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SUMMARY

The haematology, chemical pathology, disturbed biochemistry, general enzymology and histo-
pathology of geeldikkop, enzootic icterus and icterogenin intoxication in sheep are presented in
full for the first time. The relationship of geeldikkop to enzootic icterus is demonstrated and both
diseases are shown to be the result of sudden catastrophic failures of membrane permeability in
various tissues of the body. The conditions are thought to be two different manifestations of a
single disease entity, possibly low grade selenium intoxication. The acute manifestations are
precipitated by various forms of non-specific stress the effects of which, on sheep from the areas
where the diseases are enzootic, are described. One of the most important factors in this regard is
thought to be a virus infection similar in nature to bluetongue. The chemical pathology and
haematology of mild bluetongue infections in sheep are thus described in detail.

The chemical nature of the ovine bile pigments is described and methods are given for their
isolation and identification, as well as for the isolation of bromsulphalein conjugates formed by the
ovine liver.

Methods are given for the determination of copper in body fluids and tissues, the various copper
fractions in blood, and iron and selenium in body tissues. The diagnosis of ovine liver, renal and
adrenal dysfunction and myopathy by means of clinical laboratory tests is fully dealt with.

Intermediary metabolism in the ovine red cell is discussed and activity levels of numerous
metabolic enzymes in these cells are presented for consideration.

Carbohydrate metabolism in the sheep as it is revealed by a study of the disturbances seen in
geeldikkop forms an important theme of this thesis.

INTRODUCTION

Geeldikkop and enzootic icterus constitute together a serious annual threat to
the sheep and wool industry in South Africa. The two conditions occur each year
in the form of sporadic outbreaks or widespread epizootics throughout almost one-
third of the country. Geeldikkop in its typical form is characterized by the sudden
onset of a very severe photosensitization, an icterus of the intrahepatic cholestasis
type, nephrosis, failures in carbohydrate metabolism, Addisonian electrolyte im-
balances and numerous other interesting biochemical features, which will be described
in this monograph. The symptomatology of the disease has been reviewed recently
by Brown (1966). Enzootic icterus is typically an explosive haemolytic crisis coupled
with a marked retention icterus, haemoglobinuria and acute nephritis. Both
conditions are believed to represent different manifestations of a single disease
entity, possibly a subclinical selenium intoxication (Brown, 1662, 1963, 1964; Brown
& de Wet, 1962). The relationship of the two diseases is discussed at length in the
present paper.
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Both syndromes occur during the summer months throughout the semi-desert
~lains (geeldikkop) and mountain ranges (enzootic icterus) of the northwest Cape
‘ovince, southern Orange Free State, Gordonia, Namaqualand, Griqualand West
and southern South West Africa. The epizootiology of both conditions has been
fully described elsewhere (Brown, 1959b, Brown & de Boom, 1966). Within recent
years the incidence of both has increased alarmingly, the reasons for which have
also been set out elsewhere (Brown & de Boom, 1966).

When outbreaks occur in epizootic form, the two syndromes may be seen side
by side in any particular flock or their appearance may alternate, while cases best
described as suffering from a mixed, geeldikkop-enzootic icterus syndrome are by
no means rare (Brown, 1966a; Brown, le Roux & Tustin, 1960). The acute episodes
of both conditions are precipitated by a wide variety of severe non-specific stress
conditions (Brown, 1959¢, 1962, 1963, 1964, 1966a, 1966b; Brown, le Roux &
Tustin, 1960; Brown & de Wet, 1962; Brown & de Boom, 1966). Although sheep
on farms in the affected areas appear outwardly normal for the greater part of the
year, profound biochemical differences have been shown to exist between them and
sheep born and raised elsewhere (Brown, le Roux & Tustin, 1960; Brown & de
Wet, 1962; Wagner, 1964; Wagner & Brown, 1966a, 1966b).

Annual losses from these diseases have not been computed with any degree os
accuracy, but morbidity and mortality rates can be very high during severe epizooticf
nfeither condition (Brown, 1959¢, 1963, 1966a; Brown & de Boom, 1966). Sporadic

ysses from enzootic icterus are considerable, particularly following stock move-
ments, while many chronic cases of this disease, which terminate fatally are not
recognised as such (Brown & de Boom, 1966). The annual losses truly attributable
to geeldikkop and enzootic icterus must also include large numbers of deaths
occurring after the peak of the annual epizootics, due to chronic nephritis, Addiscnian
syndromes, septicaemic conditions and other complications, as well as considerable
losses in production and breeding potential (Brown, 1966a). Added to this is the
financial burden of supporting and nursing hundreds of lingering cases, many of
which will ultimately terminate fatally. The vicious nature of the disease cycle
and reasons for the increasing severity of each succeeding epizootic are discussed
elsewhere (Brown & de Boom, 1966; Skinner, 1960).

The studies reported here formed part of a comprehensive investigation into

> actiology of geeldikkop and enzootic icterus, undertaken initially as a joint
nroject of the Veterinary Research Institute, Onderstepoort, and the National
hemical Laboratories of the Council for Scientific and Industrial Research, and
irsued subsequently by the author and his staff and co-workers at Onderstepoort
and elsewhere. The historical aspects of this work are reviewed briefly in Chapter 1,
and much of the earlier work of the author and his colleagues has already appeared
i» print (Brown, 1959a, 1959¢, 1964, 1966a, 1966b; Brown & de Boom, 1966;
own & de Kock, 1959; Brown & de Wet, 1962; Brown, et al., 1960; de Kock &
islin, 1958; Enslin & Wells, 1956; Gouws, 1965). The major part of this work
has embraced extensive studies on the general chemical pathology and detailed
hiochemistry of the two conditions, the primary object of which was to attempt a
finition of the probable nature of the aetiological agents concerned and to elucidate
the pathogenesis of each syndrome. A few selected aspects of this work, of general
interest, have been noted in earlier publications. This thesis represents an attempt
to present as a coherent whole the results of all the work on the chemical pathology
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The author and his co-workers commenced their own studies with a re-appraisal
of the role of T. terrestris in the aetiology of the disease. Enslin & Wells (1
were able to isolate crude saponins, the presence of which was reported earlie
Henrici (1952), in yields of 0-5 to 2-0 per cent of the dry weight of the plant. Su
quently De Kock & Enslin (1958) reported the isolation and characterization or
four sapogenins from their crude material, namely diosgenin, ruscogenin, gitog
and 25D-spirosta-3: 5-diene. Although the saponins and their aglycones
shown to be hepatotoxic, nephrotoxic and haemolytic (Brown, 1959a, 1959¢, |
and capable of paralysing smooth muscle (Enslin & V s, 6), none ol
characteristic features of geeldikkop have yet been produced by administering
compounds to experimental animals. The idea that T ferrestris has anything t
with the disease, other than a secondary role as a stress-provoking agent, has now
largely been discarded by the author and his colleagues (Brown, 1959¢, 1962,
1964, 1966a, 1966b; Brown & de Boom, 1966; Brown & de Kock, 1959; Brown
Wet, 1962). The work to be reported here lends further support to this part
contention.

A paper published by Quin (1931) was to initiate a long and fruitful series of
research on photosensitization in sheep. Various fluorescent dyes were found to
produce intense photosensitization, but without icterus, following intraven
administration in sheep (Quin, 1933a). This was followed up with Quin’s cla
work on the effects of surgical obstruction of the bile flow in sheep (Quin, 19
and the isolation from bile of a photodynamic substance, phylloerythrin, a pign
derived from chlorophyll by microbial digestion (Quin & Rimington, 1933). ~
pigment was subsequently shown to be the photodynamic agent responsible for
photosensitization in cases of geeldikkop. It was shown that the chief site of
formation of this compound is in the rumen as a result of microbial activity and t
it is absorbed mainly from the duodenum and small intestine and excreted in
bile of normal animals (Quin & Rimington, 1933). The mode of its excretion
the liver cell remained a mystery until Perrin (1958) showed that it was excre
in the bile adsorbed on to colloids such as bile acid complexes.

During the course of dosing experiments with various plants known to proc

hotosensitivity in sheep, Quin (1933b) found that the typical symptoms of g
-.ikkop could be reproduced by dosing to these animals the plants Lippia rehm.

. H. W. Pears) and Lippia pretoriensis (H. H. W. Pears), Verbenaceae. Phy
erythrin was once again demonstrated to be the photodynamic agent respons
for the photosensitivity in these cases, and it was found that the icterus develc
by the animals was similar to that seen in natural cases of geeldikkop (Qui
Rimington, 1933). The conclusion was made that the plant contained a single fa
which caused simultaneous insufficiency in the elimination of bile pigments
phylloerythrin (Quin, Rimington & Roets, 1935; Rimington, 1934; Rimingto
Quin, 1934). The active principle of the plant was shown to cause a comg
disappearance of bile pigment from the bile as well as causing a marked reductinn
in the flow of bile. These changes were shown to be transient, normal flow :
pigment excretion being resumed about four to five days after the appearance of
disturbances (Quin, 1936).

The active agent was soon isolated from these plants; named icterogenin, its
properties were studied and its structure partly elucidated (Rimington & Qi
1935; Rimington, Quin & Roets, 1937; Roets, 1937). Shortly afterwards it was
found that the plant Lantana camara, L. (Verbenaceae) induced the same sympto
and disturbances in biliary excretion as did the Lippia spp. (Steyn & van der We
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1941). The active principle was isolated, named lantadene A and its structure
partly elucidated. It was shown to possess the same type of icterogenic activity as
icterogenin. A similar, but physiologically inactive compound, named lantadene B
was i1solated at the same time (Louw, 1943; 1948; 1949).

Lantadene A was shown to be icterogenin by Barton and his co-workers, who

so discovered with it in extracts from L. rehmanni, a closely related compound

which they named rehmannic acid. Lantadene B was shown to be isomeric with

hmannic acid. Icterogenin, rehmannic acid and lantadene B were shown to be

ciosely related pentacyclic triterpene acids and their structures were fully elucidated

the same school (Barton & De Mayo, 1954a; Barton & De Mayo, 1954b;
rton, De Mayo, Warnhoff, Jeger & Perold, 1954).

The icterogenic triterpene acids have proved to be valuable tools in the study
of the interferences in biliary secretion in geeldikkop. A considerable amount of
work has been devoted to the relationship between their chemical structure and their
icterogenic activity, and a high degree of specificity has been demonstrated in this
regard. Pure rehmannic acid and lantadene B have also been shown to be devoid
of any icterogenic activity, but some new highly potent compounds have been
discovered, which are even more effective icterogenic agents than icterogenin itself,
e.g. 22p-angeloyloxy-38-hydroxyolean-12-en-28-0ic acid (Anderson, de Kock &
Enslin, 1961; Brown & Rimington, 1964; Brown, Rimington & Sawyer, 1963;
Brown, Anderson & de Kock, 1963; Heikel, Knight, Rimington, Ritchie & Williams,
1960). The use and relevance of these studies in relation to the geeldikkop problem
are described later in this thesis. All efforts to isolate an icterogenic agent, similar
in nature to the triterpene acids from the various plants incriminated in the aetiology
of geeldikkop, have failed so far, and it seems unlikely from the work to be reported
here that such an agent is responsible for the appearance of the disease.

Theiler (1918) must be credited with the first recorded thoughts on the possible
biochemical mechanisms involved in the genesis of the photosensitivity and icterus
seen in geeldikkop, in spite of the fact that he did not work in this direction at all.
He recognised the peculiar nature of the icterus, now known to be an intrahepatic
cholestasis (Brown, et al., 1960), and his observations on the photosensitivity were
remarkably close to what we know to be the case today. The first notes on the
haematology of geeldikkop, albeit in the form of scattered tantalizing sentences,
are also to be found in Theiler’s classic paper. He noted the presence of an anaemia,
particularly in the later stages of the disease, and although he did not attempt to

‘plain its origin, he stated that it was not due to intravascular haemolysis. It is
remarkable that his observations regarding the anaemia shown by many of his cases
received scant attention from his immediate successors in the field of geeldikkop
research. Had this been the case, the relationship of geeldikkop to enzootic icterus
might have been recognised earlier.

Unlike geeldikkop, enzootic icterus received little attention as regards basic
research until very recent times when the annual epizootics started to assume alarming
proportions. The earlier work on the disease is reviewed elsewhere (Brown &
de Boom, 1966; Pienaar & van der Merwe, 1966) and unpublished earlier studies
on the chemical pathology of the condition are recorded in this paper.

Apart from the studies already mentioned, the chemical pathology and bic-
chemistry of naturally occurring geeldikkop had received hardly any attention at all.
ork on geeldikkop faltered somewhat after the untimely death of Quin, but in
1955 investigations were resumed on a large scale, this time as part of a joint research
project between Veterinary Research, Onderstepoort, and the National Chemical
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Laboratories of the Council for Scientific and Industrial Research. One of t
approaches to the problem of the aetiology of the condition was to be a thorough
study of the chemical pathology of the disease, and this became the particu
responsibility of the author. At the time these investigations commenced there w
simultaneous severe and widespread epizootics of both geeldikkop and enzoomuc
icterus. Cases of both syndromes were freely available and research into the lat
disease was incorporated into the major geeldikkop project. The decision to ao
this proved to be a fortunate one, for the collateral studies on both conditions soon
showed their relation to one another and to some other rather ill-defined dise:
entities prevalent in the areas where both conditions are enzootic (Brown, 19
1964, 1966a; Brown & de Wet, 1962; Brown et al., 1960). Both diseases have sit
been studied together on the assumption that they are in fact different manifestations
of a single disease entity. The reasoning behind this assumption is fully set out
later in this paper, which itselfis a report of the bulk of the work done on the chemical
pathology and biochemistry of the two conditions since its inception in 1955.

In conclusion it is fitting to record here our debt of gratitude to the Trustees of
the Stock Diseases Research Fund, who in 1958 made available to this Institute
well-equipped mobile laboratory. The vehicle and its uses are described elsewhe
(Brown, 1959b). Its acquisition made possible the greater part of the studies whi
are reported here.

CHAPTER 2
EXPERIMENTAL FACILITIES, ANIMALS, MATERIALS AND METHODS

Much of the work on the chemical pathology of the syndromes was done
the field under the conditions described below, and represents the results of com-
nrehensive investigations at Vosburg (1958), Victoria West (1958, 1959, 19

ymerset East (1958), Hofmeyr and "Teviot (1959), Fraserburg, Suth~land and
yxton (1962), Beaufort West, Rietbron, Aberdeen, Murraysburg and ! ddelbu
(1963).

The mobile laboratory mentioned in the previous chapter is equipped with a
>wer generator, gas supply, refrigerators and a deep freeze unit, vacuum pun
and a highly efficient air conditioning system. It was the practice of the author ¢
his staff to set up a temporary biochemical laboratory on the agricultur show-
grounds of centres like Victoria West, Fraserburg and Somerset East during 1
investigations mentioned above. The mobile unit was used as a source of power,
as a laboratory in which all the refined techniques used were carried out and in which
all the sensitive electronic equipment or other valuable apparatus was housed. T
various halls with their attached kitchens which are available on these showgrounds
were converted into temporary chemical laboratories, in which most of the rout
work was done. Once the temporary laboratory complex had been set up, the mob
laboratory unit ceased to be mobile for the duration of the investigation. Affectea
farms were visited and cases brought in for study in other independent motor vehicles.
1 the animals used in this work were collected from farms in the areas affected in this
manner and were housed in the sheltered runs and pens of the showgrounds con-
cerned. Use was made of roofed sheep pens to accommodate each animal separately.
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Anticoagulants for collection of blood samples and any special preservatives
for labile blood constituents were in all instances as demanded by the methods
cited,  All determinations on blood or plasma were commenced immediately after
cc ction of the samples and completed as soon as possible thereafter.

All enzyme assays done on liver, except where noted otherwise, were performed
using 10 per cent homogenates in ice-cold 0-25M sucrose solution made in a manual
all-glass Potter-type homogenizer. All homogenates were kept in ice baths at

°C during use. Liver specimens for enzyme assays were collected immediately
after slaughter of the sheep concerned and homogenized at once, the assays being
cc leted as soon as possible thereafter. At the same time specimens of various
~rgans were removed for histopathological studies and for mineral analyses (Cu,
e and Se) and were placed in 10 per cent formalin solution (analytical reagent grade).

General urine examinations were performed on the urine voided by all the
experimental animals whenever possible. Standard techniques of clinical urine
analysis were employed. Collection of urine in the case of rams and wethers
presented no obstacles, since the collection bottle and harness described in a previous
communication were used (Brown, 1959b). These animals and the collection system
mentioned were always employed when the daily (24 hour) excretion of any urinary
constituent was studied. Collection of urine in the case of ewes was difficult under
the temporary laboratory conditions. Whatever urine was voided by these animals
during handling was collected in an enamelled mug. Bladder urine was collected
from all animals at autopsy and subjected to the usual clinical laboratory tests.

Faeces were collected from all cases used in this work in standard faeces col-

ion bags. Chemical estimations of various faecal constituents were performed
by methods listed in Table 2. Samples from each animal were examined for the
presence of helminth eggs and larvae by standard flotation techniques.

Studies on biliary constituents and the biliary excretion of phenolsulphoneph-
thalein dyes were conducted on a number of animals representing various stages of
the disease and provided with external biliary fistulae as described elsewhere (Brown,
1959b, 1963). The methods employed for analysis of biliary constituents were as
described elsewhere (Brown ef a/., 1963a; Brown, Anderson & de Kock, 1963b), or
as listed in Table 2.

A Unicam S.P. 500 spectrophotometer was used for all enzyme studies; other
photometric procedures were carried out on an Evans Electroselenium (E.E.L.)
portable Model A photoelectric colorimeter. Fluorimetric assays were performed
on an E.E.L. Model X136 fluorimeter. Paper electrophoresis of plasma proteins
was performed using the E.E.L. paper electrophoresis apparatus and 34 x 5 cm
Whatman No. 1 filter paper strips. Proteins were separated in a veronal: acetate
buffer, pH 8-6, over 16 hours with a current setting of 2 milliamps per strip.

Chemicals used throughout were of ° analytical reagent ”” grade. All solvents
were redistilled or otherwise purified as described by Vogel (1959). The preparation
of the reagents used in the determination of copper is described in Appendix 9.
Compounds used for the preparation of substrates for enzyme assays or pure
enzymes for the standardization of these were obtained from the Sigma Chem. Co.
(St. Louis, Mo.) or from C. F. Boehringer (Mannheim, West Germany) and were
of the highest purity offered by these manufacturers.

Not all the determinations and assays reported in the subsequent chapters were
performed on each individual case. This would have been impossible under t
circumstances concerned. During the initial phases of this work the largest numt
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of determinations and clinical laboratory tests which could be conveniently hanc
by the staff available were selected. This enabled obtaining a broad picture of
general chemical pathology of the disease, and allowed narrowing down the fi
of study in subsequent investigations to the most interesting aspects of this wc
As the picture of the chemical pathology of geeldikkop and enzootic icterus gradually
unfolded, many new determinations or clinical tests were introduced in order to folls

1 interesting data which came to light. The work entailed in its ultimate stages
armost purely biochemical studies on tissues of affected animals. Certain batteries
of tests were, however, always done on each case throughout this work in order to
characterize the stage of the disease represented by the patient more accuratelv in
terms of chemical pathology, e.g. tests of liver, kidney and adrenal function :
certain aspects of the haematology rather than on symptomatology alone.

Since severe verminosis may introduce a chemical pathology of its own which
may alter or obscure that germane to geeldikkop, particularly in the case of bloc
sucking or toxin producing worms, a careful search was always conducted at autopsy
for helminth parasites. This was supported by examination of faeces for helminth
eggs and larval forms. Most of the animals studied were free from worm parasites.
About a quarter of the sheep presented old calcified lesions of oesophagostomiasis
in the intestinal tract. In a few individuals very mild infestation with Tricho-
strongylus spp., Nematodirus spp. and Ostertagia spp. were found and in isolated
cases fair infestations of Stilesia hepatica. Cestode infestations were limited to a
few Cysticercus tenuicollis cysts in the abdominal cavities of some individuals, and
a few adult tapeworms, probably Thysaniezia sp. in the intestines of two animals.
[t is unlikely that these very mild parasitic infestations in the few individuals con-
cerned had any significant influence on the general chemical pathology and bio-
chemistry in these cases of geeldikkop.

*“ Normal > values for Karoo sheep for the various blood and tissue consti-
tuents which were determined and for levels of enzyme activity in plasma and tissue
are given in the appropriate places in the text. The statistical methods used in the
compilation of such values are described elsewhere (De Wet & Brown, 1966; Sion,
1966; Wagner, 1964; Wagner & Brown, 1966a, 1966b).

CHAPTER 3
THE HAEMATOLOGY OF GEELDIKKOP

Leukocyte and Thrombocyte dyscrasias
Erythrocyte dyscrasias

The state of the bone marrow in geeldikkop
[ron metabolism in geeldikkop

Erythrocyte Sedimentation Rate

Concluding emarks

SRS

Leukocyte and Thrombocyte dyscrasias

Total and differential leukocyte counts were performed on the blood of 51
c: . representing all stages of the disease and of 18 of the control animals. ood-
smears for differential counts were usually made in triplicate at the time of bleeding,
fixed with methanol and stained with buffered Giemsa solution. Besides doing
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within recent times. The Vosburg district is incidentally one which is noted “~r
severe outbreaks of the disease attended by high mortality. The severity of 5
particular outbreak surpassed anything of this nature within recent times for mor-
bidity and mortality rates.

In the early cases of geeldikkop there was an apparent decrease in the severity
of the leukopaenia in most cases, except in those taken from Vosburg (their numb
are prefixed with VB- in Appendix 2). In the latter instances great difficulty was
still experienced in performing total and differential counts. Most of the leukoc
present on the smears appeared to be juvenile forms of neutrophiles and tt
appeared to be a distinct absence of cells which could be identified as lymphoc
with any certainty. Thrombocytopaenia was not a prominent finding in these
cases. The remaining cases were collected in subsequent outbreaks around Victc
West and Beaufort West. Mild leukopaenia was present in about half of th
animals; in the others the total count had apparently been restored to norn
Lymphocytopaenia and neutrophilia (which from the evidence available appearea
to be mainly a relative neutrophilia) were striking features of these cases. In most
cases there was a marked *“ shift to the left " with highly immature neutroph
forms predominating. Fair to mild thrombocytopaenia was seen in two cases
only and bacteriaemia in one instance only.

Leukopaenia was not a general feature in the advanced stages of the disease,
although it still persisted in a number of cases. Lymphocytopaenia and neutro-
philia of a severe nature were, however, fairly general findings. The immaturity
of the neutrophiles (i.e. shift to the left) was by no means as frequent a finding as
in the early cases of the disease, but was none the less still presc  in quite a
animals. No disturbances of the thrombocytes could be detected in cases of tnis
stage of the disease. No particular differences were apparent between the seve
Vosburg cases (Sheep VB-L, VB-M and VB-N; Appendix 2) and those from else-
where, in this stage of the disease. Mild bacteriaemia was in evidence in a sing
instance.

Cases of 14-21 days’ standing (Advanced cases—Group 2) differed little from
those of the previous stage of the disease with respect to their leukocyte pathology.

. Leukopaenia was still persistent in recovered cases and might be severe in
individuals as will be seen from the data presented. Lymphocytopaenia and neutro-
philia remained prominent findings. A mild thrombocytopaenia was evident
one case.

The course of events as seen in the leukocytes of affected animals passing through
all the stages of geeldikkop may be summed up as follows: The obvious clinical
symptoms of the disease are preceded by a period of violent leukocyte upheaval,
manifested as an extremely severe leukopaenia and thrombocytopaenia. The
leukopaenia involves at this stage both granulocytes and agranulocytes, those prese:
in the blood being highly immature and undifferentiated forms. These disturbances
are associ~ted with the febrile reaction described earlier and elsewhere (Brown, 1966a).

clinic: symptoms appear and the disease progresses, so the severity of the leuko-
paenia and thrombocytopaenia decline, the latter passing over in most cases entirely.
The nature of the cellular reaction changes; a clearly discernible lymphocytopaenia
associated with what is most likely a relative neutrophilia are prominent features
of early cases of the syndrome. Considerable immaturity of the circulating leuko-
cytes, particularly the granulocytes is still very much in evidence. As the dise:
passes into its second week and the dramatic initial symptoms of photo-sensitization
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subside, the leukocyte pathology becomes more stable and easier to define. Mild
leukopaenia is still evident in many cases, but total counts within the accepted
normal range are the rule. Lymphocytopaenia is a firmly established symptom
and is associated with a neutrophilia which in many cases has started to assume
an absolute character, particularly in animals where considerable skin necrosis and
secondarily infected lesions are present. (The reader should compare the haemato-
logical data given in Appendix 2 with the clinical data presented in Appendix 1.)
Although a neutrophilic ** shift to the left " is very much in evidence in these cases,
myelocytes have largely disappeared and the neutrophile population is composed
largely of metamyelocytes (particularly stab cells), early segmenters, and fully seg-
mented forms. Thrombocytopaenia is probably an event of the past in most of these
cases. As the disease enters its final stages in which skin tissue necrosis and secondary
infection dominate the symptom picture (sheep VB-O and VB-Y, see Appendix 2),
leukopaenia may be moderate, lymphocytopaenia is still present but less severe
than before, and neutrophilia is as can be expected most prominent. In animals
in which considerable healing of the lesions of photosensitization is in evidence
(sheep VB-Z1 and VI-16, see Appendix 2) the leukopaenia is correspondingly less
severe and the neutrophilic shift ““ to the left ” far less obvious. Differential counts
are still largely abnormal in recovered animals in which neutrophilia is still a promi-
nent sign, as can be expected from the presence of residual lesions in these cases.

eukopaenia may still be severe in individuals, while others (e.g. sheep VB-Z, see
Appendix 2) may still show considerable evidence of the initial leukocyte distur-
bances.

The pattern of leukocyte aberrations in the latter stages of geeldikkop is not
unexpected and is consistent with the symptomatology, 1.e. massive skin necrosis,
secondary infection, toxaemia and healing reactions. The disturbances seen in the
prodromal and early cases are surprising, unexpected and important in explaining
the pathogenesis of the disease. More will be said of these points later, but a few
general words on leukopaenia, lymphocytopaenia and thrombocytopaenia are, how-
ever, most relevant to the discussion at this stage.

It is now an accepted fact that under conditions of stress the adrenal cortical
secretion depresses the number of circulating cosinophils and lymphocytes and
leads to an elevation in the number of circulating neutrophils (Schalm, 1961). The
triad of neutrophilia, eosinopaenia and lymphocytopaenia following stressful stimuli
is commonly seen in the stress of disease and may be anticipated in bacterial infections,
traumatic injury, extensive burns, malignancy, severe haemorrhage or blood destruc-
tion, and at parturition (Schalm, 1961). A review of the literature on this subject
is that of Gordon (1955). The use of circulating eosinophil counts in the evaluation
of adrenal cortex function will be described later in this work.

The two cell types, eosinophils and lymphocytes, which are depressed by adreno-
cortical activity in stress, constitute some 63 per cent of the circulating leukocytes
in the sheep and the neutrophiles which increase under the stimulus of stress represent
about 30 per cent. Thus, initially, the fall in number of circulating eosinophils and
lymphocytes may exceed the increase in number of neutrophils with the effect of
an actual reduction in total leukocyte count as neutrophils move from the blood
into the affected tissues (Schalm, 1961). Clark (1941) was one of the first workers
in ovine pathology to demonstrate that atrophy of lymphoid tissue and lympho-
cytopaenia are a response to prolonged stress, e.g. in pregnancy toxaemia of ewes,
or ketosis in wethers.
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The marked immaturity of the leukocytes in the early stages of the disease is
highly reminiscent of a ** degenerative left shift ” in which the total leukocyte count
remains within the normal range or may be slightly elevated, while the occurrence
of young granulocytes in the circulation is prominent. Tt reflects an inability of

the bone marrow to rise to the occasion and put forth a large number of mature
cells (Schalm, 1961).

Thrombocytopaenia is frequently the result of the toxic action of chemical,
vegetable, animal or physical agents on the bone marrow, and is also observed
iring the course of blood disorders such as Gaucher’s disease, haemolytic icterus,
various other anaemias and infections (Bodansky & Bodansky, 1957). As will be
seen later in this discussion, bone marrow hypoplasia is a common finding in geel-
dikkop. The thrombocytopaenia of geeldikkop is apparently of a very transient
nature since natural cases of the disease never develop any bleeding tendencies,
nor have we observed any disturbances of the clotting mechanism in our cases to date.

A search through veterinary literature for general information on leukopaenia
is not very rewarding. There is general agreement that it is common to virus diseases
and overwhelming infections (Schalm, 1961) while Coffin (1953) describes it only in
connection with uncomplicated virus diseases, e.g. feline panleukopaenia and in-
fectious canine hepatitis.

When all that is known about geeldikkop is considered, it is apparent that the
following points from the above discussion must be borne in mind with regard to
an interpretation of the leukocyte dyscrasias which have been observed: responses
to severe stress, toxic bone marrow inhibition and uncomplicated virus infections.
The mild bacteriaemia seen in a few cases is probably of no consequence since no
evidence has ever been found that the disease is of bacterial origin. It is likely
that the bacteria observed in the bloodsmears of these few cases were non-pathogenic
invaders from the respiratory tract or gastro-intestinal canal which were able to
proliferate during the temporary severe leukopaenia. The existence of this leuko-
paenia from before the onset of clinical symptoms of geeldikkop does, however,
assist in explaining the failure of sheep suffering from the disease to resist the rapid
spread of secondary infection of the lesions of photosensitization and thus the
appearance of secondary symptoms like purulent rhinitis, keratitis and panophthalmia
[which can appear even before the lesions of photosensitization are far advanced
(Brown, 1966)].

2. Red cell dyscrasias

Full details of the work done on the haematology of the erythrocytes of geel-
dikkop cases and control animals are presented in Appendix 3, and the results are
presented graphically in Figures 1, 2 and 3. The same stained bloodsmears used
for the differential white cell coun’s were used for studies on red cell morphology.
Examination of the erythrocytes of the prodromal cases from Vosburg was limited
to an examination of stained bloodsmears since at that time the significance of these
cases was not fully appreciated. Cases of a similar nature studied in later investi-
gations elsewhere, and allowed to dcvelop into different stages of the disease, showed
essentially the same haematology as the early cases described in Appendix 3.

It is apparent from the descriptions of the blocdsmears given in this appendix
that a very severe anaemia was present in all of the prodromal cases and many of
the early cases of the disease. The changes seen represent an active outpouring by
the bone marrow of immature erythrocytes and their precursors in what can only
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FiG. 2.—Total plasma proteins and haematocrit values in early and advanced cases of geeldikkop
and in control animals. The figures on the abscissae represent gm % plasma proteins and
% red cells respectively. The numbers of observations corresponding to these figures
are plotted as ordinates

It is apparent from these figures that the most striking elevations of haematocrit
and haemoglobin are to be found in the early cases of the disease and that in advanced
cases a considerable degree of return to normal has taken place. The trends
observed are similar to what has been described for the leukocytes. One is faced,
however, in the interpretation of these data, with the question of reconciling the
severe regenerative changes seen in the bloodsmears of prodromal and early cases
with what is apparently a hypercythaemia in such animals. A considerable degree
of macrocytosis is evident in many bloodsmears. This would tend to raise the
haematocrit of the animals concerned but not the red cell count or the value for
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haemoglobin. Since the values for haemoglobin and haematocrit show the same
general  fts above those of the control animals (Fig. 1 and 2) something has
obviously happened in the early stages of the disease leading to haemoconcentration
and thus to spuriously high and relative rather than absolute figures for these tests.
That this is the case, is demonstrated by the figures for total plasma protein values
presented in Appendix 4 and Fig. 2, where the data are portrayed graphically. It
will be seen from these data that the plasma proteins show the same rises above
normal in the early cases and the same downward trend in the advanced cases as
the haer  ocrit, red cell count and haemoglobin values. Since in any acute disease
which is uncomplicated by hypoproteinaemic states, the plasma protein concen-
tration is a reliable index of the fluid volume of the pla: 1, it is apparent that a
considerable degree of haemoconcentration is present during the early stages of
the geeldikkop. This is borne out by the autopsy examinations of such animals
where dehydration was a common and prominent finding. The reasons for it will
become apparent later.

In order to characterize the anaemia seen in the early cases in terms of conven-
tional pa ology, the absolute haematological indices have been calculated for each
case in ~ich sufficient data were available. The results for mean corpuscular
haemogl¢ in concentration (MCHC), mean corpuscular volume (MCV) and mean
corpuscular haemoglobin (MCH) are presented in Appendix 3 and portrayed in
the case of the first two indices, which are sufficient for the purposes of this dis-
cussion, in Fig. 3.

A comparison of the indices calculated for geeldikkop cases with those calculated
for the normal control animals, shows that the anaemia of geeldikkop is characteristi-
cally hypochromic and macrocytic in the early stages of the disease, becoming later
hypochromic and normocytic in many advanced cases. Too few recovered cases
have beer studied to characterize the course of the erythrocyte disturbances in this
stage of e syndrome.

When all the data pertaining to the haematology of geeldikkop are considered,
it is clear that the disease embraces as an integral part of its pathology a hypo-
cythaemic hypochromic macrocytic anaemia of more or less severity depending on
the stage of the disease.

Such anaemias are encountered typically during the course of haemolytic dis-
eases (Parker, 1948; Coffin, 1953; Schalm, 1965) and are transient in nature
(Schalm, 1965).

3. The state of the red bone marrow in geeldikkop

The macrocytosis with hypochromia suggests that an unusual demand for red
cells causes many immature cells to be discharged into the circulation during the
early stages of the disease.

The next logical step in the study of the haematology of geeldikkop would thus
be a study of the organ producing these large numbers of immature cells, namely
the red bone marrow. With an active bone marrow one would expect to find in
bloodsmears from cases of haemolytic anaemia precisely what has been described
under the prodromal and early cases, particularly during the stages of remission
of such an anaemia. Leukocytes are apt to be increased and immature forms may be
numerous, while the thrombocytes are often more numerous than in normal blood.
With extreme grades of marrow response such as may occur in the severe haemo-
lytic anaemias, enormous numbers of nucleated red cells and immature leukocy
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3. 5.—Plasma protein electrophoretograms found for cases of geeldikkop:—
1 = advanced case, Group 1, V3-2 (7-8 days);

2 = advanced case, Group 2 V3-1 (8-10 days);

3 = recovered case, F3 (16 days)

4 = recovered case, V3-3 (21 days).
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BIOCHEMICAL STUDIES ON GEELDIKKOP AND ENZOOTIC ICTERUS

isocitric dehydrogenase and the low values of glutamic-oxalacetic transaminase
activity in the sheep red cell indicate a negligible tricarboxylic acid cycle when
compared with similar activities in the erythrocytes of other species. The ovine
red cell on the other hand is well supplied with glutamic-pyruvic transaminase.

The absence of glucose-6-phosphate dehydrogenase, the low levels of aldolase
and the generally high levels of phosphohexose isomerase indicate a possible link
with the pentose phosphate pathway and the glucuronate pathway through fructose-
6-phosphate and not through glucose-6-phosphate as suggested by Leng & Annison
(1962a).

The presence of large amounts of lactic dehydrogenase and glutamic pyruvic
transaminase in the ovine erythrocyte suggests that the reactions: alanine < pyru-
vate = lactic acid are of considerable importance in these cells. Leng & Annison
(1962a) have established that ovine erythrocytes are able to form lactic acid in fair
amounts. The data presented here suggest the ability to metabolize it efficiently,
given the presence of active systems which will clear pyruvate (GPT activity
may be important here) and re-oxidize DPN satisfactorily. Herein may lie the
answer to many of the problems in connection with the pathogenesis of geeldikkop
e.g. the accumulation of so much lactate in the blood of affected animals during the
first two days of illness. '

All things considered the ovine red cell, because of its peculiar and rather
mefficient glycolytic mechanism, starts off with a distinct disadvantage when com-
pared with the erythrocytes of other species which can make better use of glucose as a
source of energy. Should any interference in its glycolytic mechanism take place
(e.g. lowered activity of glyceraldehyde phosphate dehydrogenase) and should its
source of energy in the form of fatty acids be diminished in any way, then the results
may be disastrous as they apparently are in geeldikkop and enzootic icterus.

The apparently good correlation which exists between low glyceraldehyde
phosphate dehydrogenase and total pyridine nucleotide levels is interesting and
important. The pyridine nucleotides were estimated chemically by means of a
fluorimetric method which depends on the formation of a fluorescent compound
between nicotinamide and acetone in strongly alkaline medium (Levitas, Robinson,
Rosen, Huft & Perlzweig, 1947). The method is claimed to be specific for N-
methyl-nicotinamide, DPN and TPN. The actual amount of these compounds
present in red cells and not their hydrogen-carrying ability was thus determined.
If DPN is as firmly bound to ovine erythrocytic glyceraldehyde phosphate dehydro-
genase, as it is in other preparations of the enzyme studied (Axelrod, 1960) then
the Iow levels of pyridine nucleotides found in the red cells of geeldikkop cases may
represent a lowered formation of the dehydrogenase in these cells and not merely
some type of inhibition or suppression of its activity.
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CHAPTER 7

THE GENERAL CHEMICAL PATHOLOGY AND BIOCHEMISTRY OF GEELDIKKOP

D. Kidney Function in Geeldikkop

. Introductory remarks

. Blood levels of non-protein nitrogenous compounds

1
2
3. Blood levels of inorganic phosphate and magnesium
4. Urine examinations in geeldikkop cases

5

. General discussion

1. Introductory remarks

1t was demonstrated in Chapter 4 that bilirubinuria and bileaciduria are not
features of the chemical pathology of geeldikkop in spite of extremely igh plasma
levels of bilirubin glucuronides and bile acids. Similarly phylloerythrin does not
appear to be excreted in the urine of early cases in spite of high plasma levels and
hypercupriuria does not occur in spite of frank hypercupraemia. It seems thus
that a block to the secondary renal excretion of many of the regurgitated biliary
constituents may co-exist in geeldikkop with the hepatic block already discussed.
The block in hepato-biliary secretion or excretion is thought to be a biochemical
lesion involving either the selective permeability of the liver cell membranes or the
systems supplying energy for active transport in these membranes. In Chapter 5
it was indicated that interference in membrane transfers might be widespread in
the body tissues of the affected animals, involving e.g. muscle, and in the previous
chapter it was indicated that the erythrocytes were by no means excluded from the
severe metabolic disturbances which make up the disease picture of geeldikkop.

s chapter will be devoted to an attempt to demonstrate that the kidneys are affected
in a similar way to the liver and possibly other tissues as well, in the early stages
of the disease.

2. Blood levels of non-protein nitrogenous compounds

Urea, creatinine, uric acid and total amino acids were determined in the blood
of cases representing all stages of the disease. The results are presented in Tables
59, 60 and 61.
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The pH of the urine of the severe advanced cases varied from animal to animal
in being acid (pH 4-0 to 7-0) in some and very alkaline in others (pH 8-5 to 9-0).
Specific gravity was generally low, 1-010 to 1-025, the urine samples were generally
pale 11mp1d yellow and contained in most cases traces of albumin. A severe albu-
minuria was seen in two cases only (Sheep V1-6A and VBO). A mild glycosuria
was seen in Sheep V1-6A only.

A mild to severe albuminuria was seen in all the cases in extremis. The urine
of these animals was generally very acid (pH 3-0 to 6-0) and specific gravities ranged
from 1:015to 1-045. Frank glycosuria was seen in a few of these cases, the presence
of glucose being confirmed chromatographically (King & Wootton, 1956).

Mild ketonuria was observed in some of the advanced cases, particularly in
fat animals.

The urine of early and advanced cases of geeldikkop is typically light in colour,
of low S.G. and generally, virtually bile pigment and bile salt free. In severely
affected animals the pH abnormalities described reflect the severe electrolyte im-
balances which will be discussed in the following chapter. Albuminuria is generally
negligible and when severe was always a terminal change. Glycosuria is a well-
known terminal phenomenon in many fatal ovine diseases and has thus no particular
significance in these cases. Apart from the coproporphyrinuria seen in cases of
one to three days standing the urine of geeldikkop cases gives a very poor indication
of the severe metabolic disturbances taking place in the animal.

Mention was made in Chapter 4 of the oliguria present in the early cases of
geeldikkop. This is often severe in the first three days of illness and is also seen
in many of the advanced cases, particularly those in extremis.

5. General discussion

No evidence of impairment of renal function was found in the prodromal cases.
It is evident from the data presented, however, that extremely severe disturbances
of kidney function are present from the moment the symptoms of geeldikkop first
appear. These disturbances which were most pronounced in the severe Vosburg
cases, but which are also present in many of the typical early cases, appear to take the
form of a severe uraemic syndrome. This includes oliguria and markedly increased
blood levels of urea, creatinine, uric acid, inorganic phosphate and magnesium.
The same changes were observed in a number of the advanced cases, particularly the
critically ill ones. 1Tt is also evident from the data presented for the recovered cases
that in many animals disturbances of kidney function may persist into this stage
of the disease.

Urea, the most abundant solute in urine, is freely diffusable across all cell mem-
branes and is completely filtered at the glomerulus. A variable proportion then
diffuses back through the tubule cells. The concentration of urea in the blood
varies with the rate of protein catabolism, the rate of urine excretion and the efficiency
of the kidneys as measured by glomerular filtration. High blood levels are found in,
amongst other conditions, excessive protein catabolism, dehydration and advanced
renal insufficiency particularly where back diffusion is aggravated by tubular degene-
ration. Blood urea levels rise in early nephritis to about 30 to 40 mg per cent but
are very high in terminal chronic nephritis. Low figures are usually encountered
in nephrosis (Bodansky & Bodansky, 1957; Grollman, 1957, 1963; Hawk, Oser &
Summerson, 1954; King & Wootton, 1956; Milne, 1959).
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The following is a brief description of the renal pathology of the cases studied
during the earlier investigations, i.e. all sheep prefixed VB- and V1- (Brown et al.,
1960). The kidneys of the early and advanced Vosburg cases appeared deeply
plgmented at autopsy; their cortices were generally dark-brown in colour. On
microscopic examination nephrotic changes were found to be present particularly in
the advanced cases. Such changes included dilatation of the tubules, the tubular
ce showing fatty infiltration, hyaline degeneration and bile pigmentation. Bile
pigment could be demonstrated in both the convoluted and straight parts of the tubules
but the pigmentation tended to be confined to focal groups of tubules. The tubular
cells concerned appeared swollen and were either packed with pigment granules or
showed varying degrees of fatty infiltration of the cytoplasm together with the presence
of hyaline droplets and pigment granules. In some cases desquamation of the
affected epithelial cells had taken place into the tubular lumens which also contained
bile pigment. The long-standing cases in this group of animals showed severe
gun-metal greyish-blue pigmentation of the kidney cortices. The same microscopic
picture as described above was seen in these instances.

The kidneys of the more typical early cases, i.e. sheep designated VI-, were
found at autopsy to be slightly enlarged and pigmented with bilirubin. They
revealed on microscopic examination mild to moderate nephrotic changes involving
especially the proximal convoluted tubules which also contained small granules of
bile pigment and albuminous material in their lumens.

The advanced VI- cases showed essentially the same changes as their early
counterparts. The tubular cells of some individual animals contained some iron-
containing pigment as well as bile pigment. Some of these cases, particularly those
in extremis (e.g. Sheep V1-6, V1-7 and VI1-14) showed pathological features of both
geeldikkop and enzootic icterus. Their kidneys were found at autopsy to be
extremely enlarged, with dark gun-metal grey cortices. Numerous small pin-point
size reddish areas were scattered throughout the cortical tissue. These kidneys
were found on microscopic examination to show moderate to severe nephrotic
changes, some of their tubules being distorted in appearance. The epithelial cells
of such tubules showed hyaline degeneration or fatty changes with much granular
debris present in the lumens of the tubulzs themselves. Granular iron-free pigment
was present both in and outside the tubular cells. Some of the capsules of Bowman
contained pigment casts and their glomeruli appeared atrophic. In quite a few of
the tubule cells a fair amount of iron-containing pigment was present.

The pathology of the kidneys of the more recent cases studied, i.e. the sheep
designated V3- and F-, differed little from that already mentioned. Pigmentation
of the kidneys was a pronounced macroscopic finding in most of the early cases.
In general the kidneys appeared yellowish-brown to dirty greyish-brown in colour
and were normal in size. In the more severely ill early cases the kidneys were
generally enlarged and often light to dark greenish-brown in colour. In many
instances the structure of the kidney cortices, particularly, appeared indistinct.

1e kidneys of a few of these cases appeared quite normal. On microscopic exami-
nation mild early nephrotic changes were apparent in the kidneys of nine out of
nineteen of these cases studied. In some of these cases and a further four, iron-free
pigmentation of the tubule cells was prominent. Iron-containing pigment was seen
in the tubule cells of two cases only and in five of those showing nephrotic changes
some albuminous material was present in the degenerating tubules. No obvious
changes were seen in the kidneys of six of these nineteen cases.
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that the increased blood urate levels in gout may be due to increased tubular reab-
sorption of uric acid (Bywaters & Glynn, 1959). It has also been known for a long
time that uricosuric agents like caronamide and probenecid increase the urinary
excretion of uric acid and lower its blood levels by inhibiting tubular reabsorption.

It is not known how bilirubin glucuronides are excreted by the sheep kidney.
It is believed that conjugated bilirubin accumulates in the tubule cells of human
nephrons during obstructive jaundice by filtration through the glomerulus into the
tubular lumen, concentration and reabsorption into the tubule cells (Popper &
haffner, 1957). It is very likely that it accumulates in the tubule cells of the sheep
in the same way except that in this instance there is probably an unchecked reabsorp-
tion due to a breakdown in the selective permeability of the tubule cell membrane.
This would probably also apply in the case of substances like urea, uric acid and
phosphate in geeldikkop, the breakdown in selective permeability being due once
more to a failure in the local energy supply.

It is also evident from the data presented in this chapter that the nephrotic
changes in the kidneys during geeldikkop may be progressive particularly in severely
affected animals. In cases of obstructive jaundice in humans the epithelium of
Bowman’s capsule and of the proximal convoluted tubules contains bile pigment
granules as already mentioned, and pigment casts appear in the tubular lumen,
particularly in the lower nephron. This is followed by degenerative and even
necrotizing changes of the pigmented epithelial cells, especially near casts. Vacuoles
and hyaline droplets are frequently seen in the epithelial cells and evidence of regene-
ration is noted. The basement membrane is intact, and involvement of glomeruli
is not part of the process (Popper & Schaffner, 1957; Sherlock, 1958). This
impressive morphological picture has been called “ cholaemic nephrosis > or *“ biliary
nephrosis ”* and is apparently a direct effect of the pigment reabsorbed into the
tubule cells. Biliary nephrosis is conspicuous in cholestasis of any type. It is not
found in haemolytic jaundice in which bilirubinuria does not occur and is not severe
in fulminant viral hepatitis in which the urinary bilirubin excretion is low (Popper &
Schaffner, 1957). Biliary nephrosis is however the renal lesion best correlated with
the degree and duration of human obstructive jaundice.

Another renal lesion seen in human liver disease is acute nephrosis which is
often accompanied by azotaemia and oliguria. Features of acute nephrosis may
accompany the severe biliary nephrosis of obstructive jaundice. In such cases
elevations of the blood urea are frequent although glomerular filtration is not reduced.
The creatinine level increases but not necessarily to the same degree as that of urea.
In the majority of cases the elevation of blood urea is due to an abnormal reab-
sorption of urea through the damaged tubules (Popper & Schaffner, 1957).

It is possible that the progressive nephrosis seen in severe geeldikkop cases is
essentially similar to the biliary nephrosis and acute nephrosis of human hepatic
disease. The presence of demonstrable amounts of iron-containing pigment in the
tubule cells of geeldikkop cases is yet another indication of the operation of a haemo-
lytic syndrome in this disease. It is likely that the nephrosis could be aggravated
by this low-grade intravascular haemolysis. Haemoglobinuric renal failure is
associated in humans with various conditions which predispose to renal ischaemia,
e.g. surgical shock, anaemia, incompatible blood transfusions and black-water fever.
If haemolysis is accompanied by a fall in renal blood flow or renal vasoconstriction
then severe renal damage may be produced by a quantity of free haemoglobin which
would be innocuous in the normal subject (Milne, 1959). Frank haemoglobinuria is
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not a feature of any stage of geeldikkop, as far as is known. [t is a prominent
symptom, however, in enzootic icterus and may be of considerable importance in
the pathogenesis of the renal lesions in this syndrome.

The very low plasma amino acid levels encountered in the early and advanced
cases of geeldikkop may have a special significance of their own. Hyperamino-
aciduria is not a feature of geeldikkop as far as is known. There is thus no reason
to suppose that excessive urinary loss is responsible for lowering the plasma amino
acid level. Geeldikkop is a disease in which a very severe gastro-intestinal stasis is
present from possibly before the onset of the typical clinical symptoms (Brown,
1966a). This being the case, the absorption of volatile fatty acids from the rumens
of affected animals must be minimal. Since carbohydrate metabolism is seriously
disturbed during the initial stages of the disease, the animal must obtain energy
for its life processes by increased lipolysis and gluconeogenesis, the latter from
protein sources. If there was efficient gluconeogenesis from protein sources one
would expect slightly raised or at the best normal amino acid levels. The low levels
actually found might indicate that extrahepatic amino acid release for gluconeogenesis
is not keeping pace with intrahepatic use of these compounds. This particular
aspect will be mentioned again in the following chapter.

CHAPTER 8

THE GENERAL CHEMICAL PATHOLOGY AND BIOCHEMISTRY OF GEELDIKKOP

E. Adrenal Function in Geeldikkop

I. Introductory remarks

2. Absolute eosinophile counts

3. Plasma electrolytes and water balance
4. General discussion

1. Introductory remarks

The role played by various severe non-specific stress conditions in precipitating
attacks of geeldikkop was recognized early in the field work on these diseases (Brown,
1959¢, 1962, 1963; Brown et al., 1960). A considerable amount of work has been
devoted since then towards defining more closely the nature of these non-specific
stress conditions and studying their effects on sheep in general and Karoo sheep
in particular (Brown, 1962, 1963, 1964, 1966a, 1966b; Brown & de Boom, 1966).
One of the concluding chapters of this thesis is devoted to a discussion of this aspect
of the pathogenesis of these diseases. It is, however, necessary to note a few pertinent
points in this regard at this stage. Enzootic icterus, which is the more severe of the
two syndromes, can be readily precipitated in animals which are candidates for acute
attacks by relatively mild forms of stress, e.g. digestive disturbances following changes
of diet, movement of the animals concerned over long distances by road or rail,
inoculation with live vaccines and dosing with many of the common vermicidal
preparations (Brown & de Boom, 1966). Many of the cases described later in this
thesis were produced merely by transporting the sheep over a distance of 20 to 50
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miles by lorry from their farms of origin to the laboratory at Fraserburg. Geel-
dikkop on the other hand, a comparatively mild condition by contrast, requires
considerably severer forms of non-specific stress to precipitate acute attacks of the
disease. These appear to include a severe gastro-intestinal stasis induced by the
sanonins present in the rapidly growing annual plant, 7. ferrestris L. and extreme

anges in environmental temperature, gastro-intestinal disturbances following
sudden desiccation or wilting of the natural grazing and possibly infectious diseases
(Brown, 1959a, 1962, 1963, 1966a). It is highly likely that an infectious agent is
most important in this regard (Brown, 1966a, 1966b).

The reader is reminded of the following important points which have emerged
from the discussion so far:

(a) the severe haematological disturbances seen in the prodromal cases, e.g
leukopaenia, thrombocytopaenia and anaemia, and the severe hypo-
glycaemia encountered in these cases;

(b) when the symptoms of geeldikkop first appear they do so accompanied
by many biochemical disturbances which are either maximal from the
onset or reach their peak within the first three days of illness. The most
important of these disturbances to bear in mind for the purposes of the
present discussion are the hypergammaglobulinaemia, the marked
elevations of plasma GOT, LD, PHI and aldolase activity levels in the
absence of obvious hepatic pathology, the high levels of plasma catalase
activity, the low levels of plasma amino acids and the explanations
offered in connection with the latter two phenomena; and

(¢) the lymphocytopaenia and neutrophilia which are part of the haema-
tology of the latter stages of the disease.

Adrenal function was assayed in cases representing all stages of the disease by
careful consideration of the results from the following tests or determinations:
the absolute eosinophile count, plasma sodium, potassium and chloride levels and
blood sugar. The results of these analyses must be interpreted with caution since
sheep do not always follow the classical human patterns of hypo- or hyperfunction
of the adrenals. Blood sugar levels were discussed in Chapter 5. The reader should
bear in mind the discussion already given.

The normal values for tests which must still be discussed are: absolute eosino-
phile count, 200 to 500 per cu. mm (Brown, 1963); plasma sodium, 138 to 150 meq
per litre and plasma potassium, 4-1 to 5-5 meq per litre (Clark, 1959); and plasma
chlorides, 95 to 105 meq per litre (Brown, 1963).

Because of the large amount of work which had to be done during these investi-
gations it was not possible to do complete electrolyte balance studies on these animals.
Plasma bicarbonate determinations had for instance to yield priority to more
important studies. In any event the presence of marked kidney lesions in many of
these cases would make attempts to interpret electrolyte balance studies in terms of
adrenal pathology a most difficult and probably unrewarding task. The reader is,
however, referred to the sections dealing with total plasma protein values and
inorganic phosphate and magnesium levels which have been discussed in the previous
chapters in a different context. Total plasma calcium levels are presented in the
tables in this section. No attempt was made to partition the plasma calcium,

Values found for the absolute eosinophile counts and determinations of plasma
calcium, sodium, potassium and chloride on the blood of control animals are given
in Table 64; the corresponding values for the prodromal and severe Vosburg cases
are given in Table 65 and those for the more typical cases of all stages of geeldikkop
in Table 66.

424






BIOCHEMICAIL STUDIES ON GEELDIKKOP AND ENZOOTIC ICTERUS

TABLE 66.—Absolute eosinophile counts and plasma electrolyte levels in typical cases

: Eos. C. Ca* | Nat l K+ ‘ Cl-
Sheep No.f Details !per cu.mm| mg% l Meq/L | Meq/L | Meq/L
|
V1-25 . Early case 1-2 days..... | 20 11-8 105 69 | 804
V13 N RS i 0 10-0 135 4-5 80-4
V12 . N i 0 10-2 147 45 80-4
vi-i . N 100 10-2 138 5.4 71-4
V1-23 . 2-3 days. .... 60 11-2 115 4-8 896
V1-22 . IR 40 116 136 5.3 94-3
V124 . o 20 10-6 126 4-9 89-3
V1-17 . S 20 10-0 122 63 93.7
V1-15 . A 25 11-8 124 5-0 93.7
F-5 . o 60 13-6 127 4-9 893
Vi-13 . N 360 10-6 144 4-8 741
F-2 . N ) 11-2 166 6-4 89-3
V1-26 . 3-5 days..... P20 10-0 118 6-1 87-5
VI-11 . 5-7 days..... 80 11-2 132 4-6 89-3
Vi-18 | . P 0 11-8 | 120 5.0 84-8
V1-21  Advanced case 7-8 days. 20 13-0 120 5-0 91-1
V15 . . 0 \ 10-6 135 3-8 80-4
Vi-4 S . 0 | 100 132 4-0 89-3
Vi-14 N . 40 85 . 118 4-3 84-8
V1-7 B . 40 123 | 122 4-1 71-4
V1-6 N . 20 100 | 141 5-3 80-4
v - 8-10 days | 140 10-6 132 5.1 893
V1-10 o . 20 9.0 147 6-6 866
V18 S L 120 10-0 141 5-8 80-4
V1-12 S 10-14'days | 480 11-2 144 5-1 89-3
V1-20 S ) 0 10-0 115 4.8 91-1
V1-16 S . 0 10-0 110 3-5 92-9
V1-19 | Recoveredcase.......... 700 | 112 122 5-1 95.5
F-4 e e 230 12-0 162 5-8 89-3
F3 . 252 13-4 159 5-1 82-2
VBZ | e 230 122 | 148 4.9 | 83-9

2. Absolute eosinophile counts

The absolute eosinophile counts found in the control animals were in general
well within the normal limits given. A fair eosinopaenia was observed in the pro-
dromal cases, and a marked eosinopaenia was found in all the early and advanced
severe Vosburg cases except in Sheep VB-G which showed a marked eosinophilia.
Severe eosinopaenia was similarly prominent and almost general in the more typical
early and advanced cases. Normal counts were found in the recovered cases except
in the instance of Sheep V1-19 which showed a marked eosinophilia.

3. Plasma electrolytes and water balance

Plasma calcium levels in the sheep range normally from 9 to 12 mg per cent
(Dukes, 1955). The values found in the control animals fall generally within this
range. With one exception the typical cases of geeldikkop showed no deviations
from this range. The exception, Sheep V1-14, gave a value of §8-5 mg per cent
for this blood constituent. No particular significance need be attached to this slightly
low figure. Calcium levels were not determined on the plasma of the prodromal
and Vosburg cases.
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Plasma, sodium, potassium and chloride levels were generally within the normal

1iges for these constituents in the control animals. A few isolated high values for

ptasma sodium and potassium were found in these cases, but such values were within
the extreme ranges given by Clark (1959).

Severe hyponatraemia was found in two of the prodromal cases, and in most of
the rest of these cases, plasma sodium levels were within the lower part of the extreme
range (132 to 156 meq/L, Clark, 1959). Potassium values were normal in six of
these cases, markedly elevated in two and lower than normal in one case. [The
extreme range for this plasma constituent is given by Clark (1959) as 3-8 to 6-0
meq/L]. Hypochloridaemia was a general finding in this group of animals. Low
sodium values were associated with either elevated or lowered potassium levels.

Normal plasma sodium levels (within the extreme limits) were found in five
out of the ten early Vosburg cases, hypernatraemia in four of these animals and
extremely severe hyponatraemia in one case. In this animal (Sheep VB-F) the hypo-
natraemia was associated with an extremely severe potassium depletion. Apart
from this case potassium levels were generally within the normal plasma levels for
this element and all within the extreme ranges in this group of animals. Severe
hypochloridaemia was a constant feature of these cases.

Severe hypernatraemia accompanied by hyperkalaemia was found in one
advanced case in the Vosburg group of animals (Sheep VB-Z1) and severe hypo-
natraemia together with hypokalaemia in another (Sheep VB-Y). Sodium values
in these animals were otherwise within the normal range. Hypokalaemia was
present in a further case (Sheep VB-L). Values within the extreme limits for this
plasma constituent were found in the other cases. Chloride levels were normal in
the plasma of two of these seven cases and although below normal in the rest, were
generally higher than in the early cases.

It is evident from Table 66 that the same patterns of electrolyte disturbances
were present in the typical early and advanced cases. Severe hyponatraemia was a
fairly general feature in both of these groups of animals. In some cases it was
accompanied by hyperkalaemia, and in most by normal potassium values or values

thin the extreme limits for this element. Hypochloridaemia was present in all
the early and advanced typical cases.

The recovered cases generally showed some residual disturbances of the plasma

ctrolyte balance. Potassium values were generally quite normal but most of the

chloride values found were still low. Sodium values were either normal, elevated
or lower than normal.

Much as the author would have liked to, it was not possible to fit determinations
lood and plasma volumes and total body water into the study programme.

<ed dehydration is a prominent feature in many cases of geeldikkop and was

1 particularly in the severe Vosburg cases. This phenomenon was observed
particularly in advanced cases in extremis, e.g. Sheep VB-F, VB-Y and VB-ZI.
The former, it will be recalled, showed extremely severe hyponatraemia and hypo-
laemia and the latter markedly elevated plasma levels of both elements. Dehy-
Aration was also pronounced in many of the advanced cases showing features of
geeldikkop and enzootic icterus, e.g. Sheep V1-6. The carcases of the severely
drated animals were typically markedly emaciated, the flesh appeared dry and

a peculiar pungent odour. The blood was extremely concentrated and very
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dark red in colour. The skin was dry, parchment-like and tore apart easily. There
was virtually no subcutaneous tissue and the animals were in fact skinned by merely
pulling the skin off the carcases. Extremely severe atrophy of the gastro-intestinal
tract was a constant feature in all these cases (Brown et al., 1960).

4. General discussion

The triad of lymphocytopaenia, eosinopaenia and neutrophilia following stressful
stimuli is seen in many serious disease conditions in animals (Gordon, 1955; Schalm,
1961). In human patients with chronic adrenal insufficiency a leukopaema with a
relative lymphocytosis and eosinophilia is generally seen and neutropaenia is by no
means uncommon. Human adrenal hyperfunction is generally accompanied by
lymphocytopaenia and eosinopaenia (Bland, 1956; Bodansky & Bodansky, 1957;
Grollman, 1963; Jailer & Longson, 1959). Leukopaenia is encountered in the sheep
in severe adrenal cortical deficiency states and this is generally due to lymphocyto-
paenia as a result of atrophy of lymphoid tissue throughout the body (Clark, 1941).
Various tests based on the response of circulating eosinophiles to the administration
of ACTH have been introduced in medicine as measures of adrenal function
(Bodansky & Bodansky, 1957; Kaneko, 1963; Jailer & Longson, 1959). 1t has been
found that the eosinophile count, in consideration with the plasma electrolyte values,
is very useful for this purpose in the sheep. Although a rise in the absolute eosino-
phile count is sometimes encountered in sheep showing apparent adrenal hypo-
function, there is more generally a marked fall in the level of these cellular elements,
very low counts being the rule until the animal recovers or death supervenes (Brown,
et al., 1960).

The typical picture of chronic adrenal insufficiency in the human is seen in
Addison’s disease. It is characterized by marked hyponatraemia, hypochloridaemia,
low levels of plasma bicarbonate and hypoglycaemia. Plasma potassium levels
may be increased or normal; calcium is generally within normal limits, but the plasma
inorganic phosphate generally increases in many cases. The non-protein nitrogen
levels in blood are generally increased, the elevated levels being mainly due to an
increase in the blood urea nitrogen fraction. 1n the early stages of the disease there
is a marked loss of water through the urine, but as the disease progresses the urinary
loss becomes less and more fluid is lost through vomition and diarrhoea. Typical
cases actually show a decreased ability to excrete water. A reduced glomerular
filtration rate and renal blood flow is often present in these cases. Hypoglycaemia
is due to an impaired capacity to form glucose and glycogen from intermediate
products of carbohydrate and protein metabolism, that is mainly due to impaired
gluconeogenesis. An increased tolerance is exhibited towards administered glucose
(Bland, 1956; Bodansky & Bodansky, 1957; Grollman, 1963 Jailer & Longson, 1959).

Basically similar findings are seen in acute adrenal insufficiency and in the
adreno-genital syndrome in humans. In the latter condition, diabetes and decreased
tolerance to glucose may be present (Bodansky & Bodansky, 1957). Hyperfunction
of the adrenals in human patients (e.g. those with Cushing’s disease) is characterized
by a *‘ hypokalaemic, hypochloraemic alkalosis . Sodium levels in plasma are
frequently normal; bicarbonate levels are elevated and there is hyperglycaemia,
glucosuria and a decreased glucose tolerance. Although plasma calcium levels are
frequently normal, there is an excessive loss of calcium in the urine. A negative
nitrogen balance is the rule in these cases (Bodansky & Bodansky, 1957).
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It is obvious from that data presented here that geeldikkop in its typical form
is accompanied by severe adrenal hypofunction manifested by a characteristically
Addisonian type of plasma electrolyte imbalance. Hyponatraemia and hypochlori-
daemia are general findings in the typical early and advanced cases and are usually
accompanied by normal potassium levels, although numerous cases were found to be
mildly hyperkalaemic. These disturbances are still evident in recovered animals.

Evidence of marked disturbances of adrenal function was found in the prodromal
cases. Hypoglycaemia and hypochloridaemia were general findings. Sodium
levels were generally on the low side of normal or less commonly below the normal
limits. Potassium levels in the plasma were also generally normal but raised or
lowered in odd cases. The same patterns are seen in the early and advanced Vosburg
cases. Although adrenal function is obviously seriously impaired in these extreme
cases, the chemical pathological picture is not as well defined as in the typical cases
and apart from that of individuals in which complete adrenal collapse is evident
(e.g. Sheep VB-F, VB-Y, VB-ZI), it seems to represent a phase in which hyper-
and hypofunction alternate—a phase which results either in adaptation and recovery
or in total adrenal exhaustion (as in Sheep VB-F, VB-Y, VB-ZI) in accordance with
Selye’s concept of the general adaptation syndrome (Selye, 1946). Marked sodium
depletion together with hypokalaemia generally heralded a fatal outcome in these,
cases, and as mentioned earlier was generally accompanied by dehydration.

In view of the interpretation of the data given in Tables 64 to 66 which has just
been presented, it is essential that the gross and microscopic pathology of geeldikkop
relevant to this discussion be reviewed briefly.

The following is extracted from one of the earlier studies (Brown er a/, 1960):

** Autopsies of the severe Vosburg cases revealed fair to marked atrophy of the
een with a marked atrophy of splenic lymphoid tissue; marked atrophy of all the
tymphoid tissue in the body, the lymph nodes being severely involved and often
difficult to find—even the large mesenteric lymph glands were affected in this way.
The parotid, submaxillary and prescapular lymph nodes which drain the areas
involved in the photosensitization reactions were found to be often enlarged and very
oedematous. The adrenal glands appeared to be severely affected, showing a marked
atrophy or marked enlargement, their colour varying from normal to light yellowish-
brown, and their structure on section being often very indistinct. On microscopic
examination evidence of atrophy of the lymphoid tissue was seen, together with a
diminution in the cellular content of the Malpighian bodies of the spleen and the
cortical nodules of the lymph nodes. The adrenals did not appear to show any
particular changes”.

The adrenals of the early typical (Sheep V1-) cases showed obvious degenerative
anges at autopsy. There appeared also to be a marked atrophy of all lymphoid
ussue; the lymph nodes were very small and difficult to find with a concomitant marked
decrease in splenic lymphoid tissue. Atrophy of the lymphoid nodules of the spleen
and lymph nodes was confirmed microscopically. In the lymph nodes the reticulo-
endothelial cells were loaded with a finely granular iron-free pigment. In one of these
cases the lymph nodes contained numerous macrophages loaded with iron-free
pigment, which resembled the *“ giant pigment cells > seen in enzootic icterus. Once
more, nothing specific was seen in the adrenal glands.
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The same changes as seen in the early cases were found in the advanced cases
of the disease, prefixed V1- and the cases showing features of both geeldikkop and
enzootic icterus. Amongst the latter cases, one animal showed in addition to marked
atrophy of the cortex and lymphoid nodules of the lymph nodes, an accumulation
in the latter structures of some very large macrophages loaded with iron free pigment
resembling the “ giant pigment cells * of enzootic icterus.

The pathology of the most recently studied group of cases (Sheep prefixed V3-
and F-) was basically similar to that of the V1~ cases as regards the adrenal glands,
spleen and lymphoid tissue. The adrenals of the early and advanced cases appeared
generally on microscopic examination to be enlarged with a rather indistinct structure.
Microscopic examination of sections of these glands revealed little of note in most
cases. Some pyknosis of cortical cell nuclei was evident in a few sheep. In most of
these animals evidence of considerable phagocytic activity was found on microscopic
examination of spleen sections. This took the form of a general reactive hyperplasia
of the red pulp. There appeared in many instances to be a fair to moderate increase
in iron-containing pigment in many of these cases. Atrophy of the lymphoid tissue
was a general finding in both the early and advanced cases; many of the lymph glands
examined contained numerous macrophages laden with iron-containing pigment.

Nothing of particular note regarding the adrenals and lymphoid tissue was
evident in the pathology of the recovered cases. The histopathology of the lymph
glands of the control animals is of interest in that macrophages laden with iron-
containing pigment were found to be present in these structures in all instances. This
phenomenon, indicating an increased rate of erythrocyte destruction, is further
evidence of the existence of a haemolytic process in the general run of geeldikkop
cases. Its presence in the control animals indicates that the haemolytic syndrome
is present and of a low grade nature in animals showing no clinical symptoms of
either geeldikkop or enzootic icterus.

The general severe atrophy of lymphoid tissue is a prominent feature of stress
conditions in the sheep and was first described in this animal by Clark (1941) during
his studies on ovine pregnancy toxaemia. The results of macroscopic examination
of the adrenals of geeldikkop cases point to obvious involvement of these structures
in the pathogenesis of the syndrome. The singular lack of microscopic changes in
these organs indicates however that the adrenal insufficiency which is present in
geeldikkop is due to a functional failure of the adrenal cortex and not to a destructive
process.

Geeldikkop is a disease in which a severe gastro-intestinal stasis is present from
before the time at which the first symptoms of the disease appear (Brown, 1966a;
Brown et al., 1960). This means a drastic reduction in the supply of volatile fatty
acids to the animal for energy purposes. Evidence has been produced of the severe
disturbances which exist in carbohydrate metabolism in these cases. This makes
these animals entirely dependent on fatty acids obtained by lipolysis of reserve fat
and gluconeogenesis from protein sources for their energy supply. It is obvious from
the data presented in Tables 65 and 66 (and particularly the latter table) that adrena
insufficiency 1s severe from before the onset of symptoms and extremely severe
particularly during the first week of illness. This means in effect a complete with-
drawal of the hormonal stimuli for gluconeogenesis, the results of which can orlv
be catastrophic to the animal concerned, even if its endogenous fatty acid sup
remains unimpaired.
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CHAPTER 9

F. General Discussion on the Histopathology of the Disease in Relation to the Chemical
Pathology

One of the most intriguing aspects of geeldikkop has always been the fact that
2 violent clinical symptoms are accompanied in typical cases by such mild histopatho-
logical changes. The chemical pathological studies on the disease, as outlined in
the foregoing chapters, make it considerably easier to understand why this should
be so and help to explain the development of phenomena which must be regarded as
:ondary changes, e.g. degeneration of the kidney tubules. When the gross patho-
logy, histopathology and chemical pathology of the disease are considered together
very critically, it is apparent that the syndrome of geeldikkop consists of three definite
components, namely:

(a) a pre-existing and for the greater part sub-clinical disease condition;

(b) an acute episode with its characteristic sequence of biochemical events and
clinical symptoms, and

(c) a condition which precipitates the acute episodes.

It is possible to separate these components from one another, and as will be demon-
strated in the subsequent chapters, also possible to reproduce the most important

itures of these components. These facts bring us even closer to understanding the
pathogenesis of this rather complex disease.

Mention has been made earlier of the very marked differences which exist between
sheep born and raised in areas where geeldikkop is prevalent and those born and
raised elsewhere. The most important differences are those concerning red cell
fragility, methaemoglobin reduction and red cell glutathione (Wagner, 1964). Men-
tion has also been made of the ease with which an acute haemolytic attack can be
induced in enzootic icterus and of various pointers to the fact that such attacks
apparently occur on a subclinical scale in animals from areas where geeldikkop is
more common, e.g. demonstrably increased amounts of iron-containing pigment in
t.  spleens of these animals and the presence of large numbers of macrophages laden
with iron-containing pigment in their lymph glands.

These phenomena are all part of the pre-existing subclinical disease condition,
which will be discussed at greater length in one of the following chapters.

The acute episode results directly from an alteration in the selective permeability
~f cell membranes in the liver, kidneys, muscles and possibly other tissues as well.
lis alteration in permeability is coupled with a marked decrease in energy production
in the tissues concerned and with failure of vital hormonal control in the form of
Irenal cortical insufficiency. In typical uncomplicated cases the acute episode is
prief and recovery can be expected. In the more severe cases particularly those in
which the lesions of photosensitization have run their full course unchecked, adrenal
cortical collapse is present, the alteration in cell membrane permeability is persistent,
the cells of the affected tissues commence to undergo secondary degenerative changes
and death is the inevitable conclusion.
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The main biochemical consequences of the altered membrane permeability are
regurgitation of the constituents of bile into the systemic blood circulation, failure
to excrete them through the kidneys, retention of non-protein nitrogenous waste
products normally excreted by the kidneys and decreased tolerance to glucose.
These phenomena can be reproduced in part by administration of icterogenic triter-
pene acids to experimental animals (see Chapter 13).

The course of the typical acute episode can be complicated or markedly altered

by the lesions of photosensitization and accelerated rate of intravascular haemolysis,

ile appearance of nephrotic lesions and the adrenal insufficiency, depending upon

their severity and duration. Any of these factors alone can cause the death of the

case concerned, the most important in this regard being the kidney lesions coupled
with the adrenal insufficiency.

Mention has been made in the preceding chapters of the marked biochemical
and haematological disorders which precede the appearance of the clinical symptoms,
and indications have been given that these disturbances may be due to the action of
an infectious agent. This agent and its effects constitute the third component of the
geeldikkop syndrome and are probably the most important factors in precipitating
the acute episodes. The marked elevations of plasma GOT, LD, PHI and aldolase
activity are part of this component, and as will be demonstrated in a later chapter,
can be reproduced most effectively by infecting susceptible sheep with strains of a
myotropic virus, which produce a clinically insignificant febrile reaction.

Since the author has only recently begun to appreciate the possible role of a
myotropic virus in the pathogenesis of geeldikkop, no particular study was made of
the muscles in the earlier (Sheep prefixed VB- and V1-) cases. The presence of
myocarditis was noted in individual animals but no significance was attached to it at
the time (Brown, et al., 1960).

Muscle tissue was collected for examination from the most recent cases (Sheep
V3- and F-). Specimens of myocardium, longissimus dorsi, rhomboideus and of
the vastus group were taken at random during autopsy examination of these cases.

nall scattered foci of lymphocytic myocarditis were found in the heart muscle
specimens from Sheep F—4, F-5, V3-15, V3-23, V3-25and V3-26. Areas of Zenker’s
degeneration were clearly visible in the skeletal muscle tissues from Sheep V3-2.

The marked atrophy of the gastro-intestinal tract which has been observed in

lite a few cases has been described earlier (Brown et al., 1960). The gastro-intestinal

stasis and the atrophy which can result from it are in themselves peculiar since they

are of a particular severity not observed in any other ovine disease apart from enzootic
icterus.

Severe jaundice following regurgitation of conjugated bilirubin into the systemic
blood circulation in the absence of significant hepatocellular damage is not confined
to geeldikkop. Hanger & Gutman (1940) reported that arsphenamine could produce a
type of jaundice in humans resembling obstructive jaundice but without inducing
significant parenchymal injury. This same type of injury has now been shown to
occur following therapy with methyl testosterone, chlorpromazine and other drugs.
Such responses are individual and unpredictable and are often associated with com-
monly accepted manifestations of hypersensitivity, such as fever and skin eruptions
(Drill, 1958). These conditions have been called the intrahepatic cholestases and
include hypersensitivity reactions, direct effects of certain drugs not associated with
hypersensitivity and functional intrahepatic cholestasis, which is commonly associated
with viral hepatitis or cirrhosis in human patients (Drill, 1958 ; Popper & Schaffner,
1957).
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The term hypersensitivity denotes a mechanism for the production of lesions
which differs from the usual pharmacological action or effects of overdosage. Such
reactions are not related to dosage and are individual and unpredictable (Drill, 1958).
A drug producing hypersensitivity is believed to act as a haptene and the antibodies
are thought to remain attached to the tissue cells. Under such circumstances, the

administration of the drug may cause an antigen antibody reaction on the surface
ot the cells to which the antibody is fixed and so produce injury within a specific
organ. The incidence of such reactions in the liver is generally low and the hepatic
iniury may be expressed as parenchymal changes with or without jaundice or as

olestasis with jaundice (Drill, 1958). Drug reactions of the latter tyre have an
excellent prognosis as there is no, or at most, a minimal parenchymal reaction.
Upon withdrawal of the drug the jaundice will slowly disappear despite the fact
that it may have existed previously for a period of months. Liver biopsies from the
patients at the height of jaundice induced by methyl testosterone show stasis and
accumulation of bile within the bile capillaries of the central portions of the lobules.
Arsphenamine jaundice is accompanied by lesions in the portal triads, swelling of the
bile ducts and cholangiolitis. Chlorpromazine induces a characteristic picture of
stasis in the bile canaliculi with varying degrees of inflammatory infiltration e.g.
eosinophilic infiltration in the portal zones (Drill, 1958; Popper & Schaffner, 1957).

The outstanding examples of drugs which induce cholestasis directly in the
absence of parenchymal lesions demonstrable by ordinary light microscopy are
icterogenin, 22B-angeloyloxyoleanolic acid and other icterogenin pentacyclic triter-
penes (Brown, et al., 1963 ; Brown & Rimington, 1964; Brown, Rimington & Sawyer,
1963; Heikel et al., 1960). These compounds produce a functional depression of the
secretion of bile pigments unassociated with any hepatocellular damage or obstruction
of the bile passages. The result in sheep is a syndrome clinically very similar to
geeldikkop and embracing many of the biochemical features of the acute episode of
this disease. These compounds and their effects will be fully discussed in Chapter 13.
Their effects on experimental animals are predictable and highly reproducible.

Functional intrahepatic cholestasis is a term used by Poprer & Schaffner (1957)
to cover the condition seen frequently in viral hepatitis and cirrhosis. It is charac-
terized by the presence of exudate in the portal tracts or around the intra-lobular
ductules, and cell infiltrations in these regions. Bile plugs are found in the bile
ductules up to but not beyond the intra-lobular and periportal ductules. The con-
dition is said to be due to increased permeability of the ductules permitting bile

» flow back through the ductular epithelium into the surrounding tissue with sub-
sequent regurgitation into the blood. More water than biliary substances may flow
back resulting in inspissation of the biliary solids (Popper & Schaffner, 1957). A
similar condition can be produced in experimental animals using cholangiotoxic
agents like toluylene diamine, manganous chloride, «-naphthyl-thiourea (ANTU)
and ethionine (Popper & Schaffner, 1957).

In terms of this discussion and its liver pathology, geeldikkop is an intrahepatic
cholestasis. Tt resembles very closely the type of cholestasis induced by the icterogenic
pentacyclic triterpene acids, but is quite different from the hypersensitivity cholestases
or functional disturbances following increased permeability of the bile ductules. The
cholestasis of geeldikkop is due to a decreased permeability of the liver cell membranes
and a failure to secrete most of the components of bile. It has not ye1 sen possible
to establish with certainty whether the parenchymal cells, the bile duct epithelium
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