967).

Baged on the knowledge that in Type IT ostertagiasis, low serum albumin
levels are found and a loss of macromolecules into the gastrointestinal tract
occurs, a study was made with the light and electron miecroscope of the changes
in the gastrointestinal tract which might be related to increased permeability
to macromolecules. Tissues were exemined from 10 young cattle with Type II

osterfagiasis.

RESULTS

The main pathological features of Type IL ostertagissis are similar to,
but are usually more marked than in Type I (Section III). The lesions are
produced by waves of development and emergence of large rnumbers of previously
inhibited larvae (Anderson.gﬁlgl., 1965) . Therefore, one finds some lesions
of the inhibited phase plus the simultaneous presence of all lesions due to

larval development and emergence (Fig;152). The inhibited fourth stage larvae
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lie in glandsg which are lined by mucous epithelivm; +the associated mesenchymal
reaction is minimal. When these larvae start tc mature, nodules develop as

in Type T (Section IIT); surrounding +these afler emergenée are areas of epithelial
hyperplasig, the gastric mucoss being lined by rapidly-dividing, undifferentiated
cells (Fig. 153), Confluence of nodules leads to extensive hyperplastic aress

of moxrocco leather appearance (Fig. 154) which are devoid of functionally
differentiated cells. Bpitheliel sloughing and necrosis can be extensive

(Figs 155 and 156):; congesbtion may be marked and oedeme is often very severe.

In these areas, the surface mucous cells, normally columnar in shape, are stretched
and flattened (Fig. 157) and the subepithelial Ilymphatics are greatly distended.
Globule leukocytes are numerous (Fig. 158) and lymphoreticular and plasma cell
activity can be marked.

Ultrastructural examinatbion of this hyperplastic mucosa shows that the
outline of lateral cell boundaries of many cells ig delineated by diffusely
diatribubted electron~dense maberial which lies bhetween adjacent lateral csall
menbranes (Fige. 159, 160 and 161}, This material traverses the entire length
of the cell from the bagement membrane to the lumen of the gland and causes
irregular dilatation of the intercellular space. In other areas, patches of
¢lectron-dense material are found between the lateral boundaries of celis {Fig. 162).
In some cells membrane~bound vacuoles, filled with electron-~dense material, sxe
present in the cytoplasm close to the Zateral border (Fig. 163). They are
particularly numercus in the apical cytoplasm.

Bxamination of the Jjuxtaluminal segments of these cells shows that the

electron-dense material lies in the intercellnlar spaces between the lateral
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trilaminar membranes often beyond the macule adhgerens (desmosome) and the

zonulza gdhaerens; these structures are not altered in any way. However,

between mary cells the lateral cell membreanes which form the zonula occludens

are separated (Fig. 164) and the spaces are often filled with electron-dense material

(Fig. 165); in other cases the zonulz occludens ig much ghorter than normal

(Fig. 166). Although the membranes forming the zonuls occludens are usually

in conltact at some point, slectron-dense material is often beyond the points of
iateral membrane contact. It is likely that these poiunts of contact do not

conpletely encircle the cell and hence cammot act as barriers to this electron-
dense muterial. In some areas, although the lateral plasmalemmata formine the

zonula occludens are completely (Fig. 167) or partially sepavabed (Fig. 168),

electron-dense malerial is not presenl between them. Tigure 169 and Figs. 10
and 11 (Seotion IT) show tripartite junctional complexes beltween gastric epithelial
celis in parasile-free animals,

These changes are fouand between all cell types and at all levels of the
fondus and pylorus; they appear  to occur most comnonly bebween undifferentisted
cells. The last observation may be hiased by the fact that in severely hyper~
plastic mucosae the cells present are mainly undifferentiated. It is estimated
that in the cages examined between 50 and 90% of the juncticnal complexes were
affected.

In areas of severe subepithelial oedema (Fig. 157), the interceilular Spaces
are often markedly dilated (Fig° 170) by material of moderale electron density.
The Jjunctionsl complexes belween many of these cells are separated as described

above.,
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The parasite Q. ostertaei can measure up to 10 mm. {Armounr, 1967) and its

presence, therefore, has a considerable physical effect on the gasbric mucosa,
producing stretching and flatiening of epithelial cells in and around parasitiged
glands (Section IIT, Fig. 46). Ilectron micrographs of such fields, show that
these flattened cells are stretched to the extent that they axe partially or

completely torn apart (Figs. 172 and 17%). The zomula occludens between many

of these cells ig shortened (Fig. 171) or completely disrupted (Fig. 174).
Thus, the integrity of the epithelium is breached in two wayss firstly,

by separation of the lateral plasmalemmata forming the zonula occludens belween

cells; sccondly, by the tearing apart of flattened epithelial cells lining glands,
probably dilated by the physical presence of the parasite.
Structural changes also occur in the microcirculation. Junctions between
many endothelial cells lining the pogt-capillary venules ave separated (Fig. 175):
other parts of the microcirculation, i.,e. capillaries and arterioles show no
such change. Lymphatic vessels are greatly distended (Fig., 176).
Electron-microscopic study of the small intestine reveals no structural

abnormalitvies, (Pig. 177).
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DISCUSSTION

HBypoalbuninaemia, the result of gastroenteropathy, has been reported
in associatbtion with a wide range of conditions in men (Waldmann, 1966). In
cattle and sheep, hypoalbuminaemia occurg in a variety of parssitic conditions
(Table 5). In Type II ostertagiasis, Mulligan et al. (1963) and Nielsen (1966)
and in experimental fasciolaisis in rabbits, Dargie, Holmeg, Mzclean and
Mulligan (1967) have demonstrated a loss of plasme macromolecules into the
gut and biliary tract respectively. However, the structural changes in the
vowel wall associated with increased permeability to macromolecules, have not
been described in man or animals.

lectron-microscopic examination of tissues from cattle infected with

0. ostertagi shows electron~dense material lying between enithelial cells lining

the gastric mucosa, extending from the basement membrane along the lateral

boundaries of adjacent cells and passing between open zonulae occludentes into

the lumen. It is probable that this material i1s protein; the basig for this
argument is that its electron density is similar to known protein-containing
gtructures within cells such as zymogen granules.

Previous workers (Jampton and Rosario, 1967; Becker et al., 1967) have

shown Tthat in normal tissue the zomula occludens acts as a site of maximun

regtraint to the egress of macromolccules through epithelial cell sgheets; 1t
appears that material blocked at this level pasgsed within cells to the apiecal
cytoplesm in vegicles and vacwoles.  ‘herefore, the enhanced permeability of

the bowel wall in bovine ostertagiasis to macromolecules is probably due o
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widespread brezkdown of gonulae occludentes. In some areas electron-dense material

ig located in vesicles and vacuoles close to the lateral plasmalemmatas; it is

possible that these occur where the zonulase occludentes are still intact and

are regbraining the egress of macromolecules.

It is likely that this material lying between cells is either albumin
leaking out of {the mucosa énd/or non-activated pepsinogen passing from the gastric
lumen into the cirenlation. Hampbon and Rosario (1967), using corn oil via
stomach tube and HPO intravenously as tracers, demonstrated that these substances,
given simultaneously, use the same route to pass into or to pass out of the
epithelial sheet, i.e. corn oil was absorbed by thez epithelial cells,; passed
into the intercellular space through the basement membrane to lthe lymphatics
while HPC passed from the circulation, through the epilthelial basenent membrane

to the intercellular space up to the zonula occludens and then moved through the

cells in vesicles and vacuoles probably to be secreted into the ilumen. By
analogy, it is possible that albumin is leaking out of lhe rmcosa while pepsinogen
ig leaking in.,

Although the physical presence of the parasilte 0. ostertagi is responsible

for breakdown of cell junctions within certsain glands, most frequenlly sepsration

of the lateral wlasmslemmata forming the zonula occludens occurs between cuboidsl

and coluwnnar cells which do not appear to be streiched. lany of these cell types
are rapidly-dividing non-funclional stem cells, It has been demonstrated that
in the absorptive epithelial cells of the develoning small integtine of the

embryo rat, tight junctions (zonulae occludentes) and desmoscomes do not appear unbil
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day 16 (Dunn, 1967). In addition, Trelstad, Revel and Hay (1966) were able
to find the components of the tripartite Jjunciional complex only in late stages of

chick embryo development. I% is poseible that the zonulae oceludentes between

rapldly~dividing stem cells in the gastric mucoge of cattle with ostertagiasis,
have not had time to become fully formed.

A similar situation may exist in human patients with giant hypertrophy
of the gastric mucosa or with gastric cancer. In both conditions, hypoprotein-
aemia has been shown to be the result of protein logs into the stomoch, It
is possible that the junclbicnal complexes between the rapidly-dividing cells in
glant hyperirophy of the gastric mucosa and between cancer cells, are not
completely formed, thereby allowing plasma macromolecules bo leak into the
stomach.

This hypothesis is not supvorted by the finding of open zonulse occludentes

between fully differentiated gastric epithelial cells.

Jn many parasitic infections in domesgtic animals, low blood calcium and
magnesimm levels have been found. Nielgen (1966) recorded hypocalcaemia in
bovine ostertagiasis and suggested that the calcium loss was found to albumin
leaking into the gut. There is considerable evidence that the structural and
phygiological integrity of cells depends on the electrostatic binding of cell-to-
cell surfaces by divalent cations. Jones (1966) and Jones (1966) demonstrated
the importance of calcium and magnesium in cell adhesiveness. Sedar and Forte
(1964), using the chelating agent ethylenediamine tetra-acetic acid (BHTA),
produced considerable allteration in tripartite Junctional complexes between

varietal cells in the gastric mucosa of the frog Hans pipicns. There was marked
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separation of the apposed leaflets of lhe lateral cell membranes of the zorula

adhaerens and the macula adhaerens (desmosome). The changes in the zonuls occludens

were not so obvious and it was suggested that a stronger binding component
existed between adjacent cells at this level., However, they did find an
increased frequency of separstions or openings of the membranes in this area in
EDTA-treated sections. These investigators concluded that the reduetion of

the trans-mucogal potential diffeorence which must lead to increased permeability
was vroduced by calcium depletion and was the result of the creation of extra-
cellular channels bebween epithelial cells. Cassidy and Tidball (1967) found
that EDTA provoked a fiveiold increase in membrane permeability of the small
intestine of the rat to phenolsulpnthalein (phenol red); at the same bime, the
mucosa content of magnesium and calcium deoreased significantly.  Although bthey

demonstrated areas of intercellular distension beyond the zonula occludens and

the gonula adhaerens and in the desmosomes in common with Sedar and Forte (1964),

they found changes in the zonula oceludens in only one of 200 examined and

congidered Tthis to be a preparation artefact. They concluded that phenol red
with a molecule size of %0 % conld not have pagsed between cells bult must have
moved into then. It has been shown that the bladder mucose of the toad is only
slightly permeable to inulin {molecnlar weight = 5,500) (Heys, Singer and
Malamed, 1965). ‘'he withdrewal of calcium hy means of FDTA vresulted in complete
disscciation of the cell lateral junctions and a 60 times increase in the
permeability of the mucosa. It may be that altered mineral metbtabolism found

in some varasitic conditions interferes with the structural integrity of the



tripartite Jjunctional complexes joining epithelial cells resulting in increased
permeability.

On the other hand, it is possible that serum proteins, once released from
the circulation, force their way between epithelial cells and by their physical

resence break down the zonulae vccludentes. This is probhably true 1o some
¥

extent in severe osbtertagiasis where marked accummulatbtion of protein=rich fluid
cccurs in the subepithelial tissue of the folds; ultrasiructural examinalicn
of these arean shows marked dilatation of intercellular spaces of surface mucous
cells by moderately electron~dense materisl, probably proteinaceons fluid, and

separation of the lateral plasmalemmata forming the zonula ocecludens. Howaver,

opening up of the zonulase occludentes also occurs hetween cells in areas where

little oedema is present, i.e., hyperplastic areas and in the pylorus where the
macosa, is arrvanged in shallow folds and oedema is never marked; it is likely
that some mechanism other than physical force iz responsible for the breskdown
of these cell Junctions.

Neilsen (1966) congidered that thc leakage of serum proteins into the gut
in bovine ostcxtagiasis was not confined to the diseased organ, the hyper-
plastic paragitised abomasum, but occurred also in the small intestine. In
this study, ultrastructural changes probably related %o protein leak were confined
to the funcdus and the pylorus.

The Junctions between endothelial cellsg lining many post-czpillary venules
are separateds; such a change is indicative of enhanced permeability of the
microcireulation to macromolecules (Majno, Palade and Schoefl, 1961; lMovat and

Fernando, 1964: Cotran, 1967; and Karnovsky, 1967). ‘'he use of macromolecular
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tracers to determine the site and exitent of this vascular leak proved to be
technically impossible in the bovine, Mast cells known to contain S5-hydroxytryptemine
are located in the vicinity of these blood vessels (Murray et al., 1968; Section

V) and it is known that junctions between endothelial cells in venules are
particularly sensitive 1o vascactlive amines such as histamine and 5-HT.

That the release of such amines is responsible for the enhenced permeshility
of the microcirculation of the hovine gastric mucoga is likely, but has not yet
been demonstrated. Vasoactive amines, once released, may also have some effect
on the permeability of the epithelial sheet.

Since the gagtrointestinal tract is an important site of immunoglobulin
synthesis (Crabbe and Heremans, 19663 Gelzayd eb al., 1967), “he movement of
macromolecules across the bowel wall may be lmportant not only in tha increased
loss of albumin, but also in the transport or passage of locally-produced antibody

to target sites on parasites within the gut.
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Following a Single Oral Inoculation of 300,000 O, ogtertagi Larvae

APPENDIX 1 ~ Tgble 1

Total Serum Proteins (ems/100 ml) of Calves

CALF  XoO. Group Mean &

Day 1 2 3 il 5 Standard Error
0 6.2 6o 6.0 640 €.1 6.1 0.07

4 6.3 6.6 62 6.1 5¢8 £a2 0,11
7 6.3 6.5 65 Eod 5eT 6o 0.15
9 5e7 6.0 6.7 549 5e3 50 0425
11 5.9 6.0 6ol 6.0 5.4 569 0.12
14 646 6e3 6.1 6.0 5.1 6.0 0.25
16 bedd 645 6.2 6.2 5.2 6.1 0.2%
18 6.2 6.7 6ol 6.2 52 6ol 0e25
21 6ed 6.6 549 642 Ded 6.1 0.19
23 6.0 6.9 5.8 6.1 5¢5 6.1 0.23%
25 6.9 7.0 6.2 6.4 5.6 6.4 0.26
28 5.8 5.5 i} 6.8 5.8 640 0.29
55 6.1 6ed - 6.5 5.6 6.2 0.20
42 643 6ed N 6o 5.9 6.3 0.17
49 642 €3 . 6.3 5.8 6.2 0.12
56 6.7 6ed - N 6.0 6.4 0.20
Mean. 6.3 6ed 642 6.3 56

Stancand 0.32 0436 0426 0,27 0.30

N =

Necropeied
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APPENDTX 1 - Table 2

Serum Albumin Levels {ams/100 ml) of Calves

Following a Single Oral Inoculztion of 300,000 0. ostertagi Larvae

135

CALF 0. Group Mean &
Day 1 2 3 4 5 Standard Error
0 2.2 2.9 243 2.7 2. 2.6 0,13
4 2.2 2.4 245 2.6 2.4 2e4 0.07
7 2ed 2.4 2,7 2.6 2.3 2.5 0.07
9 24 2.5 2.8 2,6 2s4 245 0.07
11 2,1 2,3 2.7 2,6 2,3 2.4 0.11
14 243 245 2.9 2.4 242 245 0.12
16 2.6 2.3 242 2.9 2.5 2.5 0.12
18 2.6 2.8 2.8 2.6 242 2.6 0.11
21 2.1 245 Z2e4 243 2.5 2¢3 0.07
23 244 2.1 24 243 2e2 2¢3 0.06
25 2.0 2edl 244 243 253 2.3 0.07
28 2l 1.9 N 245 2.1 2.2 0.14
35 2.1 2.3 - 2.7 263 2.4 0.13%
42 242 2.2 - 2.5 2.1 2¢3 0.09
49 2.3 2.3 - 2.3 2,5 2.4 0.05
56 2.4 2,2 - ] 2.5 2.4 0.09
Mean 243 2.4 2.6 2.5 2.3
> vandaxd 0.05 0.06 0.07 0.05 0.04

N = Necropsied
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AUTHOR'S NOTE

Thie thesis is presented in two volumes because it containg a large
number of micrographss; the first contains the text and the second, the

illustrations.
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GG

GL

GP

1

ABBREVIATIONS

Auer hody
basement membrane
centriole

capillary

cytoplasmic fibrils

epithelial cell

elegtron~dense material

enterochromalffin cell

eoginophil leukocyte

fibrils

gramale

glycogen

golgi complex

gasitric gland

globule leukocyte

gastric pit

interdigitations

IC

Is

LY

M

MA

MC

)

MO

Pa

Pl

pl

Po

PP

intracellular canaliculi
intercellular space
lymphocyie

lymphatic vessel

mitochondria

macula adhaerens
mast cell
micous neck cell

macula occludens

parasite

progranule

parietal cell

plasma cell

platelet

polymorphonuclear leukocyte
post-parasitised gland

red blood cell



RSIR = rough-gurfaced endoplasmic reticulum

3 = surface mucous cell
%C = trangitional cell

U = undifferentiated cell
v = vacuole

v = vesicle

4 = zymogen cell

ZA = zonule gdhaerens

Z0 = zomila occludens
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GENERAL INTRODUCTION
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Bovine abomasum with severe ostertagiasis.

Note

Figure 1.

morocco leather appearance of mucosa (confluence of

and reactive lymph nodes.

lesions)



SECTION I

PREPARATION OF BOVINE GASTRIC MUCOSA

FOR _ELECTRON MICROSCOPICAL EXAMINATION,




Figure 2.

Y “;
ol ‘,{;/"‘

e S R

Tissue fixed in solution 1 {osmolality = 250 milliosmoles/
litre) showing swelling of mitochondria with breakage of

cristae mitochondriales, dilatation of cisternae of RSER

and separation of membranes encircling the nucleus. x 10,000,

o



Figure 3, Tissue fixed in solution 7 (osmolality = 450 milli-
osmoles/litre) showing marked shrinkage and

dilatation of intercellular spaces. x 12,500,



Figure 4.

Tissue fixed in solution 12 (osmolality =

310 milliosmoles/litre) showing swelling
of mitochondria with breakdown of cristae

mitochondriales and some separation of the

cisternae of RSER. x 12,500,



Figure 5,

Tissue fixed in solution 16 {osmolality =

550 milliosmoles/litre) showing marked
shrinkage and dilatation of intercellular

spaces. x 18,750.



Figure 6.

Tissue fixed in solution 15 (osmolality =

480 milliosmoles/litre) showing cell
shrinkage and dilatation of intercellular

spaces. x 12,500,



d in solution 17 (osmolality = 290 milli-

ixe

Tissue f

Figure 7.

f

ion O

showing good preservat

itre)

osmoles/1

x 6,000

organelles and exact cell apposition.



SECTION IT

THE FINE STRUCTURE OF THE ABOMASAL

MUCOSA OF THE PARASITE-FREE _BOVINE




Figure 8
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Gastric mucosa in fundal gland area showing gastric pit (GP)
descending into gastric gland (GG)., HNote that the gastric
glands are straight tubules lined by surface mucous and
mucous neck cells (S and MN), parietal cells (Pa) and
zymogen cells (2). The gastric pit is about one quarter

of the total thickness of the mucosa and is lined by surface

mucous cells. picro-Mallory. x 390.
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Figure 10.

Tripartite junctional complex between surface mucous cells.

Note the 3 components of the complex, the zonula occludens

(Z0), the zonula adhaerens (ZA) and the macula adhaerens

(MA) or desmosome. Fixation 4% glutaraldehyde. x 90,000.

boa



Figure 1ll.

Tripartite junctional complex between pyloric gland cells.

Note the focal splitting ( * ) in the zonula occludens and

the cytoplasmic fibrils converging on the desmosome.

Fixation 1.5% glutaraldehyde. x 135,000,

: 8 |



Figure 12.

Macula adhaerens (desmosome) between zymogen cells.

Fixation 4% glutaraldehyde. x 135,000.

12



Tripartite junctional complex between surface epithelial
cells in the small intestine. Note that the components
present are similar to Figs. 10 and 11.

Fixation 1% osmium tetroxide. x 75,000,

13



14

Surface mucous cell with extensive golgi complex (GC)

e 14.

Fi

Note elaborate

and numerous eleciron-dense granules.

interdigitation of lateral plasmalemmata (I).

x 7,500.

on 1% osmium tetroxide.

i

Fixat



15

Surface mucous cell with numerous electron-dense granules

in apical cytoplasm.

Fixation 1.75% glutaraldehyde.

x 12,500.



Figu__re 16 0

Surface mucous cells with numerous granules of
low electron density in the apical cytoplasm.

Fixation 4% glutaraldehyde. x 8,000.
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Figure 17.

Granules of varying electron density in apical cytoplasm of a

surface mucous cell. Fixation 4% glutaraldehyde. x 30,000.

17



Figure 18.

Mucous neck cell with prominent golgi complex

(6C) and apical granules containing patches of

electron-dense material. Fixation 4% glutaraldehyde.

x 9,000.

i8



Figure 19.

Mucous neck cell with granules packing the apical
cytoplasm and indenting the nucleus. Note the
elongated mitochondria (M). Fixation 4%

glutaraldehyde. x 12,000,

19



Figure 20.
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Mucous neck cell with granules in apical and basal cytoplasm.

Fixation 4% glutaraldehyde. x 12,500.

20



Figure 21.

Parietal cell between mucous neck cells showing intracellular
canaliculi (IC) encircling the nucleus and a large number of mito-
chondria. Note the interdigitations of the basal plasmalemmata

(}). Fixation 4% glutaraldehyde. x 10,000.

21



Figure 22.

Parietal cell with extensive intracellular canaliculi lined by

numerous microvilli some of which contain mitochondria ( T Y

Fixation 4% glutaraldehyde. x 7,500.

]
')



Figure 23.

Parietal cell with intracellular canaliculi
nucleus. Note the associated vesicles (v).

2% glutaraldehyde. x 12,500.

encircling the

Fixation

L]
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Parietal cells with elaborate intracellular canaliculi and

e 24.

Fi

numerous mitochondria lined by closely packed transverse cristae

x 18,750.

Fixation 4% glutaraldehyde.

mitochondriales.




Zymogen cell with electron-dense granules in the apical
cytoplasm and an extensive paranuclear golgi complex

(6c). Fixation 1.75% glutaraldehyde.  x 15,000.

]



Zymogen cells with electron-dense granules and extensive

golgi complex (GC) capping nucleus. Fixation 2%
glutaraldehyde in Tyrodes (osmolality = 430 milliosmoles/

litre). x 12,500.

o



Figure 27.
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Zymogen cell showing parallel stacks of RSER.

Fixation 1.5% glutaraldehyde. x 15,000.

-]



Figure 28.

Fibril-containing cell showing bundles of fibrils
(f) and pseudovacuolation of cytoplasm. Electron-
dense granules of the size and shape of those in
the associated surface mucous cells are in the
apical cytoplasm. Fixation 1.5% glutaraldehyde.

x 18,750.

IRV
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Fibril-containing cell between surface mucous cells showing
longitudinal and transverse bundles of fibrils (f) and an
extensive golgi complex (GC). Fixation 1.5% glutaraldehyde.

x 22,500.
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Figure 30.

Fibril-containing cell with bundles of fibrils
passing into microvilli and granules similar
to those in associated mucous neck cells.

Fixation 4% glutaraldehyde. x 17,500,

30



31

Note

Fidbril-containing cell associated with zymogen cells.

Figure 31.

the bundles of fibrils and the degenerate pseudovacuolated

Fixation 2% glutaraldehyde in Tyrodes (osmolality =

cytoplasm.

» 500,

x 12

430 milliosmoles/litre).



: “;?
<% i:*

Figure 32.

Enterochromaffin cell with small electron-dense granules.

Fixation 4% glutaraldehyde. x 18,750.

)



FPigure 33.

Pyloric gland cell packed with granules of varying size and

electron density. Fixation 1.5% glutaraldehyde. x 12,500,

33



34

gland cell with granules of varying size and

Pyloric

Flme 34 ®

electron density and a prominent paranuclear golgi complex

x 12,500.

Fixation 1.5% glutaraldehyde.

)s

(cC



Fi

Enterochromaffin cell in pylorus. Note the basally
located granules and thin apical prolongation extending

to gland lumen. Fixation 1.5% glutaraldehyde. x 6,000.

ot



SECTION TIT

THE DISEASE PROCESS




Figure 36. Day 4.
a) Slightly umbilicated nodule with a gland, moderately

dilated by the presence of a larva, at the centre.

Note that the surrounding glands appear normal. x 140.
b) Note the low cuboidal undifferentiated cells lining this

gland and the presence of a single parietal cell (Pa)

% 525

36
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Day 10. 'he parasite is now larger and the gland
more dilated. Note that the surrounding glands are
normal although a few are slightly dilated and are

lined by flattened epithelium ( T Ve x 140,
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Figure 38.

Day 17.

The primary nodule.

Raised umbilicated lesions

in a fold and interfold area of the abomasum.

38



39

Figure s+ Day 17. a) licroscopic appearance of a primery nodule. x 45

b) lMicroscopic appearance of = primary nodule. x 45,



Figqure 40. Day 4. Flattened undifferentiated cell lining parasitised gland.

4

lNote the oval granules (G) and the interdigitations of the lateral

plasmalemmata (I). Fixation 4/ glutaraldehyde. x 10,000,



Figure 41.

Day ]_Oo

Cuboidal cells lining parasitised gland.

oval and discoid granules (G), the apical golgi complex (ac)

and the elaborate interdigitations

Note the

of the lateral plasmalemmata
(I). Fixation 4% glutaraldehyde. x 10,000.
Y

41



Figure 42.

Day 10. Cuboidal cells lining parasitised gland. Wote the

apical content of oval and discoid granules and the presence
of a parasite in the lumen of the gland (P).

Fixation 4 glutaraldehyde. x 12,500,
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Figure 43,

Day 17. Columnar cell lining parasitised gland. lNote
the apically-situated oval granules (G), the suprarmclear
golgi complex (GC), and the interdigitations of the

lateral plasmalemmata (I). Fixation 4% glutaraldehyde.

x 14,000,
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from a gastric

o
=)

a) Adult O. ostertagi emerging

Day 18.

Fioure

x 45,

gland.

gastric

av

from

emerging

i

T
ot =T

Q. ostertac

b) Adult

Note the stretching and dilatation

gland.

(T Q)Y
<

b

of surrounding; glands ( ? ).
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ostertagi emerging from

Adult 0.

Day 20,

Fiqure 4

Note the stretching of

a gastric gland.

the three immediate surrounding glands ( T Vs

x 45,



Figure

S

(@ 5%

Day 20. Idicroscopic appearance of secondary nodule.

The adult parasite has emerged leaving a distended
gland surrounded by glands which are dilated and

lined by flattened epithelizl cells. % 50

46



Pirure 47.

Day 18.

47

a) Parasitised gland lined by ta2ll mucus-secreting cells. The
immediate surrounding gland is lined by flatitened undifferentiated
cuboidal cells ( t ). The outer glands are still normal. x 520.

b) High power of Fig. 45. Yhe three glands surrounding the
parasitised gland are lined by cuboidal undifferentisted cells
although porietal cells (Pa) are still present. The

surrounding glands are normal ( 1 ). x 260,



Figure 48.

Day 25. Glands surrounding post~parasitised

gland (PP). These glands are lined by low cuboidal
cells which show no functional differentiation.

Hote single parietal cells (Pa) scattered throughout

these undifferentiated cells. % 150,
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49

Coalescence of secondary nodules with

Day 25.

Figure 49.

resultant loss of functionzal gastric mucosa over a

x 50.

considerable area.



Ficure 50.

Day 25. Area of overlap between two secondary
nodules. The glands are lined by cuboidal rapidly-
dividing ( f ) undifferentiated cells. Parietal
cells (Pa) can still be identified. x 150.

50
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Coalescence of secondary nodules.

Day 25.

Figure 51.



Figure 52, Day 25. Individual nodules with a visible central orifice

surrounded by an elevated area of hyperplastic cells.



Figure 53,

Day 24. Wecrosis and sloughing of the surface mucous
cells. Adult worms lie in an exudate of protein,

polymorphs and clumps of bacteria. x 45.

53



54

Adult worm lying in a diphtheritic membrane.

Day 24.

Yicure 54.

Note the large number of plasma cells in the adjacent

x 525,

lamina propria.



Ficure 55. Day 24. Irregular plaquesg of diphtheritic membrane

on the surface mucoga of the abomasum.



Ficure 56.

Day 27.

mucosa.

Severe oedema of the hyperplastic gastric

Note the dilated lymphatics ( | ) and the

stretched surface nucous cells. X 525



Fipure 57.

Day 21.

Severe congestion and haemorrhage of

the gastric mucosa. x 130,

S%



Figure 58.

Day 26.

debri.

Posteparasitised gland distended with purulent
x 45,

58



Mizure 59.

Day 29. Lymphoid nodule in the lower gastric gland area
breaking through the muscularis mucosa to the submucosa,

Note the presence of a small blocd vessel ( 1 )e x 50.
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60

Parasite breaking out of gastric

Day 27.

Figure 60.

Note the intense

gland into the submucosa.

x 45.

associated eosinophil response.



Day 22. Colwmar cells lining gland which has formerly

contained a parasite. Hote the round and oval apical

granules (G), the interdigitations of the lateral plasma-

\ 1 N 1 3 . +- . .
lemmata (I) and the electron-dense material (ED) dilating

X1 - 2 o " - P -
the intercellular spaces. B

ixation M5 glutaraldehyde.

x 6,000.
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Fizure 63.

ay 25. Juxtaluminal segment of cells lining post-

parasitised gland. Note the separation of the lateral

plasmalemmata of the zonula occludens (20 inset) and the

electron-dense material ( 1 ) lying in and dilating t

v

intercellular space. Fixation : glutaraldehyde.

x 75,000 (inset x 120,000).
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Fijure 64.

Day 21. stretched mucous neck cells lining dilated glands.

Fixation 4% glutaraldehyde. x 12,500.
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Fimure 62.

Day 21. Stretched zymogen cells, recognised by parallel stacks

of RSER, lining dilated gland in the vicinity of a parasitised

gland. Fixation 4% glutaraldehyde. x 10,000,
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Figure 66.

i g
i Sy

’
AR e
(NI o i B

Day 23. Flattened zymogen cells lining dilated gland. Note

the sparsity of pepsinogen granules.

x 16,000,

-

ixation 4

glutaraldehyde.
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i"iE;ure ()7 -

Day 23. Part of stretched parietal cell lining dilated
gland. ‘he intracellular canaliculi (IC) are markedly
dilated and communicate directly with the lumen of the
gland, Note the capillary in the lamina propria containing
a red blood cell (R) and a platelet (p1).

Fixation 4;: glutaraldehyde. x 12,500,
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Firure 69.

Day 30.

Undifferentiated cell showing same

structural features as Fig. 68, Pixation 1.5%

glutaraldehyde. x 12,500.
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Figure 70.

Day 27. Juxtaluminal segment of undifferentiated cells showing

= g5l

electron~denge material lying in and dilating the inter-
ying g
cellular space. Inset shows the material between the lateral

plasmalemmata of the zonula occludens (Z0).

Fixation 1.50 glutaraldehyde. x 75,000 (Insert x 120,000).
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Ficure 71.

Day 22.

cytoplasm

Fixation

Parietal cell with a degenerate pseudovacuolated
and lacking intracellular canaliculi.

glutaraldehyde. x 10,000,

g /it 4
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B
figure 735.

Day 27.

Dilated intracellular

a few microvilli. Fixation 4%

X /lr),OOO~

canaliculil lined

glutaraldehyde.
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Day 25, dymogen cell showing marked reduction in size
and number of pepsinogen granules present. Note the

degenerate pseudovacuolated cytoplasm in the associated

parietal cells. Pixation 4% glutaraldehyde. x 8,000,
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Fi:ure 76.

Day 28. Surface mucous cells in area of
oedema., The dilated intercellular spaces

material of mocderate electron density.

Fixation 1.5/ glutaraldehyde. x 9,000.

submucosal

contain

76



l"iﬁ-‘ure Tl Day 28. Dilated intercellular spaces between surface
muicous cells in area of submucosal oedema. Fixation

1% osmium tetroxide. x 6,000,



Ficure 78.

Day 25. Arteriole packed with red blood c

Fixation 1.5% glutaraldehyde. x 9,000.
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Figure T79.

Day 25. Capillary containing red blood cell (R) and

a platelet (pl).

Pixation 1.5

glutaraldehyde.

x 12,500.
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¥3;ure 80.

Day 27.

in venule.

B £ 57

Eosinophil leukocyte (Eo) and lymphoecytes (L)

Fixation 1% osmium tetroxide. x 10,000.
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figure 81.

Day 26.

Polymorphonuclear leukocyte (Po) in capillary.

Fixation 1% osmium tetroxide. x 18,750.
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Pigure 82.

Day 28.

Opening between two endothelial cells lining

venule ( 1 3 Fixation 4% glutaraldehyde. x: 15,000
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Day 27. Separation of lymphatic endothelial cells.

Fixation 1.5% glutaraldehyde. ¥ 15,000,

A4
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Figure 84.

Day 27 .

Intact zonula occludens (Z0) between two endothelial

cells in capillary. Fixation 1% osmium tetroxide. x 75,000,

84




Figure 85.

Day 27. Macula occludens (MO) between two

endothelial cells in capillary.

osmium tetroxide. x 75,000,

Fixation 1%



Figure 86.

Day 63. Gastric mucosa has almost returned to
normal . Note the distended gland which formerly
housed a larva. The surrounding glands contain
their full complement of mucous neck (MN), parietal
(Pa) and zymogen cells (Z2). x 140.
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Pigure

87.

Day 42.

"Thumb-print" lesion ( 1 )

8%
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Fixation 1.5% glutaraldehyde.

x 12,500,



Figure 89,

Day 35. Developing mucous neck cell showing apical
content of large round granules (G), extensive
paranuclear golgi complex (GC) and fairly straight
lateral plasmalemmata. Fixation 4. glutaraldehyde.

x 19,000.
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Pisare 90, Day 42. Developing mucous neck cell showing elongated
mitochondria (M), large round granules (G) in apical
cytonlasm, extensive golgi complex (GC) and straight
lateral plasmalemmata. Fixation 4% glutaraldehyde.

x 12,500.



Ficure 91.

Day 29. Developing parietal cell showing poorly
developed intracellular canaliculi (IC), granules
of moderate electron density and interdigitations
of basal plasmalemmata (I). Fixation 1%

glutaraldehyde., x 15,000.
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Day 35. Developing parietal cell showing lack

of intracellular canaliculi, extensive paranuclear
golgli complex (GC) numerous mitochondria lined by

many transverse crigtae mitochondriales and elaborate

interdigitations (I) of basal plasmalemmata.

Fixation 1.5% glutaraldehyde. x 10,000,
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Pigure 94.

Day 35. Developing parietal cell showing limited

development of intracellular canaliculi (IC) and
interdigitations (I) of basal plasmalemmata.

Fixation 1.5% glutaraldehyde. x 15500
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Figure 95.

Day 42. Developing parietal cell showing limited

o > A \
development of intracellular canaliculi (IC numerous
i ’

mitochondria (M) with many transverse cristae mitochondriales,

and elaborate interdigitations (I) of basal plasmalemmata.

Fixation 1.5% glutaraldehyde. x 6,000.
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Figure 96

Day 35. Developing zymogen cells showing stacks of RSER
parallel to the lateral and basal plasmalemmata and an extensive

golgi complex (GC). Fixation 1.5% glutaraldehyde. x 12,500,
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Figure 97.

Day 35.

Developing enterochromaffin cell containing

a few electron-dense granules (G) and an extensive

golgi complex (GC). Fixation 1.5% glutaraldehyde. x 12,500.
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FPicure 98.

Day 25. Small lymphocyte containing centrioles (C)

and mitochondria (M) with only a few cristae mitochondriales.

Fixation 1% osmium tetroxide. x 25,000,

-3
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Figure 99.

Da.y 25.
(A )

Small lymphocyte containing Auer bodies

Fixation 1% osmium tetroxide. x 18,750.
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Day 25. Plasma cell showing numerous moderately dilated
cisternae of RSER and a large paranuclear golgi complex

(GC). Fixation 1.5 glutaraldehyde. x 18,750.
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U

lasma cell which appears to show uncoiling of RSER

Fipure 104. I

and an extensive golgi complex (GC).

Fixation 1% osmium tetroxide. x 10,000.
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Figure 105. Plasma cell with cisternae of RSER greatly

distended by electron-dense material to form
Russell bodies. Fixation 47 glutaraldehyde.

x 10,000,



106

Fizure 106, Macrophage lying in close proximity to mast celil.
lote the abundant cytoplasm and the well-developed
golgi complex (GC). Fixation 1.757 glutaraldehyde.

x 12,500,
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Figure 108, Fibroblast (F) apposed to epithelial basement membrane
and mast cell (MC). Fixation 1.75% glutaraldehyde.

x 6,000.
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Figure 109, Fibroblast with abundant irregularly dilated and orientated
cisternae of HSER with numerous interspersed oval mitochondria,

Fixation 1.% glutaraldehyde. x 18,000.
A4 N, ’



110

Figure 110. Hosinophil in venule. The cytoplasm is packed with

round electron-dense amorphous granules.

Fixation 1.5 glutaraldehyde. x 13,000.
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reniform nucleus and numerous round and

Bosinophil with

:
&

Figure 111

oval electron-dense amorphous granules.

Fixation 1.%%%

» 7150.

araldehyde. % 18

Tut

24
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Figure 112, Eosinophil in lamina propria of gallbladder of parasitised

sheep. Most granules are pear-shaped or cigar-shaped

and have a patterned matrix usually with a central bar.

J

"

Fixation 1.° ‘lutaraldehyde. X y D00,
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Pigure 1135. Granules in ovine eosinophil showing a variety of

patterns. Fixation 1.5% glutaraldehyde. x 60,000,
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Figure 114, Granules in ovine eosinophil showing a variety of
of patterns. Fixetion 1.5% glutaraldehyde,

x 60,000,
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Figure 115. Cigar-shaped granules with a central rectangular bar
in ovine eosinophil. FPFixation l.5jc glutaraldehyde.

¥ 120,000
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Figure 117.

Polymorphonuclear leukocyte apposed to capillary (Ca).

Numerous round, oval and elongated granules and electron-
dense particles of the nature of glycogen (g) are present

in the cytoplasm. Fixation 1.5% glutaraldehyde. x 12,000.

1%



SECTION IV

STRUCTURAL AND FUMNCTEIONAL CHANGES ASSOCIATED WITH

THE USE OF THIABENDAZOLE TN BOVINE OSTERTAGIASIS
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Figure 118. Day 28. Group 1. Coalescence of secondary nodules
with resultant loss of functional gastric mucosa over
a considerable area. Parietal cells ( 1 ) ican still

be identified amongst the rapidly-dividing non-differentiated
cells., % 505



Figure 119
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Day 28. Group 2.

2)

Coalesced secondary nodules. Note the increase in
the number of the parietal cells present in the

hyperplastic mucosa. X4 D

High power of same area. Parietal cells (Pa) =nd

zymogen cells (Z) are easily recognised. x 140.
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Figure 120. Day 28. Gr.up 2.

a)e Note the return of the parietal cell mass. x 45.

b) high power of same field. x 140.
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Figure 122, Parietal cell in the gastric mucosa of calf treated with
Thiabendazole (Group 2). The intracellular canaliculi
are extensive and are lined by numerous microvilli.

Fixation 1.5% glutaraldehyde. x 10,000,



Figure 123.

Parietal cell in gastric mucosa of calf treated with
thiabendazole (Group 2). The intracellular canaliculi
are extensive and lined by numerous microvilli. Note
the dilated canaliculus ( 1 ) lined by only a few

microvilli. Fixation 1.5% glutaraldehyde. x T7,500.
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Pigure 124.

Parietal cell in gastric mucosa of calf treated with thiabendazole
(Group 2). The intracellular canaliculi are extensive and lined
by numerous microvilli. Note the dilated canaliculus ( f )

lined by only a few microvilli. Pixation 1.5
x: T4500.

glutaraldehyde.



SHCTION ¥

THE GLOBULY LEUKOCYTE AWND JITS5 DERIVATTON

TROM THE SUBKPITHELTAL MAST CELL




Firure 125. Toluidine blue (O.‘)‘, at oH /1.5)

a)

b)

Note the metachromasia of mast cell (1MC) and

GL sranules. x 1050.

Note the metachromasia of mast cell (MC) and

GL granules. x 420.
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FPicure 126.

o) << Aot M ot A4

a) Astra blue (0.5% at pH 0.3). Mast cell granules

(MC) stain bright blue. Note the rimming of GL

granules with astra blue positive material. x 420.

Biebrich scarlet (0.04) at pH 10). Note the
bright red staining of mast cell (MC) and GL

granules. x 420,
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Figure 129,

Falck technique for monoamines. Granules

in mast cells (MC) show a yellow to green
fluorescence. The intensity of fluorescence

1
J

of GL granules is reduced. x 1050,

)
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Figure 130. Acridine orange (0.001%). Transitional cells (TC) containing

small granules which fluoresce orange and larger granules which

fluoresce green or yellow. x 600.



Figure 131.

a) Toluidine blue (0.5% at pH 4.5). Bile duct in

sheep infected with F. hepatica. Note the
metachromasia of mast cell (MC) and GL granules.

x 420.

b) Astra blue (0.5% at pH 0.3). Bile duct in sheep

infected with F. hepatica. Mast cell granules
(MC) stain bright blue. Note the range of blue

staining of GL granules. x 420.
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Fipure 132. a) Picro-Mallory. Gallbladder in sheep infected with

F. hepatica. I

epithelium and in the lamina propria. x 420.

umerous GLs are present within the

b) Biebrich scarlet (0.04% at pH 10). Gallbladder
in sheep infected with F, hepatica. The mast
cell (MC) and GL granules are bright red. Note

the red halo around some granules ( ? Yoo x 4205



Nr

Fisure 135, Acridine orange (').\.Ml, ) Bile duct in sheep

infected with F. hepatica., Mast cell granules

(MC) are orange, transitional cell granules
(TC) are orange or green-yellow and those in GLs

are green or yellow. x 420.
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Figure 134. Subepithelial mast cell lying closely apposed to plasma
cell (P1l) with markedly distended cisternae of RSER.
Fixation 1.5% glutaraldehyde. x 18,000.
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Figure 135. Mast cell bordering epithelial basement membrane. Part
of GL can be seen within adjacent epithelium.
Fixation 1.75% glutaraldehyde. x 10,00Q.
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Figure 136. Mast cell showing range of changes in granules. Note the
reticulated appearance of certain granules ( f ) 8
Fixation 1.% glutaraldehyde. x 15,000,



13%

Mast cell granules bounded by smooth-surfaced unit membranes.

Figure 137.

Fixation 1.5%

Note the rupture of the granule membrane ( 4 ).

x 75,000.

glutargldehyde,
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Figure 138. Mast cell containing complement of uniformly electron-dense
amorphous granules. Fixation 1.75% glutaraldehyde.
x 12,500.
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Mast cell with a well-developed golgi complex (GC).

Fixation 1.75. glutaraldehyde.

re 139.

Fi

x 22,500,
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Figure 140. Golgi complex in mast cell. Many smooth-gurfaced profiles are

present; some are dilated to form vacucles (V) and may contain
electron-dense material, progranules (p). Note the associated
vesicles (v) and centrioles (¢). Fixation 1.5% glutaraldehyde.
x 50,000.
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Figure 141. Globule leukocyte lying beiween surface mucous cells

(s). FYixation 1% osmium tetroxide. x 12,500.
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Figure 142, Smooth-surfaced membrane bounding GL granule.
Fixation 1.5% glutaraldehyde. x 135,000,
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Globule leukocyte packed with granules some of which have
a reticulated appearance ( f ). A few cisternae of RSER
and ribosomes are present. Fixation 1.75% glutaraldehyde.
x 10,000.
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Figure 144. Cell within the epithelium containing granules of
varying sizej; some correspond to GL granules and
others to mast cell granules. Fixation 1.5%
glutaraldehyde. x 18,750.



Globule leukocyte lying between undifferentiated

epithelial cells. It is packed with large granules
gsome of which have a reticulated appearance 1 19
Note the pseudo-vacuolated appearance of the cytoplasm.
Fixation 1.5% glutaraldehyde. x 12,500,
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Figure 146. Transitional cell in lamina propria. Note the range of
granules present and the eosinophil (Eo).
Fixation 1.5% glutaraldehyde. x 12,500,



Mast cell in lamina propria of gallbladder of parasitised
sheep showing a range of granule changes. The cytoplasm
contains many membrane-bound vacuoles (V).

Fixation 1.% glutaraldehyde. x 15,000,
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Pigure 148. Globule leukocyte within the epithelium of gallbladder of

parasitised sheep showing a range of granule size and structure.
Note the presence of cytoplasmic vacuoles (V) as in mast cell
of Fig. 147. Fixation 1l.5% glutaraldehyde. x 6,000.
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Figure 149. Granule in sheep GL bounded by a smooth-surfaced unit membrane.
Fixation 1.5% glutaraldehyde. x 15,000.
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Figure 150. GLs with the epithelium of parasitised sheep

showing a range of granule size and structure.
FPixation 1.5% glutaraldéhyde. x 6,000.
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Figure 151. flussell body-containing cell in lamina propria of
gallbladder of parasitised sheep showing distended cisternae
surrounded by RSER. Fixation 1.5% glutaraldehyde. x 15,000,



SECTION VI

e

THE STRUCTURAL CHANGES TN THE BOWEL WALL

ASSOCIATED WITH INCREASED FERNEABILITY 70 MACHOMOLECULES
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Figure 152. Byperplastic gastric mucosa produced by waves of
development and emergence of inhibited larvae.
Note the presence of an inhibited 4th stage larvae.
x 50.
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Rapidly-dividing undifferentiated cells

e 153.
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in area Joining two secondary nodules.

X 1400
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Figure 154. Coalescence of secondary nodules to form a markedly hyperplastic

mucosa with a morocco-leather or crazy paving appearance.



Necrosis and sloughing of the surface mucous
cells. Adult worms lie in an exudate of
protein, polymorphs and clumps of bacteria.
Note the hyperplastic gastric mucosa lined by
rapidly-dividing undifferentiated cells. x 50.
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Figure 156. Irregular plaques of diphtheritic membrane on the

surface mucogsa of the abomasum.
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Fi e 157. Stretched and flattened surface mucous cells ( 1 ) in area of severe
oedema. Note the dilated lymphatic (LY). x 410.
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Figure 158. Globule leukocytes within gastric mucosa,
Phosphotungstic acid-haematoxylin., x 420.



Pi

e 1

The cell boundaries of undifferentiated cells are
delineated by electron-dense material (ED) lying
between adjacent lateral cell membranes.
Fixation 1.5% glutaraldehyde. x 15,000,
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Figure 160. Electron-dense material ( 1 ) lying between undifferentiated
cells. Fixation 1.5¢ glutaraldehyde. x 15,000.
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figure 161. The borders of surface mucous cells are delineated
by electron-dense material (ED) lying between
adjacent lateral cell membranes. Fixation 1.5%
glutaraldehyde. x 6,000.
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Patches of electron-dense material ( 1 ) lying

re 162,

Fi

between relatively inactive zymogen cells.

x 15,000,

Fixation 4% glutaraldehyde.
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Electron-dense material ( ? ) lying between undifferentiated

e 163,

Fi

Note the membrane~bound vacuoles (V) filled with

electron-dense material in the apical cytoplasm close to the

cells.

glutaraldehyde.

«5%

Fixation 1

lateral border of the cell.

,000.

x 20



Figure 164.

Juxtaluminal segment of the lateral boundaries of

undifferentiated cells. Note the separation of the

lateral plasmalemmata forming the zomula occludens

(20 inset) and the electron-dense material ( ? ) lying

between. Fixation 1.5% glutaraldehyde. x 75,000

(inset x 120,000).
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Figure 165. Juxtaluminal segment of the lateral boundaries of undifferentiated

cells. Note the electron-dense material ( § ) between the lateral

plasmalemmata of the zonula occludens (20 inset). The desmosomes

(MA) show no structural changes. Fixation 1.5% glutaraldehyde.
x 75,000. (inset x 120,000).
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Figure 166. Juxtaluminal segment of undifferentiated cells.

Note the shortened zonula occludens (Z0) and

dilatation of the intercellular space ( f Ye
Fixation 1.5% glutaraldehyde. x 75,000,
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Figure 167. Complete separation of lateral plasmalemmata
of the zonula occludens (20). Fixation 1.5%
glutaraldehyde. x 112,000,
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Figure 168, Partial separation of the lateral plasmalemmata
of the gonula occludens ( 4 ). Fixation 1.5%
glutaraldehyde. x 75,000,



Tripartite junctional complex between surface mucous

cells in the gastric mucosa of a parasite-free bovine,

Note the long zomula occludens (Z0) and zonula adhaerens

(ZA) and the desmosome (MA). Yixation 4% glutaraldehyde.
X 759000.

169



1%¢

.

Figure 170. Surface mucous cells in an area of severe ocedema. Note the
marked dilatation of the intercellular spaces. Fixation 1%

osmium tetroxide. x 9,000,
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Figure 171. Shortened zonula occludens (Z0) joining

* flattened cells lining a dilated gland.
Fixation 4% glutaraldehyde. x 75,000.
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Figure 172. Flattened cells lining dilated .gland are joined only
by a desmosome (MA). Fixation 1.5% glutaraldehyde.
x 56,000.
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Figure 173. Flattened mucous cells in dilated glands. The
cells are almost completely separated ( ? e
Fixation 4% glutaraldehyde. x 10,000,



Complete separation of flattened mucous cells lining
a dilated gland. Note the red blood cell between
the separated cells. Fixation 4% glutaraldehyde.

x 30,000.

17«



Figure 175, Separation of endothelial cells ( } ) of venule.
Fixation 4% glutaraldehyde. x 25,000,

17
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Dilatation of lymphatic and separation of

endothelial cells.
x 12,500,

e 176.

Fi

Fixation 1% osmium tetroxide.
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Tripartite junctional complex between surface

Figure 177.

The zonula occludens

cells in small intestine.

7
(]

Fixation 1%

(20) forms a complete seal.

x 75,000.

osmium tetroxide.



