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INTRODUCTION




AUTORADIOGRAPHIC STUDIES WITH RADIOCACTIVE ISOTOPES

In the technique of autoradiography radioactive material is
localised accurately in a tissue section by the image produced in a
photographic emulsion closely apposed to the section. The study of
the distribution of labelled chemical compounds in normal and diseased
tissues can often throw light on the mechanism of disease. This
thesis is an account of the application of autoradiography, as a
biophysical method, to a variety of problems in pathology, and is
arranged in 6 parts in volume 1. Volume 2 contains tables and
illustrations.

In Part I the technique is described. It is then established
that inorganic radio-sulphate is utilised specifically in the symnthesis
of sulphated mucopolysaccharides, in the living animal, and the
cellular origin of some of those compounds is demonstrated. From
this bass line the investigation is extended to the problem of fibro-
genesis, and evidence is presented to support the view that fibro-
blasts form and secrete acid mucopﬁlysaccharides into the. surrounding
tissues during collagen formation. As complexes with protein the
acid mucopolysaccharides very probably form further complexes with
the fibrous proteins as fibrogenesis proceeds. The mast cell is knéwn

to produce the sulphated mucopolysaccharide heparin, and it is

postulated that in certain fields of fibrogenesis heparin may have

an inhibitory role. The pattern of mast-cell recovery following

-2 -
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administration of the histamine-liberator compound 48/80 is next
astudied and no evidence is found that new mast cells originate in
perivascular areas.

In Pert IT radio—sulphate is used to label specifically

sulphated mucopolysaccharides of the calcified tissues, both in vitro
and in vivo, A test for the viability of cartilage grafts is
described, and illusirated by a clinical example. The experimental
disease lathyrism is next investigated and a comparison is made between
the distribution of sulphated mucopolysaccharides and labelled
proteins in the skeletal lesions. Radioactive amino acids are used
as protein precursors in this case. The results suppoxrt the
hypothesis that the lathyrus factors act by blocking complex formation
between protein and‘chondroitin sulphates A and C., The distribution
of sulphated mucopolysaccharides is established in normal teeth,
and evidence is presented for the synthesis of these compounds in
odontoblasts, ameloblasts, and cells of the dental pulp and stellate
reticulum, The distribution-pattern suggests that these compounds
pléy e part in the mechanism of calcification of dentine and enamel.
Fluoride administration is shown to alter the pattern of dentinal
calcification, and radio-sulphate is found in the proximal zone of the
calciotraumatic response. This again indicates the participation of
sulphated.mucopolysaccharides in calecification.

Part III records an experimental approach to the problem of

. amyloidosis. The model used is amyloid occurring in the golden hamster
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which is infected with Leishmanig donovani. Since there is chemical

evidence that amyloid consists of protein with a small mucopoly-
saccharide component, labelled amino acids are used as protein
precursors, and radio-sulphate as a specific label for sulphated muco-
polysaccharides., In this way the distribution-patterns of protein
and. polyseccharide produced as amyloid develops are studied. The
results support a new hypothesis for the rathogenesis of amyloid.

A glycoprotein, the carbohydrate part of which is sulphated, is formed
by proliferating cells of the plasma series mainly in splenic red
pulp., This glycoprotein circulates and is a soluble precursor of
amyloid. Endothelial cells form another sulphated mucopolysaccharide
which gives an insoluble complex with the glycoprotein., This complex
is amyloid. Amyloid has a characteristic subendothelial distribution,
and therefore there is increased capillary endothelial permeability
for which the glyccprotein may be responsible.

In Part IV the isotope used is iodine-131 given as iodide pre-

operatively to patients proceeding to thyroidectomy. The autoradio-
graphs prepared from gections of the resected glands show the dis-—
tribution of organically bound raedio-iodine, Inorganic iodinated
compounds are washed out in histological processing of the tissue.
The series consists of 159 pathological thyroid glands representing
thyroid adenoma and carcinoma, non-toxic and toxic nodular geitre,
diffuse colloid goitre, thyroid cyst, dyshormonogenetic goitre,

Graves' disease, and Hashimoto's thyroiditis., From the various
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digtribution-patterns of organic iodine-l131 several conclusions are
made, The differentiation between neoplasia and hyperplasia when most
difficult histologically is not made easier by the picture of radio—
iodine utilisation. The uptake of iodine-131 by malignant tumours
ig, from the therapeutic standpoint, disappointingly meagre.
Nodular goitre and dyshormonogenetic goitre differ distinctively
in distribution-patterns and in histological structure. The
differences are sufficiently marked to be diagnostic. In Graves'
disease, treated with large doses of iodine-131, and in
dyshormonogenetic goifre, there is evidence of epithelial
utiligation of radio-iodine., The Askanazy-cell of Hashimoto's
thyroiditis represents hyperactivity rather than degeneration or
involution, but the hyperactivity may be a final stage before
involution or degeneration occurs.

In Part V radio-chromate and radio-iodate are used in an
examination of the histochemistry of chromaffin tissue in vitro.
It is demonstrated that the main cause of failure in the chromaffin
reaction for catechol amines is failure to control the pH of the
dichromate solution used. The pigment formed in this reaction is
probably a mixture of adrenaline black and a chrpme-adrenochrome

complex, The pigment formed in the iodate reaction for nor—
adrenaline is considered to be a non-iodinated oxidation product of

noradrenaline,

Part VI describes an auteradiographic investigation of the merits
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of colloidal radio-gold in the treatment of human carcinoma. The
radioactive material is injected interstitially near accessible tumours,
and an examingtion of its distribution in the regional lymph nodes is
made. The series comprises 23 tumours and 247 lymph nodes are
sectioned for autoradiocgraphy. It is shown that no radio-gold is
present in lymph nodes wholly replaced by tumour, and that in tumour—

free or partially replaced nodes the uptake is variable.
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PART I

Autoradiography
Radio—gulphate IDistribution in the Normal Animal
Sulphur-35 in Comnective Tissue Formation

Regeneration of the Tissue WNast Cell



1. AUTORADIOGRAPHY

Autoradiography demonstrates the position of rediocactive
isotopes in a tissue section or other specimen by the production of
an image in a photographic emulsion applied to the section. The
radiation from the isotope is responsible for the image which

therefore overlies the gite of radicactivity.

RESOLUTION

The degree of resolution obtained varies with several factors
including radiation energy, section thickness, emuleion thickness,
space between emulsion and section, and emulsicn grain sisze, At
one end of the scale a coarse grain emulsion 12 p thick, such as
Kodak AR50, used with high energy f particles, say from io&ine—l}l,
will give a resolution down to 15 pe On the cther hand, with a fine
grain emulsion such as Kodak V-1042 2 y thick, and low energy
particles from tritium, a resolution of 2 y or better is obtainagble
in practice. Emulsions in gel form are also available for high
resolution work and examples are Ilford G5 with a grain gize of
about 0.27 p and Ilford L4 with a grain size of 0.15 p. Smaller
grain size emulsions are being developed and it is probable that
this will be the ultimate limitation of resolution, Useful
electron microscope autoradiographs have been described recently

(Pelc et al, 1961; Przybyleki, 1961).

TECHNIQUE
The basic method used is the stripping film technique (Doniach

-8 -
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and Pelc, 1950) with Kodak AR1O and ARBO plates. The sections are

mounted on slides coated with a thin film of the following

golutions~-
Gelatine 5 8.
Chrome alum 0.5 g.
Water to 1 litre.

The sections are brought down to water and the emulsion is applied
in a dark-room with Wratten series 1 {red) safelight. Rectangles
of film about 5 x 3.5 cm. in size are cut and stripped gently from
the plate. They are floated emulsion side down on clean distilled
water at 2400. The emulsion swells and the rectangles of film
after 2-3 mins, are quite flat on the surface of the water. The
portions of film are now picked up on the slides bearing the sections
80 that the emulsion is smoothly apposed to the section and overlaps
the slide edges. The preparations are dried in a current of clean
air at room temperature and placed in a light-tight box for
exposure, The box is stored at 400 to reduce background fogging,
and it is an advantage to include a drying agent.

After an exposure time which is empirically determined and varies
with concentrafion of isotope in the tissue, half-life of isotope,
radigtion energy, emulsion sensitivity, and the factor of latent
image fading, the autoradiographs are developed and fixed.

Developing is carried out with Kodak D 19b or DX80 developer for

5 minutes at 20°C,  The autoradiographs are then rinsed in water at
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20°C and fixed with Anfix or Kodak acid fizer at the same
temperature for twice the time taken to clear. Further washing
follows for about 30 minutes in running water. The autoradiographs
are dried and are now ready for examination by phase contrast

microscopy, or for staining.

STATNING
T have developed a staining method which gives excellent
contrast between image and stained section, The autoradiographs are

overstained for 4 hours or more in this solution:-

Light green O.Slper cent aqueous 20 ml,
Absolute alcohol. 5 ml,
Distilled water to ' 100 ml,

They are then destained in Sorensen's buffer at pH8 until the
emulsion ig g lighter shade of green than the section., They are
next overstained in 0,1 per cent aqueous Safranin O for 4 hours or
more, and again destained in 0.00I N HCL until all the red dye is
removed from the emulsion. The preparations areaﬁphydrated'in
alcohol, cleared, and mounted in D.FP.X., from a mixt;fe of equal
parts of xylol and D.P.X, Alternatively they may be &éhydraﬁed at
5600 and mounted in D,P,X, after sosking in the xylol-D,.P.X, mixture.
A less elegant but quicker staining method is 0.1 per cent aquecus
neutral red for a few minutes followed by dehydration and mounting
as before. The preparations are now ready for examination bﬁ

ordinary light microscopy.
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TISSUE PROCESSING

The method chosen of preparing the radicactive tissue for
sectioning depends on the experimentsl design. With the usual
fixation, dehydration, and clearing methods of histology radioactive
compounds which are soluble in water or in the organic solvents
used are leached out from the tissue. This is desirable when
the experiment is concerned with protein—-bound radiocactivity, or
with compounds insoluble in water and the ordinary histological
rezgents, Thig is particularly relevant to the work with radio-
sulphate and radio-iodide where free sulphate and iodide are leached
out and therefore do not complicate the distribution-pattern of the
organically bound isotopes. Alccholic formalin is a satiefactory
fixative for this type of experiment, and tissues are processed to

paraffin and cut in the usual way.

INTERFRETATION

This is discussed fully in the context of the experiments
but some general points are made here. The essential data derived
from study of auitoradiographs is topographical. Quantitiative
estimation of image intensities is fraught with many difficulties.
Some of the variables are section thickness, emulsion thickness,
exposure time, developing time, temperature of developer and degree
of background fogging. However, it is a valuable and valid
procedure to compare image intensities in different parts of a single
prevaration. When image intensities are compared in two or more

preparations then every effort is made to ensure that the factors
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affecting image intensity, which are common to the preparations
compasred, are standardised. Such comparison is considered to be

a valid procedure particularly when it shows a gross difference

in image intensity as, for examrle, the presence of a discrete

image in one preparation and the absence of a discrete image in
another, Data based on smaller differences are only valid if this
difference is & congstant feature of many preparations and is reproduc—
ible., These general provigions have been applied throughout the

work.



2. RADIO-SULPHATE DISTRIFUTION IN THE NORMAL ANIMAL

I undertook this investigation to establish and interpret
the normal pattern of sulphate-distribution as a necessary prelimin-
ary step to subsequent experiments. Some aspects of the work were
reported by Curran and Kennedy (1955a2). I was responsible for the
experimental design related to the distribution study, I carried
out all the autoradiographic work, and I made my own assessment of
the data provided by the autoradiographs. The present account
includes & considerable amount of new material which I have prepared

and assessed quite independently.

MATERIALS AND METHODS

Sulprhur-35 as sulphate at pH] was given by intraperitoneal
or subcutaneous injection to a total of 53 albino mice made up of
23 adulte, 20 suckling animals, and 10 foetal animals. The last
group received the isotope by subcutaneous injection of pregnant
adults. The dose of radio=-sulphate was 1 1iCe Per g, body-weight
for suckling animals and 5 pc. per g. body-weight for adult animals.
For the foetal animals the fraction of the maternal dose that
crogsed the placenta was not calculated.

The animals were killed 4-48 hours after isotope injection.
Tissues were routinely fixed in 4 per cent neutral or alcoholic
formaldehyde, in alcohol, or in z mixture of alcohol and acetone.
Fixatives containing mercury were unsatisfactory because image

artefacts were produced in the autoradiographs. Paraffin embedding

-13 -
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and celleidin-paraffin double embedding were employed.

Secticng were cut at 5-6 p and autoradiographs prepared by the
stripping film method with Kodak ARIO and AR50 plates. Sections
adjacent to those used for autoradiography were variously stained
with haematoxylin and eosin, alcian blue (Pearse, 1953), toluidine
blue, by the periodic acid-Schiff method, and by Gordon and Sweets!
method for reticulin., Occasionally sulphation metachromasia was
demonstrated (Kramer and Windrum, 1953), and a few sections of
cartilage were autoradiographed after treatment with testicular
hyaluronidase., The autoradiographs were stained by the method

already described (p. 10).

RESULTS

There is a good correlation between the distribution-pattern
of radio—sulphate and the distribution-pattern of acid mucopoly-
saccharides stained by such a conventional method as alcian blue
(table 1,1). This is most apparent in the foetal and suckling
animals, The sulphate—-uptake in older animals is less brisk,

In skin and other tissues mast cells invariably take up
radio-sulphate avidly (fig. 1,1). This characteristic feature of
mast cells is demonstrated below in human skin in vitro (fig. 1,41).
Sulphate~distribution in tactile hair is illustrated in fig. 1,2.
This is an example of comparison of image intensities in different
parts of a gingle preparation at a given time to show that it is

unlikely that sulphur-containing compounds in keratin are derived
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from sulphated mucopolysaccharides (Sylvé;, 1950).

In cartilage the effect of testicular hyaluronidase is mainly
t0 remove extracellular sulphated compourds (figs. 1,3 and 1,4).
The cellular origin of the sulphated mucopolysaccharides of the
matrix is clearly revealed. Cellﬁlar utilisation of radio-
sulphate in other tissues is listed in table 1,2. Autoradiographs
of growing bone (fig. 1,5) show a marked image over new lamellse.
By taking autoradiographs of such a tissue at various intervals
after isotope injection it is possible to build up a dynamic
picture of the role of sulphated mucopolysaccharides in endo-
chondral ossification. Some aspects of this prodlem are presented
in the section on lathyrism (Part II, 2).

The corneal content of keratosulphate is known (Meyer and
Chaffee, 1940; Asboe-Hansen, 1953), Fig. 1,6 confirms clearly the
presence of a bound sulvhated compound in cornea, and this is a
good example of the assesament of an autoradiograph in the light
of knowledge from chemical extraction studiés. The fibrous tissue
of the lens capsule also contains a sulphated mucopolysaccharide but
the image intensity is less than that over cornéa.

The presence of sulphated compounds in the cardiovascular
system is of considerable pathological intersst. The image
intensities over heart valves (fig. 1,7) and vessel walls (fig.
1,8) are again greatest in the youngest animals, In adults these
gtructures are often inert with respect to sulphate metabolism or

show only minimal images. An endothelial contribution to the images
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obtained carmot be excluded, but the major intensity in valves and
cusps is over the comnective tissue, and in large vessels over the
media. The point of endothelial utilisation of sulphate is referred
to in more detail in Part III.

Glande secreting mucin, and intestinal goblet.cells are amongst
the most active structures showing incorporation of radio—sulphate
(figs. 1,9 and 1,10; table 1,2). It is also of interest that the
pancreatic acinar cells take up the isotope, but the islet cells are
inert in this respect (fig. 1,10). Ciant cells, possibly
megakaryocytes, are rresent in large numbers in the spleens of
young animals and invariably show an intense sulphate-image (fig.
"1, 11). These cells are inconspicuous in the normal adult,

In the nervous system g diffuse rather low level sulphate—image
is obtained over brain, cerebellum, and peripberal nerves, At the
time intervals after isotope injection studied it is not possible
t0 ascertain a cellular origin of this sulphated materizl. The
image intensity is considerably less than that over the dura mater,
perineural connective tissue, and vascular media (figs. 1,12 and 1,13).

The distribution of radio-sulphate in dental tissues shown in
table 1,1 is illustrated in detail in Part II, 3 where a dynamic
picture is built up of the movement of sulphated mucopolysaccharides
in dentine corresponding to the steps of appositional growth and
incremental maturation.

DISCUSSION

The correspondence between sulphate-distribution studies and
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conventional staining methods for acid mucopolysaccharides is good
but presumptive evidence that the autorediographic method is specific
for sulphated mucopolysaccharides. Exceptions to the correspondence
are obviously possible when the staining methods themselves are not
specifiec. For example it has been reported that alcian blue stains
polysaccharides other than acid mucorolysaccharides (Zachariae

and Dyrbye, 1959), And radio-sulphste will not be incorporated into
acid mucopolysaccharides other them the sulphated ones.

The case for specificity is made much stronger by further
considerations. Firstly, sulphated mucopelysaccharides can be
extracted chemically from many tissues which show a sulphate—image
by autoradiograrhy. For example, labelled chondroitin sulphzte has
been isolated from cartilage (Dziewiatkowski, 1951; Bostrom, 1952)
and from skin {Bostrom and Gardell, 1953)., There are numerous
other instances in the literature of this type of correspondence in
tendon, cornea, and bone. Occasionally there are discrepancies.
Singher and Marinelli (1945) and Dziewiatkowski (1949) reported a
high marrow content of radio-sulphate. This has not heen confirmed
in the present work by autoradiography, but there is abundant
radio-sulphate in bone lamellae (fig. 1,5), supporting the view of
Layton (1950b) that the high marrow counts were due to the presence
of such lamellae in the samples estimated.

Secondly, it has been shown by Tarver and Schmidt (1939 and
1942) and Dziewiatkowski (1954) that radio-sulphate is not

incorporated ito any appreciable extent into sulphur-containing amino
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acids, Bostrom and gvist (1953) support this view in a report
that cystine, taurine and methionine show only a low or in-
appreciable uptake of sulphur-35, Their results are based on the
chemical extraction of sulphur-containing compounds other than
sulphated mucopolysaccharides., Further, the histological tissue
processing leaches out any unbound inorganic radio—sulphate.
Excretion studies have shown that injected sulphate is rapidly
excreted as inorganic and ethereal sulphates (Laidlaw and Young,
1948; Dziewistkowski, 1949; Everett and Simmons, 1952).

Thirdly, Schiller et al, (1958) studied chondroitin sulphate
metabolism in skin with labelled sulphate and acetate, and sulphate
and glucose simultaneously. They showed that neither the sulphate
nor acetyl groups underwent exchange, but were metabolised at the
same rate as the polymers. Muir (1961) considers that this finding
validates other work, such as the present, with labelled sulphate
alone.

The autoradiographic method of demonstrating sulphated muco-
polyegaccharides has adventages other than specificity over the
conventional staining techniques. One of the most important is
the possibility of following the distribution path of a sulphated
mucopolysaccharide at various times after injection of radio-sulphate.
Engfeldt and Westerborn (1960) have studied normal epiphyseal
cartilage in this way. At 2 hours after injection of sulphur-35
they found activity confined to the cellss at 24 hours the image

was over cell periphery and matrix; at 7 days all the activity was
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in the matrix. Their conclusion that the chondroitin sulphate
of cartilage matrix is gynthesised in the chondrocytes supports
the view already given in the present work.

Another advantage is that autoradiography clearly shows
differences in metabolic activity which are not apparent by the
usual staining methods. Thig is very obvious in the intense
images obtained in many young tissues compared with adult., Layton
(1950b) end Layton and Denko (1952) have also reported this feature.
The giant cell activity in the spleens of young animals is striking
(fig. 1,11). -The cells ars thought to be megakaryocytes containing
& sulphated mucopolysaccharide (EBalmi and Davies, 1953), but their
appearance in large numbers in the spleen of adult animals after
caseinate injections (p. 105) is worthy of note. In such a
reactive hyperplasia the giant cells again utilise radio—sulphate
avidly. Their relation to experimental amyloidosis is discussed

in Part III.

SUMYARY

The autoradiographic distribution-pattern of radio-sulphate
in normal animals indicates the distribution of sulphated muco-
polysaccharides.

These compounds are identified in intracellular and extracellular
sites. It is very probable that the cells synthesise the compounds

and secrete them into the extracellular tissues.
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3. SULPHUR=-35 IN CORNECTIVE TISSUE FORNATION

Curran (1952 and 1953) reported an examination of fibrous
foci which developed after injection of quartz. He used staining
methods to show that mucopolysaccharides were present in the
cytoplasm of fibroblasts and extracellularly in the quartz foci.

I suggested to him that an examination of sulphate—distribution

in the quartz lesions might be rewarding. I injected radio—-sulphate
into a series of his experiﬁental animals and obtained the auto-
radiographic data which ig the basis of the brief report published
(Curran and Kennedy, 1955b). Figs, 1,14 and 1,15 show quite
clearly that fidbroblastic proliferation is associated with uptake
of radio-sulphate, and that sulphated mucopolysaccharides are in-
volved in the early.stages of fibrogenesis., A more detailed study
of the role of sulphated mucopolysaccharides in comnective tissue
formgtion was necessary., I carried this out and the major part of
the following section has been published independently (Kermedy,
1960).,

Robb-Smith (1954), in a review of the morphogenesis of comnective
tissue, stated that there are 2 schools of thought on the source of
the mucopolysaccharides of the ground-substance, referred to the work
of Gersh and Catchpole {1949} as favouring the fibroblasit, and cited
that of Asboe-Hansen (1951) in support of the view that the mast
cell is the source.

More recently Asboe—Hansen (1957) has claimed that the mast

cell is the only connective-tissue cell yet shown to contain muco~

polysaccharide, but Taylor and Saunders (1957) were unable to
- 20 -
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demonstrate an association between the inﬁercellular acid muco~
polysaccharides and tissue mast cells. Curran (1953) observed
that in an organising quartz focus the fibroblasts produce a
mucopolysaccharide, and that mast cells do not congregate around
the focus. Curran and Kennedy (1955b) showed that radio-sulphate
was utilised by fibroblasts in silicotic foci and suggested that
fibroblasts form and secrete sulphated mucopolysaccharides into the
surrounding tissues during collagen formgtion. The same suthors
(19555) showed a high level of sulphate-utilisation by mast cells.
The present work is an autoradiographic examingtion of sulphur~
35 utilisation and distribution, as an index of sulphated muco-
polysaccharide formation and distribution, in conditions of rapid
growth of new conmective tissue, as seen in foetal, embryonic, and
neonatal animals, in tumours, in granulation tissue, and in experiment-
al cirrhosis. The animals in the last group were made available
for autoradiographic studies by R.S. Patrick. A comparison is
also made between the parts played by fibroblasts and mast cells

in comnective—tissue formation.

MATERTAL AND METHODS

Sulphur-35 as gulphate at pH 7 was administered to a total of
158 small rodents and 4 chick embryos grouped as under (groups 1-4).
The human tissues in group 5 were from surgical biopsies and sulphur—

35 utilisation was determined in vitro in a nutrient medium

containing 1 pc. per ml. radio-sulphate as described by Gibson et al,
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(1955)., In the case of foetal mice, the pregnant adults were
given the isotope subcutansously, and in some suckling animals the
isotope was again given tc the parent and reached the young via the
milk. In the chicks the radio-sulphate was injected into the yolk-
sac or on to the chorio—allantoic membrane., Direct injection in
the other animals wags intrgperitoneal or subcutaneous. The dose
of sulphur-35 ranged from 1 to 5 pc. per g. body-weight for direct
injection. For the indirect routes the fraction of the maternal
dose that reached the foetus across the placenta, or the suckling
enimal in the milk, was not calculated. The injection into the
chick embryos was 100 pc. in each case.

The animals were killed with ether 12-48 hours after isotope
injection, and the in-vitro tissues were fixed after incubation for
48 hours in the labelled medium. 4s 2 routine tissues were fixed
in 4 per cent neutral or alcoholic formaldehyde, embedded in
paraffin and cut at 5-6 p. The method of decalcification gsed was
that given by Collins (1949), and celloidin-paraffin double embédding
was used for decalcified materigl. Autoradiographs were prepared
by the stripping film method with Kodsk AR 10 and AR 50 plates.
Sectiong adjacent to those used for autoradiography were stained with
haematoxylin and eosin, or Van Gieson, or by Gordon and Sweets!
method for reticulin., Toluidine blue, azure 4, and alcian blue

(Pearse, 1953; Lison, 1954) were also used.

Group 1. Foetal and neonatal animals. (a) Eleven normal foetal

albino mice and 2 normal embryo chicks; (b) Eighteen normal suckling
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albino mice and 10 normal suckling Vistar rats.

Group 2. Experimental tumours. (a) Comnective~tissue tumours

were induced in 7 Wistar rats by a single subcutaneous injection of
0.2 ml. of a 0.5 per cent solution of 20-methylcholanthrene in
olive 0il. The tumours appeared 5-9 months later. (b) Epithelial
tumours were induced in 13 albino mice by repeated cutasnecus
application of 0.5 per cent 20-methylcholanthrene in olive oil or
0.2 per cent 9,10-dimethyl-l,2-benzanthracene in acetone. In a

few animals croton oil was used as a co—carcinogen. Tumours

appeared after about 3 months.

Group 3., Granulation tissue. (a) Granulomata were induced in

14 guinea-pigs by the subcutaneous injection of 5 ml. of a normal
saline sugpension of crude carrageenin, and in 10 albino mice by

1 ml. of the carrageenin suspension {Robertson and Schwartz, 1953;
D.S. Jackson, 1957). (b) Cutaneous ulceration and subcutaneous
absceps formation were observed in 12 albino mice after repeated
injection of sodium caseinate (in an investigation of amyloidosis)
and in 10 Wistar rats after repeated injection of 2.5 per cent
aqueous godium fluoride solution (in an investigation on fluorosis).
In one aldbino mouse a resolving peritonitis caused by intraperitoneal .
injection of Freund-type adjuvant was studied, Normal human skin
grafts on the chorio-zllantoic membranes of 2 chick émhryos were
also examined for sulphate-utilisation 4 days after grafting and

18 hours after injection of 100 pc. sulphur-35 (Pullar and Cochrane,
1957).
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Group 4. Experimental cirrhogsis. R.S. Patrick induced this

lesion in 34 albino mice by repeated administration of carbon
tetrachloride. In 25 of the animals and in a further 18 normal
albinc mice he implanted & portion of fine catgut in the liver.

I injected 100 pe. radio-sulphate into the animals which were
killed 24 hours later. I prepared and assessed autoradiographs

of the cirrhotic livers, of the c¢irrhotic livers with catgut
implants, of the normal livers with catgut implants, and of healing
wounds. The effect of cortisone was examined in 9 of the animals

with catgut implants only.

Group 5. Human biopsy material. (a) Portions of 10 mixed parotid

tumours; (b) biopsy material from a case of urticaria pigmentosa.

The in-vitro technique was used for the material in this group.

RESULTS

Group 1{a). Foetal and embryonic animals (Table 1,3).

The transplacental carriage of sulphate in the mouse (Kennedy,
J.S. and Kennedy, G.D.C., 1957) was confirmed; Layton et al, (1950)
showed sulphate-transfer across the placental barrier in the rat.
Transferred sulphate is utilised for tisgue synthesis in the foetus;
Bostrom and Odeblad (19%3) observed a similar transfer and
utilisation in the rabbit.

Mast-cell utiligation of radio—sulphate was an invariable
finding in foetal tissues. The autoradiographic image produced was

sharp and punctate and usually clearly related to the cell cytoplasm.
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Thig characteristic image was not seen in any other cell type and
gave g practically specific "stain" for mast cells (fig. 1,16).

Fibroblasts in developing fibrous tissue showed an image less
intense generally than that of the mast cells, less sharprly
delineated, and often associated with a diffuse activity over early
argyrophilic fibres lying between the cells. This type of
uptake was seen, e.g., in chick gizzard (figs. 1,17 and 1,18),
developing fascia (fig. 1,19) perichondrium, tail tendon, corium
(fig., 1,20) and dura mater.

Mast cells were often associated topographically with fibro—
blasts and this was particularly evident in the corium. But there
were many clear examples of fibrogenesis without any tissue mast
cells being present, as, e.g., in tail tendon, and in chick
glzzard where the autoradiographic image corresponded in fine detail
with the distribution of fibroblasts and argyrophilic fibres shown in

silver preparations (figs. 1,17 and 1,18).

Group 1(b). Neonatal sanimals (Table 1,3).

The carriage of maternmal sulphate by the milk and its
utiligation in tissue synthesis in suckling rats (Denko and Priest,
1959) were confirmed, The distribution of bound sulphate in
connective tissue was similar to that in the foetus, and the mast
cells and fibroblasts both showed evidence of sulphate-utilisation.

In muscle tendons {fig. 1,21) no mast cells were demonstrable,

but there was evidence of bound sulyphate in cells and developing
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fibres; activity was greatest at the areas of origin or insertion.
Fascial planes were frequently clearly outlined by radio-sulrphate.
Mast cells were observed in thyroid and tongue and, particularly
in the latter site, were not associated with fibrogenesis.
Fibroblasts, young fibres, and mast cells occurred together
in some regions and were well shown in developing fibrous tissue
between muscles in the rat snout (fig. 1,22). The fibroblasts and
associated fibres showed a lower, more diffuse uptake than the mast
cells, which were not confined to the fibrous bands, but were also
distributed irregularly in muscle, Again the mast-cell inmage was
sharply cellular, whereas activity in fibroblasts and fibres could

not be clearly mseparated.

Group 2(a)., Experimental commective—tissue tumours. {Table 1,4).

The tumours were 2—-6 cm. in diameter and up to 55 g. in weight.
Local invasion was a constant feature and muscle, kidney, spleen and
liver were variously involved. No distant metastases were seen.
Areas of haemorrhage and necrosis occurred in all the neoplasms.
Microscopically they were predominantly spindle-cell sarcomats show-
ing areas of pleomorphism. The fibre content was variable from
tumour to tumour and from one part of a given tumour to another, but
collagen and fine argyrophilic fibtres were demonstrable in every case.
The number of active mast cells varied from field to field. It was
highest in areas showing well differentiated spindle-cells separated

by fine argyrophilic fibres, lowest in pleomorphic areas, often on an

invading margin, showing little or no fibrogenesis (fig. 1,23).
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It tended to be low in regionz where more mature collagen was
stainable. There was no general massing of mast cells on the
periphery of the tumours, although small numbers of mast cells
were distributed irrsgularly on invasion edges. The mast-cell
images were again sharply cellular.

The tumour celleg generally showed a lower, more diffuse,
utilisation of sulphate than the mast cells. Quite sharply
localiged images were produced over regularly orientated bande and
whorls of tumour cells and fibres, and the uptake in such cells
and fibres was distinctly higher than that in the more irregularly
distributed and more pleomorphic tumour cells (fig. 1,24). In
some cases isolated bands of collagen were demonstrated to contain
radio-sulphate (figs., 1,25 and 1,26), but in most autoradiographs
it was not possible to separate the cell imsge from the fibre image.
Vhere silver stains showed fine irregular argyrophilic fibres the
spindle-cell utilisation of swlphur-35, although present, was diffuse
and of a lower order: such regions often showed very numerous mast
cells.' In the capsule or pseudo-capsule of spihdle—cells and
collagen fibres the image again was darker than in the undifferentiated
parts of the tumour. This feature is illustrated in a fibrous band,
with stainable collagen, dividing 2 tumour nodules (figs. 1,27 and
1,28). Metachromesia was sometimes demonstrable in capsular cells
and fibres, tut the autoradiographs gave a moré constant positive
result. A regular feature of many sections showing areas of

infarction was an increased sulphate-utilisation by surviving tumour
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cells immediately adjacent to the infarct.

Group 2{b). Experimental epithelial tumours. (Table 1,4).

The tumours were squamous-cell papillomata, or carcinomata with
local invasion but without metastases.

Sulphate~distribution contrasted sharply with that in the
comective-tissue tumours. The epithelisl tumour cells did not
utilige the isotope, but stromal uptake was a constant feature (fig.
1,29). The image was diffuse over fibroblasts and fibres, which in
most Van Gieson preparations stained as collagen. Stromal mast
celle were rather sparse and irregularly distributed, but large
numbers of mast cells were frequently present in groups at the
periphery of the tumours, and, in some cases, in the dermis under—
lying areas of normal or hyperplastic squamous epithelium at their
margins. Their punctate images were again quite characteristic
compared with the more diffuse picture over fibroblasts and related
fibres. There was no constant relation between stromal fibro-

genesis and mast-cell population or distribution.

Group 3(a). Carrageenin granulomata (Table 1,5).

The carrageenin injections caused lesions similar histologically
to those described by Williams (1957). in initial polymorphonuclear
leucocyte and macrophage response was followed by a granulomatous
reaction and the formation of new connective tissue on the periphery

of the facus. Sulphate~utilisation by the new comnective tissue

was not clearly demonstrable umtil the 5th day after carrageenin
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injection, and corresponded then to a zone with numerous fibroblasts
and fine argyroprhilic fibres, and few, if any, mast cells. The
intensity of the autoradiographic images increased up to the 9th

day after carrageenin injection, the zones of activity became broader,
and where fibroblasts were infiltrating muscle, activity could also
be shown. From 10 to 15 days the zonal peripheral activity decreased
(figs. 1,30-1,32). Fine fibres were stainable with silver at 4 days
and young collagen fibres by the Van Gieson method at 6-7 days after
injection. The most intense images were in zones rich in fibro-
blasts and early collagen fibres; they were diffuse over cells and
fibres.,

Mast-cell distribution remaiﬁed normal as the lesions developed,
i.e.y, most mast cells were present in the usual position in the dermis
and showed no tendency to aggregation on the periphery of the focus.
Occasional mast cells were seen in the new fibrous tissue, but most
fields of fibrogenesis were devoid of mast cella. Metachromatic
methods for staining mast cells proved difficult to interpret
because of the presence of numerous ﬁacrophages contgining carrageenin,
which is metachromatic. The autoradiographs were unequivocal,
because only the mast cells showed the characterietic focel punctate
image. For the first 4 days after carrageenin injection mast~cell -
ntilisation of sulphate wae lessg than normal: from the 5th day it
was of the usual intensity and did not decrease at 10-15 days. This
pattern differed from that in the zone of fibrogenesis, where there

was a clear fall in radioactivity at 10-15 days after carrageenin
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injaction.

Groap 3(b). Other granulation tissue (Table 1,5).

The common feature in this group was the utilisation of
sulphur-35 by grenulation tissue (figs. 1,33-1,35). 1In every
case the autorsdiographic images were most intense over zones
containing fibroblasts associated with young collagen. The images
were diffuse, not sharply localised to cells or fibres, but present
over both., \Vhere fibrin was demonsirable, no sulphate-utilisation
was seen, and in gbscesses the contral ares of polymorphonuclear
leucocyfes was negative in the autoradiographs. In the peritonitis
case, and in the skin graft on chick chorio—allantoic membrane, no
mast cells were seen in the granuvlation tissue. With abscesses
and ulcers, occasional mast cells in adjacent tissues showed sulphate-
uvtilisation, but there was no constant topographical association of
mast cells with the new connective-tissue cells or fibres.
Capillaries in the granulation tissue generally did not show

endothelial utilisation of sulphur-35.

Group 4. Experimental cirrhosiz. (Table 1,6)

The radio-sulphate distribution-pattern corresponded exactly
to the pattern of cirrhosis (fig. 1,36). The image intensity
varied somewhat and there was no clear correlation with extent or
duration of cirrhosis. No mast cells were seen.

The new comective tissue developing around implanted catgut

also showed utilisation of radio-sulphate., The images were most
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intense 7-10 days after implantation and on the whole were more
intense than those over the cirrhotic lesions (figs. 1,36 and
1,37). With absorption of the catgut and production of more
mature fibrous tissue the image intensity decreased (fig. 1,38).
Cortisone reduced the image size but not its intensity (fig. 1,39).
This effect was also observed in the healing wounds. Occasional
mest cells were present in both the catgut lesions and the

healing wounds but there was no constant topographical assgocistion
with the new comnective tissue cells or fibres. Radio-sulphate

was not present in stitch abscesses,

Group 5(a). Mixed parotid tumours (Table 1,7).

Bvidence of in~vitro sulphate-utilisation by the epithelial
cells in this group of pleomorphic adenomata was equivocal, but in
occasional autoradiographs, where stromzal cells were clearly
distinguishable from neoplastic cells, activity was demonstrable
in fibroblasts lying in abundent hysline material (fig. 1,40).

The uptake was clearly c¢ellular and the dense fidbrous tissue
adjacent to the cells showed no radicasctivity. There was no
evidence in such fields of new fibre formation. Mast cells were

not present.

Group 5(b). Urticaria pigmentosa (Table 1,7).

The skin biopsy showed clumps of mast cells which were
sometimes distributed around vessels in the dermis. Silver stains

showed fine argyrophilic fibres between the mast cells. No
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collagen was present in the lesions, and the collagen bundles

of the surrounding connective tissue stopped short fairly sharply

on the periphery of the mast-cell groups. A few inactive spindle-
cells were geen in the lesions. In-vitro sulphate-utilisation by
the mast cells was demonstrable (fig. 1,41). The image was somewhat
more diffuse than that obtained in mast cells in all the other
material examined, but on the edges of the lesions, where the
distance between mast cells was greater, the cellular nature of the
uptake was clear and the image could not be related to the fine
argyrophilic fibres. No activity was seen in the mature dermal

collagen.
DISCUSSION

Group 1. Foetal, embryonic and neonatal animals.

It has been demonstrated that both the mast cell and the fibro-
blast utilise inorganic sulphate, but that there is an easily
recognisable difference in the type of image they give on auto-
radiography. This difference between the sharp intense cytoplasmic
imzge of the mast cell and the diffuse less intense image of the fibro-
blast and its related fibres may be explained tentatively on the
hypothesis that the mast cell stores much more sulphated mucopoly-
gsaccharide than the fibroblasi.

Jorpes gg_gi,'(1953) showed that sulphate groups in heparin or
in heparin precursors within mast cells exchanged more slowly than

those of other sulphated polysaccharides, and suggested that more than

18 days were required for the exchange of half of the sulphate groups.
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Bélanger (1954) ascribed a synthetic and storage function to the mast
cell because radio—-sulphate was retained for 2 days, in which

period it had disappeared from other comnective tissues. In the
present work persistence of undiminished mast-cell imesges for periods
up to 7 days after injection of radio-sulphate has been demonstrated.
In this period, in young animals, other intracellular activity had
greatly decreased, or, in most cases, had disappeared. In the
synthesis and secretion of the sulphated components of the ground-
substance of new conmective tissue, where the growth rate is rapid,
as in this group, the type of image given by fidbroblasts is much more
appropriate than that given by mast cells, and this is particularly
g0 where fibroblagsts and fibres are closely related with a diffuse
image over both.

The chemistry of tie sulphated compound demonstrable in mast
cells is not known with certainty, but there is evidence that it is
heparin (Jorpes, 1935; Holmgren and Wilander, 1937; Wilander, 1939).
The intensity of the mast-cell image with radio-sulphate would be
consistent with the presence of a compound with a high sulphate
content. According to Bettelheim-Jevons (1958), Wolfrom et al,
(1950) and Foster and Huggard (1955) havs postulated a structure for
heparin with 5 sulphate groups per tetrasaccharide unit. Asboe—
Hansen (1950) has suggested that mast cells are the main source of
hyaluronic acid, and that the sulphated compound they contain may be
a heparin-like precursor of it. Illeyer et al, (1957) have stated

that there is no evidence for the occurrence in tissue of a sulphated
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hyaluronic acid. There is also no chemical evidence to support
the view that hyaluronic acid is synthesised by way of a heparin-like
precursor.

The identity of the sulphated compound shown in fibroblasts and
apparently secreted by them is not know. It is postulated that
it is a sulphated mucopolysaccharide of the ground-substance and
that it may be one or other or a mixture of the chondroitin sulphates
found in collagenous tissue., In electiron-microscope studies on the
formation of commnective—tissue fibres, Porter and Vanamee (1949)
described a2 component of the ground-substance scattered rather sparsely
among the fibres, but were unable to decide whethsr it was related in
any way to collagen formation. Grossfield et al, (1955) showed that
cultures of fibroblésts produced a substance forming a characteristic
mucin ¢lot, That the substance was a mucopolysaccharide was shown by
treatment with testicular and bacterial hysluronidase which inhibited
mucin-clot production. Lastly, S.F. Jackson (1957) has described
cytoplasmic granules in collagen—-forming cells when intercellular
material is about to be or is being deposited. The granules have
been shown to contsin both protein and mucopolysaccharide.

The mast cell is not then the only connective—tissue cell that
has been shown to contain mucopolysaccharides. It is generally
accepted that such compounds play a part, probably an early one, in
fibrogenesis. The sulphate-distribution supports this view and

constantly indicates the fibroblast as the dominant cell in the synthesis
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and secretion of the sulphated muccpelysaccharides of the ground-
substance. On topographical grounds it is also probable that
the fibroblast rather than the mast cell is responsible for
hyaluronic acid production, Production of ground-substance and
fibre occurs for example in tendon where mast cells are not
demonstrable, and mast cells are present in considerable numbers
in such tissues as tongue where fibrogenesis is minimal. In the
umbilical cords of the foetal animals of this group mast cells
were scanty and fibroblasts numeroug,

Only in the subcutaneous tissuesg was there a fairly constant
relation between fields of fidbrogenesis and mast-cell popuiation.
Riley et =al, (1955) have sﬁggested that the function of heparin
from tissue mast cells may be concerned with events in the tissues
rather than with the coagulability of the circulating blood.

It may be that thie is a controlling or inhibiting function in

certain types of fibrogenesis.

Group 2, Experimental tumours.

In the sarcomata, mast cells were most numerous in regions
where the tumour cells were well differentiated fibroblast-like
spindle-cells separated by a fine network of argyrophilic fibres.
The mast—cell count decreased as rleomorphism increased.

Holmgren and Wohlfart (1947) found a similar pattern and
made the point that there was no odbvious connexion between diffuse

tissue metachromasia and mast-cell content; they suggested that
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the mast cells played a part in the reaction of the system

agalnst tumour cells, Barlier, Sylven (1945) had surveyed a series
of human fibrosarcomata and found that the number of mast cells
was greatest in and around tumour vegetations in active growth.

He suggested that the acid mucopolysaccharide produced by the

mzast cells played a part in tumour invagion of normal tissues.
Such a distribution was not seen in the present group. The
available evidence favours the view that the mast cell is involved
in a defence mechanism in which heparin influences fibroblastic
proliferation. Oliver .et al, (1947) demonstrated a very high
heparin content in canine mast-cell tumours. Paff et al, (1947)
showed that such mast cells prevented growth of other comnective—
tissue cells in vitro, and suggested heparin as the active agent.
In a later paper Paff et zl, (1952) showed that heparin suppressed
fibroblastic proliferation in vitro. Heilbrumn and Wilson (1949)
investigated the effect of heparin on cell division and showed

that it could block mitosis in Choetopterus eggs.

The mast-cell distribution in the present group of tumours,
showing a very high production of sulphated mucopoiysaccharide
by mast cells in predominantly fibroblastic regions, again favours
a defence mechanigm with release of a heparin-like compound as an
inhibitor of fibroblastic preliferation. Whenvsuch a defence
mechanism is overwhelmed, as in pleomorphic areas and in frank
invasion, the mast cells are few in number or absent.

Sulphate-~utilisation by the tumour cells in the sarcomata tended
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to vary directly with the degree of differentiation, and in any
given autoradiograph was maximal where the spindle-cells were
regularly orientated in bands and associated with young collagen
fibres. The imasges were diffuse over cellg and fibres, When
the fibres present were of the fine argyrophilic type the cellular
images were less intense although still diffuse. The tentative
conclusion is that in fibrogenesis the part played by the sulphated
mucopolysaccharides is quantitatively at a maximum at the stage
when stainable collagen appears, At the presumably earlier stage
of differentiation of fine argyrophilic fibres, sulphate is still
bound, but to a less degree. Vhere there was no fibrogenesis,

as in pleomorphic areas, there was no appreciable sulphate-uptake
by the tumour cells. This conclusion will be discugsed more
fully in the carrageenin gramuloma group. The intense images

at the edges of infarcts could usually be related to increased
fibrogenesis.

A defence resction has also been postulated to explain the
mast-cell distribution in experimental epithelial tumours by
Cramer and Simpson (1944) who described dermal mast-cell aggregates
associated with pre~invasive epithelial changes.

Bunting and White (1950) suggested that mast cells
modified ground-substance to form a heparin-like compound.

Campani (1951) observed that, in embryonic tissues and in
healing wounds, ground-substance appeared before mast cells and

again postulated utilisation of sround-substance by mast cells in
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the production of a sulphated compound. A remarkable increase
in dermal ground-substance in rabbit skin treated with 3,4~
benzpyrene was described by Prodi (1955). Thig preceded
epithelial neoplasia, but accompanied hyperplasia in some regions.
The distribution of mast cells in the epithelial tumour group
and their utilisation of sulphate may be explicable on the hypo-
thesis outlined above, but there is no direct chemical evidence
for the synthesis of heparin by way of a sulphated or non—
sulphated ground-substance prscurscr, It is perhaps more probable
that the common factor in the tumour group is the inhibitoxry
function of heparin in cellular proliferation.
Sulphate-utilisation by the stromal fibroblasts in the
epithelial tumours was a constant feature. The pattern of
distribution in cells and fibres was in accord with the hypothesis
that the sulphated mucopolysaccharides are secreted by tﬁe fibro-

blasts, and take part in the process of fibrogenesis.

Group 3. Granulation tissue.

In the carrageenin granulomata, sulphate-digtribution was
roughly quantitated by image intensity as fibrogenesig proceeded,

Williams (1957) described the appearance of fine reticulin
fibres on the 5th day and their maturation to adult collagen by
the 14th day after carrageenin injection. The appearances in the

present work were similar, but the terminology used is that

advocated by Robb-Smith (1958) who pointed out that the immature
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argyrophilic fibres found in embryonic and regenerating comnective
tissue merge very closely with, and indeed appear to be incorporated
and replaced by, developing colliagen fibres.. They differ from
basement-membrane reticulin, which is not a precursor of mature
coilagen.

Sulphate~utilisation in the present series became obvious on
the Sth day with the appearance of such fine argyrophilic fibres.
It reached a maximum gbout the §th day and decreased from 10 days
enwards, D.S. Jaclkson (1957) found the absolute maxizum amount
of collagen present about the 9th day. The type of image obtained
in autoradiographs was congistently diffuse over fibroblasts and
fibres., Slack {1956), in & chemical examination of the metabolism
of sulphated polysaccharides in carrageenin granulomata, found that
the polysaccharide fraction released by papain digestion reached
its maximum concentration about the 7th day and fell steadily
thereafter, and suggested that this fraction was closely asgociated
with the fibrous collagens. The present sulrhate—-distribution
pattern supports this view, and it is probable that the sulphated
polysaccharide giving the sutoradiographs is this papain fraction.
I have demonstrated in the present work that papain releases
sulphate~labelled polysaccharide from rabbit ear cartilage in vivo.
The mechanism is unknown, but Bryent et al, (1958) have suggested
g proteolytic action at or near points of attachment of chondroitin

sulphate to cartilage protein.

The role of the sulphated mucopolysaccharides in fibrogenesis
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ig obscure.

Partridge (1948) suggested that chondroitin sulphate might
act as a multivalent ion cementing together the protein molecules
to form fibrous macromolecules and eventually fibre bundles.

Meyer (1951) put forward the idea of a mucopolysaccharide template
in fibrogenesis. The fibroblasts produced acid mucopolysaccharides
as well as a globular native protein which was precipitated on

the polysaccharide, whose regularly spaced acidic groups formed
the template on which the fibrous proteins were built up.

Kramer (1952, quoted by Robb-Smith, 1954) postulated an anionic
detergent role for the mucopolysaccharides by which linkages

in the globular form of collagen were broken down, and some

degree of orientation of the collagen molecules promoted. The
collagen protofibrils then crystallised as the carbohydrate
moiety was lost by dissociation due to chénge in local electrolyte
concentration or enzyme activity. Chondroitin sulphate was
found to play a part in the stabilisation of tendon (D.S. Jackson,
1954). He suggested that a quarter of the stabilising linkages
are between chondroitin sulphate and collagen, and that they
consigt of 40 per cent salt-like links and 60 per cent hydrogen
bonds, and that some other mucopolysaccharide or mucoprotein
might also be concerned in this stabilisation. Possible colloid
complexes between collagen and mucopolysaccharide were discussed
by Loeven (1955}, who objected to the term salt-linksge in this

comnexion. In an examination of the composition of some protein
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fractions from calf skin Bowes ot al, (1956) described two
non-collagenous fractions, both associated with relatively

large amounts of hexosamine and with collagen. In a report
published after the present work Partridge et al, (1961)
described a chondroitin sulphate-protein complex in cartilage in
which the protein was not derived from collagen. They suggested
that it was this complex which combined loosely with collagen
fibres and soluble collagen to give the tissue its characteristic
pPhysical properties and insolubility.

The sulphate-~-utilisation pattern in the autoradiographs
gupports the view that sulphated mucopolysaccharides play a
part in the growth of new collsgen fibres. The sulphated
compounds appeared with the first histologically demonstrable
fibres and reached a meximum concentration at about the same
time e&s total collagen was maximal,

The mast cell played little or no part in fibrogenesis in
the carrageenin granuloma. The apparent inhibition of sulphate-
utilisation by mast cells for 4 days after injection of carrageenin
might well have been a direct local result of the injection.
Similarly, in the granulation tissue of resolving inflzmmation,
and in the granulation tissue underlying the skin grafts in chick
embryos, mast—cell utilisation of sulphate was topographically
remote from, and apparently unrelated to, active fibrogenesis.
But labelled sulphated compounds were consigtently related to

fitrodlasts and fibres as before. Layton (1950a) examined
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sulphate~fixation by granulation tissue in vitro and suggested
that fibroblasts might be the active cells, No evidence was
found of endothelial utilisation of radio-sulphate in any of the
examples of granulation tissue studied., This is at variance
with the view of Curran (1957) but supports the contention of
Stebbens (1962) that it is not yet certain that vascular
endothelium is one of the tissues with a marked capacity to

concentrate radio-sulphate.

Group 4. Experimental cirrhosis.

The distribution-pattern of radio—sulphate supports the view
that in hepatic cirrhoszis there is active formation of new
fibrous tissue (fig. 1,36), rather than passive condensation of
existing fibrous tissue (Popper, 1954; Popper end Elias, 1955).
In an independent experiment on amyloidosis I found that cirrhosis
occurred in some of the hamsters used {Part III}. It is worthy
of note that the autoradiographs with sulphur-35 again showed the
gsame picture of active utilisation of the isotope in the cirrhotic
lesions (fig. 3,11). However the images over new fibrous tissue
around the catgut implants were always more intense than those
over the cirrhotic lesions (fig. 1,37), and therefore it is possible
that some condensation of pre-formed fibrous tissue also occurs in
cirﬁhosis. There is no evidence of any part played by the mast

cell in this type of lesion.

In the animals given cortigone there was quite definite evidence
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of utilisation of radio-sulphate in fibrogenesis around the
catgut implants although the volume of new fibrous tissue was
reduced {fig. 1,39). This is at variance with reports that the
synthesis of sulphated mucopolysaccharides is inhibited by
cortisone {Layton, 1951; Nordlie and Fromm, 1958; Kowalewski,
1959). Again there was no clear evidence that the mast cell

was involved in this sort of fibrogenesis.

Group . Human biopsy material.

Willis (1953) has pointed out that in the pleomorphic
adenomata of salivary glands the stromal connective tissue and the
epithelial mucincus material might mingle intimately, but in Van
Gieson preparations they cculd be rendered distinct. Sulphéte—
utilisation was clearly demonstrable only in spindle-cells in

stromal areas, Thus, in sparsely cellular mature fibrous tissue

in vitro there was evidence that the fibroblast could bind inorganic

sulphate. In the other groups discussed above, where there was
active fibrogenesis, it was not possible to separate the images
due to activity in fibroblasts from those due to activity in fibres,
In the urticaria pigmentosa biopsy an interesting point was
the presence of fine argyrophilic fibres in a lesion predominantly
composed of mast cells which utilised sulphate in vitro.
Drennan and Beare (1954) desecribed a mast-cell naevus of
embryonic type in which the primitive mast cells formed reticulin.

In another solitary mast-cell naevus, in which the cells were of
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more mature type, reticulin and collagen fibrils were present
but showed no distinct stromal arrangement, Thig lesion was
similar to that of urticaria pigmentosa. The fine argyrophilic
fibres in the present case resemble those of Drennan and Beare's
case 2. It is suggestéd that they represent a degenerative
process in pre-existing collagen, rather than new fibre formation
by mast cells. Vanamee and Porter (1951) investigated the
golvation and reconstitution of collagen and found that a decrease
in pH caused collagen to dissociate into filaments. Williams
(1957) found that intradermal injection of carrasgeenin caused
collagen breakdown with the appearance of narrow argyrophilic
fibres.

There is no direct evidence to suggest that mast cells play

a part in collagen degradation, but heparin and carrageenin are

gimilar in that they are both highly sulphated acidic polysaccharides,

and there is strong evidence for the synthesig of heparin by mast
cells.

In all groups the trend of the argument is towards ascribing
a positive role to the fibroblast in the production of ground-
substance and the formation of new fibres, and a negative or
inhibitory role to the mast cell. Vhere fibre formation is not
topographically related to mast cells, e.g., in tendon or cartilage,
the tissue is compact, cifcumscribed, clearly bounded by sheath or

perichondriunm. Where fibre formation is topcgraphically related

to mast cells, e.g., in subcutaneous tissue or sarcoma, the tissue
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is not compact, not circumscribed, not clearly bounded, and the
magt cells p?esent may exert an inhibitory or moulding influence
on fibroug develorment. vhere granulation tissue is formed in
reactive or repair procesees the mast cell generally has no
clear topographic assoclation with fibrogenesis, but it has been
noted by Sylvén (1945) and Asboe-Hansen (1954) that in keloid
there is a large increase in the number of mast cells. This

may again be indicative of g defence mechanigm.

SUNLIARY

The distribution of organically bound radiocactive sulphate
has been examined in new connective~tissue formation in foetal,
embryonic and neonatal animals, in tumours, in granulation tissue,
in experimental cirrhosis, and in the lesions in a case of
urticaria pigmentosa. The presence of bound sulphate represents
the presence of sulphated mucopolysaccharideg.

iast cells produce and tend to store such compounds, and it
is probable that heparin is the primcipal exanmple. Fibroblasts
produce, and in active fibrogenesgis secrete, such compounds, and
it is probable that the chondroitin sulphates are the prineipal
examples.,

The role in fibrogenesis of the sulphated mucopolysaccharides
of the fibroblagt has been discussed. The digtribution-pattern

supports the view that as protein complexes they may form further

complexes with the fibrous proteins as fibrogenesis proceeds,
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particularly from the stage of fine argyfophilic fibres to young
collagen,

It has been postulated that in certain fields of fibrogenesis
the mast-cell sulrhated mucopolysaccharide may have a defensive or
inhibitory'role, and properties of heprarin have been discuseed in

this respect.



4., REGENERATION OF THE TISSUL MAST CELL

My interest in the utilisation of radio-sulphate by mast
cells led to discussion with W.C. Watson who had studied by
tinctorial methods some aspects of mast cell topography in heart
(Watson, 1958). A collgborative experiment was arranged in which
I applied the gutoradiographic technique to the study of regeneration
of mast cells after administration of the histaﬁine—liberator
compound 48/80 which is a condensation product of p-methoxyphenethyl—
methylamine and formaldehyde (Riley and West, 1955). In the
report which was subsequently published (Watson and Kennedy, 1960}
I was responsible for the autoradiography, and made & personal
assessment of the data derived from study of the preparations.
This aspect of the work is now presented.

Fawcett (1954) had reported that the peritoneal cavity of
the rat was an ideal site for exposing in vivo a large population
of mast cells to the action of a chemical histamine-liberator.
Riley and West (1955) described a recovery phase after 48/80 in
which new cells are formed from commective-tissue precursors in
the adventitia of small blood vessels, the septa of fat cells,
and the milk gpots and connective tissue framework of the omentum.
In the present experiment radio~sulphate was used ag an index of
mast cell functional activity in autoradiographs of mesenteric
spreads from animals which had been given 48/80 followed by the

isotope at various time intervals.
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MATERTALS AND METHODS

Compound 48/80 was given daily for 14 days by intraperitoneal
injection to 11 adult albino rats, The dose was increased from
100 pg. to 1 mg. and a total dose of 10,85 mg. was given to each
animal. Radio-sulphate was injected 24 hours before sacrifice
and the animals were killed at intervals of 1~23 days after the
course of 48/80. The seriel numbers used (table 1,8) refer to
the day of injection of the sulphur-35. The dose of the isotope
was 500 yc. in each case. Autoradiographs were prepared of
mesenteric spreads using Kodak AR10 and ARS0O plates. The

exposure time and photographic processing were kept as uniformly

constant as possible throughout the experiment. The autoradiographs

were stained with toluidine blue and assessed firstly by counting
all labelled mast celle in the coarse grain preparations, and
secondly by counting the number of labelled mast cells per 50 mast
cells in 2 fine grain preparations for each animal. In the
coarse assessment the results are presented on the scale O to ++++,
and in the fine assessment the numbers of labelled cells are

given {table 1,8).

RESULTS
Functional activity is present in mesenteric mast cells
within 24 hours of the cesgssation of a prolonged course of 48/80,
but there is no evidence of an orderly pattern of increasing

numbers of mast cells utilising radio-sulphate at greater time
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intervals thereafter (tabls 1,8). The attempt at quantitation
in this respect shows merely a random number of cells which
utilise the isotope unrelated to the interval between cessation of
the course of 48/80 and the time of injection of sulphur-35.

There is no evidence of any particular anatomical
digtribution of radiocactive cells in the mesentery at any time
studied after 48/80 administration. Perivascular labelled mast
cells were never more numerous than labslled mast cells in other
positions in the mesentery. Again the distribution appeared
random.

Examination of numerous radicactive mast cells showed that the
radioactivity was cytoplasmic (fig. 1,42). It was algo apparent
that swollen ghost cells with no granular affinity for toluidine

blue could utilise radio-sulphate.

DISCUSSION

Riley and West (1955) found that after 5 days on 48/80
no mast cells were visible in the mesentery, and throughout a
longer period of injection there was little evidence of recovery
of mast cells. They described a substantial restoration of
mast—-cell pattern in skin at 4 days,‘and in mesentery at about
13 days after 48/80. The mesenteric mast cells appeared to have
been derived in part from numerous very small mast cells in the
adventitia of vessels, Riley and West used toluidine blue

staining to recognise mast cells. It is possible that the
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tinctorial method is a less reliable one than the autoradiographic
as an index of mast cell wviability, and that the obvious difference
in results is due to this factor. Certainly the distribution-
pattern of radio-sulphate 24 hours after 48/80 indicates the
presence of vigble mast cells, and would suggest that the method
is more sensitive than the tinctorial one.

However, it is not necessarily true that heparin and
histamine metabolism run in parallel. Compound 48/80 releases
histamine but Riley et al, (1955) have shown that with a 94 per
cent loss of histamine by 48/80 there is only a 53 per cent loss
of heparin, and n6 change in the clotting time in rat blood.

It can thus be argued that the utilisation of radio-sulphate

by mast cells after 48/80 is a doubtful measure of the effect

of 48/80., But the same argument applies to tinctorial methods
which stain acid mucopolysaccharides such as heparin., Tdeally
this experiment should be repeated using instead of radio-sulﬁhate

a labelled precursor of higtamine.

SULMARY
¥ast cells can metabolise radic—sulphate within 24 hours
of a 14 day course of the histamine-liberator 48/80. There
is no evidence of a regeneration pattern developing from
rerivgscular mast cells. Synthesis of heparin and histamine
may be dissociated, and sulphate-utilisation by mast cells is a

funetion of beparin synthesis only.
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In-vitro Uptake of Radio—-sulphate hy Cartilage Cells
Autoradiogrgphic Studies in Experimental Lathyrism
Radio—sulphate Distribution in Normal Teeth

The Effect of Sodium Fluoride on the Utilisation of
Radio—gulphate in Teeth
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1, IN-VITRO UPTAKE OF RADIO-SULPHATE BY CARTILAGE CELLS

From the finding already described in Part I, 2 of the
avidity of cartilage cells for radio-sulphate in viveo it was an
obvious step to suppose that only living cartilage cells should
show this functional activity., A surgical colleague, T. Gibson,
was interested in the problem of viability of cartilage grafts,
and in discussion it seemed reasonable to put to test the
assumption that uptake of radio-sulphate in vitro might be an
index of viability of such grafts. Layton (1950) had described
a suitable nutrient medium. I made up batches of this medium
containing radio-sulphate, and incubated in it specimens of
cartilage supplied by Gibson. After incubation for 24-48 hours
the cartilage was fixed and autoradiographs rrepared with Kodak
AR10O and ARBO plates. This preliminary work, establishing the
technique, was published (Gibson.gi_gi, 1955) and my part in it
is given here,

Figure 2,1 shows radio—sulphate utilisatioh by chpndrocytes
in a specimen of human cartilage incubated as described above.
The image is punctate and sharply confined to the cells, There
is no evidence of a diffuse image which might be ascribed to
absorption of inorganic labelled sulphate as such. The cellular
activity was demonstrable in all specimens of normal human cartilage
removed at operation and incubated with as little delay as
possible. Cartilage killed by boiling did not show any cellular

utilisation of radio—-sulphate.

Subsequently Gibson et al, (1958) used the sulphate-uptake
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test to study survival of cartilage homografts in man. They
found that not only do the chondrocytes survive transplantation
but they do not suffer from the homograft reaction which affects
almost all other tissue cells. Their cartilage implants were
exciped at intervals which varied from 2 weeks to 2 years. kore
recently Gibson brought me & portion of maternal ear cartilage
graft which had been transplanted into a child 19 years before.

I incubated the cartilage in the medium containing radio-sulphate
and prepared autoradiographs. The chondrocytes were found to be

still alive and actively metabolising the isotope (fig. 2,2).



2. AUTORADIOGRAPHIC STUDIES IN EXPERINENTAL LATHYRISM

I became interested in experimental lathyrism as z disease
of comnective tissue probably involving thé mechanism of fibrogenesis,
and through the courtesy of Hans Selye obtained a supply of the
toxic nitriles which cause the lesions. Vith my brother
G.D.C. Kennedy of Glasgow Dental Hospital I undertoock an
exzmingtion of the disease using the autoradiographic technique,
Hig part was an assessment of the dental changes. I designed
and carried out the whole experimental programme, and composed
the paper (Kennedy, J.S.,, and Kennedy, G.D.C., 1962) on osteo—
lathyrism which is the basis of this section.  Another paper,
composed by G.D.C, Kennedy, on dental aspects of lathyrism has .
been gubmitted for joint publication and is not used here.

The lesions of experimental lathyrism are striking but it
is not known how they are produced. There is evidence that a
ground-substance change may be responsible (Menzies and lills,
1957; Ham, 1960). Other observations have suggested an
alteration in collagen (Hurley and Ham, 1959; Levene and Gross,
1959). In the present work the specificity of labelling of
sulphated mucopolysaccharides in vivo with sulphur-35 given as
sulphate (Part I, 2) has made it possible to determine the
digtribution of these sulphated compounds by autoradiography,
and their relation to lathyritic lesions., In a similar way
protein metabolism in the lesions has been investigated with

sulrhur-35 methionine and carbon-14 glycine as precursors. The

- 54 -~



..55..

effect of lathyrogenic agents on the distribution of sulphur-35
sulphate labelled compounds in healing fractures has also been
investigated. The results sustain the hypothesis that the
essential change in lathyrism is a failure of formation of
chondroitin sulphates A and C complexes with protein, and a

subsequent defect in fibrogenesis.

MATERTALS AND METHODS

A sweet pea diet, B-amino-propionitrile (BAPN) and amino—
acetonitrile (AAN) were used to produce experimental lathyrism
in 52 Wistar rate. The animals were 4-7 weeks old at the
beginning of the experiment. Both sexeé were used. Cystamine,
reported as lathyrogenic {Dasler and Iilliser, 1958), wag given
to 12 weanling rats, Sweet pea (Geiger et al, 1933; Ponseti and

Baird, 1952)., The diet consisted of Lethyrus odoratus peas and

vellets of standard rat diet crushed in equal parts by weight.
It was given to 11 rats for 3 months to 1 year. Two of the
animels received in addition 30 mg. and 80 mg. of BAPN (Wawzonek
et al, 1955) in 15 and 20 divided doses daily by subcutaneous

injection before isotepe injection.

g&ﬁ'(Wawzonek_gi‘gi, 1955). This compound was given daily in
10-20 mg. doses in water, orally or subcutaneously, to 41 rats.
The totzl dose per znimal ranged from 60 mg. to 550 mg. Five
of the animals received in addition deoxycorticosterone acetate

(DOCA) in 1 mg. daily subcutaneous dozes (Selye and Bois, 1957).
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The total dose of DCCA per animal ranged from 15 mg. to 55 mg. and

the corresponding AAN range was 250-5950 mg.

Cystamine (Dasler end Milliser, 1958).  As the dihydrochloride
cystamine was given daily in 10-40 mg. doses in water orally to
12 rats. The totel dose per enimal ranged from 240 mg. to

1,050 ng.

Fracture group, In 15 rats tibial fractures were produced (Selye,

19575). One third of the animals in this group were given thereafter
10 mg. daily doses of BAPN orally with a totzl dosage range of

80-360 mg. One third were given 10 mg. daily doses of AAN orally
with the same total dosage range. The remaining third wers nqt

given any lathyrogenic factors. 4An animal from each sub-group

was killed 9, 14, 24, 32 and 42 days after the fracture,

Sulphur-35 sulphate was given by intraperitconeal injection to the

1]l rats on the gweet pea diet and to 20 rats on AAN, The dose
ranged from 1-5 pc./g. body~weight and in some caseg was repeated
at intervals before sacrifice, Vost animals were killed 24 hours
after radio-sulphate injection. The range was 16-96 hours.

411 the animals in the fracture group were given sulphur-35
sulphate 24 hours before sacrifice. The dose was 5 pc./g. body~

weight,

Sulvhur-35 DL—methionine was given by intraperitoneal injection to

11 rats on AAN., The dose was 1-2 pc./g. body-weight. Moat

animals were killed 24 hours after radio-methionine injection.
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The range was 16-96 hours.

Carbon~14 glycine. The uniformly labelled compound was given by

intreperitoneal injection to 5 rats on AAN and glycine—1—140 was
given in the same way to a further 5 rats on AAN, The dose for
both compounds was 1 pc./g. body-weight. The animals were
killed 24 hours after radio—-glycine injection,

Comparison of the distribution of the radicactive compounds
used was made mainly in animals which had received the same amount
of AAN,

The distribution of the radiocactive compounds was also
eatablished in normal control animals.

The animals were x-rayed after sacrifice and a selection of
skeletal and other tissues taken for examination. The tissues were
fixed in 4 per cent neutrsl or alcoholic formaldehyde. Decalcification,
where necessary, was achieved with Susa solution, or a formic acid-
picric acid~formalin mixture (Menzies and Mills, 1957), or with a
formic scid-citric acid mixture (Collins, 1949), or by agitation
in a 10 per cent formic acid-cation exchange resin mixture.
Celloidin-paraffin double embedding was used for decalcified
material. Autoradiographs were prepared of 5-~6 y sections by the
stripping film method with Kodak AR1C, ARBO and V1042 plates.
Sections adjacent to those used for autoradiography were stained
variously with haematoxylin and eosin, toluidine blue, azure A,

reriodic acid-Schiff, Verhoeff-Van Gieson, orcein-~haemalum-tartrazine

(Venzies and Mills, 1957) and gentian violet (Selye, 1957b).
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RESULTS

Methods of inducing experimental lathyrism

AAN was the most potent agent used {Gross et al, 1960),
The report (Dasler and Milliser, 1958} that cystamine administration
produced lathyritic lesions could not be verified. No gross or

microscopic changes were seen in the animals given thisg compound.

The lesions produced in experimental lathyrism

Skeleton. The gross (fig. 2,3) and microscopic skeletal lesions
obtained have been described previously in numerous publications
and reviewed by Selye (19512) gnd Dasler (1957). The early
changes seen in epiphyseal cartilage corresponded closely to thoee
recently described by Ham (1960) as sharply localised to the zone

of maturing chondrocytes with fibrillation in the matrix (fig. 2,4).

Fracture hesling, AAN administration caused excessive formation of

fibrous tissue, cartilage and bone as described by Selye (1957a)and
Storey and Varasdi (1958)., The cartilage and bone appeared about
the same time as in fractures without AAN administration.  BAFN
caused e similar but less marked increase in size of callus.
Particularly in the AAN treated animals there was some retardation
of union but this was not a striking feature (fig.'2,6). The
persistence of PAS-positive globules in new woven bone in

lathyritic animals was confirmed (Storey and Varasdi, 1958),

Vessels. No gross or microscopic vascular changes were seen in any

of the animals, In particular no dissecting aneurysms of aorta were
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seen even in animzls with very advanced gkeletal lesiong. The small
group of animals which received both AAN and DOCA also showed no
evidence of aneurysm formation slthough the skeletal changes of

lathyrism were observed.

AUTORADIOGRAPHIC RESULTS

Sulvhur—35 sulphate. There was no evidence of inhibition of

cellular utilisation of this compound nor of any significant
sbrniormal accumulation of labelled sulphated mucopolysaccharide
in the lathyritic lesions. The pattern of distribution however

was abnormal.

In epiphyseal cartilage in lathyritic animals the most

interesting observation was that radio—-sulphate consistently failed
10 give an image over the abnormal fibrillar matrix. This was
most obvious in the early linear lesion described by Ham (1960)

and appeared as a clear band in the autoradiographs (fig., 2,5).

In controls there was an uninterrupted image over the whole
epiphyseal plate and, depending on the time between isotope
injection and sacrifice, this activity could be related mainly to
cells or to matrix. In the lathyritic animals there was no
evidence that utilisation of sulphate by cartilage cells was
affecfed, and in histologically normal parts of the matrix radio-
activity was demonstrable (fig. 2,5). It was only in the abnormal

Tibrillated areas that incorporation of sulphate was deficient.

In later lesions where the epiphyseal plate was disorganiged by
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irregular proliferation of chondrccytes the image was again dominantly
cellular and the abnormal matrix between clumps of cartilage cells
showed no uptake of radio-sulphate {figs. 2,7 and 2,8).

In normal control animals the process of endochondral
ossification was assoclated with the appearance of sulphate-labelled
trabeculae of cartilage matrix in the metaphysis (fig. 2,9). And
ﬁore distally appositionzl deposits of bone matrix on the trabeculae
also showed the incorporation of radio-sulphate. An image was
apparent occasionally over the peripherel osteoblasts, but in mogt
cases the interval between sulphate~injection and gacrifice was
such that the sulpkhated mucopolysaccharides had_been secreted into
the matrix. In lathyritic animals the metaphyseal trabeculae of
cartilage.matrix generally showed a less intense sulphate-image.

The appositional deposition of sulphate-labelled bone matrix was

unaffected.

In periosteal proliferation in the lathyritic animals all
stages of ossific#tion in membrane were seen, and the small baso-
rhilic globules described by Selye (1957b) were demonstrable.
Initially the imsge in the osteogenic field was light and uniformly
diffuse over cells and fibres (figs. 2,10 and 2,11). At the next
stage of fibrocellular condensation there was an obvious increase
in image intensity and the image was again diffuse over cells and
metrix (fig. 2,12), Later, presumptive trabeculae were outlined

by osteoblasts, and at this stage of woven bone development the
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trabecular content of sulphated mucopolysaccharide was greatest
as estimated by image intensity (figs. 2,13-2,15). The diffuse
nature of the image persisted, and fields containing numerous
basophilic globules showed the same patterm of radioactivity as
fields dewvoid of these sgtructures. Appositional deposition of
lamellar bone on the woven bone followed, and here, as in endo-
chondral ossification, radio-sulphate was clearly utilised in the
formation of the new bone matrix by the osteoblasts, The image
was confined to a narrow zone over the peripheral csteoblasts and
immediately subjacent matrix (fig. 2,16). In normal appositional
growth from periosteum the zone of activity at longer time intervals
was digplaced from the formative cells by a further layer of un-
labelled bone (fig. 2,17).

In healing fractures sulphate-utilisation was demonstrable

in the osteogenic tissues in both contrecl animals and those

receiving AAN or BAPN., The images were related to endochondral
ogssification, ossification in membrane, and appositional bone

growth and wers very similar {o those already described in the intact
animal. In occasional lathyritic animals fibrillar changes were
apparent in cartilage matrix in the cellus, In such cases thers

was again, as in the intact animal, obvious utilisation of sulphate
by related groups of chondrocytes but no image over the altered
matrix. There was also g trend in the lathyritic group to a

lesger uptake of radio—sulphate by appositional bone matrix, but

this was an incongtant feature. The presence of the bones globuleg
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(Storey and Varasdi, 1958) did n@t affect the pattern nor the
intensity of the autoradiographic images. In vascular areas of the
osteogenic field it was clear that capillary endothelium did not
give a ring-type image of greater intensity than the image given

by the immediately related pre-osteoblasts and osteoblasts. However,
Que to limitationg of resolution, it was not possible to exclude
endothelial activity, although the major utilisation of sulphate

was clearly by the osteoblast series of cells. The epiphyseal
plates of the fractured bones failed to show the lathyritic changes
seen in intact animals. In fact, they were narrower than normal

in contrel and lathyritic animals, but the pattern of sulphate-
utilisation was unchanged.

In aorta and great vessels in both experimental and control
animals there was evidence of incorporstion of radio-sulphate in
medial sulphated mucopolysaccharides, but there was no evidence of
any significant difference in pattern or intensity of distribution.
In cccasional autoradiographs capillary endotheligl utilisation of
sulphate was observed. The capillaries were in joint peri-capsular
comnective tissue related to lathyritic lesions. Capillaries
related to ossification in cartilaze =2nd in membrane did not show
any convincing evidence of endotheligl utilisation of sgulpzate in

control or experimental animals.

Labelled amino acids. The findings with sulphur-35 methionine and

carbon-14 glycine were similar and are described together. As for
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inorganic sulphate there was no evidence of inhibition of cellular
utilisation, but there was a significant difference in the pattern
of distribution in the lathyritic lesions,

In epiphyseal cartilage in lathyritic animals there was

consistently a definite image over the abnormal fibrillar areas in
the matrix (figs. 2,18-2,22). This was most obvious in fairly
advanced lesions and presented a quite striking positive picture
compared with the negative obtained in the sulphate group.
Cartilage cells were also active in utilisation of the labelled
amino gcids but generally the image intensity was lower than that of
the matrix. |
In normgl control animals the amino acids were taken up by
cartilage cells of the epiphyseal plate and appeared in the matrix.
The distribution of activity was diffuse throughout the cartilags.
The image was most intense in the zone of proliferating cells and
least intense in the zone of resting cells, In the time intervals
studied very little radiocactivity was carried down into the calcified
cartilaginous trabeculae in the metaphysis. However, there was
congistently a heavy image related to appositional bone deposits
on the trabeculae. This image had the same distribution but was
more intense than the corresponding sulphate one. The intensity
was not affected by the lathyrogenic factors.

In periosteal proliferation in the lathyritic animals the auto-

radliographic-pattern was very similar to that given with radio-

sulphate. In fields of imminent osteogenesis the image wag most
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intense over the most cellular areas and was diffuse. Later
there was an intensification of activity over discrete islands of
matrix with persistence of a lower diffuse activity over related
cells, And in appositional growth on new woven bone the image
was maximal and located in the bony trebeculae just below the

row of peripheral osteoblasts which showed less intense radio-
activity (fig. 2,23), This appositional type of image was also
evident related to the normal periosteum and endosteum. In some
cases the zone of activity was diéplaced from the formative cells
by a further layer of unlabelled appositional bone.'

In vessels generally a light rather diffuse mural image was

seen in control and experimental animals with no significant
difference in intensity or location., There was no evidence of

selective endothelial utilisation of the labelled aminc acids.

DISCUSSION

The resultsg of the present work suggest that the essential
change in osteclathyrism is neither a defect in acid mucopolysaccharide
production (Ponseti and Shepard, 1954; Ponseti et al, 1956) nor
a defect in preformed collagen (Levene and Gross, 1959), but a
defect, partial or complete, in fibrogenesis due to failure of
complex formation between non-collsgenous protein and chondroitin
sulphates 4 and C. There is considerable evidence, some of which
has been already reviewed (Kennedy, 1960), that acid mucopolysaccharides

as protein complexes, form further lcose complexes with the fibrous
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proteins as fibrogenesis proceeds. In lathyrism the evidence
presented here points to a fzilure in the formation of the initial
non=collagenous protein complex with the sulphated mucopolysaccharides
found particularly in epiphyseal cartilage, for this siructure bears
the brunt of the damage., The result is the production of an
abnormal fibre, weaker than usual, (Enzinger and Warner, 1957).

Hence there is a stimulus to the observed hyperplasia of the formative
cells, Chondroitin sulphates A and C are the main acid muco-
polysaccharides of epiphyseal cartilage, and it ig postulated that

in lathyrism these compounds do not form complexes with protein,

Other tissues which form chondroitin sulphates 4 and C will zalso

be subject to lathyritic lesions btut not necessarily so szevere,
because other acid mucopolysaccharides may be available, e.g.,
chondroitin sulphate B, keratosulphate, and hyaluronic acid, In
periogsteum the result of formation of abnormally weak collagen

is again hyperplasia of formative cells end a tendency to periosteal
elevation, particularly at insertions of muscles. In this way a
stimulus is provided for the observed subperiosteal osteogenesis

wbich is such a marked feature of lathyrism.

Epiphyseal cartilage. Ham (1960) demonstrated that an early effect

of AAN in cartilage is a fibrillar change in the matrix occurring in
the 2one of maturation of chondrocytes. It is now sghown that the
matrix in such a zone does not contain sulphated mucopolysaccharides,

although elsewhere in the epiphyseal plate at thie stage there is

clear evidence of utilisation of radio-sulphate by chondrocytes and
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of the presence of labelled sulphated compounds in the matrix.

It is also shown that in areas of fibrillar change in cartilage
matrix there is an active utilisation of lazbelled amino acids.
New labelled protein is present in the affected areas, but
chondroitin sulphates are not. It ig therefore very probable
that there is a failure in the extra-cellular binding of chondroitin
sulvhates to protein, and that the fibrillar change observed
histologically is evidence of consequent abnormal new fibre
formation. Menzies and Mills (1957) suggested that the basic
legion in lathyrism is a loecal accumulation of chondroitin
sulphate accompanied by a disintegration of argyrophil fibrils.
Their findings are based on histochemical methods and the present
tracer studies fail to show an abnormal accumulation of labelled
chondroitin sulphate. Unbound chondroitin sulphate is water
socluble and on the present hypothesis that a complex with protein
is not formed its loss from lathyritic cartilage matrix would be
expecied.

The role of sulphated mucopolysaccharides in calcification

is not precisely known but such compounds appear wherever calcifica-
tion takes place (Sobel, 1955; Kemnedy, J.S., and Kennedy, G.D.C,
1957} . They also appear in many tissues not normally calcified,
and Meyer (1955) suggested that there must be a difference in the
nature or quantity of the substances necessary for calcification.
Ham (1960) pointed out that AAN impaired calcification of

cartilage in vitro, It would appear reasonable to suggest that,
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because the cartilage matrix is altered in lathyrism, and the
fibres formed are deficient in gulphated mucopolysaccharide, the
process of calcification is therefore impaired, since the sulphated
compoundg are very probably involved in initiating mineralisation
(Bachra and Sobel, 1959). Hlectron=microscopic examination of
bone provided data which suggested that mineral crystals were
formed on mucopolysaccharide-protein bridges connecting the
doublet bands of collagen fibres (Robinson and Watson, 1953).
Freeman (1956) extended this hypothesis to epiphyseal cartilage
and suggested that the change in matrixz which confers on it the
rroperty of calcifiability may be an increased formation of
chondroitin sulphate, and a coupling of chondroitin sulphate
molecules to themselves and to matrix collagen protein, that is
bridge formation, as in bone. In lathyrism the protein-
polysaccharide bridges may not form and thus the fibre structure

is weakened and the calcifigbility of the matrix is also affected.

Periosteum. The essential lathyritic lesions are hyperplasia of
periosteal cells, elevation of periosteum, and osteogenesis, mainly
in membrane, but occasionally in caitilage.l Angevine (1959)
reported absence of ossification but it has not been possidble to
confirm this observation., The above sequence of events is again
explicable on the hypothesis that fibrogenesis is impaired with
production of wezkened collagenous fibres, There is in this

case no such clesr cut difference in the autoradiograrhs between

the utilisation of labelled sulphate and labelled amino zcids
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as was observed in the lesions in epiphyseal plate. This supports
the view that the lathyrogenic compounds have a specific blocking
action ¢n protein binding of chondreitin sulphates A and C, and not
of other sulphated mucopolysaccharides, which of course are lzbelled
indiscriminately by inorganic sulphate in vivo., Rogers (1951)
noted that the amount of chondroitin sulphate recovered from bone
matrix as part of a protein-polysaccharide complex accounted for
only a small part of the total hexosamine. Meyer {1956) found
hyalurconate, chondroitin sulrphate A, keratosulphate, and other
unidentified sulphated fractions in bone, but only chondroitin
sulphates A4 and C in hyaline cartilage. It would appear reasoneble
to suggest that the effect of lathyrogenic agents in tissues other
than actively growing cartilage is less severe because of the
smaller content of chondreitin sulphates A and C and the presence

of other acid mucorolysaccharides.

Fractures. The major effect of the lathyrogenic factors on
healing fractures is a2 proliferastion of osteogenic tissue to give
an abnormally large callus (Selye, 1957a; Storey and Varasdi, 1958).
The rate of tissue differentiation in the osteogenic fields is not
obviously sltered, and although calcification and bone formation

is abrnormal, it is not possible to confirm the claim of Clemmons
and Angevine (1957) that the callus matrix does not caleify. The
sequence of changes is again explicable on the hypothesis that in

lathyrism there is & failure of protein binding of chondroitin
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sulphates A and C with resultant weakness in collsgen fibres
formed, and thus a stimulus to hyperplasia of the formative
cells, As in the periosteal changes the utilisation of radio-
sulphate mey appear normal in autoradiographs because of its
incorporation in other sulphated mucopolysaccharides., However,
in cartilaginous areas of callus the fibrillar changes in matrix
were dewonstrable in lathyritic animals, and the absence of
sulphated mucopolysaccharides in such areas was again a feature
of the lesion, just as in epiphyseal cartilage.

Impaired c?lcification may follow as discussed gbove, Storey
and Varasdi (1958) pointed out that lathyrogenic factors caused the
persistence of PAS-positive globulesgs in new woven bone in callus
and suggested that this indicated an abnormal production of acid
mucopolysaccharide. In the present work it is obvious that new
woven bone with such globules contains gbundant sulphated muco-~
polysaccharide giving a diffuse autoradiographic image. Selye
(19513) has reported that the globules contain calcium, A
possible explanation is that the globules represent sulphated muco-
polysaccharide bound to calcium. lore free chondreitin sulphates
A a2nd C are available in lathyrism and may bind calcium and thus
remaln in the tissues as the bone globules. Kowalewski and Emery
(1960) found that the lathyrogenic factors reduced the amount of
sulphur-35 in callus. Their findings are consistent with the
present work which amplifies their general conclugion that BAPN

inhibits a certain stage of the metabolism of sulphated mucopoly-
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polysaccharides of the ground-subsiance.

Ogsification. In normal sndochondral bone formation it is

confirmed that cartilage cells synthesise and secrete into the
matrix its protein and sulphated mucopolysaccharide components
(Leblond and Greulich, 1956). In lathyrism the calcification
of the matrix may be impaired (Ham, 1960), but appositional bone
growth on cartilaginous trabeculge occure in the metaphysis, and
it hes been shown that the proteins and sulphated mucopolysaccharides
of the bone matrix are the products of the related osteoblasts.
At no stage in endochondral ossification is there any evidence that
vagcular endothelium may be a source of the sulphated muco-
polysaccharides involved in the process.

Fields of intramembranous osgsification are produced regularly
in lathyrism, mainly as a result of periosteal elevation.
Depending on the age of the lesion zll stages are seen from imminent
osteogenesis to mature lamellar bone. Initially there is a
diffuse uniform image in the ostecgenic field with both labelled
amino acids and sulphate. Next, in more cellular areas which are
quite éircumscribed end are the presumptive trabeculae, there is
an increased synthesis and secretion of protein and sulphated
mcopolysaccharides,. At the end of this stage peripheral
osteoblasts appear quite sharply delimiting the traheculze and
appositional depdsitionlof bone begins, The labelled amino acids
are utilised by the osteoblasts and are quite clearly incorporated

in the matrix of this new lamellar bone. Sulphated mucopolysaccharides
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are also a2 product of the peripheral osteoblasts and appear

in the new lamellar bone. Thug the results of the present work
differ in detail from those reported bty Curran and Collins (1957).
They found little difference in the distribution of mucopolysacchar—
ides in pathological and normal tissues showing intramembranous
ossification. In lathyrism the distribution pattern is also
unaltered, It is confirmed that intramembranous ossification
takes place in a connective tigsue rich in sulphated muco-
polysaccharides, and that these compounds are present in larger
quantities in new woven bone, Curran and Colling failed to
demonstrate mucopolysaccharides in lamellar bone, but in the
present study it is clear that sulphated mucopolysaccharides are
synthegised by the osteoblasts and secreted into the matrix of
lamellar bone laid down in sppesition to woven bone. It is also
cleagr that in normal appositional growth from periosteum and
endosteum there is cellular synthesis of sulphated mucopolysaccharides
which appear later as a linear zone of radicactivity deep to

the formative cells., This zone is displaced into the shaft by
further deposition of unlabelled lamellar bone (Kent et al, 1956;
Leblond and Greulich, 1956). 4 similar type of appositional
growth has been described in dentine (Kennedf, J.S. and Kennedy,
G.D.C., 1957). In mature bone osteocytes are more active in
protein than in sulphated mucopolysaccharide synthesis. This is

in keeping with the low level of extractable mucopolysaccharide in
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'shaft bone (Rogers, 1951) and confirme the conclusion of Curran

and Collins (1957) that osteocytes exhibit only slight sulrhate-
utilisation. However, thelr conclusion that sulphate-utilisation
is a marked feature particularly of capillary endothelium in the
osteogenic field could not be confirmed. In all areas of intra-
mewbranous osgification, whether complicated by lathyrism or not,
pre-osteoblasts and osteoblasts were the cells dominating sulphate-
utiliéation. Occasionally in cellular areas the diffuse image
encompassed capillary endothelium but it could not be ascribed

with certainty to this structure. Recently Stehbens (1952) has
also reported that he could not substantiate the claim (Curran, 1957;
Curran and Collins, 1957) that endothelium takes up labelled sulphate
avidly to synthesise acid mucopolysaccharide, INo endothelial

image of the ring-type described in experimental amyloidosis

(Part III) could be found in fields of intramembranous osteogenesis,

Vessgels. The failure to produce aortic aneurysm in the present
geries camnot be explained on dose level of lathyrogenic agents oxr
on age of experimental animals, but animal strain may be a factor
(Lalich, 1956). Levene (1961) found it impossidble to differentiate
histologically with any certainty betﬁeen normgl and lathyritic
chick aortae, and Ponseti et al, (1956), who used sulphur-35
autoradiograrhy, found no difference in aortic images, although they
did describe eortic aneurysm, I have found it impossible to
differentiate between aortae of control and experimental snimals

on histological or autoradiograrhic grounds, but it is possible that
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a difference in fragility existed of degree insufficient to cause
aneurysm (Levene, 1961). The apparently normal utilisation of
radio-sulthate in the autoradiograrhs is again explicable tecause
sulphated mucopolysaccharides other than chondroitin sulrhates

4 and € are present in aorta (leyer, 1956).

The nature of the change in lathyrism. Iuir (1961) observed thet

the different sulphated mucopolysaccharides are metabolically quite
distinct and must havelseparate functions. Since the vhysico-
chemical properties of the three chondroitin sulrhates appezr so
similar {Mathews, 1959) their separate functions may be duc to the
formation of differsnt types of protein complex in each case. It
is demonstrated here that an effect of the lathyrogenic factors is
e failure of sulrhated mucopolysecccharide-protein complex formation
in epiphyseal cartilage which is known to be rich in chondroitin
sulphates A end C.  Pertridge et al, (1961) have described a
chondroitin sulphate-protein complex in cartilage in which the
protein is not derived from collszgen. It appears to be this entity
vwhich enters into loose combination with collagen fibres and
soluble collagen to give the tissue its characteristic physical
rroperties and inzolubility. In lathyrism the physical properties
of collagenous tissues are altered (Enzinger and Warner, 1957;
Levene and Gross, 1959). There is a marked increase in the amount

of galt and alkali-soluble collagen which can be extracted (Levene

and Gross, 1959; Mikkonen et al, 1999-60). Collagen fibres fail
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to form large bundles (Krikos and Orbison, 1960). lMoreover,
in lathyriem there is a significant increase in serum hexosamine
and mucoprotein levels (Schwartz, 19593 Grant et al, 1960), and
abnormal sulphate-labelled compounds are present in urine (Engfeldt
et al, 1961). The identity of these sulphated compounds has not
been establighed. It has been shown that there is a large
decrease in pexosamine content of epiphysezl plates in experimental
lathyrism with no significant difference in hydroxyproline céntent
(Castellani and Castellani-Bisi, 1958)., Follis and Tousimis (1958)
alse found that in lathyritic cartilzge the collagen content based
on hydroxyproline estimation was not abnormal but on electron—
microscopic examination there was a lack of collagen fibrils,
They suggested that the defect was a failure of the tropocollagen
molecule to form collagen fibres., Electron-microscopically normal
collagen fibres were reported in tail tendon of lathyritic animals
by Ponseti and Shepard (1954) but, on the rresent hypothesis that
the chondroitin sulphates A and C complexes with protein are the
target compounds, this would be expected as tendon is rich in
chondroitin sulphate B which does not occur in cartilage or bone
Keyer, 1956). It is also of interest in this connection that
the ratio of chondroitin sulphate B to chondroitin sulphates A and
C content of pig skin varies etrikingly with age. In the adult
animal the retio is 640 whereas in the embryonic cnimzl it is
0.48 (keyer, 1959)._ A general dramatic increase in fragility

has been described in the lathyritic chick embryo {Levene and Gross,
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1959). It may well be that the accepted decreage in efficacy
of the lathyrogenic factors with the age of the experimental animal
is a result of zltered tissue content of chondroitin sulphates

A and C,

SUMIARY

Autoradiographic distribution studies with radio-sulphate and
labelled amino acids have suggested a hypothesis for the mode of
action of the lathyrogenic factofs. J

The matrix of epiphyseal cartilage is altered in experimental
lathyrism. Labelled amino acids are incorporated into protein in
the damaged areas but sulphated mucopolysaccharides are not
demonstrable, It is concluded that the lathyrogenic factors zct by
blocking the combination of chondroitin sulphstes 4 and C with non-—
collagenous protein. A @defect in fibrogenesis follows.

No such clear cut difference in distribution-pattern is seen
in other tissues, bui sulphated mucopolysaccharides other than
chondroitin sulphates A and C are normally present in these tissues.
This is confirmatory evidence for the view that the lathyrogenic

factors act specifically by blocking complex formation between

protein and chondroitin sulphates A and C.



3. RADIO-SULPHATE DISTRIBUTION IN NORLAL TEETH

This work was undertzken to establish a base line for
subsequent work on experimental dental caries, now in progress
in collaboration with G.D.C. Kennedy, and not used here. 1
invited my brother to participate in the preliminary work as
an expert in dental anatomy and physiology with whom I could
discuss my autoradiographic findings. The entire experimental
programme, assessment of results, and composition of the published
report (Kennedy, J.S. and Kehnedy, G.D.C., 1957) was carried out
by me.

The loczlisation of mucopolysaccharides in teeth has been the
subject of several recent investigations. Using chemical methods
(Stack 1951, 1954) chowed that dentine contained 0.2 per cent by
weight of mucopolysaccharide, and that enamel contained a glyco-
protein., Hess and Lee (1952) isolated chondroitin sulphuric
acid, as its potassium salt, from dentine with a yield of 0,64 per
cent, The same guthors demonstrated the presence of galactosamine
in dentine by paper chromatography.

Histochemical methods were used by Wislocki and Sognnaes
(1950).  Acid mucopolysaccharides were detected by metachromatic
staining reactions by Sognnaes (1955), and Bevelander and Johnson
(1955) distinguished between ecid mucopolysaccharides and neutral
mucopolysaccharides, again by histochemistry,

The technique of sutoradiography was employed by Bélanger
(1954, 1955) to show that, in the experimental animal, injected radio-

sulphate was incorporated in dentine and enamel. Leblond et al
—— )
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(2955) have studied the problem of calcification in bones and
teeth, and used autoradiography to localise injected isotopes
including sulphur—35.

The present work follows on the description given in Part I,
2 of a close correspondence.hetween the localisged uptake of
inorganic sulphur-35 in vivo, and the presence, at the sites of
uptake, of mucopolysaccharides as revealed by the usual staining
methods. It was shovm that the autoradiographic methed is a
specific means of identifying the presence in tissues of sulphated

nucopolysaccharides.

MATERIALS AND METHCDS

Sulphur-35 as sulphate at pH] was administered intraperitoneally
or subcutaneously to a total of 37 small rodents (table 2,1). 1In
the case of the foetal mice the mothers were given the isotope
subcutaneously. The dose of sulphur-35 ranged from 1-5 pc./g.
body-weight except for the fcetal mice where the fraction of the
maternal dose which crossed the placenta was not determined.

The animals were killed witk chloroform 5-169 hours after
injection. .Thﬁ foetal mice were fixed intact in a mixture of
equal parts of glcohol and acetone for 2 hours before slicing in
the coronal plane, Fixation of the slices was continued for a
further 6 hours. Thin blocks were taken from the jaws of the

older animals, usually in the sagittal plane, and fixed for 24

hours in a mixture of equal parts of alcohol and acetone
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Alcoholic formalin, absolute alcohol, and 10 per cent neutrel
formalin were equally satisfactory. TFive per cent formic acid

for up to 72 hours was used for decalcification. Embedding in

2 per cent celloidin for 24 hours was used prior to vacuum embedding
in peraffin for 1 hours. ~ Sections 5=6 u thick were floated on
water at 4000, and. those required for autoradiography were mounted
on gelatine-coated slides. The gtripping film method was used
with Kodak AR1O and AR50 plates,

Sections adjacent to those uged for autoradiography were
stained with alcian blue {Pearse, 1953), by the alcian dlue-
chlorantine fast red method of Lison (1954), by the periodic acid-
Schiff technique, and for metachromasia with toluidine blue at

pH 2.6 and 4090

RESULTS

Adult animgls. The distribution of sulphur-35 and the

intensity of the autoradiographic images varied with the age of the
animal and with the time intervsl betwsen injebtion of the iscotorpe
and the death of the animal. In the adult animals the distribution-
pattern and the intensity remained relatively constant with time
(table 2,2).

The highest uptake was found uniformly in the predentine and
no species difference was noted (fig. 2,24). The maximm uptake
was less than the maximum found in young animals (table 2,3). The

celle and matrix of the dental pulp showed a rather diffuse uptake
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in most preparations, but were negative in the oldest teeth in
which the pulp cavity was smallest. There was occasgional focal
activity over cells of the dental pulp. No activity was seen in
the dentinal matrix, and the cdontoblasts, enamel mairix, and amelo-

blasts showed only an occasional weak uptake.

Foetal and suckling animals. The upteke-pattern was more

complex in this group than in the zdult, The maximum intensity
was found consistently in predentine, in dentinal matrix, and in
the dental pulp. The variation in the uptake—pattarn with time

was studied in the following siructures (table 2,3).

Dentinal matrix. The spatial distribution of radicactivity in

this tissue varied most with the time interval between injection

and sacrifice. Between 5 and 19 hours after injection the
autoradiograrhs showed a dense band of activity in the predentine
(fig. 2,25). As the time interval increased, the intengity of

this image over the predentine decreased, and a further band of act-
ivity appeared in the dentinal matrix. This active zone in the
dentinal matrix increased in intensgity with time up to 135-139 hours
after injection, The intensity decreased in the 164-169 hour
period. The band alse changed its position in the matrix. As

the time interval increased the zone of activity was found
progressively farther out towards the amelo-—dentinal junction, and
164=169 hours after injection its edge coincided with the amelo-

dentinal junction (figs. 2,26-2,27). The movement outwards,
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however, was not uniform in all parts of the dentinal matrix, dut
was most rapid towards the apex, For example, 90~94 hours after
injection, at the crown of a molar, the active band was found to

be about equidistant from the amelo-dentinal junction and the
predentine, while, at the apex, it had reached the amelo-dentinal
Junction, In many cases, in sections of ineisors, the uptake

in the dentingl matrix appeared on the convex sides of the teeth_
ags two closely aprosed bands, and on the concave sides as one

band (fig. 2,28). The displacement outwards with time was ogain
as described above. in aprreciable uptake was still apparent,

up to 169 hours after injection, in the predentine, with frequently
a clear band of little or no activity between the predentine,

and the densely active zone in the dentinal matrix,  The

activity in the dentinal matrix generally could not be related to
the dentinal tubules, but appeared as quite sharply demarcated zones

fairly constantly about the breadth of the layer of odontoblasts.

Enamel matrix. Ko such marked zoning of activity was seen.

Vhen a rositive uptake occurred it appeared as & uniform stippling
over the whole thickness of the matrix (fig. 2,29). This band was
sometimes noted to be darkest at the apex of an ineiser, and to
shade off in intensity towards the incisal tip., Fo definite
variation in intensity in the enamel matrix uptake was obeserved with
time. At 164-169 hours there was a slight decrease, as in the

case of the dentinsl matrix uprtake, but it cannot be claimed in

either case that this marked 2 turning roint.



-8] -

Odontoblasts and ameloblasgts. The cellg showed activity

up to 94 hours after injection (figs. 2,30-2,31). The activity

'was rather diffuse and, a2t times, weak, but in the ameloblasts

at 10-14 hours it was possible in some cases to localise the
maximum activity in the poles of the cells adjacent to the enamel
matrix (fig. 2,32). 7hen such a localisation was possible it

7as noted that it occurred in large, elongated ameloblasts. The
stratum intermedium and the membrane between it and the ameloblasts
both showed a fairly constent uptake for the peried 5-94 hours
after injection (figs. 2,30-2,32). As for the odontoblasts and
ameloblasts this activity was not detected in the period 115-169

hours after injection.

Dertal pulp., Radioactivity was present throughout the whole

reriod of obgervation, and the intensity of the uptgke showed a
tendency to increase with time. Occagionally focal activity over
cells of the dental pulp was noted (fig. 2,30), but generally the
uptake was diffuse over cells and matrix. The maximum uptake was
often seen at the avical part of the pulp, znd this sometimes
corresponded with an increased staining reaction for mucopoly-—
seccharide., This loczlisation was not constant and, particularly
for the period 115-11G hours after injection, the maximum gctivity
was found in the central part of the pulp, and shaded off towards

the odontoblasts in which no activity was seen at this time.

Other structures. In the earliest stages of the developing
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tooth the internal and external enamel epithelia, the stellate
reticulum, and the dental papilla showed a fairly constant image,
up to 19 hours after injection. Activity in the dental papilla
was usually greatest in the regions of future cusp development
(fig. 2,33). In many cases focal cellular activity was noted in
the stellate reticulum as well as more diffuse stippling over cells
and matrix (fig. 2,34). At the bud stage the surviving connexion
to the dental lamina showed weak activity with a heavier uptake in
the mesodermal tissue on either side of the stalk (fig. 2,33).
The gquamousg epithelium was inactive, At a later stage, the
dental follicle showed sulphate—uptake which was also noted in
the early periodontal membrane. The activity in these foetal and
neo-ngtal structures was not observed, because of technical
difficulties, for periods greater than 19 hours after injection.

Wo species variation in uptake was noted in this group of
animals,

The staining reactions of the dental tissues showed quite
marked variation by the methods used, and generally did not give
as congistent s picture as the uptake pattern of sulphur-3i5

in corresponding sections (table 2,4)._

Ietachromgsia was fairly consistently demonstrated in the

matrices of the stellate reticulum, the dental papilla and the
dental pulp. Predentine, dentinal matrix and enamel matrix,

however, were more variable, The peripheral parts of the dentinal
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tubules only stained metachromatically when the toluidine blue
was buffered to pH 4.9 and were orthochromatic at pH 2.6.

Vleakly staining intracellular metachromatic material was seen
occasionally in the supranuclear part of the ameloblasts. A
similar weak reaction was demonstrable in a few sections in the
odontoblasts, The cells of the dental papilla, dental pulp and
stellate reticulum were more frequently metachromatic, Variable
results were again obtained in the external and internal enamel
epithelia, and the stratum intermedium ﬁas congistently ortho—

chromatic.

Mucopolysaccharide methods were quite uniformly positive for

the cells and matrix of the dental papilia and dental pulp, and
in the large majority of cases for the cells and matrix of the
stellate reticulum. The predentine, dentinal mairix and enamel
matrix gave extremely variable results, particularly with the pericdic
acid-Schiff technique. | The dentinal tubules however consistently
stained for mucopolysacchzride by the alcian blue method., The
posgitive result here was in the peripheral parts of the tubules,
and frequently only for that portion of their length occupying
the predentinal layer. The odontoblasts, ameloblasts, stratum
intermedium and intermal znd external epithelia did not give con-
sistent resulis, particularly with alcian blue,

In the staining reactions generallf no species difference was

observed, and the age of the animal did not cause as much variation

in the results as it did in the case of the sulphur-35 uptake studies.
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Only in the case of the dental pulp was it possible to grade the
staining reaction and it corresponded closely to the sulphur-35
uptake grading. This was most evident with alcian blue and
toluidine blue. Comparison of staining reactions of decalcified
and undecalcified material showed no significant differences,
although a tendency was noted for metachromasia to appear more
frequently in the enamel and dentinal matrices of decalcified

teeth. This, however, was not a constant finding,

DISCUSSION

Chemistry. Reference has already been made to the isolation
of chondroitin sulphate from dentine by Hess and Lee (1952). They
also showed that the chondroitin sulphate from dentine contained
galactosamine, thus indicating its similarity to the chondroitin
sulphate of cartilage which is a complex of acetylgdlactosamine,
glucuronic acid and sulphuric acid (Bray et al, 1944). Earlier
work by Pincus (1949) led to the description of polysaccharide com—
ponents of dentine and enamel, which, when exposed to sulphatase,
may release sgulphuric acid. Pincus stated that the polysaccharide
component of dentine is chondroitin sulphate, and that of enamel
may be mucoitin sulphate.

The present autoradiographic results were obtained mainly in
decalcified preparations, and, therefore, it is very probable that

the sulphur-35 localised was present in organic form., Any soluble
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inorganic sulphate present, even in undecalcified tissuesg, is lost
in histological processing and washing prior to autoradiogravhy.
Tarver and Schmidt (1939) showed that there was no significant
incorporation of inorganic sulphur-35 in cystine, and in methionine
Bostrom and Rgvist (1952) showed that again inorganic sulphur—35
wag not significantly utilised., Taurine showed a very low uptake.
Although Sogmnaes (1955) suggested that there may be at least four
different sources of crganically bound sulphur in enamel (sH, S5,
CH38, 804), it is not probabls, on the evidence available, that
inorganic sulphate is bound by the sulphur-containing amino acids
in vivo., It has also been demonstrated in Part I,2 that inorganiec
sulphur-35 is not taken up by tissues containing sulphur compounds
other than ester sulphates. It is thus very probable, when g
positive autoradiographic uptake of sulphur—~35 is demonstrated
after the usual histological processing of the tissue that the
sulphur-35 is incorporated in a sulphated mucopolysaccharide or in
a sulphated rrecursor of a sulphated mucopolysaccharide. Inorganic
radicactive sulphate labels sulphated mucopolysaccharides or their

precursors in vivoe. The present work supports this hypothesis.

Histochemistry. The extracellular dental tissues in which

bound sulphur-35 has been demonstrated by autoradicgraprhy have been
showvn t0 stain more or less wniformly for acid mucopolysaccharides
(Bevelander and Johnson, 1955). Wislocki and Sognnaes (1950)

reported variability in the periodic acid~Schiff reaction in enamel

and stellate reticulum, Sognnaes (1955) summed up histochemical
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obgervations as favouring the interpretation that a Schiff-
pogitive acid mucopolysaccharide component is present in the ground-
substance of the stellate reticulum, of the dental papilla, and
of the dental sac, in the interprismatic regions of the enamel, and
in the peripheral regions of the dentingl tubules. Present
observations confirm the correspondence between histochemical methods
and sulphur-35 uprtake in the ground-substance 6f the stellate
reticulum, c¢f the dental papilla, and of the dental pulp. In
predentine, dentinal matrix, enamel matrix and dentinal tubules the
staining methods used gave variable or negative results, and only
occasionally was demineralisation associated with e definite
metachromasia., In the case of the dentinal tubules it was not
pogsible to localise accurately the sulphur-35 uptake-pattern.

Since chondroitin sulphate has been extracted from dentine,
and eince the sulphur-35 uptake~pattern in the predentine and
dentinal matrix is so constant in numerous sections, it is suggested
that the isotope distribution is a more sensitive and reliable
index of ester sulphates than metachromasia or other histochemical

methods.

‘ode of uptake of sulphur~35. The mode of uptake of the
inorganic sulphur—35 by the tissues cannot be determined with certain-
ty in this investigation. Non—enzymic‘exchange of inorganic
sulphate with ester sulphate is not significant, however, and enzyme-

catalysed exchenge of sulphate with preformed polysaccharide sulphate

is now considered doubtful, because attempts to find such an enzyme
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in mammalian tissue have consistently failed. Thus the uptake

of sulphur-35 as éulphate is generally accepted as evidence for
sulphated mucopolysaccharide synthesis, If it is postulated that
hexosamines are esterified prior to the formation of polysaccharide
then the lack of exact correspondence between the autoradiogfaphic
pattern and the pattern of metachromasia is explicable, The -
autoradiograph localises even the sarly stages of the synthesis,
but metachromasia is not shown by the sulphated esters of low
molecular weight.

Yore recently Schiller et al, (1958) showed that neither sulphate
nor acetyl groups of acid mucopolysaccharides undergo exchange but
are metabolised at thke same rate as the polymers, thus validating
work with radio-sulphate alone. Bélanger (1954, 1955) confirmed
the appearance of radio-sulphate in the ameloblasts and suggested
that only the ameloblasts of large type are capable of mucoroly-
saccharide gynthesis and secretion., He gave no indication of
whether radiocactivity was observed in the odontoblasts or not,
Leblond et al, (1955) favoured an extracellular sulphation bypothesis
for dentinal mucorolysaccharide, and suggested that the bulk of the
chondroitin sulphate of dentine is synthesised, or at least
sulphated, at the predentino-dentinal junction. Yo evidence is
given of the part played by the odonteblasts, if any. The rresent
work does not confirm the idea of extracellular sulphationy and
the distribution-pattern of sulphur-35 in predentine does not show

any marked increase at the predentino-dentinal junction. The
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rresent observations support the theory of cellular synthesis
outlined above. In the case of the adult dental tissues the lack
of definite activity in the odontoblasts and ameloblasts may be

an index of a small turnover of sulphate z2s comrpared with the
turnover in the dental tissues of the younger animals.

The focal activity over cells of the stellate reticulum and
of the dental pulp, znd the more diffuse activity over cells and
matrices, may be interpreted ag indicating the utilisation of
radio-sulphate by fibroblasts in the production of the ground-

substance (Part I,3)..

Inamel. VWith regard to amelogenesis, the present work
suggests that cellular activity in the stratum intermedium and
in the ameloblasts is associated with the appearance of z lgbelled
sulphated mucorolysaccharide in the enamel matrix, and supports
the view of Marsland {1951) that the ameloblasts and stratum
intermedium form & functional unit concerned with the formation of
matrix, Marsland (1951, 1952) also claimed that there is a
privary phase during which the enamel organ is concerned golely
with the derosition of an enzmel matrix, which, although it containsg
2 certain proportion of calcium salts, is insoiuble in acids.
The matrix formation is incremental in character, but maturation
beging only after the full width of the watrix has been laid down,
end occurs rapidly throughout the full thickness of the tissue

in a plare at right angles to the long axis of the tooth. There

is ro definite evidence.of an incremental increase in the enamel
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matrix mucopolysaccharide component, but it may be that the usual
picture of a uniform band of radioactivity occupying the full
width of the matrix is associated with maturation. Between 164
and 169 hours after injection a slight decrease in intensity was
noted and, although no later observations were made, this decrease
corresponds with the observations of Leblond et 2l, (1955) that
mineralisation may be associated with metazbolic transformation
leading to a loss of sulphur~labelled compounds. They also
suggested that the matrix is dispersed by the accumulation of
mineral elements to explain a diffuse, broad uptake pattern

obtained in enamel, 2 days after injection of sulphur-35.

Dentine., Cellular activity in the odontoblasts may also be
relgted to the sppearance of the bands of radicactivity in the
predentine and in the dentinal matrix. And the movenment with time
of the dentinal bands of activity may be explained by appositional
growth of dentine, with incremental maturation. The dentine is the
rat is lzid down in daily layers about 16 p thick, and this rate of
recession of the odontoblasts agrees guite well with the displace-
ment of the bands of radicactivity. In the case of the double
zoning in the dentinal matrix, on the convex side of an incisor,

a possible explanation may be the relatively greater rate of growth
on this side of the tooth. There may be a cyclical utilisation
of sulphate corresponding to incremental maturation and, where

the growth rate is a maximum, a second cycle is visualised before

the blocd level of radiocactive sulphur-35 has fallen. Thus in
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dentine, as in the enamel matrix, the sulrhated mucopolysaccharides
appear to play a part in matrix formation and in maturation,
Leblond et =al, (1955) suggested that in the region of the
predentino—dentinal junction z sulphated mucopolysaccharide, and
probably another carbohydrate, are added to the collagen base of
predentine, and concomitantly calcium and phosphate ions are
deposited as dentinal crystals. The results described here do not
confirm the main initial activity at the predentino-dentinal
junction, but show a more diffuse uptake throughout the predentine.
There is also an increase in intensity of the dentinal radioactivity
up to 135-139 hours after injection with a decrease in the last

period observed.,

Cglecification, Sobel (1955), in an evaluation of the
laterature, pointed out that sulphate-containing mucopolyséccharides
appear wherever calcification takes place, namely in dentine and
enamel, in bone, and in gbnormal calecification of the arteries.

He suggested also that, for dentine and bone, chondroitin sulphate
may be an integral part of the 'local factors(s)'. Lacroix (1954)
postulated a role for sulphur-35 compounds in the formation of new
osteons in bone,'and Dziewiatkowski (1952) described a concentration
of a sulphur-containing compound, or compounds, in centres of
secondary ogsification in the bones of young rate. In a later
paper Dziewiatkowski (1954) found an increased accumulation of a
sulphur—containing compound, in regions of active caleification,

when vitamin A wes administered to rats deficient of this vitamin.
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It was shown by Engfeldt et al, (1954) that sulphur-35 was taken up
in bone in the game gites as uptzke of calcium—45. Rubin and

Howard (1950) put forward some evidence that a change in the

state, or concentration, of chondroitin sulphate in cartilage matrix
leads directly to the interaction of this compound with calcium,

and thereby confers the state of calcifigbility on the matrix. On
the other hand, Sognnaes {1955) has suggested that sulphated muco-
polysaccharides, rather than being the 'local factor', may serve to
maintain certain regions in the uncalcified state, and provide
metabolic pathways through relatively avascular and acellular
structures, Present results suggest.that sulphur=35~labelled

- polysaccharides ere distributed in dentine in a pattern corresponding
with incremental maturation, and in enamel in a pattern corresponding

with maturation en bloc.

- SUNMARY

Sulphur-35 administered in inorganic form as sulphate is
incorporated in orgenic form in the matrices of dentine and enamel,
ahd in the ground-substances of the dental pulp and stellate
reticulum.

A cellular origin of the organic sulphated compounde is
postulated, and evidence is presented for their synthesis in the
odontoblasts, ameloblasts and cells of the dental pulp and stellate
reticulum, There is no evidence of utilisation of inorganic sulphate
by the sulphur-containing amino acids. The sulphated compounds are

considered to be sulphated mucopolysaccharides.,
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The distribution-pattern of the sulphated mucopolysaccharides
sugcgests they may play a part in the mechanism of ceglcification of

dentine and enamel.



4, THE EFFECT OF SODIUM FLUORIDE ON THE UTILISATICN

OF RADIO-SULPHATE IN TEETEH

This experiment was also regarded as & necessary preliminary
step towards an examination of the part played by fluoride in
dental caries currently in progress in collaboration with G.D.C.
Kennedy of Glasgow Dental Hospital. Iy brother co-operated
in the present work with useful discussion but the entire
eiperimental programme, assessment of results, and preparation of
a published abstract (Kennedy, J.S., and Kemnedy, G.D.C., 1959)
was carried out by me, and the present composition is mine.

Sulphur—-35 administered in wvivo as sulphate selectively
labels sulphated mucopolysaccharides (Part I, 2)., The normal
digtribution of sulphated mucopolysaccharides in rodent teeth has
been described (Part II, 3) and it is evident that there is a
topographical association between such compounds and fields of
caloification. Changes in calcificafion in dentine may be‘produced
by a variety of agents including fluoride (Irving, 1957). In
view of the interest in this compound as a prophylactic agent
against dental caries the present experiment was designed to
examine the effect of single and repeated doses of scdium fluoride

on the dental distribution—pattern of radio-sulphate.

LATERIALS AND NETHODS

Twenty-two Wistar rats of both sexes were used, Two of the

animals were adult, the remainder aged 4-9 weeks. They received

—.93_
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1-9 subcutaneous injections of 0.4 ml. of a 2.5 per cent aqueous
solution of sodium fluoride at intervals of 1=-20 days.. In each
case the fluoride injection was followed by an injection of radio-
sulphate at a constant interval of 1 day. DNine animalg also
received radio-sulphate with, and 1 day after the fluoride. Each
doge of sulphur-235 was 4 pc/g. body-weight. Animals were killed
with chloroform 1 day after the last dose of radic~sulphate or
fluoride. The jaws were fixed in 10 per cent neutral formalin,
decalcified in 5 per cent formic acid or a picric acid-formic
acld—formalin mixture, znd double embedded in celloidin and
paraffin. Autorzdiograrhs were prepared of 5-6 y sections with
Kodak AR1O and AR50 emulgsions. HNeighbouring sections were stained
with haematoxylin and eosin, toluidine blue, by the periodic acid-
Schiff method, and by the alcian blue-chlorantine fast red nethod

of Lison (1954).
RESULTS

In every case the dentinal lesions observed corresponded well
to the calciotraumatic reéponse (fig. 2,35) descrited by Irving
et al, (1949). Tor a single dose of fluoride & single response
was obtained, and for multiple doses, multiple lesions were seen
in the dentine. The distribution of radio-sulphate was
consistently in the rroximal or hypercalcified zone (figs. 2,36~

2,39). Xetachromzsia, however, was not always obvious in this site.

Ceccasionally a very light image was obtained over the calciotraumatic



.-.95_

line, but in no cese was there any evidence of radio-sulphate

in the distal or hypocalcified zone.

DISCUSSION

Irving et al, {1949) suggested that in the calciotraumatic
response the hypercalcified zone is produced after the administration
of the toxic agent, and that the hypocalcified zone represents the
zone of predentine formed immediately prior to the experimernt.
Teatherell and Teidmann {(1959) described wide seams of osteoid
in skeletal lesions of fluorosis. They found that the calcification
front wag sharply defined by a metachromatic zone suggesting the
rresence of a rolysaccharide ester sulvhate., They found no
evidence of hyrerminerslicsticn in the fluorotic lesions of hone,
glthough thay considered the calcification mechanism was defective,

The pregsent work can give no date on degree of minerazlisation
of matrix, but confirms that there is histological evidence of a
calcification defect in dentine, appearing as the caleciotraumatic
response., The localigation of radio-sulphate in the proximal
gone of this legion indicates the vresence tliers of z sulrhated
mucopolysaccharide, If indeed thie zone is hypercalcified
{Irving and “einmznn, 1648) then clearly ester sulphate is
involved in ths process. And these data are consistent with the
findings described in no:mal calcification of dentine (Part 1T, 3).

Cn the other hand, irresrpective of desree of mincralisation, the

zone of radioactivity may correspond 4o the calcification front
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following the toxic dose of fluoride, Again it is very probable
shat the sulphated mucopolysaccharides play an important, although
as yet not clearly understood, part in the mechanism of

caclecification.,

SUMLARY

Fluoride administration glters the normzl digstribution of
sulrhated mucorolysaccharides in rodent teeth,

Radio-sulphate is found in the proximal zone of the calcio-
traumatic response, and whether this represents a hypercalcified
scne or the calcification frornt, it indicates the participation

of sulrhated mucorolysaccharides in the process of calcification.



PART III

1. Sulphur-35 in Experimental Amyloidosis
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1, SULPHUR~-35 IN EXPERIMENTAL AMYLOIDOSIS

The material in this section has been published independently
(Kermedy, 1962).

There is chemical evidence that amyloid consists of protein
with a small mucopolysaccharide component (Hass and Schultz, 19403
Hass, 1942). Analysis of the polysaccharide fraction showed it
to be & sulphated compound containing glucosamine, uronic acid and
acetic acid (Meyer, 1947). The specificity of labelling sulphated
mucopolysaccharides in vivo with sulphur-35 given as sulphate
(Part I, 2) suggested an investigation of the pathogenesis of
amyloid in laboratory animals using autoradiography to determine
the distribution of the sulphated compounds and their relation to
amyloid deposits. This is an account of such an experiment. 1In
addition a small group of animals was studied with trace doses
of sulpbhur-35 methionine and carbon-l4 glycine to follow protein
synthesis in experimental amyloidosis.

It will be sghown that both radio-sulphate and labelled amino
acids are incorporated in amyloid deposits. Cells of the plasma
series, particularly in splenic red pulp, show evidence of
utiligation of both radio—sulphate and lgbelled amino gcids and
therefore the synthesis of a glycoprotein is postulated.
Endothelial cells related to amyloid show striking radic-sulphate
utilisation but are not active with respect to labelled amino
acids. It is therefore concluded that they synthesise a sulphated

mucopclysaccharide. A new hypothesis is formulated in which

amyloid is regarded as an insoluble complex formed by the

- 98 -
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circulating glycoprotein of plasma c¢ell origin and the sulphated

rmcopolysaccharide of locsl endotheligl cell origin.

MATERIALS AND METHODS

Injections of sodium caseinate, Freund-type adjuvant, and

Leisghmania donovani were used to promote amylcoidosis in mice

and golden hamsters.

Caseinate (Teilum, 1952), Daily subcutaneous injections of 0.5 ml.
of a 5 per cent casein solution in 0.25 per cent NaOH were given

to 66 albino mice, 6 AKR strain mice and 20 03H strain mice. The
animgls were initially 15-25 g. in weight and were restricted to

an oatmeal and water diet during the experimental period which
ranged from 20 to 100 days. DBoth sexes were used. The effect of
cortisone, corticotrophin and nitrogen mustard was examined in

controlled groups {Teilum, 1954, 1956).

Freund-type adjuvant (Rothbard and Watson, 1954). The water in

0il emulsion contained 8 mg. killed dried Mycobacterium butyricum.

The oil phase consisted of 8.5 ml. Risella 0il 17 or Ondina 0il 17
with 1.5 ml. Crill 16 as emulsifying agent. Weekly subcutaneous
injections of 0.2 ml, of the emulsion were given to a group of 19
albino mice for a period up to 14 weeks, A few intraperitoneal

injections were mads. Both sexes were used.

L, donovani (Fulton and Niven, 1951). Two infected golden

hamsters were obtained from the National Institute for Mediecal
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Research and the strain of L. donovani has been maintained in

hamsters by intraperitoneal inoculations of 0.5 ml. splenic
emulgions in Ringer—glucose, Earle's sclution or normal saline,
A group of 68 hamsters was used in the present work.

Some of the animals in each of the above groups were used for
radioactive isotope studies., The remainder were examined by

conventionsl histological methods.

Sulphur—35 sulphate was given by intraperitoneal injection to 62

albino, 5 AKR and 18 C3H mice in the caseinate group, to 18 albino
mice in the Freund-type adjuvant group, and to 21 hamsters

inoculated with L. domoveni. The dose ranged from 1 to 5 pc./g.

body-weight and in some cases was repeated at intervals before
sacrifice, lMost animals were killed 24 hours after isotope

injection: the range was 3 to 120 hours.

Sulphur-35 DlL-methionine was injected intraperitoneally into 3

hemsters with leishmaniasis. The dose was 3 pc./g. body-weight and

the animals were killed 48 hours later.

Carbon-14 glycine (uniformly labelled) was given by intraperitoneal

injection to 2 hamsters with leishmaniasis. The dose was 1 pc./z.
body-weight and the animals were killed 24 hours later.

The distribution of the radioactive compounds used was also
establiched in normal control animals.

The tissues were fixed in 4 per cent neutral or alcoholic

formaldehyde, embedded in paraffin and cut at 5-6p. Auto-
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raciographs were prepared by the stripping film method with Kodak
ARIO and ARRQ plates, Ilford G5 nuclear emulsion as gel was also
used occasionally for the preparation of coagted autoradiographs
(Messier and Leblond, 1957). Sections adjacent to those used for
autoradiography were stained variously with haematoxylin and seosin,
corgo red, phosphotungstic acid haematoxylin, dahlia, periodic
acid-Schiff, azure A, toluidine blue before and after peptic
digestion (Braunstein and Buerger, 1959), methyl green pyronin, and

with Giemsge.

RESULTS

Methods of inducing emyloidosis

Experimental kala—azar in the golden hamster was congistently

the best method. All animale successfully infected with L. donovani

developed amyloid, as described by Fulton and Niven (1951).
Caseingte and Freund-type adjuvant injections were less successful
in the animalé used in this series., Amyloid did eccur in 20 per
cert of the caseinate group and in 5 per cent of the adjuvant group
but its occurrence was fickle, unpredictable, and unrelated to
strain, sex, age or material injected, Contrary to the findings
of Teilum (1952, 1954) cortisone, corticotrophin and nitrogen
mustard had no potentiating effect. Consequently the caseinate and
Freund-type adjuvant groups were used mainly to study the cellular
changes preceding and accompanying the early stages of amyloid

fornation,
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The lesions produced in experimental kala—azar

The development of amyloid followed closely the descriptions
given by Gellhorn et al, (1946) and Fulton and Niven (1951). The
amyloid stained with congo red but gave euivocal results with
metachromatic stains. After peptic digestion metachromasia with

toluidine blue was demonstrable {Braunstein and Buerger, 1959).

Kidney. This was the first organ involved. Amyloid appeared in
the glomerular tufts about 8 weeks after infection and was progressive.
The masterial deposited appeared first in a pericapillary distribution
and suggested by ordinary light microscopy basement membrane
thickening (fig. 3,1). Later lesions were more diffuse in the
glomerular tufts, and occasionzlly showed a nodular pattern not
unlike Kimmelstiel-Wilson lesions (fig. 3,3). Periglomerular
deposits were not seen, but in advanced cases interstitial amyloid
occurred. In many animals colloid casts were present in dilated
renal tubules and similar material was occasionally seen in
glomerular spaces. Renal vein thrombogis was évident in 4 animals
with advanced renal amyloidosis (fig. 3,5). There was no evidence
of plasma cell proliferation in glomeruli, but occasional groups

of plasma cells were seen related to arteries. They were not
agsociated with amylold deposits. Parasitised cells were not seen

in kidney.

Liver. Amyloid appeared in liver from about 9 weeks after infection

onwards. The amount was usually fairly small and was not as
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rapidly progressive as in kidney. The deposits usually had a
subendothelial distribution arocund branches of the portal and
hepatic veins. In a few animals they later extended into the
sinuses (fig. 3,6). The perivascular amyloid was frequently
but not invariably associated with cellular foel composed mainly
of the plasma cell series but also containing reticulum cells,
lymphocytes, and occasionally eosinophil leucocytes (fig. 3,8).
Such cellular foci were &lso seen in the abaence of amyloid deposits.
A recurrent feature was the presence of small groups of para-
sitised phagocytes in the sinuses, often in a mid-zonal position.
Such clumps were also occasionslly seen in small vessels and
appeared to be embolic from spleen. Sometimes the cells were
multinucleate and quite often they conteained laminated basophil
inclusion btodies (fig. 3,9). These basophil bodies also occurred
extracellularly in the sinuses. There was no apparent topo-
graphlical relationship between the ¢lumps of parasitised cells and
the deposgits of amyloid. Portal vein thrombosis occurred in one
animal with only minimal hepatic amyloid deposits.

Early cirrhotic changes were observed in 13 hamsters (fig. 3,10).

There was no correlation with degree of hepatic amyloidosgis.

Spleen. Amyloid appeared from about 9 weeks after infection
onwards, had a characteristic perifollicular distribution (fig.
3,12) and was progressive. Occasionally in a congested spleen

vascular spacee were cbvious in the perifollicular zone and in such

cages the amyloid bad a perivascular distribution (fig. 3,14).



- D4-

Perifollicular haemorrhage wag afeiture of many spleens showing
early amyloid deposits. In all caies numerous groups of cells
of the plasma cell series could b (emonstrated in the red pul;i
(fig. 3,16) and a topographical zlition to amyloid deposits was
frequently but not invariably obuows. Splenic giant cells were
seen but they were usually not nwerous. A striking recurrent
feature was the appearance of dizrite clumps of parasitised
phagocytes in the red pulp (fig. 3,:8). At times such clumps
occupied vascular spaces. These cills frequently also contained
haemosiderin, They did not have axy constant relationship
topographically to amyloid deposits. DBasophil bodies, as described
in liver, were not seen. Spleni: win thrombosis occurred in one
animal with only minimal splenic amdoid but with advanced renal

legions and renal vein thrombosgis

Other tissues. Amyloid was seenocasionally in the adrenal

cortex involving the 2ona reticularis and the zona fasciculata

(fig. 3,20). There was no evidewce of any cellular proliferation
preceding or accompanying adrenal cartical amyloidosis. Lymph
nodes in some animals late in the disease ghowed discrete clumps

of parasitised phagocytes as descriled in spleen. There was also
an occaslional proliferation of thv rflasma cell series in lymph nodes,
but no amyloid was seen. The swoerttaneous tigsues were very

oedemgtous terminally, but agsin 10 amyloid deposits were found.
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The lesiong produced by repeated injections

of caseinate or Freund-type adjuvant

When amyloid occurred it was perifollicular in spleen and,
less frequently, perivascular in liver. Renal amyloid was seen
in only 4 animals and was never more than e minimal basement membrane
thickening with light microscopy. The amyloid stained in the same

way as in the hamster.

Spleen. There was invarisbly a proliferation of mononuclear
pyroninophilic cells in the red pulp (fig. 3,16). Such cells
were also seen occasionally in the Malpighian corpuscles.  Some
of these cells had the characteristic morphology of plasma cells,
others of reticulum cells, and intermediate forms were numerous.
These cells had an inconstant topographieal relation to amyloid
deposits. They were not invariably PAS or alcian blue positive,
and there was no clear trend to an increase in the number of PAS
pogitive cells and corresponding decrease in pyroninophilic cells
with repeated injections. A4 large increase in the number of
gplenic giant cells was noted. They had no constant topographical
relation to amyloid deposits and did not stain consistently with

PAS, azleian blue or methyl green pyronin.

Liver. Groups of mononuclear cells with an occasionsl giant cell
appeared on the periphery of the vessels and in the hepatic sinuses.

The cellgs were mostly pyroninophilic and some were clearly plaama

cells, They had the same staining properties with FAS and meta-
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chromatic stains as had similar cells in the spleen. They were not

invariably associated with amyloid deposits.

Kidney. Again cccasionzl groups of pyroninophilic cells were seen,
ugually in relation to large vessels. No constant glomeruler
changes could be detected and, in particular, it was not clear
that there was any proliferation of pyroninophilic cells. Anmyloid

occurrence was minimal and confined to glomerular tufts.

Other tissues. No amyloid was seen in random selections of tissues.

Cutaneous ulceration and abscess formation occurred in some animals,
and peritonitis in one of the Freund-type adjuvant group. These

changes have been described in Part I, 3.

Autoradiographic results

The dats presented here are consclidated from the complete
geries. Species or sub—group differences and exceptions are

indicated where spproyriate.

Sulphur—35 sulphate. This compound, incorporated in sulphated

mucopolysaccharide, consistently gave definite images over amyloid
whenever it occurred. The amyloid in some cases was labelled 4
hours after injection of the isotope. The image was usually diffuse
and fairly uniform. There was evidence of utilisation of radio-
sulphate by the plasma cell series and particularly by immature
plasma cells, Endothelial cells related to the amyloid deposits
vere also active in sulphated mucopolysaccharide synthesis.

Phagocytic cells were not active.
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In liver a parficularly gtriking composite image was obtained
for perivascular amyloid deposits. The endothelial cells
invariably gave an intense ring-image: outside this the image
was less intense and diffuse over amyloid and related cells
(fig. 3,7): by conventional staining methods most of these cells
were pyroninophilic, and some were plasma cells. Occasional
cells repeatedly showed rather heavier sulphate-utilisation, but
their precise identification then was difficult because the image
obscured cellular deteil. In gome cases it was possible to identify
such active cells with reasonable certainty as immature plasma cells.
An endotheligl image was only given when the first traces of
amyleid appeared.

In cases where there was no evidence of perivascular amyloid
there was no endothelial radioactivity, but in such cases some of
the vascular cuffing cells showed evidencé of sulphate~uptske. 4
diffuse image was usually seen over plasma cells and cells in
hepatic vessels. This was not an invarisgble finding. There was
no clear evidence of sulphate-utilisation by Kupffer cells: the
groups of parasitiged cells in the sinuses were not radioactive,
nor were the basophil bodies associated with them. When cirrhotic
changes were present the radio~sulphate image corresponded closely
with the patternm of fibrous tissue in the liver (fig. 3,11). This
correspondence has already been noted in experimental cirrhosis
(fig. 1,36).

In kidney the incorporation of radio-sulphate in glomerular
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tuft amyloid gave a characteristic image in autoradiographs (fig.
3,21). The image was clearly confined 1o the glomerular tufis

but was diffuse over endothelial cells and amyloid (fig. 3,2).

It was not possible to exclude epithelial activity in the tufts, but
there was clearly no evidence of epithelial sulphate—~utilisation in
the lining cells of Bowman's capsule. A sulphate-image was also
usuzlly seen over the colleoid casts in tubules. This was not
aprarent at 4 hours after isotope injection but frequently seen at
24 hours and later. In animals with advanced glomerular amyloid
there was occasional evidence of radiocactivity in capillary
endothelium and basement membranes in the renal papilla. In the
caseinate group the aggregates of pyroninophilic cells related to the
larger vessels showed a diffuse image, with occasiongl more active
cells, as in the hepatic cellular foei. Adrenal amyloid deposits
algo showed a radio-sulphate image.

In spleen the usual sulphate-image was perifollicular,
corresponded with the appearance of amyloid in this site, and was
diffuse over cells and amyloid (fig. 3,13). On the periphery of such
deposits a diffuse lighter image was apparent, related to groups of
pyroninophilic cells some of which showed a punctate heavier image.
As in liver it was possible in favourable cases to identify such
more active cells with reasonable certainty as immature plasmg cells.
In some animals with splenic congestion there was a perifollicular
grouping of dilated vascular spaces, and under these circumstances

endothelial cell activity in relation to the amyloid deposits was
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demonstrable (fig. 3,15). When amyloid deposits were minimal the
sulphate-image was confined to the red pulp and related diffusely

to endothelial cells and pyroninophilic cells in this site (fig. 3,17).
In the caseinate and Freund-type adjuvant groups the splenic giant
cells consistently showed sulphate~utilisation, whether amyloid was
present or not, and these cells had no definite topographical

relation to amyloid. The parasitised groups of phagocytes in the
hamster spleens consistently showed ne evidence of radio-sulphate

metaboliem,

Sulpbur—35 methionine. Thies amino acid had a diffuse distribution

in the tissues examined but was concentrated in amyloid. There was
evidence of utilisation by the plasma cell series, by parasitised
phagocytes, but not significantly by endothelial cells.

In kidney the amyloid was in glomerular tufts as before and the
methionine-image was more sgharply confined to the amyloid than the
sulphate~image. This was particularly obvious in those glomeruli
with nodules of amyloid. In such cases, and also in the more
diffuse type of glomerular amyloidosis, the endothelial cells were
not selectively active (fig. 3,4). The image was not diffuse
over cells and amyloid as it was with radio-sulphate. Radio-
methionine was also present diffusely in colloid casts and in a
recent thrombus in renal vein in one animal. A heavy image was
seen over convoluted tubular epithelium in experimental and normal

control animels. There was no evidence of radioactivity in
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capillary endothelium in the renal papilla.

In liver the most striking negative finding was the absence of
the endothelial ring-imsge already described as characteristic of
radio—~sulphate distribution in hepatic amyloid. Although there was
evidence of incorporation of labelled methionine in perivascular
amyloid, this image was not sharply delineated by a more intense
image over endothelial cells (fig. 3,22). The radio-methionine
image wae uniformly diffuse over parenchymatous cells, but there was
evidence of rather greater uptake by some of the pyroninophiliec
cells related to vessels, and again it was poseible to ldentify
such cells with reasonable certainty as immature plasma cells.

The difference in image intensity between such cells and others in
the focus was not as marked as with radic—sulphate because of the
less specific utilisation of radio-methionine. The clumps of

phagocytes containing L. donovani were alsc more active with respect

to methionine uptake than hepatic parenchyma cells.

In spleen there was again evidence of concentration of radio-
methionine in amyloid but in contrast to the radio-sulphate pattern
there was no suggestion of an endothelial ring-imsge (figs. 3,23~
3,24). The general cellular image in red and white pulp was
diffuse and fairly uniform, but it was apparent that there was a
rather greater image intensity over immature plasma cells in the
pyroninophilic groups of cells and also over the discrete clumps

of parasitised phagocytes in the red pulp (fig. 3,19).
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Carbon-14 labelled glycine. The findings were similar to those

for radio-methionine. The amino acid was incorporated in amyloid
deposite, and there was evidence of utilisation by the plasma cell
seriegs and by parasitised phagocytes. There was no evidence in

liver of the ring-image indicative of active endothelisl uptake.

DISCUSSICN

The plasma cell series utilised both radio-sulphate and the
labelled amino acids. The synthesis of a glycoprotein may be
postulated. The polysaccharide molety of this glycoprotein is
a sulphated mucopolysaccharide. Vascular endothelial cells
utilised radio-sulphate but not the labelled amino acids.
Endothelial synthesis of a sulphated mucopolysaccharide may be
postulated. Amyloid deposits contained both radio-sulphate and
the labelled amino acids. Amyloid may be regarded as a glyco—-

protein -~ sulphated mucopolysaccharide complex.

Methods of inducing amyloidosis

Amyloid occurring as a complication of leishmaniasis in the
hamster is in many ways a better experimental modsl of human
secondary amyloidosis than that given by repeated injections of
foreign protein in animsls. The cause of death in the infected
hamsgters is advanced renal amyloidosis and it is of interest that
there is occasional renal vein thrombosis. In human kala-azar

however, although there is a characteristic alteration in the plasma
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albumin/globulin ratio, and generalised ocedema is described, there
is no report of amyloidosis (Gellhorn et al, 1946). Occagional
cirrhotic changes in the hamsters provided radio-sulphate
distribution patterns which were very similar to those obtained in
experimental cirrhosgis in mice (fig. 1,36). This suprorts the
view discussed sbove (p. 42) that the cirrhotic lesion must involve
the activity of connective tissue cells, and cannot result entirely
fron passive condensation of pre-formed fibres (Popper, 1954;
Popper and Elias, 1955). Caseinate and Freund-type adjuvant
injections have not given a very high incidence of amyleid in mice
and, although the régime has given useful information concerning
the early stages of amyloidosis, it has proved itself time
consuning and frustrating when well—established amyloid ig required
in the laboratory animal. Fruhling et al, (1960) found it necessary
to combine both caseinate and Freund-type adjuvant injections to
achieve amyloidosis more easily in C3H mice, Hass et al, (1943)
reported failure to produce amyloid with 48 injections of sodium
caseinate whereas Perasalo and Latvalshti (1954) found amyloid

in 4 out of 10 mice which had received 28 injections.

Pathogenesis

There are two schoolsg of thought on the pathogenesis of
amyloid. One is based on the hypothesis stated by Virchow (1860)
that a precursor of amyloid in the circulating plasma is transformed
into a gel after crossing the vessel walls. The other holds that

amyloid is a local cellular secretion of polysaccharide-containing



- 113 -

globulins and is not a precipitation from the blood (Teilum, 1956).
A common factor to both hypotheses is the possibility that an
immune reaction is involved in the elaboration of the protein-carbo-
hydrate complex.

Neither theory is wholly satisfactory and the present work
suggests a consolidating hypothesis integrating both. There is a
circulating soluble precursor — a glycoprotein produced by cells of

the plasma series as a result of chronic infection by L. donovani

or of repeated foreign protein injections., This crosses the
capillary walls and becomes the ingoluble compound amyloid because
the capillary endothelial cells elaborate locally a further poly—
saccharide fraction which forms a complex with the circulating
glycoprotein to give an insoluble precipitate. The endothelial
contribution is a sulphated mucopolysaccharide and the stimulus to
its production may be increased capillary permeability caused by
the circulating globulin-containing complex. The characteristic
subendothelial deposition of amyloid requires the movement of
protein through or between endothelial cells if the protein is
derived from the plasma. The abnormal circulating glycoprotein may
or may not be the result of an immune process.

In the fdllowing sections the chemistry of amyloid, the related
blood chemistry, the current hypotheses, and the present hypothesie
will be examined in detail.

Chemistry of amyloid

Table 3,1 summarises some published analyses of human amyloid.
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The present work supports the views of Hass (1942), Meyer (1947)

and Bassiouni (1955) that amyloid contains a sulphated mucopoly-
saccharide. The suggestion that this compound is akin to heparin
is of interest because, as A.C. Kennedy tells me, to achieve the

gsame anti-coagulant effect, a much larger dose of heparin is required
in a2 patient with amyloidosis than in one without. Calkins et al,
(1960) however, congider that the carbohydrate part of amyleid is not
sulphated.

The present distribution studies with labelled amino acids give
no direct information on the nature of the protein fraction of
amyloid, but are consistent with the evidende that it is mainly
globulin (tadble 3,1).

The protein and carbohydrate fractions of amyloid most probably
exist in the tissues as a complex, and the nature of the bond
between the fractions is the subject of considerable controversy
(Bettelheim-Jevons, 1958). Larsen (1957), however, was successful
in obtaining two fractions froé amyloid tissues by alcohol fraction-
ation. The larger fraction did not contain glucuronic acid, was not
metachromatic, but was PAS poeitive. It migrated as alpha 2-beta
globulin on paper electrophoresis. Larsen interpreted this
finding as suprorting the theory of Teilum {1956) that PAS positive
glycoproteins, secreted locally by cells of the reticulo—endothelial
éystem, play a major part in the pathogenesis of amyloid. It is
obviously also quite consistent with the view that the fraction is

derived from the plasma although originally synthesised by reticulo-
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endothelial cells. Larsen commented that the fraction had the
properties of a serum glycoprotein., The smaller fraction was
described as probably of ground-substance origin and was meta—
chromatic. On electrophoresis it showed a diffuse pattern around
the starting line. Larsen stated that it had been prepared by a
procedure known to yield acid mucopolysaccharide and dismissed it

as less important than the larger glycoprotein fraction. He
concluded that amyloid is a mixture of different glycoproteins,

and that the larger fraction is not of ground-substance origin but
similar to serum glycoprotein.  The smaller fraction might well be
the sulphated mucopolysaccharide described in the present work as

of endothelial origin. In é histochemical investigation of the
properties of amyloid Braunstein and Buerger (1959) described three
components namely protein, carbohydrate, and acid mucopolysaccharide.
This again would fit the hypothesis of a3 circulating glycoprotein
precipitated by the addition of an acid mucopolysaccharide of
endothelial origin., They pointed out, and I have confirmed, that
metachromasia with toluidine blue ig revealed after veptic digestion,
and that therefore the anionic dye binding sites of acidic mucopoly-
saccharide are probably blocked by combination wifh glycoprotein,
The autoradiographic findings however are unequivecal in the

demonstration of a sulphated mucopolysaccharide.

Plasma proteins

Changes in plasma proteins in human and experimental amyloidosis

are set out in table 3,2. The results quoted are fairly representative
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of a general survey of the literature.

In hemsters infected with L. donovani Gellhorn et al, (1946)

explained the altered albumin/globulin ratio by a decrease in
albumin caused by the proteinuria accompanying amyloidosis.

Plasma globulin was increased before amyloid deposition, and
decreased with amyloidosis, but the authors claimed no significance
- for the data. Ada and Fulton {1948) reported an increase in alpha-
globulin 7-9 weeks after infection and & decrease in albumin.

This is the time of onset of amyloidoeis.

Caseinate~induced amyloidosis is also associated with a
hyperglobulinaemia in a variety of animals. Perasalo and
Latvalahti (1954) noted a decrease in the globulin level as
amyloid formed. The decrease was mainly in gamma—-globulin although
the other fractions were involved in the original increase.l
Teilum (1956) considered that amyloid formation generally is
associated with changes in the electrophoretic pattern of the
Plasma proteins, and related the elevated level of gamma~globulin
to the active phase of preoliferation of pyroninophilic cells of
the reticulo—-endothelial system. Caseinate was again used by
Giles and Calkins (1958) in experimental amyloidosis in rabbits.
They found that hyperglobulinazemia was a frequent antecedent of
amyloidosis, but that in all rabbits that developed amyloi& the
hexosamine level was increased in the serum and in the amyloid

tissues., They concluded that the plasma hexosamine was probably

protein-bound, was mainly glucosamine, but was prcbably not in the
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form of an acidic mucopolysaccharide. These findings support the
present hypothesis of a circulating glycoprotein synthesised by
cells of the plasma series. A point of divergence is in the present
evidence that the polysaccharide is sulphated, but the implications
are the same — that the circulating hexosamine is directly related
to the hexosamine content of amyloid,

In human amyloid disease Wagner {1955) described combined
plasma and amyloid proteiantudies which suggested a relatlonship
between a circulating gbnormsl protein-polysaccharide complex and
the composition of amyloid. In a case of amyloidosis associated
with the nephrotic syndrome the plasma showed decreased albumin
and elevated elpha 2, beta 1 and beta 2 globulins., Parallel with
these findinge the acid mucopolysaccharide fractions were elevated.
Analysis of amyloid in this case showed alphz 2 and beta-globulins
and mucopolysaccharide in the same zones. Faber (1948) pointed
out that in suppurative infections and in secondary amyloidosis the
glucosamine level was increased in plasma and in amyloid tissues.
Further evidence was presented by Gilliland et al, (1954) who
indicated that in health the maximum protein-bound polysaccharide
concentration occurs in the alpha 2 fraction of serum globulin, and
that in amyloid disease, and in the Kimmelstiel-Wilson syndrome, there
is a significant increase in the alpha 2 and beta fractions.

Amyloidosis as a feature of rheumatoid arthritis is of current
interest. Migsen and Taylor (1556) commented that the plasma

globulins in rheumatoid arthritis commonly show an abscolute increase,
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with and without amyloid. They quoted Gilliland and Stanton (19%54)
who showed that in rheumatoid arthritis and in untreated tuberculosis
there ig an increase in plasma protein-bound polysaccharide. In
the diagnosis of amyloidosis a low albumin/alpha 2 globulin ratio
was found to be of value. IMissen and Taylor concluded that, if

a high concentration of plasma globulin and its associated
polysaccharide is a prerequisite for the development of secondary
amylocidosis, then it is evidently satisfied in most cases of active
rheumatoid arthritis. In a review paper Symmers (1956) noted that
hyperglobulinaemia had been found least regularly in cases of
secondary amylcidosis but suggested, from experimental evidence,

the possibility of at least a transitory hyperglobulinaemia in

human amyloidosis generally. He also made the interesting comment
that in those cases of myelomatosis in which amyloldosis had
developed, hyperglobulinaemia was usually absent, and quoted Eisen
(1946) as having observed a fall in the degree of hyperglobulinaemia
in myelomatosis as amyloid developed.

Symmers stated that primary amyloidosis is alsc not uncommonly
associated with hyperglobulinaemia. Block et al, (1955) showed an
atypical electrophoretic peak in the serum of patients with familial
primary systemic amyloidosis, and Mulligan (1958), in a review of
cardiac amyloidosis made out a case for amyloid being secondary
to a disturbance in blood proteins in which hyperglobulingemis is
paramount. He pointed out that cardiac amyloid was commoner in

men and could be related to senility, malnutrition, a2 decrease in
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Plasme albumin, an increase in plasma globulin, and, in men, a
decrease in blood ascorbic acid.

There is then evidence that in both experimental and naturally
occurring amyloidosis the level of plasma globulin is increased
before the depogition of amyloid, and may decrease with deposition,
The fraction of globulin involved varies, but this is consistent with
the view that as far as permeability-increasing properties go there
is also a significant species variation in the globulin fraction

involved, (Spector, 1959).

Theory of local secretion

Teilum {1954, 1956) has presented evidence that amyloidosis is
the result of a perversion of the protein-synthesising funetion of
the reticulo—endothelial system cauged by a breakdown of control by
ascorbic acid and adrenal steroides. He has described a chain of
events following prolonged antigenic stimulation. Initially there
is proliferation of reticulo-endothelial cells including plasma cells,
reticulum cells, Kupffer cells and vascular endothelial and
adventitial cells. Such cells are pyroninophilic. The pyronino-
philia is maintained by ascorbic acid and depressed by cortisone,
Later, just before and accompanying amyloid deposition, there is a
depression of pyroninophilia and an increase in the number of reticu~
lo—-endothelial cells containing PAS positive material. Such cellsg
are linked directly with the local gynthesis of amyloid and related
substances which are considered to be polysaccharide-containing

globulins.
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This is an attractive hypothesis but it is open to criticism
on geveral points. The present work shows that the endothelial
cell is topographically most closely and constantly related to
amyloid deposits. Such endothelial cellg show evidence of
synthesig of sulphated mucopolysaccharide, but evidence of active
protein synthesis is lacking. Christensen (1960) supported Teilum's
views and made the point that metachromatic material is added to
glycoprotein in amyloid formation. He suggested that the meta-
chromatic material comes from reticulum cells, which react in a
fibreblastic manner to continued stimulation. The present evidence
for the origin of this metachrometic material in endothelizl cells is
verhaps stronger. Reticulum cells, Kupffer cells, immature and
mature plasma cells, and vascular adventitial cells have an
inconstant topographical relationship to amyloid deposits. It is
confirmed that cells of the plasma series produce glycoprotein, but
local depogition at the site of production would not explain amyloid
in renal glomeruli. The Kupffexr cells of the liver are not related
topographically or functionally to amyloid deposition. Moreover
there is evidence that globulin gynthesis is not a function of cells
with phagocytic properties (Roberts, 1955, Marshall, 1956). There
ig no indication of a proliferation and tramnsition of Kupffer cells
generally to immature or mature plasma cells, The earlieat hepatic
amyloid is perivascular and is as often as not unrelated to groups
of pyroninophilic plasma cells. In kidney there is no evidence of

transition of endothelial cells to immature or mature plasma cells
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and there is strong evidence that these are predominantly the cells
respongible for gamma-globulin synthesis (Fagraeus, 1948; Oakley,
1959)., Similarly, in adrenal, there is no evidence of proliferation
at any time before or during amyloid deposition of cells of the
plasma series. | |
Undoubtedly in splenic red pulp there is & proliferation of
pyroninophilic cells but this is Jjust as consistent with a release
of globulin into the circulation as with a mechaniem of local form—
ation of amyloid. Pirani et al, (1959) have shown that casein-
induced amyloidosis in mice may be prevented by splenectomy and
that there is a significant depression of total plasma protein
inecluding alpha 2 globuling but Calkins et al, (1960) stated thet
amyloidosis in rabbits is not inhibited by splenectomy. Cohen
et al, (19%9) reported that in experimental amyloidosis pyroninoc-
rhilia bore no clear cut chronological or quantitative relation to
the amyloids PAS-positive cells were occasionally observed but were
not necessarily related to the evolution of the disease. In the
present work also theré is no evidence of a progression from
pyroninophilic to PAS-positive cells as the lesions developed, and
I have been unable to confirm Teilum's findings that amyloid
deposition is potentiated by corticotrophin, cortisone and nitrogen
mustard. Calkins et al, (1960) also found that amyloidosis in
rabbits is not accentuated by cortisore. The effect of ascorbic
acid has not been investigated in the present work, but deficiency

of the compound is associated with an altered pattern of muco-
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polysaccharide production (Friberg, 1958; Williams, 1959) and with

an altered plasma globulin pattern (Banerjee and Rohatgi, 1958).

Circulgting precursor theory

This is probably the most widely held view and the parallelism
between plasma protein findings and the chemistry of amyloid is
convincing, as is the decresse in plasma globulin noted as amyloid
deposition occurs. The major difficulty is to explain the
mechanism of deposition of a scluble intravascular precursor as an
ingoluble compound outside the vessels. Bywaters and Glymn (1957)
make this point in their review and suggest some significant change,
possibly a polymerisation at the site of deposition. I suggest
that the significant change is the formation of an insoluble
complex of the soluble precursor with a sulphated mucopelysaccharide
of endothelial origin.

Immune reactions have been thoughi to play a part in
emyloidosig. Lettererxr (1934) auggeéted that amyloid is the
result of an antigen-antibody precipitation. Haes et al, (1943)
considered that persistent or repeated stimulation of immune
mechanigms is a fundamental factor in the genesis of amyloid
disease. Vazquez and Dixon {1956) described gamma-globulin as
a ﬁajor component of amyloid and discussed the implications.

They reduced the possible mechanisms to 2 local non-immunological
accunulation of circulating globulin, or an immune reaction which

might be combination of circulating antibody with the tissue antigen,

or antigen-antibody reaction occurring at the site of antibody
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formation., There is nc evidence that endothelial.cells are
concerned with antibody formation. The other possibilities remain,
and may involve a permeability factor., It is of interest that

the parasitised phagocytes in Lamster spleen and liver showed a
quite marked amino acid uptake (fig. 3,19). This lends some
support to the sequence of events in antibody production described
by Marshall {1956) and adapted from Burnet and Femmner (1949).

The presence of antigen in a phagocytic cell stimulates production
of protein which is not antibody but may be transferred to primitive
reticular cells., Proliferation of the plasma cell series follows,

with glycoprotein synthesis.

The present theorz

If it is accepted that a globulin-carbohydrate fraction of
amyloid is derived from the plasma then it is obviously a truism
that capillary endothelial permeability to protein must be increased
t0 permit the circulating ﬁroteinrpolysacchafide complex to assume
its characteristic subendothelial distribution. As a result of
increased permeability endothelial cells are stimulated to produce
a sulphated mucopolysaccharide., This might be regarded as a
gtop-gap reaction. Amyloid is then deposited because the acidic
mucopolysaccharide forms an insoluble complex with the glycoprotein.
However the stop—gap reaction fails because the amyloid deposits
involve the basement membrane and proteinuriaz results. As a

consequence of this chain of events there is a tendency in
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established amyloidosis to a decrease in plasma albumin, The
plasma globulin level may or may not be affected depending on the
balance between globulin production and globulin loss to amyloid.,
The over-all tendency will be to a decrease in globulin, because
of the cgntinned incorporation of the protein in amyloid and also
because amyloid deposits in spleen and liver will reduce the
functional capacity of these organs as sources of globulin. The
plasma albumin/globulin ratio mzy thus vary within wide limits.

The evidence for a circulating precursor of amyloid has been
surveyed. The present work shows that cells of the plasma series,
mainly in spleen but aglso in lymph nodes, are most probably the
source of the glycoprotein. It has been shown that the carbo—
hydrate moiety is sulphated. It has not been established that the
protein ig globulin, but there is strong circumstantial evidence
that this is so.

The mechanism of increased capillary permeability is unknown.
Spector (1958) has reviewed the subject and it is apparent that
globulin fractions may play an important part. It is just possible
that the globulin-carbohydrate complex of amyloid is itself respons-
ible for the increase in capillary permegbility. Spector gquotes |
Miles and Wilhelm (1955) who pointed out that there is a considerable
species variation in the globulin fraction that possesses permeability-
increasing powers. More recently Davies and Lowe (1960) have found
that gamma-globulin isolated from guinea-pig serum by diethylamino-

ethyl cellulose chromatography has a high permegbility increasing
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effect. The alpha 2 fraction also caused increased permeability.
They pointed out that permeability factors may be inducéd by
antigen—antibody complexes underx certain conditions, for example
when solubilised by excess antigen, and referrsd to the work of
Ishizaka and Campbell (1958) and others. It is tempting to
speculate that the variation in the protein fractions of amyloid
is a function of the variation in globulin fractions that are
involved in the permeability-increasing mechanism.

The present work focuses attention on the endothelial cell és
a major factor in experimentel amyloidosis. Curran (1957) has
claimed the elaboration of mucopolysaccharides by normal vascular
endothelium, and suggested that the sulphated compounds may be
concerned with regulating the passage of materials from the blood-
stream to the neighbouring tissues, In the present work there is
no clear evidence that normal enrndothelium utilises radio-
sulphate, and it has been pointed out by Stehbens (1962) that it is
not yet certain that vascular endothelium is one of the tissues with
a2 marked capacity to concentrate sulphur-35 given as sulphate,
The deposition of amyloid involveg the conversion of a soluble
haematogenous precursor to insoluble form in the subendothelial site.
It is of interest in this conmnection that Curtain (1955), in an
investigation of the nature of the protein in the hyaluronic
complex of synovial fluid, found that at ionic strength of 0.1

hyalurcnic acid bound globuling rather than albumin over a wide pH

range, The endothelial secretion of a sulphated mucopolysaccharide
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may achieve a precipitating complex with a globulin in such a
fashion in amylbidosis.

Electron—microscope studies lend considerable support to the
view that the endothelial cell is intimately related to amyloid
deposition, Cohen et al, (1960) examined caseinate-induced
amyloid in rabbit spleen. They found that amyloid was most often in
contact with endothelial cells in place of, or in addition to,
basement membrane. Vhere amyloid was scanty it was consistently
separated from the sinus lumen by endothelial cytoplasm. They
concluded that amyloid, on the evidence to date, is deposited in the
area of the basement membrane, but, at least in part, is a diestinect
structural entity. In rabbit kidney with caseinate—~induced
amyloid Cohen and Calkins (1960) found that the amyloid first
appeared as small amounts of fibrillar material subjacent to the
endothelial cell cytoplasm. Initially the basement membrane was
not altered but later amyloid deposite appeared to merge with it.
There was never any great amount of amyloid on the epithelial
side of the basement membrane and endothelial cells invariably
separated the amyloid from the capillary lumen. Before amyloid
deposition they described the appearance of blebs in the
endothelial cells, Fruhling et al, (1960) also described the
fibrillar structure of caseinate~induced amyloid in mouse kidney
and suggestéd a resemblance to long pelymerised chains of glyco-

protein,

In the electron microscopy of human amyloidoeis Farquhar et al,
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(1959) pointed out that the renal lesions were similar to
experimentally induced lesions in mice and congisted of an

irregular focal thickening of the basement membrane. Spiro (1959)
examined renal biopsy specimens from patients with amyloidosis

and found the sarliest glomerular deposits beneath the endothelium,
In more extensive lesions the basement membrane was focally involved.
He occasionally observed in early lesions cellular organelles
embedded in a matrix of amyloid suggesting that the msterial was

synthesised by the endothelial cells.

SUMARY

Leishmaniasis in the golden hamster yields a good
experimental model of secondary amyloidosis.

Autoradiographic distribution studies with radio-sulphate and
labelled amino acids have suggested a hypothesis for the patho-
genesis of amyloid,

A glycoprotein, the carbobydrste part of which is sulphated,
is formed by proliferating cells of the plasma cell series mainly
in the red pulp of spleen. This glycoprotein circulates and is
a soluble precursor of amyloid. Endothelial cells form another
sulphated mucopolysaccharide which gives an insoluble complex with
the glycoprotein., This complex is amyloid. Amyloid has a
characteristic subendothelial distribution and therefore there is
increased capillary endothelial permeability for which the glyco-
protein may be responsible. The endothelial production of

sulphated mucopolysaccharide may then be considered as reactive.
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1, THE DISTRIBUTION OF ORGANICALLY BOUND IODINE IN GOITRE

When iodine-131 is given to a patiént before thyroidectomy
it is metabolised as ordingry iodine and takes part in the
synthesis of thyroid hormone. Autoradiographs prepared from
sections of the resected gland show the distribution pattern of
orgaﬁically bound iodine~-131. Inorganic iodine is washed out in
the usual histological processing of the tissue.

This study was undertaken for several reasons. TFirstly,
in the problem of goitre in childhood it was thought that it
would add useful information to chromatographib gtudies carried
out concurrently by McGirr and his colleagues, snd I have
contributed autoradiographic data to 2 reports on dyshormonogenetic
goitre which have been published (McGirr et a2l, 1959, 1960).
Secondly, in cases of thyroid carcinoma, the question of thera-
peutic use of iodine-131 required knowledge of the utilisation
of the isotope by the tumour. Thirdly, it was hoped that if a
distinctive distribution pattern was observed it might help
in diagnesig., And lastly, the pattern of distribution might

give some information on the site of thyroid hormone synthegis.

MATERIALS AND METHODS

Todine-131 was given orally by clinical colleagues to
patients usually 24 hours before thyroidectomy. The range was 30
mihutes to 10 days. The dose range varied from 100 yc. to 1 me,
and was usually 100-200 pc. The series of surgically resected
glands comprises 159 cases of goitre classified by disease in table
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4,1. The resected tissues were fixed in 4 per cent neutral or
alcoholic formaldehyde, embedded in paraffin and cut at 5-6 p.
Autoradiographs were prepared by the stripping film method with
Kodak AR10, ARRKO, and V1042 plates. Ilford G5 nuclear emulsion
as gel was algo used. Sections adjacent to those used for
autoradiography were stained variously with haematoxylin and eosin,
periodic acid—-Schiff, Weigert's elastic tissue stain and van

Gieson.

RESULTS

Thyroid Adenoma (30 Cases)

The classification used in tables 4,2-4,3 is that of Warren
and Meissner (1953). Type classification is often difficult in
tumours showing more than one pattern of differentiation, and in
such cases the dominant patterm has determined the category chosen.
In 3 cases multiple nedules were considered to be examples of
adenomata rather than non~toxic nodular goitres, The decision was
again made on the criteria suggested by Warren and Meissner.
Particular note was taken of wmiformity of structure in the tumours,
and the difference in growth pattern beitween the tumours and the
adjacent gland, but it is acknowledged that there is a considerable
overlap with appearances seen in non-toxic nodular goitre.

The radicactivity in the aderoma group was predominantly in
colloid within follicles. 1In 3 cases extra-follicular labelled

colloid was demonstrable. This was present in the extracapsular
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compressed tissue and associated with & lymphocytic infiltrate in
2 cases. In the third case, where no cellular reaction was
demonstrable, it is not possible to exclude operative trauma.
Focal thyroiditis of Hashimoto type (Lindsay et al, 1952), was not
present in those cases, although it was observed in 3 other cases,
one of which was an example of multiple tumours including a
Hurthle (Askanazy)-cell adenoma of mainly solid type. The
distribution-pattern of radiocactivity in the focal thyroiditis
of Hashimoto type resembled that in diffuse Hashimoto's disease
which is described below. In particular, it was apparent that
small follicles lined by Askanazy-type epithelium often contained
intensely radicactive colloid. Less specific degrees of chronic
inflammatory change were seen frequently, most often in the form of
lymphoeytic infiltration with or without lymphoid follicles,

The autoradiographic image intensities in the tumours shown
in table 4,3 are related to image intensifies observed in normal
thyroid tissue resected with the tumours, and the comparison was
made in autoradiographs showing both neoplastic and normal tissgue
in the same preparation. The microfollicular group was the most
active (figs. 4,1-4,2). One case was clinically toxic, The
gimple follicular group contained rather fewer active tumours
(figs. 4,3—4,4). In the macrofollicular group the activity where
present was less intense than in normal thyroid tissue, and the
trabecular group contained no active tumours at all (figs. 4,5-

4,6)s The solitary papillary tumour showed only occasional
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activity in microfollicular areas. In the multliple tumour glands
the activity-pattern followed the structural correlation given
above for solitary tumours. In the single case (table 4,3),
showing activity greater than normal the neoplasms concerned were
microfollicular, Among the inactive multiple tumours was a mainly
solid Hurthle (Askanazy)-cell adenoma. There was generally no
atrict correlgtion between the usual histological appearances and

the autoradiograrhic appearances of functional activity.

Thyroid Carcinoma (24 Cases)

Details of the cases and classification by type (Warren and
Meigemer, 1953) are shown in tables 4,4-4,5. Again, as in the
adenoma series, there was often considerable difficulty in
deciding on histological classification. In the differeﬁtiated
group of tumours mixed patterns were often seen and it was apparent
that a decision on dominant pattern could be a function of the
number of blocks of tissue examined.

Only 3 tumours showed evidence of iodine-131 utilisation.

They were all in the differentiated group and the radio-iodine was
detected in colloid in follicular areas. Papillary and solid areas
were inactive in this respect. This was particularly evident in the
single case in the series in which it was possible to examine
primary and secondary growth. Here only the follicular areas of

primary and secondary tumour showed bound iodine-131 (figs. 4,7-

4,10), Other follicular tumours, apparently as well differentiated
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ag those showing bound iodine-131, did not utilise the isotope
(figs. 4,11-4,12). The single case of a Hurthle (Askanazy)-cell
carcinoma was of predominantly solid type and showed no evidence
of radioactivity. An inactive papillary carcinoma is shown in
figs. 4,13-4,14. Extrafollicular labelled colloid was seen in
thyroid tissue outwith the neoplastic area in 3 cases. In one
of these there was clear evidence of crushing. In the other 2
trauma was not evident. Haghimoto's thyroiditis was present in
one, and a focal lymphocytic reaction in the other, without
Askanazy-change in epithelium, All the undifferentiated tumours
failed to utilise iodine-131 (figs. 4,15-4,16).

As has just been indicated Hashimoto's thyroiditis was a
concomitant lesion in a thyroid gland showing an undifferentiated
giant-cell carcinoma (figs. 4,17-4,19). The diffuse nature of the
thyroiditis was clearly demonstrable in the lobe unaffected by the
tumour, and the pattern of iodine-131 utilisation was identical
with that described below in uncomplicated Hashimoto's thyroiditis,
Another case of a small cell carcinoma associated with Hasghimoto's
thyroiditis was observed. Again the diffuse nature of the
thyroiditis was evident in parts of the gland unaffected by the
tumour, Focal thyroiditis of Hashimoto type (Lindsay et al,
1952) was seen in 3 cases of undifferentiated carcinoma (figs.
4,20-4,21}, A& less specific degree of focal thyroiditis was
common in the form of lymphocytic infiltration with or without

lymphoid follicles,
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Other conditions observed assoclated with thyroid carcinoma
were nodular goitre in one case, adencma in 3 cases, and a defect
in {thyroid hormone syntheris in one case. There was no evidence
of transition frow feollicular adenoma o carcinomza in 2 cases where
the tumours coexisted. The benign tumours appeared as discrete
nodules uninvolved in the malignant process. In the third case
the adenoma which showed & mixed papillary and follicular structure
alsc showed evidence of either invasion by, or transition to
undifferentiated giant cell carcinoma. The case of a defect
in thyroid hormone synthesis with malignant change is described

below in the section on dyshormonogenetic goitre.

Non-Toxic Nodular Goitre {31 Cases)

Details of the cases are given in table 4,6, In most it
was comparatively easy to decide on the diagnosis of nodular
hyperplasia rather than multiple adenomata taking the differential
points suggested by Warren and Meissner (1953) but admitting the
possibility of multiple benign tumours. However, for any given
nodule a differentiation between hyperplasia and neoplasia could
be extremely difficult, if indeed possible. MNost nodules in the
group showed a rather similar pattern of peripheral microfollicles,
intermediate medium sized follicles and central macrofollicles.
There was often evidence of central degeneration or haemorrhage.
Encapsulstion was quite commonly a feature, and there was fairly
often evidence of expansile growth in compression of extracapsular

follicles, In 5 cases there was a papillary element in the
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nodular hyperplasia. These formed a group of average age 36 years
which was less than the 48 years average age of the whole group.

In one case of recurrent nodular goitre there was a greater nodule
to nodule varigtion in structure than was usually seen in the group.
The internodular tissue generally showed a pattern of normal sigzed
follicles with only occasional small foci of microfollicular hyper—
plasisa.

A fairly consistent distribution—-pattern of iodine-13]1 emerged
from the group. The radio-iodine image was most intense in the
colloid of microfollicles whether these occurred in the nodules or
in the internodular tissue. There was gquite frequently a
peripheral rim of radicactive microfollicles in a nodule, and a
further extranodular rim of compressed radicactive microfollicles.
The medium sized follicles showed a lower level of colleoid activity,
and the macrofollicles were usually either inert or showed just
detectable radioactivity (figs. 4,22-4,23). This was the general
picture, but occasionally nodules clearly much more or much less
active than the internodular tissue were seen (figs. 4,24-4,26).
Such active nodules did not usually differ much in structure from
the typical nodule described above zlthough in 2 instances a
microfollidﬁlarhpapillary pattern was evident (figs. 4,27-4,28),
Inactive nodules were usually macrofollicular. In all 12 active
nodules and 3 inactive nodules were seen in the group.

In the intermodular tissue there was generally a low level

colloid~image in the medium sized follicles. The occasional foeal
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areas of microfollicular hyperplasia showed greater colloid radio-—
activity.

Todine-13]1 was given 10 days before thyroidectomy in one case
and after operation there was no evidence of its presence in colloid
in the gland. In gll the other cases the dose of radio-iodine
wae given 1-2 days before operation,

Concomitant lesions ohserved in the non-toxic nodular goitre
group were focal thyroiditis of Hashimoto type in 2 cases, lympho-
cytic infiltration with lymphoid follicles in 7 cases, and a discrete
microfollicular adenoma in one case. The adenoma satisfied all
the differential points of Warren and Meissner (1953) except, of

course, its existence as a solitary nodule.

Toxic Nodular Goitre (5 Cases)

On the usual histological criteria only one case showed evidence
of hyperfunction (table 4,7) but thiouracil and Lugol's iodine had
been admiristered pre—operatively in all, Compared with the non-
toxic group above the nodular pattern was very similar. In the
internodular tissue in one case there was congiderably more focal
microfollicular hyperplasia.

The digtribution~pattern of bound iodine-131 differed from that
in the non-toxic group in only the one case which showed marked
internodular focal microfollicular hyperplasia. Here the maximum
image intensities and apparently the greatest amount of organically
bound iocdine-131 were in the colloid in the small follicles in the

internodular tissue (fig. 4,29). In the other cases the distribution
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of radio—iodine was much as in the non-toxic group, There was
no evidence that hyperactive nodules dominated the picture. In
fact no such nodules were demonstrable at all, and in one case &
clearly inactive macrofeollicular nodule was seen. Iodine-13l
was given only 30 minutes before operation in one instance and was
demonstrable in the colleid in the resected gland, but not in
thyroid epithelium.

No foecal thyrciditis of Hashimoto type was seen. One gland

ghowed areas of lymphocytic infiltration with lymphoid follicles.

Diffuse Colloid Goitre (3 Cases)

The cases are ligted in table 4,8, The histological picture
was one of monotonous uniformity with medium sized to large
follicles containing abundant colloid. Areas of focal hyperplasia
were not seen. There was no svidence of focal thyroiditis in the
gTOUup.

The iodine-131 images were generally of very low intensity and
were present diffusely over all colloid. The intensity appeared
slightly greater over the colloid in the small follicles, and
.occasionally an isolated random active follicle stood out from the
surrounding almost inert structures (fig. 4,30)., There was no
evidence cof increased lobular activity in many autoradiographs
examined. Again, as for the histology, the picture was one of

nmonotonous uniformity.

Thyroid Cyst (10 Cases)

As shown in table 4,9 the group is made up of 9 degenerative
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cyets and a solitary case of thyroglossal cyst. In most of the
degenerative cases it was not possible to decide on the exact
pathogenesis of the lesion although an adenoma seemed a probable
precursor in one. In 3 others the cyst appeared to be the dominant
lesion in non-toxic nodular goitre, since a nodular pattern was
apparent in thyroid tissue adherent to the cyst wall (fig. 4,31).
Generally examination of the peripheral thyroid tissue resected with
the cyst was not informative because of its limited mass. In the
case of the thyroglossal cyst in a male aged 17 years it is probable
that the portion of thyrcid gland removed with the cyst is as near
normazl as obtazined in the whole series.

The autoradiographs mainly showed utilisation of iodine~131
by thyroid tissue attached externally to the cyst walls, In the
normal tissue resected with the thyroglossal cyst all colloid present
was labelled, and the image wae most intense in the smaller follicles
(fig. 4,32). It is probable that this represents the physiological
distribution pattern. One cyst contained remanants of functional
thyroid tissue and the morphology and distribution-pattern suggested

a cystic follicular adenoma.

Dyshormonogenetic Goitre (20 Cases)

The case details are set out in table 4,10, Four types of
defect in hormone synthesis, whether in sporadic geitrous cretinism
or in sporadic goitre without marked hypothyroidism are represented

(¥cGirr, 196Q§,_£). The nature of the defect in any given case was

determined by McGirr and his colleagues by testing the effect of anion
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block on the iodine-131 content of the thyroid gland, by study of
dehalogenase activity, by chromatography of serum, urine and thyroid
tissue, and by electrovhoresis of thyroid proteins (McGirr, 1960b).
I prepared autoradiographs from sections of thyroid in every case
and assessed the distribution-patterns with knowledge of the
chromatographic and other findings.

The goitres were diffuse {3 cases) or nodular (17 cases). In
thoze showing a diffuse hyperplasia there was usually a marked
degree of cellular pleomorphism at the trabecular to microfollicular
stage of differentiation (fig. 4:33). Colloid was very scanty
in 2 cases with formation of an abnormal iodoprotein. In the
single example of a coupling defect colloid was abundsnt and
plecmorphism was not obvious. In this case the follicles were mainly
of average size with areas of microfollicular hyperplasia.

In the nodular group there were 6 cases with formation of an
abnormal iodoprotein, 5 cases with impaired ability to utilise
trapped icdide, and 4 cases with impaired dehalcgenase activity.

In 2 cases of nodular goitre the nature of the defect was not

fully established. In the nodular group as a whole there was a
similarity in histological structure. The nodules varied in

gize from microscopic to about 6 cm. in diameter. A wide variety
of nodular structure was seen including trabecular, microfollicular,
simple follicular, papillary, macrofollicular, haemorrhagic and
cystic types. Occasional bizarre nodules, not seen in any other

condition studied, were observed. They showed a lung-like structure
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of poorly formed follicles lined by flat cells and containing no
colloid. There was frequently quite marked variation in
intranodular structure. Some nodules were encapsuleted, others
not., Some nodules showed evidence of expansile growth, others
did not. Cellular pleomorphism was seen in occasional trabecular
nodules. There was usually very little colloid. Some cases,
particularly those with the largest goitres, showed the whole
range of nodular structure. In others trabecular and micro-
follicular nodules were dominant.

The interncdular tissue was pleomorphic in 7 of the nodular
goitres. This appearance was most striking in the cases with
impaired dehalogenasge activity (fig. 4,33). The pattern of
hyperplasia was similar to that in the diffuse goitres but more
marked, Yhere pleomorphism was nct a feature there was often a
papillary type of internodular proliferation with medium size and
smgll follicles and in some cases both pleomorphism and papillary
hyperplasia were noted. In addition to the tumour-like
pleomorphism epithelial celis were quite frequently seen in vessels,
and in many fields the thyroid capsule or nodular capsulss were
infiltrated by pleomorphic epithelium (fig. 4,34).

A histological diagnosis of carcinoma was made in one case, a
girl aged 11 years with impaired dehalogenase activity, because
of the appearances described above and evidence of mural invasion

of vessels (fig. 4,35). Epithelial cells were found under the

endothelium of large veins and there was invasion of small vascular
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channels in the adventitia of a large artery with disruption of
the external elastic laminsg.

The autoradiographs in the dyshormonogenetic group showed
distribution—-patterns of iodine-131 which were not seen in any
other thyroid disorder studied. Two diffuse goitres with
formation of an gbnormal iodoprotein showed evidence of epithelial
utilisation of iodine-131 and rather more intense images over
colloid in occasional microfollicles (fig. 4,36). Colloid
generally was scanty in the cases of diffuse hyperplasia, but
in the example of & coupling defect it was abundant and uniformly
contained small amounts of bound iodine-131l. Here there was no
epithelial activity.

There were 5 cases in the nodular group with a defect in
organic binding of iodide. No image at all was obtained in 2, a
just detectable colloid-image in nodular microfollicles in cne, in
internodular microfollicles in another, and in the last a low
level collecid-image was seen in nodules and internodular tissue.

In the remaindsr of the nodular group, made up of cases of
formation of an abnormal iodoprotein and of impaired dehalogenase
activity, the distribution-pattern was often strikingly variable
from nodule to nodule and even in different parts of the same nodule,
This degree of variation was unique to this group of goitres (figs.
4,37-4,42). Images were often most intense over colloid in micro-

follicles; trabecular nodules were often inert. In one case with

formation of an abnormal iodoprotein only 5 out of 12 structurally
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gimilar nodules showed utilisation of iodine-131. The bizarre
lung-like nodules were always inactive. Epithelial images were
geen in some nodules and were most intense over cells lining medium
size follicles containing labelled colleid (fig. 4,43).

The internodular tissue usually showed evidence of epithelial
utilisation of iodine-l}l with the exception of the cages showing &
defect in organic binding. Occasionally in a follicle an
epithelial image, a ring-type image, and a more diffuse colloid
image were all present (fig. 4,44). However, the more usual
picture was one of low level epithelial getivity in fields of
trabecular to microfollicular hyperplasia with little or no
colloid (figs. 4,37-4438). Epithelial cells and labelled colloid
were observed in the lumen of a vessel in é gland showing inter-
nodular pleomorphism (figs. 4,45~4,46).

The carcinoma asgociated with impaired dehalogenase activity
was differentiated of mixed follicular—papillary structure. Bound
iodine-131 was detected in colloid but the amount was small and

the distribution irregular (fig. 4,47).

Graves' Disease (9 Cases)

As shown in table 4,11 two of the cases are of special interest
having received therapeutic doses of iodine~131 5 days and 5 weeks
before death from other causes. The thyroid glands were obtained
at autopsy. The others received the usual small doge of radio-
iodine 1-2 days before thyroidectomy and histologically presented

the well known picture of treated thyrotoxicosis, Many trabecular
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and microfollicular areas of hyperplasia were @resent in one and 2
showed focal thyroiditis of Hashimoto type., This was so marked in
one instance that a concomitant Hashimoto's disease was considered.

- The gland examined 5 days after 12 mec. iodine-131 was devoid
of lymphoid tissue and fellicular disruption was obvious,
Epithelial Askanazy-change was seen in cells in intact follicles,
sometimes involving only part of the epithelial lining. This
change was also apparent in isolated clumpe of epithelial cells
not arranged in follicular foxm. Nuclear pyknosis was common.,
Very little colloid was present. There was no evidence of
thrombosis or of fibrinoid cuffing of vessels.

Five weeks after a therapeutic dose of iodine-131 the picture
was congiderably different.  Askanazy-change was agsin seen.
Areas of focal hyperplasia, often of microfollicular pattern with
little colloid, were a feature and nuclear pleomorphism was quite
marked. There wers also regenerated lobules of larger follicles
with more abundant colloid. Thrombesis was associated with areas
of infarction, and there was some evidence of fibrinoid cuffing of
vessels.

The distribution-pattern of iodine-131 in the non~irradiated
glands was of labelled colloid in every follicle in which colloid
was present (fig. 4,48). The image intensity was greatest over
the smaller follicles. A point of interest was the variable

Tesponse to the thiourseil type of drug. In one case a pre—operative

period of 3} weeks anti-thyroid medication was enough to block
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binding of any detectable amount of iodine-13l. In another a period
of 4 months on thiouracil led to an sutoradiographic picture

of abundant labelled colloid. In both cases Lugol's iodine had

also been given. In glands which histologically looked active

there was frequently a ring-type image in the autoradiographs.
Trabecular areas of hyperplasia were usually negative in respect of
lodine-13] utilisation, On the other hand radioactivity in colloid
could be correlated with Askanazy—change in the folliculsasr cells

in the cases showing focal thyroiditis of Hashimoto type.

Epithelial papillary structures containing microfollicles often

gshowed g definite colloid—image.

In the irradisted gland examined 5 days after administration
of a large dose of iodine-131 the most striking feature was evidence
of epithelial redicactivity (fig. 4,49). This was apparent not
only in epithelium lining more or less intact follicles but also
in epithelial ceils lying within the lumen of disrupted follicles.
It was also clear that the intensity of the epithelial image was
fairly uniformly less than that of the small amount of colloid
occasionally seen. It was not clear that Askanazy-type
epithelium was more active than epithelium not showing the change,
but there was no evidence that the Askanazy-epithelium was inactive,
In the gland examined 5 weeks after a therapeutic dose of radio—-
iodine activity was still detectable but was confined tc the
colloid wherever it occcurred, and some extrafollicular labelled

colloid was seen.
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Hashimoto's Thyroiditis (27 Cases)

Some details of the group are presented in table 4,12. Two
cases with concomitant carcinoma are excluded and described in the
carcinoma group. One case, described under Graves' disease,
showed such a marked focal thyroiditis of Hashimoto type that an
association of Graves' disease and Hashimoto's thyrciditis was
considered probable. Fields of squamous metaplasia were seen in
one case gnd an adenoma was a concurrent lesion in 2. A clinieal
history of preceding thyrotoxicosis was given in one instance.

The autoradiographs of the group gave a consistent distribution-
pattern of bound iodine-~131, This pattern was lobular., The image
was confined to colloid, There was no clear evidence of epithelial
radiogetivity., The most intense images were seen over colloid in
microfollicular areas of regeneration. The follicular epithelium
in these areas was cuboidal and showed no evidence of Askanazy-—
change. Foci of normal size uninvolved follicles were only
occasionally seen, but where present showed again an intense
colloid-image and again no evidence of Askanazy-change (figs. 4450~
4,53). Fields of degenerating follicles were a feature of
one case and here an extrafollicular colloid—image was presént on
the periphery of, and diffusely in the affected lobules. There was
a light plasma cell infiltrate in the region, but no Askanazy-
change (figs. 4,54-4,55).

Askanazy-type epithelium occurred in two forms, follicular

and non-follicular, The follicles were usually smzll and contained
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colloid, An icdine-131 image was consistently obtained over such
colloid {figs. 4,56-4,59) and was somewhat less intense than the
image seen in the microfollicular areas of regeneration. When
Askanazy-type follicles were the predominant structural units,

and this was so in many cases, the total bound iocdine seen in the
autoradiographs was in the colloid in such follicles. Non-
follicular clumps of Askanazy-cells showed no evidence of radio-
activity. When an image was present in such areas it was nof

possible to exclude the presence of a minute amount of colloid.

DISCUSSICHN

Thyroid Adenoma

There is considerable difficulty in differentiating between
hyperplasia and neoplasia in the thyroid. Evans (1956) states
that there can be no acceptable histological definition as to the
gtructural constitution of an essentislly neoplastic adenoma.
Willis (1953) believes that in the thyroid gland structural distinection
between adenoma and carcinoma is often impossible.

The distribution~pattern of organically bound iodine-~131 does
nct resolve the difficulty, because it is similar in papillary
adenoma and papillary carcinoma, in simple follicular adenoma and
in well differentiated follicular carcinoma, in follicular adenoma
and in the nodular hyperplasia of non-toxic nodular goitre.

The pattern described is essentially similar to that described
by Dobyns and Lennon (1948)., In the present series there is a

rather greater preponderance of active microfollicular tumours, but
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the general conclusion that utilisation of iodine-131 is
proportional to degree of differentiation is supported.

Pitzgerald (1955) described only a minimal image in micro-
follicular adenoma and 2 of the tumours in the present group showed
this pattern.

The presence occasionally of labelled extrafollicular colloid
in the compressed tissue just outside the capsule is of interest,
particularly when associated with a focal cellular reaction. It
is not possible however to draw any conclusion gbout a causal
relationghip, because in some cases there was clear evidence of
tissue crushing. However, a focal thyroiditis of Hashimoto type
was a concomitant lesion in 3 glands with adenoma.

The Hurthle (Askanazy)-cell tumour showed no evidence of
iodine-131 utilisation, btut was of solid type devoid of colloid.
This point is discussed further in the section on Hashimoto's

thyroiditis below,

Thyroid Carcinoma

From the standpoint of the possible therapeutic use of iodine-
131 the distribution-patterns obtained are as disappointingly
mesgre as in other series. Fitzgerald and Foote (1949) found that
undifferentiated and papillary tumours failed to utilise the
isotope. They described only rare focal images in Hurthle
(Askanazy)—cell tumours, and such a tumour in the present group
showed no evidence of radicactivity. The tumours described which

did concentrate radio—iodine fell into the follicular or mixed
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papillary-follicular categories, and this is true of the present
seriese. It is also true that even in this well differentiated
group there is a congiderable proportion of tumours which did not
show any uptske of iodine-131, 4 further important factor is that
the image in colleid in the functional tumours is of patchy irregular
distribution, and the possibility of achieving a therapeutic
concentration of radio-iodine is to that extent more unlikely.

The conclusion reached by Pochin (1958) that iodine-131 therapy

is best in follicular tumours, not of much value in papillary
tumours, and unsatisfactory in undifferentiated and Hurthle
(Askanazy)-cell types is supported.

The occurrence together in 2 cases of thyroid carcinoma and
Hesghimoto's thyroiditis make it essential that the limitations of
nesdle biopsy of thyroid be appreciated. It is often to
differentiate between neoplasia and thyroiditis that such a
biopsy is taken. Focal thyroiditis of Hashimoto type could
eagily provide another pitfall in small diagnostic biopsies.

Dailey et al, (1955) described 35 cases of thyroid carcinoma,
usually papillary, associated with Hashimoto's thyroiditis.

The association of carcinoma and dyshormonogenesis is

discussed below in the section on dyshormonogenetic goitre.

Non—Toxic Noduler Goitre, Diffuse Colloid Goitre

The dominant pattern of a spectrum of functional activity

from a maximum gt the microfollicular stage of differentiation to

& winimum at the macrofollicular stage of degeneration ig in accord
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with the scheme of pathogenesis for non-toxic nodular gocitre
suggested by Taylor (1953). The first stage of diffuse colloid
goitre is one of uniform low level colloid radioactivity as seen

in the present 3 cases., Next, small foci of microfollicular

‘hyperplasia stand out as more active than the surrounding medium-

gized follicles, Nodules develop showing a gradual increase in
follicular size, and degenerate by central haemorrhage and necrosis.
The distribution of bound iodine~131 is constantly related to
colleid, and the image intensity wvaries inversely with follicular
diameter, This is the general pattern. In rather more than

a third of the ncdular goitres there are nodules considerably
more active then the interncdular tissue. Fitzgerald (1955)
noted that about 35 per cent of hyperplastic nodules showed more
activity than the interncduler tissue. The distribution-
pattern is also consistent with the observation by Pitt-Rivers et
al, (1957) that there is generally a low concentration of bound
iodine=~131 in the nodules and in the intermodular tissue., They
suggested that in non-toxic nodular goitre there is either a high
turnover of iodine-131, or faulty or delayed coupling.

Compared with dyshormonogenetic goitre it is apparent that
the distribution-pattern in non-toxic nodular goitre differs
considerably., Tt is more uniformly related to structure; it is
congistently related to colloid, and not to epithelium; it is
generally of lower intensity; end it is more an example of minor

variation in pattern of a standard nodule than a bizarre mixture of
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structurally and functionally divergent nodules,

Toxic Nodular Goitre

In this small group there was surprisingly little structural
or functional difference when compared with the non-toxic group
above, but thiouracil had been administered, and in some of the
cases the clinical degree of toxicity was slight. In one of the
types of toxic nodular goitre the internbdular tissue is hyper—
active (Puppel et al, 1946), and in the other there is a single
hyperactive ncdule (Copejgi_gg, 1947). There was no evidence in
the present group of solitary hyperactive nodules. Small hyper—-
active nodules did occur in the non—-toxic group, but were not big
enough to produce hyperthyroidisme. In one toxic case, however,
the internodular tissue did appear to be more active than the
nodular, but there was no evidence of epithelial activity. The
image was confined to colloid, and this was so when the iodine~131
had been given only 30 minutes before thyroidectomy. Wollman
and Wodinsky (1955) reported bound radio-iodine in the colloid
of mouse thyroid only 1l seconds after intravencus injection of

the inorganic isotope.

Thyroid Cyst

The main point of interest here is in the portion of normal
thyroid resected with a thyroglossal cyst in a male aged 17 years.
It was small but consisted of several lobules, taking a lobule as

20-40 follicles (Taylor, 1960). There was no significant image
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variation from lobule to lobule, and within a lobule all the
colloid was labelled. The image was most intense over the colloid
in the emaller follicles., Fitzgerald et al, (1950) also found that
the smaller follicles showed the bighest concentration of iodine-
131 in portions of thyroid resected with thyroid tumours., They
described & marked variation in colloid—activity from follicle to
follicle, and particularly a striking variation in uptake of
iodine-131 in morphologically similar follicles. Thie follicle

to follicle variation was not a feature of the present case.

It is debateable whether the uninvaded portion of a thyroid gland
with carcinoma can be regarded as normal. Certainly in all the
pathological glands of the present series fields of follicle to
follicle variation in image can be found, It is also true, of
course, that some doubt must exist about the state of normality of
a thyroid gland which is associated with a congenital defect in
development, znd that a firm base line of distribution-pattern in

normal human thyroid is still to be established.

Dyshormonogenetic Goitre

The distribution-patterns of iodine-131 described are
digtinctive and generally consistent with the established defects
in hormone synthesis., The apparent paradox of finding evidence
of bound radic—iodine in 3 of the cases with a defect in organic
binding is explicable on the hypothesis that the defect is not

absolute, This view was sustained by the chromatography by

MeGirr and his colleagues which also showed some evidence of binding
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of iodine-131 in these cases. This was encouraging because it
had been thought that comparison between the distribution-
patterns and the chromatography-patterns might be subject to
error due to sampling different parts of the thyroid. Dobyns
and Lemnon {1948) had suggested that, because uniformity of
digtribution of labelled iodinated compounds is seldom seen,
random chemical sampling may give misleading results. The
variable distribution-patterns obtained in the present group
emphasise this cautionary note, and so far as possible, in
current work, autoradiography and chromatography are done on as
similar tissue as possidle. For example, a nodule may be divided
for this purpose, or neighbouring portions of internodular tissue
taken. Chromatography and autoradiography cannot both be done
on the same tissue.

Epithelial activity has been noted as characteristic of the
internocdular tissue in cases other than those with a.coupling
or binding defect. For reasons discussed in the next section
on Graves' disease it is not considered justifiable to argue
from these findings that intracellular iodination of thyroid hormone
normally occurs, It is perheps significant that in the single
example of a coupling defect the bound iodine-131 was all in c¢olloid,

Although the autoradiographic distribution-patterns in
dyshormonogenetic goitre have not been described before in any

detail there are a few references to the characteristic histology.

Milles (1955) regarded the histology in sporadic goitrous cretiniem
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ag diagnostic. He described, in 2 cases, a kaleldosecopic pattern
of hyperplastic, foetal, embryomal and bizarre nodules, and
roemarked that the internodular tissue, composed of angular lobules
of pleomorphic cells, was unique. Hayles et al, (1956) described
5 cages of goitrous cretinism showing trabecular and microfollicular
nodules, They also noted that the interncdular tissue was
abnormal, showing small follicles with little colloid. lMore
Tecently Fraser et al, (1961) found that in 31 out of 113 cases
with & fault in organic binding the goitre was initially diffuse
and later nodular. The average age of the diffuse goitre cases
in the present series was 7 years and that of the nodular goitre
cases 15 years.

In a considerable proportion of thyroid glands in the
dyshormonogenetic goitre group there were histological features
suggééting neoplasia viz. cellular plecmorphism in the diffuse
goitres and in the intermcdular tissue of the nodular goitres;
papillary proliferation in nodules and in internodular tissues;
mitotic activity and the presence of epithelial cells in the lumen
of vessels; infiltration of capsule of gland or nodule by pleo-
morphic epithelium. However, local invasion is an unreligble
index of malignancy in endocrine tumours generally. Halley
(1961) has suggested that proliferation of endocrine epithelium
occurs along the only available capillaries regardless of
conventional anatomical boundaries. This point is discussed again

in Part V in reference to malignancy in phaesochromocytoma.
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The diagnosis of carcinoma in one case with a dehalogenase

defect was based on evidence of mural invasion of vessels

together with the other features already noted. It is speculative
but of inte;est to consider the possibility that in this case the
enzymic defect caused the neoplasia, A diagnosis of carcinoma
without metastases or recurrence wag made in one case of sporadic
goitrous cretiniem reported by Wilkins et al, (19%4). In 3 of their
series of cases with organic binding defects Fraser et al, (1961)
diagnosed carcinoma, but so far without report of secondary spread.
In the present case 4 years after thyroidectomy there is no

indication of recurrence or secondary spread.

Graves'! Digease

The general findings described of a diffuse colloid-image
in the thyrotoxic glands are in accord with the results of
Hamilton et al, {1938-41) quoted by Kelsey et al, (1949). Wo
evidence of a patchy distribution of iodine-131 was seen as reported
by Saylor and Kelsey (1949) again quoted by the same authors.
Fitzgerald (1955) noted a heavy concentration of radio-iodine as
characteristic of Graves' disease, and observed that in thiouracil
treated cases often the only trace of isotope present was in mecro-
follicles. In the present group one such case showed no
concentration of radio~iodine at all.

The changes caused by therapeutic doses of iodine—131 have

been described by Curran et al, (1958). The appearances in the

present 2 cases fall into their acute group and are very similar.
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The distribution-patiern of radio-iocdine however differs in some
respects, although in accord with the maiﬁ findings of maximum
patchy activity in colloid, occasional ring-images, and irregular
stromal activity due to extrafolliculer labelled colloid.
Epithelial activity was not described in any of their materiel,
but was a prominent feature of the case in the present group in
which the gland was examined 5 days after the therapeutic deose.
There is considerable controversy about where iodination of
protein occurs in the thyroid. Leblond and Gross (1948, 1949)
interpreted the ring-type image as indicating that radio-iodine
was organically bound in the apex of the epithelial cell., Later,
Doniach et al, (1953) interpreted the ring-type image to represent
a slow rate of diffusion of newly iodinated thyroglobulin., They
considered that iodination occurred entirely in the celloid.
Nadler and Leblond (1955) also supported this view, and held
that iodination of tyrosyl radicles of thyroglobulin occurred at
or near the colloid-cell interface of every follicle.  After
intravenous injection of iodine-131 Wollman and Wodinsky (1955)
found that the bound iodine was in the colloid in mﬁuse thyroid
glands at all time intervals studied from 11 seconds upwards.,
Ring-~images were obtained first, and later the image was diffuse
over the colloid. Nandi et al, (1956), from grain counts over
cells and colloid, concluded that thyroglobulin was formed in the

cells and secreted into the colloid. The ring-type image was

agaln taken to represent a slow rate of mixing of newly iodinated
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thyroglobulin,

About thig time Gross (1957) reviewed the problem and
compromised by suggesting that iodination up to the diicdotyrosine
stage was intracellular, and that the later stages occurred in the
colloid. Vore recently Pulvertaft et al, (1959) studied tissue
cultures of human pathological thyroids. They demcnstrated
labelled monoiodotyrosine in the cells, and in one toxic goitre
gland found intracellular triiodothyronine and thyroxine. They
admitted the possidility that the absence of colloid in the tissue
culture studies may have stimulated the cells to assume functions for
which they may not noxmally be responsible.

This ie also an acceptable interpretation of the present
findings of epithelial agctivity, both in the irradiated gland and
in the examples of dyshormonogenetic goitre discussed above. A
common factor is certainly a deficiency of colloid, and this is
particularly obvious in the internodular tissue of many of the
glands with defects in hormone synthesis. It was this type of
hyperplasia which was most often associated with epitheligl
utilisation of iodine-131. Another factor common to the present
work and to that of Pulvertaft et al, is that the thyroid
epithelium studied is in pathological material. Any conclusions
about site of iodination under normal circumstances are unwarranted.
The possibility also of species variation must be considered in

any comparison of findings in human and animal thyroid glands.
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Haghimoto's Thyroiditis

It was apparent that in many glands of this group, with
extensive Askanazy-change in epithelium, the organic binding
of iodine-131 occurred predominantly in small follicles lined dy
this type of epithelium., There was, however, no evidence of
utilisation of radio-iodine by the non-follicular clumps and
strands of disorganised Askanazy-type epithelial cells also
ugually present, This is consistent with the failure of the
non-follicular Hurthle (Askanazy)-cell adenoma and carcinoma to
bind icdine., The colloid-images obtained in follicles lined by
Askanazy-cells were intense and reflected an active process of
hormone synthesis.

Lennox (1948) did much to clarify the confused terminology
applied to the epithelial cﬁange, but considered that the Askanazy-
cells must be without endocrine function. In an autoradiographic
study of a single Hashimoto gland Dempsey et al, (1949) described
activity only in normal follicles. No iodine-131 was detected
in zones of acidophilic (Askanazy) epithelium. On the other hand
Statland et al, (1951) gave an account of autoradiography in 3
cases of Hashimoto's thyroiditis. Zones composed primaXily of
degenerating follicles sometimes showed a small amount of darkening
of the autoradiographic film where, from the histological appearance
elone, one would suppose that the seeming degree of atrophy would

rreclude any functional activity. It is not certain that this is

a reference to Askanazy-cell zones, but it probably is, because of
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the commonly held belief that the epithelial change is
degenerative or involutionary. Fitzgerald (1955) reported that
in 2 cases of Hashimoto's thyroiditis autoradiography showed
relatively little iodine-131, It is not clear from the report how
this activiiy was distributed and how it was related to Askanazy-
cells,

Tremblay and Pearse (1960) applied histochemical techniques
for oxidative enzymes to a series of pathological thyroid glands
from human subjects. They found that Askanazy-cells contained
an gbundance of actively functioning mitochondria which are capable
of carrying out the metabolic functions of the tricarboxylic
acid cycle, glycolysis, fatty acid oxidation and amino acid
synthesis, They observed that while no proof was offered that
the cells are actually performing eny of these funciions in vivo,
possession of the capacity to perform them makes it unlikely that
the cells are degensrated or involuted. In the present work
the demonstration of labelled colloid in follicles lined by
Askanazy—-cells is proof that the cells are actually performing
some of these functions in vivo, and supports the view that the
cells are more probably hypersctive than degenerated or involuted.
I agree with Tremblay and Pearse that this hyperactive phase may
lead to ultimate collapse and involution. At this stage the
epithelium ig hyaline rather than granular.,

Another point of interest in the Hashimoto's thyroiditis group

is the occurrence of 2 male cases in the series of 27 cases.
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Statland et al, (195&) reviewed 51 cases zll of which were women.
In a series of 170 cases Lindsay et al, (1952) described the disease
in 2 men., Fisher and Creed (1956) recorded a further 2 male

cases and found only 9 previous cases in the literature.

SUNMARY

Autoradiographs have been prepared and examined from 159
pathological thyroid glands after adminigtration of iodine-131,

The distribution patterns of organically bound iodine-131
do not help to differentiate between hyperplasia and benign and
malignant neoplagia when this is most difficult histologically.

Nodular goitre in the adult shows a characteristic
distribution-pattern of iodine~131 which is quite different from
that seen in dyshormonogenetic nodular goitre in the young. The
higtology also differs in a distinctive way.

A case of thyroid carcinoma assgociated with impaiied
dehalogenase gctivity is described with autoradiographic findings.
Askanazy-type epithelium is showm to be metabolically active in
Hashimoto's thyroiditis ard in other conditions,

Epithelial utilisation of icdine~131 is demonstrated in an
irradiated gland and in some cases of dyshormonogenetic goitre.
It cannot be concluded that normgl iodination of thyroid protein

occurs within the thyroid epithelial cells,



PART V

l. The Chromaffin and Jodate Reactions
for Catechol Amines
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1. THE CHROMAFFIN AND IODATE REACTIONS FOR

CATECHOL AMTNES

In this section I used radio-chromate, radio-icdate, and
radio—~iodide in an examination of the histochemistry of chromaffin
tissue generally and of a group of chromaffin tumours. The
work started with the discovery at an autopsy I performed of =a
malignant phaeochromocytoma, and the appreciation during the
detailed examination of this tumour of what Willis (1953) has
called the fickle nature of the chromaffin reaction. In the
publighed report (Kennedy et al, 1961) a full eccount of the whole
range of the investigation has been given. In what follows here
I have given my perscnal contribution,

The diagnosis of malignancy in chromaffin tumours is often
difficult. Symington and Goodall (1953) reviewed 280 cases of
phaeochromocytoma of which 31 had been reported as malignant.

In 19 of them they found insufficient evidence of malignancy;

in 5 the tumours could have been multicentric in origin, and in the
remaining 7 the chromaffin reaction had not been done or was
unsatisfactory. Since then further malignant tumours have been
reported, but in only one was secondary tumour assayed for

catechol amines (Davis.gi_gl, 1955)., The tumour described by
Andreassen (1954) had metastases in the liver, but no assay was
attempted. Belkin et al, (1954) reported a phaeochromocytoma

that recurred in the right asdrenal region with secondariesg in para=
aortic lymph nodes, liver, lung and rib: total catechol amines
woere estimated in the adrenal tumour, but the secondaries were not
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assayed. Manger et al, (1954) described a malignant phaeo-
chromocytoma with extensive secondary spread found at operation,
but no tissue was removed for sssay. McMillan (1956) reported
hydroxytyramine as well as noradrenaline in the biopsy of an
adrenal tumour and classified the tumour as probably malignant on
the grounds of local invasiveness. In s case described by
Kimberley (1956), removal of the tumour resulted in a fall of
blood pressure from 200-260/100-160 to 170/100 mm,Hg.  Tumour
nodules were observed in the liver at operation: one year later the
blood pressure rose to 190[100 and on this evidence a vasopressive
effect was deduced for the metastases. Phaeochromocytomas of the
organs of Zuckerkandl have been reviewed by Cook et al, (1960) who
described two such malignant tumours: the chromaffin reaction was
pogitive in both and catechol amines were assayed in one primary
tumour.  Pugh et al, (1960) reported a malignant chromaffin
tumour of the urinary bladder with metastases in liver and lymph
glands: the chromaffin reaction was positive but no assay was
performed., They also remarked on the vagaries of the chromaffin

reaction.

MATERIALS AND METHODS

Tissues. The tiscues studied fall into two groups: (1) Phaeo-
chromocytomas & tumours, 4 necropsy and 2 resected. The malignant
tumour is one of the post-mortem cases (table 5,1). (2) Normal

adrenal glands obtained from patients undergoing adrenalectomy for

breast cancer or at autopsy in man, OX, rat, mouse and guinea-pig;
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this group of tissues was used particularly in the investigation

of histochemical methods.

Chromaffin reaction. A variety of dichromate soclutions was

employed, including Muller's fluid, Régaud'as fluid without acetic
acid, equal parts of 5 per cent potassium dichromate and 10 per
cent neutral formalin, and a mixture of 100 parts of 5 per cent
potassium dichromate and 7 parts of 5 per cent potassium chromate.
The mixtures were used with and without addition of phosphate or
acetate buffer and the PH range investigated was from 3.5 to 7.5.
Paraffin and frozen sections were cut and examined with and- without
further staining. BSevki's modification of Schmorl's Giemsa
method was used on some sectionsj others were stained with
methylene blue,

Blocks of tissue from case § and from a variety of normal
human and animal adrenal glands were fixed in dichromate solutions
containihg radioactive sodium chromate-51. The pH rangs was from
5 to 6.8. The specific activity of the solutions was 20 pc.
per ml., The tissues were kept in the radio-chromate solutions for
18-24 hours and were then processed in the usual way for frozen
and paraffin sections. Autoradiographs were prepared fox
comparison with neighbouring sections. Kodak AR10 gnd ARRO
stripping films were used with exposure times of 80-90 daye.

The radio-chromate was not immediately available and the method could
not be employed routinely, particularly in cases coming to autopsy.

This applied also to the radio—-iodate method.
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Todate reaction. This method demonstrates noradrenaline only.

Hillarp and Hokfelt {1953), the originators, used saturated
potassium iodate buffered to ﬁH 5e4=6.0, Tissue from cagses 3-5
and animal adrenals were placed in solutions containing iodine-
131 as iodide (Branko, 1957) or as iodate. The labelled iodide
golution was mixed with 9 times its volume of unlabelled saturated
iocdate: the specific activity of the mixture was 200 pe. per ml.
The labelled iodate was usually added to a saturated solution

of unlabelled potassium icdate and occasionally to a 10 per cent
solution to give specific activities ranging from 12.5 to 100 pc.
per ml, The pH of all the radio-iodine solutions was in the range
5.4—6,0 and the tissues were kept in the solutions from 7 to 25
hours, Thereafter they were fixed in 10 per cent neutral formalin
and autoradiographs were prepared as before on frozen and paraffin

sections, Exposure times were from 30 to 147 days.

CASE REPORTS

The malignant phaeochromocytoma (case 1) was discovered at

autopsy, performed 55 hours after death, in a 56 year old woman who
clinically had presented as a case of digbetes mellitus. The
growth involved the left adrenal region, measured 12 x 10 x 10 cm.
and weighed 388 g. The tumour (fig. 5,1) was well encapsulated
and, on section, consisted of flesh-coloured tissue resembling
normal.adrenal medulla. Large areas of haemorrhage and necrosis

were present.

Microscopically, the structure iz indistinguishable from that
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gseen in benign tumours. The cells are mature phaeochromocytes
grouped together to form large and small alveoli (figs. 5,2-5,3).
There is slight nuclear and cellular pleomorphism with only a few
giant-cells. Mitotic figures are scanty. There is no invasion
of capsule, but groups of tumour cells are present in sinusoids
and thin-walled veins.

The liver (1,720 g.) was enlarged and numerous tumour nodules
(0.25 — 2.5 em, in diameter) similar in colour to the primary growth
were present, Histologically the cells of the secondaries have
an alveolar arrangement and are composed of mature phaeochromo-
cytes. Clumps of similar tumour cells are present in hepatic
vessels (fig. 5,4). Secondary tumour deposits were found also
in the left lateral aortic lymph glands, in the left ilium, in
tke first and fourth left ribs and in the second lumbar vertebra.
The histological pattern in all secondary sites is similar to that
in the primary tumour and liver (fig. 5,5). No tumour was seen in
the lungs.

The only other significant findings were enlargement of the
heart (430 g.), due mainly to left ventricular hypertrophy, and
evidence of hypertensive nephrosclerosis. |

The benign tumours (cases 2-6) varied in size from 1.25 to

8 cm. in diameter, were composed of mature phaeochromocytes and
were similar in appearance to those described by Symington and

Goodall (1953).
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RESULTS
Catechol amines were assayed (von Euler and Hamberg, 1949)
in representative portions of the tumours by B.A. Woodger and the
results are listed in tables 5,2 and 5,3. Both adrenaline and
noradrenaline were present in the primary tumour in case 1, but

only noradrenaline was demonstrable in the hepatic secondaries.

Chromaffin reaction (table 5,4). In cases 1-4, where no

attempt was made to measure or control the pH of the various
dichromate and chromate solutions used, the reaction was
unsatisfactory as a diagnostic method. 1In cases 5 and 6, where
the dichromate solutions were adjusted to pH 5.8, a satisfactory
chromaffin reaction was obtained even in case 6 where the autopsy
was performed 21 hours after death, The effect of pH variation
was investigated more fully with normal human, ox, mouse, rat and
guineg-pig adrenals. It was found that for pH values below 4
the reaction failed, and for pH values above 7 the reaction again
tailed off, With pH about 6 a positive chromaffin reaction was
obtained regularly in paraffin or frozen sections of adrenal
medullary tissue. A weak positive chromaffin reaction was

obtained with human adrenals removed as long as 31 hours post-mortenm.

In cagse 5 chromium—51 was detected in the autoradiocgraphs of
sections showing a positive chromaffin reaction (pH 5-6), and the
radioactivity corresponded with the distribution of the brown
pigment. The effect of pH control was also investigated in

animal adrenals, and a constant association of pigment and radio-
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active chromium was found with labelled dichromate mixtures in
the pH range 56 (fig., 5,6). Outside this range the results
were variable,

Iodate reaction (table 5,4). In cases 3 and 4 the iodate

reaction was negative, but it should be noted that in both tumours
the predominant catechol amine present was adrenalina.
Noradrenaline, however, was detectgble chemically. In case 5,
where the ratio of adrenaline to noradrsnaline estimated chemiéally
was about 1, the iodate reaction was successful. The reaction was
also congistently successful in the normal animal adrenals used
(fig. 5,7), with the exception of those of the guinea-pig which
has little or no noradrenzline in its adrenal medulla. A
saturated solution of potassium iodate gave rather better resulis
generally than a 10 per cent solution.

In case 3 whers the iodate reaction was negative no radio-
activity was demonstrable in autoradiographe of tissue treated in
a labelled-iodide/unlabelled-iodate mixture (Eranko, 1957). This
mixture gave a good colour reaction in groups df medullary ceils
in the mouse adrenal, but the corresponding autoradiographs were
uniformly negative. In cases 4~5 labelled iodate was used in a
gaturated solution of unlabelled potassium iodate. Though the
colour reaction was negative in case 4, a positive image was
obtained on autoradiography over some groups of cells. In case 5,
where the colour reaction was positive, an image was also obtained

in the autoradiographs. A rate-meter count on the open face of thé



~ 168 -

blocks gave 2.9 x 10? c.p.m. {counts per minute). When the
blocks had been deparaffinised, taken down to water, washed in
running water for 24 hburs and activity again estimated with a
gimilar geometry the count rate had decreased to 103 CeDaM.y
corrected for natural decay. = The brown pigment was, however,
still clearly present. Further washing reduced the radicactivity
and autoradiographic images were not obtainable although the
brown pigment was still present. Mouse and rat adrenals
treated in the labelled iodate solutions gave the usual brown
pigment in groups of medullary cells, but corresponding auto-
radiographs were negative. The sections were well washed before
autorsdiography.

DISCUSSION

Mogt chromaffin tumours are unilateral, but bilateral growths
do occur, and it should be appreciated that growths that appear
to involve one adrenal and the para~aortic lymph glands may be
examples of tumours of multicentric origin, and not malignant.
Local invasion is an unreliable index of malignancy in endocrine
tumours. In the normal testis (Halley, 1961) Leydig cells may
be found adjacent to blood vessels outwith the capsule, and I
have observed parathyroid cells in a similar extracapsular site
where there is no question of malignancy. In the normal gdrenal,
cells may be present near blood vessels outwith the capsule.

In the dyshormonogenetic goitre group (Part IV) reference

has already been made tc the presence of epithelial cells in the
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thyroid capsule giving an appearance indistinguisheble from that
of neoplastic infiltration, HMalignancy in a phaeochromocytoma
can be accepted as proved only if it metastasises to sites where
there is no chromaffin tissue, and the tumour reported here (case
1) illustrates this point. Histoloéically the primary growth was
composed of mature phaeochromocytes indistinguishable from the
cells of benign tumours. No immature cells were seen, pleo—
morphism was not a prominent feature, and mitotic activity was
scanty. The secondary deposits in liver and bones are clearly
outside the normal distribution of chromaffin tissue and the
rosgibility of multicentric origin can be excluded. The
maturity of the cells and the ability of the liver secondaries to
form noradrenaline is proof that a malignant phaeochromocytoma
can be functionally active.

Chromaffin reaction, Hillarp and Hokfelt (1953) reported that

little or no brown pigment appeared in gdrenal medullary cells
treated with dichromate solutions at pH 4. They suggested that
gsolution of catechol amines from the cells occurred at pH levels
below 5 and recommended dichromate solutions at pH 5-6 for routine
uge. Present results bear this out. The mixture of iOO ml.

of 5 per cent potagsium dichromate and 7 ml, of 5 per cent
potassium chromate, giving a pH of 5.8 is particularly'reliable.
With this technique a reaction was obtained in the tumour from

case 6 removed 21 hours post—mortem. It ie suggested that the

most important cause of failure in the chromaffin reaction is
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failure to control pH.

The nature of the brown pigment formed in the chromaffin
reaction is not knovn with certainty. Ogata and Ogata, (1922-
23) considered it to be an oxide of chromium, Gerard et al, (1930)
suggested that the chromaffin reaction is an oxidative phenomenon
independent of the presence of chromium and Bernnett (1941)
reaffirmed this hypothesis. Coupland - (1954) however, concluded
that after formol—dichromate fixation chromium ig fixed by the
cells of the adrenal medulla, and he suggested that a chrome-—
adrenochrome is produced. Hale (1958) ugsed an X-ray micro-
technique {0 show that chromium was deposited in the cytoplasm
and nuclei of adrenal medullary cells as a result of potassium
dichromate fixation. The pH of the dichromate solutionsg used is
not discussed in the above papers, but Coupland informed me in a
personal communication in 1958 that he had found that pH levels
below 4 were of no value for staining the catechols. The auto-
radiographic findings support Coupland's conclusion of 1954, but I
agree with Hale's proviso that although chromium is demonstrable
in the brown—stained medullary cells it is still not possible to
decide whether this brown colour is due to formation of an adreno-
chrome—-chromium complex, or to deposition of chromium, or to an
oiganic oxidation product of adrenaline.

Harley-lason (1948) proposed & formula for adrencchrome as
a zwitterion and later {1950) described the oxidation of

solutions of adrenaline, giving first a red colour and then a
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brown or black precipitate of adrenaline Ylack. The formation
of adrenaline black proceeded via adrenochrome and appeared to

be a polymerisation. Adrenaline black is soluble in alkalies.
The brown colour of the chromaffin reaction may be due partiy to
the presence of this compound and partly to the presence of g
chromium—adrenochrome complex, and the failure of the reaction

at alkaline pH may be explicable on the hypothesis that the
pigment itself is soluble in this pH range. Even less is known
of the oxidation products of noradrenaline with dichromate, but
‘gince all the medullary cells are stained in a similar way, and
since chromium is demonstrable in them all, it is probable that
the chemistry is similar. Hillarp and Hokfelt (1953) stated that
both noradrenaline and adrenaline coﬁld be converted by oxidation into
brownish-black insoluble products of a melanin-like character,

but pointed out that little is known of fhis transformation of
horadrenaline.

Iodate reaction. Again much of the basic work is due to Hillarp

and Hokfelt (1953), who concluded that oxidation with potassium
jodate in acetate buffer at pHE 6.0 or in phosphate buffer at pH
5.4 effected such a rapid and selective pigment formation from norw
adrenaline that the reaction might be applied to the cytological
demonstration of noradrenaline in the adrenal medulla. They
pointed out that the pigment was confined to certain groups of
medullary cells whose number varied mbre or less directly with the

content of extractable noradrenaline. I have confirmed that in
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the normal animal adrenal medulla only certain clearly delineated
groups of cells are stained, and this observation was also valid
in a phaeochromoeytoma known by assay to contain a substantial
amount of noradrenaline (case 5). In a later paper (Hillarp

and Hokfelt, 1955), they gave a warning that dopamine, DOP4, and
possibly other related substances could form dark pilgments on
oxidation with potassium iodate. These compounds, however,

were absent from the adrenal medulla or were present only in very
small guantities. They stated that paraffin embedding could not
be used in the iodate reaction because this procedure dissolved
the pigments. I have not found this to be so, and in fact some
of the most satisfactory icdate reactions were seen in the
paraffin sections. Frozen sections of the same material did not
give such clear—cut results.,

As in the case of the chrome reaction, the chemistry of the
pigment formed is not known accurately., It differs ob#iously
from that formed by dichromate fixation in that chromium is not
associated with it in the cells, end that it is preseﬁt only in
clearly delineated groups of medullary cells, Hillarp and
Hokfelt (1953) found that in-vitro iodate oxidation at pH 5.4

transformed noradrenaline within minutes to a dark pigment;

adrenaline, on the other hand, did not undergo such a transformation

until after 24 hours. In each case there is also presumably
formation of jodonoradrenochrome and iodoadrenochrome, but

iodoadrenochrome is not retained in the cells, and in solution
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gives a reddish colour. The c¢ells that stain brown may contain
a mixture of pigment and icdonoradrenochrome, Eranko (1957)
suggested that the brown colour produced by treatﬁent with iodate
was dus to an iodine-containing compound which on solubility
considerations was probably not iodonoradrenochrome. My finding
that radiﬁ-activity could be washed out of the material though the
brown colour remained suggested that the positive autoradiograrhs
obtalned by Eranko might have been due to the presence of iodo~
noradrenochrome and pigment together. The pigment is possibly a
non—-iodinated polymeric oxidation product of noradrenochrome, The
more soluble iodonoradrenochrome could, on this hypothesis, be

washed out leaving the almost ingsoluble non~iodinated pigment.

SUDLARY

The main cause of failure in the chromaffin reaction is
failure to control the pH of the dichromate solution used. The
pigment formed in the chromaffin reaction may be a mixture of
adrenaline black and a chrome-adrenochrome complex.

The icdate reaction does not stain all adrenal medullary cells
nor zll chromaffin tumour cells, The pigment formed is probably
a non-iodinated oxidation product of noradrenaline.

The following methods are recommended in the investigation of
a chromaffin tumour:

(a) Catechol amine assay

(b) Chromaffin reaction using a dichromate mixture at pH
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between 5 and 6.

(¢) Iodate reaction using a saturated solution of potassium

iodate at pH between 5 and 6.



PART VI

1. Interstitial Injection of Radiosctive Colloidal Gold
in Cancer.
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1, INTERSTITIAL INJECTION OF RADICACTIVE COLLOIDAL

GOLD IN CANCER

During my tenure of a cancer research scholarship there
was considerable interest in the use of radioactive colloids
in the treatment of cancer. I decided to carry out an auto-
radiographic study of the distribution of gold-198, which was
available in colloidal form, and sought the co—operaticn of two
surgical colleagues J.D. Thomson and P.C, Walker. They agreed
to inject small doses of the radio-gold in a series of cases
prior to operation for removal of malignant tumours. I received
the resected tissues and determined the distribution of the
igotope in them by autoradiography. The results were published
(Kennedy et al, 1957), and I have composed the present account
personally.,

A colloid injected into the interstitial tissue near a tumour
ig removed in the usual way to the lymph nodes draining the site
of injection. The purpose of the experiment was to determine
how many regional lymph nodes took up colloidal radio-gold, and
how this distribution was affected by the presence of secondary
tumour in the nodes., In this way an assessment could be made of
the probable field of irradiation in a therapeutic application.
Allen et al, (1954, 1955} reported good results in carcinoma of
cervix treated with colloidal radio-gold followed 19 to 36 days later
by panhysterectomy, and Hahn et al, (1953) used radiocactive colloids
in bronchial carcinoma. The effect of ionising radiation on

lymphoid tissue is well known. External irradiation caused a
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marked decrease in lymphocytes (Bloom, 1948). Therapeutic
doses of colloidal radio-gold caused necrosis (Sherman and Ter—

Pogossian, 1953; Berg et al, 1955; Wheeler et al, 1956).

MATERTALS AND METHODS

The radio-gold was obtained from the Uhited Kingdom Atomic
Energy Authority as a colloidal suspension of metallic g0ld-198
stabilised with gelatin. The particle gize is 20-T70 mp and
specific activity is 100 me./ml. The half-life of the isotope is
2.7 days; it emits beta particles in tke energy spectrum 0.29 to
1.37 YeV, and gamma rays 96 per cent of which have an energy of
0.41 MeV. The k factor is of the same order as that for iodine-
131. From these data it is apparent that if the colloidal radio-
gold is concentrated in regional lymph nodes, then at therapeutic
levelg of dosage it should be as effective as large doses of iodine-
131 in the thyroid gland.

The surgical cases comprising the series are listed in table
6,1. In the 2 non-neoplastic cases there was clinical suspicion
of malignancy, and biopsy of the lesions with removal of lymph nodes
was carried out after injection of the colloidal geold., In the
other cases of established tumour the radio-gold was injected
interstitially near the primary growth, and 12 hours to 7 days
later the tumour and regional lymph nodes were removed. In each
case of mammary, rectal and bronchial carcinoma O0.5-1 me. of the

radicactive colloid was infiltrated around the tumour. In the 3

cases of carcinoma of cervix the injection was made bilaterally into
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the parametrium.

I digsected the tissues removed at operation and identified
each lymph node by a serial number giving its pogition in relation
to the tumour. Blocks were taken from z2ll lymph nodes and, in
. some cases, from the injection site and from the region between
the injection site and the nodes, Acoholic formalin or a
mixture of alcohol and acetone were used as fixzatives, and auto-
radiographs prepared from sections cut at 5-6 p with Kodak AR10,
AR50, and V1001 plates. Neighbouring sections to those used for
autoradiography were stained with haematoxylin and eosin., At
least 4 autoradiographs were prepared from sach block., I estimated
the level of radiocactivity in blood and urine samples in 2 cases,
in faeces and rectal washings in one case, and on instruments,
gloves and swabs in one case,

Larger doses {510 mc.) of colloidal radio-gold were
injected interstitially in a group of 12 rabbits and 6 guinea-pigs.
I examined liver, spleen, kidney, bone marrow, and regional lymph
nodes by autoradicography and by rate meter counting at intervals

up to 11 weeks after administration of the isotope.

RESULTS
The distribution of the radioactive colloid in lymph nodes
is summarised in tables 6,1 and 6,2. A significant finding is
that in the 2 cases found by biopsy to be inflammatory rather than
neoplastic only one-third of the lymph nodes examined contained

radio-gold, Histologically the lymph nodes removed at the time
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of biopsy showed non-specific reactive hyperplasia.

Carcinoma of breast. Seventy—-three lymph nodes were auto—

radiographed from 6 cases of mammary carcinoma. In 44 there was
complete replacement by secondary tumour and no radio—-gold was
detected. The remainder were either partly replaced by tumour,
or were free of tumour. In the former group 11 per cent contained
some radio-gold, and in the latter group 36 per cent gave positive
autoradiographs. The radiocactive colloid was found occasionally
in lymph nodes anatomically distal to completely replaced nodes.
In one case radio—geold was demonstrated in lymph nodes, free of
tumour, removed from the internal mammary group. There was
considerable variation in the amount of colleid present from
node to node (figs. 641-6,2).

The lymph nodes were removed 2-6 days after injection in
this group of tumours, and it was apparent that there was no marked
increase in the amount of colloid present in the nodes with time,
It was also apparent, in a comparison of individual cases, that with
increased intervals between injection and operation there was no
clear pattern of an increase in number of nodes containing radio-
gold, Six days after injection radioactive colloid was still
demonstrable at the injection site (fig. 6,3). The tumour cells
showed no evidence of uptake but the radio-gold was present in
stromal macrophzges. Estimation of radicactivity in blood samples

in 2 cases one day after injection showed & level of about 0,007

per cent of the injected activity, and daily urinary levels fell
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from 0,02 per cent of the injected amount at one day. to 0,001
ver cent at 10 days after injection. No significant contamination
of ingtruments, gloves or swabs was demongtrable by monitoring

during one mastectomy.

Carcinoma of rectum. No radicactive colloid was demonstrable at

all in 64 lymph nodes from 8 cases of rectal carcinoma, and 47 of
the nodes were free of secondary deposits. The tissues were
remnoved 12 hours to 7 days after injection of the radio-gold, and
in every case the isotope was demonstrable in the region of the
primary tumour. In one case 5.3 per cent of the injected dose

was present in faeces and rectal washings one day after injection.

Carcinoma of cervix. Three panhysterectomies in this condition

led to the autoradiography of 69 lymph nodes 63 of which did not
contain secondary carcinoma. Seventy per cent of the tumour—free
nodes gave positive autoradiographs, but again the amount present
varied greatly from node %o node and the distribution-pattern in
any ncde was not uniform (fig. 6,4). Four lymph nodes showed
partial replacement by secondary tumour and they all contained some
radiocactive colloid in the surviving lymphoid tissue. Two lymph
nodes were wholly replaced by tumcur and no radio-gold was
demonstrable in them. The tissues were examined 4-5 days after
injection of the colloid and it was present in each case at the

injection sites.

Carcinoma of bronchus. There were 6 cases of bronchial carcinoma
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yielding 41 lywmph nodes for autoradiography. Twenty-seven of the
nodes had ne secondary deposits, and 33 per cent of this group
contained a varigble amount of the colloid. Six nodes were
partially replaced by tumour and they all gave positive auto-
radiographs {fig. 6,5). Again all nodes wholly replaced by tumour
showed no evidence of radicactivity. The tissues were examined 2-7
days after injection of the colloid.

In the group of animgls given larger doses of radio-gold no
significant amount of radioactivity was demonstrable by counting or
by autoradiography of liver, spleen, kidney and bone marrow. The
lymph nodes draining the injection sites did contain largé emounts

of the colloid.

DISCUSSICN

In favour of posgsible therapeutic application is the sinus
distribution of the colloidal radio-gold (figs. 6,1 and 6,4): that
is the colloid lodges where metastatic tumour embeli lodge. Also,
particularly in the casee of carcinoms of bronchus and cervix, the
colloid is consistently demonstrable in lymph nodes containing fairly
early secondary depcsits. It bhas been suggested by Jentzer and
Wenger (1950) that such nodes have a greater affinity than normal
nodes for colloidal gold, but the number of nodes examined in the
present seriee is inadequate to substantiate this view. In the
mammary carcinoma cases only 11 per cent of nodes partially replaced

by tumour contained radio-gold, but generally when the colloid was

present it was in close apposition to the secondary carcinoma (fig.
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6,6)« Another favourable point is that nodes completely replaced
by tumour do not stop the colloid reaching wore distal partially
involved nodes, or nodes which are free from tumour, yrobably by
collateral lymphatics.

The dispersal rate from the injection site seems to be
adequately fast. Bryant et al, {1953) found that after sub-
mucosal injection into bronchus in dogs an appreciable concentration
of radioactive colloid was present in the regiongl lymph nodes within
4 hours. In the present cases at 2-7 days after injection the
concentration in the regional nodes did not vary appreciably with
time, nor was the residue at the injection site considerable.

However it should be noted that Hultborn et al, (1955) reported that
in mammary carcinoma more than 85 per cent of the injected amount of
radioactive colloid remained at the site of injection. They also
described the distributioh in the regional nodes as irregular.

In the group of experimental animals there was no evidence of
appreciable transport of the colleoidal gold by bleod in that liver,
spleen, kidney and bone marrow were consistently free of radiocactivity
by counting and by sutoradiography. Small amounts of radio-
activity were detected in blood and urine in 2 cases of mammary
carcinoma.  Andrews gt al, (1953) found that after injection of
colloidal radio~gold into serous cavities in the therapy of malignant
effusions a small but appreciable quantity of the isotope found its
way, probably through lymphatic channels, into the blood stream from

which it was deposited in liver, spleen and bone marrow. In dogs,
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on the other hand, after injection of radioactive colloid into
the bronchial wall Berg et al, (1955) found that radiation damage
was confined to the injection site and to the regional lymph nodes.
Meneely et al, (1953) instilled radicactive colloidal gold in lung
and found that little, if any, entered the Plood stream., It is
probable that the view of McCormick et al, (1954), that the small
particle size of the colloid favours transport to liver and spleen,
is too cautious.

Kottmeier and Moberger (1955) in 8 cases of carcinoma of
cervix described an ample but uneven dispersion of large doses
of colloidal radio-gold in the regional lymph nodes. They recorded
a good palliative effect. The present distridbution results in
carcinoma of cervix and of bronchus are also encouraging, but the
results, as a whole, indicate that it is improbable that a thera-
peutic concentration of radicactivity can be achigved in all
regional lymph nodes following interstitial injection of colloidal
radio—-gold. It is clesr that carcinoma cells have no affinity
for the éolloid, and that lymph nodes replaced by tumour do not
concentrate any radiocactivity., If such nodes were not resected
following the isotope injection there could be no chance of arrest
of tumour spread by the effect of radiation from colloidal gold,

Of greater importance however is the fact that not all tumour—
free nodes take up the colloid. This finding has also been reported
by Mellgren et al, (1954) and by Knutson and Norin (1956) in cases of

mammary carcinoma. It 1s therefore probable that even if only
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microscopic secondary deposits were present in a lymph ncde they
might escape irradiation. Hahn and Carothers (1953) reported a
non-uniform distribution of radicactive colloids in normal lymph
nodes in dogs. It is not clear that the vresence of secondary
carcinoma in g lymphatic region enhances the tendency to a

haphazard distribution of the colloid, but it certainly does not
reduce it. The results in rectal carcinoma in the present series
are difficult to explain without further data. The total activity
was not excreted in the case in which faeces and rectal washings were
monitored. The total activity was not injected into the peritoneum
because positive autoradiographs were obtained from the interstitial
tisgue nsar the tumours. It is possible that the colloid was
absorbed and filtered out in the liver, spleen and bone marrow.
Unfortunately in these cases estimations of blood radioactivity were

not undertsken,

SUMMARY
The distribution of cqlloidal radio—gold in regional lymph
nodes has been studied by autoradiography following inferstitial
injection of the colloid near carcinomas of breast, cervix, rectum
and bronchusg.
Lymph nodes replaced by tumour do not concentrate the colloid.
There is a non-uniform distribution in other lymph nodes. The

colloid is largely confined to the gsite of injection and its regional

lymphatic system. Very emall amounts were detected in blood and urine.
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PART I




TABLE 1,1

INTENSITY OF SULPHUR=-35 IN AUTORADIOGRAPHS COMPARED

WITH THE DENSITY OF ALCTAN BLUE STAINING IN CCOMPARABLE

SECTIONS OF TISSUES FROM THE NEW=BORN MOUSE

Intensity of
Tissue
sul phur-35 alcian~blue
fin autoradiograph staining
SKIN
Mast cells et +
Reticular layer of dermie + +
Hair dbulb and papilla ++ ++
Hair (whisker): hyaline and ++ ++
dermal layers of the
follicle
SKELETAL SYSTEM
Cartilage cell: cytoplasm b + t0 ++
Matrix of cartilage ++ ++ to ++4
Bone lamellae +4 44
EYE
Cornea +4+ +4
Sclera + +
Leng 0 +
Lens capsule + +
Ciliary body + +
Retinas inner plexiform layer + +
Lachrymal gland: stroma + +4
Lachrymal glend: eacinar cells 0 0
CARDIOVASCULAR SYSTEM
Valve cusps ++ ++
Aorta and venae.cwael bniicamalig +4 +
Arteries and veins, including ++ +
coronary vesselg: tunica
medieg
Endocardium: connective + +
tissue
ALIMENTARY SYSTEM
Unerupted tooth: cells and +4 +
matrix of dental papilla
Unerupted tooth: predentine ++ +++
Unerupted tooth: odonto-~ + ?
blasts; cytoplasm

Intensity of image and staining indicated on scale O to +++

continued on next

page



TABLE 1,1 (continued)

INTENSITY CF SULPHUR-35 IN AUTORADIOGRAPHS COMPARED

WITH THE DENSITY OF ALCIAN BLUE STATNING IN COMPARABLE

SECTIONS OF TISSUES FROM THE NEW-BORN MOUSE

Tissue

Intensity of

ALTXTNTARY SYSTEM

Salivary gland: acinar cells

Salivary gland: peri-ductal
connective .tisgue

Salivary gland: strona

Stomach: mucus-secreting glands

Stomach: proventriculus;
submucosa

Stomach: micro-ocrganisms on
micoszl surface

Small and large intestines:
goblet-cell cytoplasm and
micus

Pancreas: acinar cells

Pancreas: 1islets of Langerhans

Liver: giant cells (?mega-
karyocytes)

Liver: bile-duct epithelium

RETICULO-ENDOTHELTAL AND

HAENATOPOIETIC SYSTELSS

Spleen: giant cells (7mega-
karyocytes)

Spleen: fibrous septa

Marrow: -megakaryocytes

RESPIRATORY SYSTEM

Connective tissue of lung
Respiratory epithelium

GENITO-URINARY SYSTEMN

Convoluted tubules of kidney
Granulosa and thecal cells in
ovary

sulphur—35 alcian-blue
in autoradiograph| staining

++ + to ++
++ ++

+ +
+4+ +++

+ +

+ ++
+++ +4
.+ +

0 0
++ ++

+ +
+++ +

+ +

+4 ++

+ +

0 +

? +

+ 0

Intensity of image and etaining indicated on scale O o +++

continued on next page




TABLE 1,1 {continued)

INTENSITY OF SULPHUR=-35 IN AUTORADIOGRAPHS COMPARED
WITH THE DENSITY OF ALCIAN BLUE STAINING IN COMPARABLE
SECTIONS OF TISSUKES FROM THE NEW-BORN MOUSE

Intensity of

Tissue
sul phur—35 alcian-blue
in autoradiograph| staining

GENITO-URINARY SYSTEM

Liquor folliculi + ++

Vaginal wall: connective + +
tissue

Vas deferensg: connective + +
tigsue :

NERVOUS SYSTEL
Brain + +
Peripheral nerves ++ +

ERNDOCRINE SYSTEL!
X zone of adrenal C +4++

Intensity of image and staining indicated on scale O to +++




TABLE 1,2

CONCENTRATION OF SULPHUR=35 TN AUTORADTOGRAPHS

+++

++

+

kast cells
Cartilage cells

Muecin glands of
stomach

Goblet cells of
intestine: mucigen
and cytoplasm

Mucin in lumen of
intestine

Giant-cells {?mega-
karyocytes) of spleen

Megakaryocytes of
marrow

Liver: giant-cells
(Tmegekaryocytes)

Bone: lamellae

Salivery gland:
acinar cells

Hairs hyaline layer
of the follicle and

connective tissues of
buldb and papilla

Unerupted tooth:
papillae and pre-
dentine

Aorta, venae cavae,
and emall arteries
and veing: tunica
media

Valve cusps

Brain: superficial
acellular zone

Cartilage: matrix

Cornea

Connective tissues
of sgalivary and
lachyymal glands,
proventriculus,
eye, spleen, lung,
vagina, sgkin and

heart
Retina: inner plexi-
form layer

Peripheral nerves
and brain

Lens capsule

Bacteria of provent-
riculus

Acinar celles of pancrezas
Odontoblasts

Intensity of image is indicated on scale + 10 +++




TABLE 1,3

GROUP I -~ NORMAL FIBROGENESIS

EXPERIMENTAL DETAILS AND SUMMARY OF RESULTS

Results

-1 =

Animals Age Sulphate—35
j 1-5uc/g
11 mice Foetal to
parent
2 chicks { Embryonic 122 Ke
C * A. M [ 3
. 1—5pc/g
18 mice Neom pa;gnt
. natal o
10 rats direct
— === — — ==

Animals killed 12-48 hours after
isotope injection.

1.

2

3.

4.

Compact mast cell image
(Btorage).

Diffuse fibroblasi~fibre
image (Secretion). Max-
imum at young collagen
stzge.

Fibrogenesis in absence
of mast cells (Tendon,
cartilage, compact con-
nective tissue).

Fidbrogenesis in presence
of mast cells (Dermis,
loosa connective tissue).

|

C.A.)M., = ochorio~azllantoic membrane




TAELE 1,4

GROUP 2 — EXPERLLENTAL TUMOURS

EXPERIMENTAL DETAILS AND SUMVARY OF RESULTS

Animals Carcinogen Tumours Results
Sarcoma
cggzggtﬁgine Sarcoma l. ¥ast cell population
7 rats Subcutﬁneous. (Locally varies indirectly with
X invasive) degres of cellular pleo—
injection. .
morphism.
2. Mast cell population low
20=-methyl Panilloma in fields of active
cholanthrens. Czicinoma fibrogenesis.
13 mice |  Repeated (Locally || 3. Fibroblast-fibre image
outaneous invagive) maximum at young collagen
application.

stege.

Sulphate-35 given in dose 1-Suc/g

12«48 hours before sacrifice.

Epithelial tumours

1. Stromal activity mainly
(Fivroblasts + fibres).

2. Grouping of mast cells
on periphery.




TABLE 1

GROUP 3 — GRANULATION TISSUE

EXPERIMENTAL DETATLS AND SUMMARY OF RESULTS

inimals Lesions Agent F Results
14 guinea- - L
pigs Granuloma | Carrageenin
10 mice | l. Mogt fields of fibro-
genegis unrelated to
12 mice Lbscess Csogiimte mast cells.
asema | 2, 835 utilisation begins
. at fine argyrophilic
1C rate Ulcexr Sodium fibre stage. Inage
Fluoride diffuse
1 mouse Perltonitis F;euﬁd- 3. 835 utilisation ?imax-
Ad'g ant “ imum about same ftime
_ : . as total new collagen
2 chicks Humzn skin graft on C.A.Y. maximal.
I 4, 835 utilisation decreaseq

Sulphate=35 given in dose 1—5pc/g or
100 pe to yolk sac 24-48 hours before

sacrifice.

thereafter.

C.AJM. = chorio-allanteic membrane

e
’
4



TABLE 1,6

GROUP 4 - EXPERTMENTAL CIRRHOSIS

EXPERIMENTAL DETATLS AND SUMMARY OF RESULTS

Results

11

Animgls Lesion Coxrtisone
9 mice Cirrhosis None !
9 mice Catgut implant Deily
t 1,
9 mice Catgut implant None
25 mice | Cirrhosis and None 2e

catgut implant

1. Sulphate-35 dose 100 yc 24 hours 3.
before gaerifice.

2. Daily cortisone dose 0.25 mg.

3. Carbon tetrachloride given orally
in dose 0.1 ml. of mixture 4

parts CCl
paraffin.

4

and 6 parts liquid

Sulphur-35 utilisation
in cirrhotic lesions.

Sulphbur-35 utilisation
in catzut lesions.

Cortisone does not
inhibit sulphur-35
utilisation in fibro-
genesgis,




TABLE 1,7

GROUP 5 -~ HUMAN BIOFSY WATERIAL

EXPERIVENTAL DETATLS AND SUMMARY OF RESULTS

Lesion Cases Results
L -
Pleomorphic 1o Pleomorphic adenoma
Adenoma 1, No active fibrogenesis and no
mast cellg: occasional stromal
fibroblast shows sulphate-35
Urticaria uptake. '
Pi ntosa 1
gmentos

Tissue maintained

48 hours in
nutrient medium

containing 1 pc/ml

sulphgte-35.

1.

2.

Urtica:ia pigmentosa

Magt cell utilisation of
sulphate-35 as in vivo.

No activity in argyrophilie
fibres between mast cells.




TABLE 1,8

RADIO-SULPHATE UPTAKE IN MAST CELLS AT DIFFERENT

STAGES OF RECOVERY AFTER TEE ADEINISTRATION OF COMPOUND 48/80

Egtimated sulphur—35

Number of mast cells
showing radicactivity
(50 counted)

Rat uptake (coarse grain) Fine grain Fine grain
I 1T
RO +++ 9 47
Rl 4+ 26 44
R2 +4+ 50 46
R3 0 0 9
R4 ++ 10 43
R7 0 1 5
R9 bt 50 49
R1l + 8 9
R14 +++ 41 44
R16 + 47 35
R22 0 36 9
Normal 444+ 11 19

Image intensity indicated on scale O to ++4+
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Figs, 1,1 — 1,42




Fig, 1l,1. - Zkin showing sulphate-image over mast cells in the
dermis. louse,  Autoradiograprh, Kodak ARIO, X 750,
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Fige 142+ = Tactile hair, Radio~sulphate is present in the hyaline
and dermal layers of the follicle. The hair shaft and external sheath
are inactive. DlMouse. Autoradiograph, Kodak AR50, X 50,
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Fig. 1,3. = Rib. Intense sulphate-image over caortilage matrix
and cells, lMouse, Autoradiograph, Kodak AR10, X 225,

Fig. 1,4. = Rib. The sulphate-image after hyzluronidase
incubation of the section is mainly cellular. The matrix is almost

unlabelled. louse. Autoradiograph, Kodak AR1O. X 225,



FIG.1,3

FIG.1,4



Fig, 1,5. - Vertebral bodies. Bone lamellae show a dense sulphate~
image. The epiphyseal cartilage also containg radio-sulphate.
Mouse.  Autoradiograph, Kodalk AR10. X 90.

Fig, 1,6, — Eye. The cornea and lens capsule contain sulphur-35.
louse.  Autoradiograph, Kodak AR10., X 75.






Fig, 1,7. — Heart., The valve rings and cusps are clearly outlined

by their sulphate-images. llouse. Autoradiograph, Kodak AR1O,
X 90.

Fig. 1,8. — Blood vessel. Sulpbhur-35 is present in the medis. kMouse,
Autoradiograph, Kodak AR10. X 90. '
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Fig, 1,9, = Pharyngeal gland. 4An intense sulphate-image is present
over the acini and lagbelled mucus is seen in the duct. Mouse.
Autoradiograph, Kodak AR1O, X 140,

Fig. 1,10, = Intestine and pancreas. Goblet cells, mucus and
pancreatic acinar cells show intense sulphate-images. The islet cells

stand out clearly as inactive. lMouse. Autoradiograph, Kodak AR10,.
X 90.
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Fig. 1,11. —= Spleen. The giant cells have a high content of sulphur-
35. Mouse. Autoradiograph, Kodak ARI1O, X 100.

Fig, 1,12. - Brain. A diffuse sulphate-image is shown in brain and
cerehellum, The dura mater alsc contains sulphur—35. The most intense

image is an skull. louse. Autoradiograph, Kodzk ARS0. X 90,
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Fig, 1,13, — Peripheral nerve.

A diffuse sulphate~image is seen
over the nerves.,

The perineural layer contains more sulphur—-35 and
the most intense image is over the wall of a blood vessel,

Mouse.
Autoradiograph, Kodalk ARI1O, X 225,
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Fig, 1,14. ~ Silicotic foci of 51 days duration. The largest on the
right consists mostly of dense collagen with fibroblasts at the
‘periphery. The other two are still largely fibroblastic with only
early formation of collagen fibres. Mouse. Iron haematoxylin and
Van Gieson. X 150.

Fig., 1,15, - Corresponding autoradiograph shows highest concentration
of radio-sulphate in the areas of fibroblasts and young fibres. The

mature collagen of the larger focus is inert. Mouse. Kodak AR1O.
X 150, '
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Fig. 1,16, — Mast cells in dermis showing characteristic punctate
images. louse., Autoradiograph, Kodak AR1O, X 250.
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Fig. 1,17, = Fibroblasts and argyrophilic fibre network in chick
gizzard. Gordon znd Sweets' method. X 230.

Fig. 1,18. — Autoradiograph of a neighbouring section. The sulphur—
35 image duplicates the silver pattern, The image is diffuse over

cells and fibres. Kodak AR1O0, X 150,
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Fig. 1,19, - Sulphur-35 in developing lumbar fascia. The intense
central image is of cartilage in a vertebral body. llouse. Auto~-
rediograrh, Kodak ARS0. X T5.

Fig. 1,20. = Cross section of tail. Intense central image over
cartilage; lighter diffuse images over tendon bundles, and numerous

nast—cell images in dermis. liouse. Autoradiograph, Kodak AR1Q,
X 80.
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Fig. 1,21. - Tendon at insertion in cartilage. Sulphur—-35 image
is diffuse over cells and fibres, and decreases in intensity with
distance from the insertion. No mast cells in the tendon. Rat.
Autoradiograph, Kodak AR1O. X 70.

Fig, 1,22. - last cells, fibroblasts and fibres in rat snout; the
cellular image of the mast cell contrasts with the diffuse image of
the fibroblasts and related fibres, -Autoradiograph, Kedak AR1O.

X 750,
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Fig. 1,23, - Sarcoma showing numerous mast cells in area of well
differentiated spindle—cells (1eft), and no mast cells in pleomorphic.
area with local invasion of muscle {right). Rat. Autoradiograph,
Kodak AR10. X 60. '

Fig, 1,24. - Sarcoma showing marked sulphate-utilisgtion in
regularly orientated bands and whorls of tumour cells and related
fitres. Rat. Autoradiograph, Kodek AR10, X 60,
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Fig, 1,25, -~ Band of collagen in sarcoma. Rat. Haematoxylin
and eosin. X 1000.

Fig. 1,26. ~ Autoradiograph of neighbouring section showing diffuse
sulphate—-image over the collagen. Kodgk AR10. X 1000,
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Fig, 1,27. = Collagenous band between tumour nodules. Rat.
Alcian blue and chlorantine fast red. X 150,

Fir, 1,28. - Autoradicgraph of neighbouring section showing diffuse
imazge over cellsg and fibresg., ‘Yast—-cell images are present in the
nodules. Xodgk AR50, X 150.
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Pig. 1,29, - Papilloma showing bound sulphate in stroma. Fouse.
Autoradiograph, Kodak ARIO. X 19.
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Fig. 1,30. = Carrageenin focus at 7 days after injection of carrageenin.
The sulphate-image is light and diffuse over the perivheral zone of

fibrogenesis. Qlouse. Autoradiogrzph, Kodak AR10. X 16,

Fig. 1,31. - Carrageenin focus at 9 days. The image is now more
intense and is also present over a zone of fibrogenesis in nuscle
(bottom right). THast cells are present in the dermis. Mouse.
Autoradiograph, Kodak AR10. X 12.

Fig, 1,32, = Carrageenin focus at 11 days. The image has decreased
in intensity, but is still present diffusely over cells and fibres

on the periphéry of the fccous. Liouss. Autoradiograph, Kodak AR1O.
X 15.
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Fig. 1,33, - Sulphur-35 utilisation by granulation tissue on |
periphery of abscess. The images are present diffusely over fibro-
blasts and fibres. A few mast cells are seen outside the main

zone of fibrogenesis. liouse.  Autoradiograph, Kodak AR1O0. X 16,
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Fige 1,34, — Bound sulphate in granulation tissue in resolving
peritonitis on the hepatic peritonegl legyer. No mast cells present.
Youse., Autoradiograrh, Keodzk AR550. X 140.:

Fig. 1,35, = Skin graft (top) on chorio-allantoic membrane of chick.
Sulrhate-utilisation is shown by the diffuse image over the fibro-
blasts and fibres of the granulation tissue. No mast cells
demonstrable. The cleft between skin and mewbrane is an artefact.
Autoradiograph, Kodsk ARIO. X 150.
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Fig, 1;36. — Cirrhotic liver. The sulphate-image coincides with
the pattern of fibrous tissue. liouse, Autoradiograph, Kodak
AR50, X 90,

Fig. 1,37. - Sulphate«image over wide zone of young connective
tissue around implsnted catgut in liver. Mouse. Autoradiograph,
Kodak AR50, X 90,
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Fig, 1,38. — Catgut lesion in liver at later stage with site of
implant still showing utilisation of radio-gsulphate in fibrous tissue.
Louse. Atutorediograph, Kodak ARSO. X 95850,

Fig. 1,39, = Catgut lesion in liver. The extent but not the
intensity of the sulrhate-image 1s reduced by administration of
cortisone. louse. futoradiograrh, Kodak AR50, X 140,
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Fige 1,40, - Sulphur-35 utilisation by fibroblasts in stroma of a
mixed varotid tumour. The fibres are inert. lan. Autoradio—
grarh, Kodak AR10. X 1700,

Fig, 1,41. — Nast cells showing sulphate~image., Urticaria
pigrentosa in man. Autoradicgraph, Kodask AR10, X 1300,
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Figs. 1,42, — Mast cells in mesenteric spread showing sulphate—

utilisation after compound 48/80. The cells are remote from

vessels. Rat.  Autoradiograph, Kodak AR50, X 950.



FIG.1,42
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Tables 2,1 — 2,4




TABLE 2,1

ANTMALS USED AND RANGE OF TIME INTERVAL

BETWEEN INJECTION OF SULPHUR=-35 AND SACRIFLCE

Animals

No.

Time interval

(hr)
Adult albino mice 11 15-69
Suckling albino mice 9 5~169
Foetal albino mice 3 5=19
Adult white rats 1 19
Suckling white rats 12 5-169
Adult guinea-pigs 1 24




TABLE 2,2

UPTAKE OF SULPHUR-35 IN ADULT ANIMALS ESTTMATED
BY INTENSITY OF AUTORADIOGRAPHIC IINAGES

Interval between injection of

T4 ssue sulphur-35 and sacrifice
Dental pulp + + +
Odontoblasts + 0 +
Predentine + + + + + +
Dentinal matrix 0 0 0
Enamel matrix ¢ + +
Ameloblasts + + +

The intensity of the images is graded as follows: O,
no uptake; +, occasional weakest upteke; +, wezkest
uptake; + +, intermediate uptake; + + +, greatest
uptake.
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PART II

ﬁgs- 2’1 - 2g 39




Figs. 2,1. — Autoradiograph showing sulphur-35 utilisation by
human cartilage cells in vitro. Kodak AR50. X 90,

Fig, 2,2. = Sulphate-utilisation in vitro by cartilage homograft
19 years after implanting. Xan. Autoradiograph, Kodak ARSO.
X 90.






Fig. 2,3. - Lathyritic rat (left) and control to show lesions
in long bones.
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Fig. 2,4. — Epivhyseal cartilage showing early fibrillar change
in matrix. Rat. Haematoxylin and eosin. X 350,

Fig. 2,5. = Autoradiograph of neighbouring section showing absence
of radio-sulphate in the altered matrix., Rat. Kodak AR1O.
X 270.



FIG.2,4
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Fig. 2,6, = Delayed union of fracture in lathyritic rat.



FIG.2.6



Fig. 2,7. — Epiphyseal cartilage showing altered matrix and
irregular proliferation of chondrocytese Rat. H. and E. X 110,

Fig. 2,8. - Autoradiograph of neighbouring section. No radio—

sulphate is present in the altered matrix. Rat. Kodak AR10.
X 100.
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Fig, 2,9. — Autoradiograph showing radio-sulphate distribution in
normal endochondral ossification in rat. Kodsk AR1C. X 100,



FIG. 2,9



Fig. 2,10, - Periosteal proliferation in lathyrism. An early
osteogenic field. Rat. Toluidine blue. X 100,

Fig, 2,11. - Autoradiograrh of neighbouring section. The sulph

image is diffuse over cells and fibres. Rat. Kodak ARS0O.
X 100,
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Fig. 2,12, ~ Osteogenic field in lathyrism at stage of fibro-
cellular condensation. The sulphate—imagé is over areas of
imminent osteogenesis. Rat. Autoradiograph, Kodak AR1O, X 150.

-
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Fig. 2,13, — Later stage of intramembrancus ossification in
lathyritic rat. Toluidine blue. X GO.

Fig. 2,14, -~ Autoradiograph of neighbouring section. The new
woven bone contains abundant labelled sulphated mucopolysaccharide.
Rat. Kodak ARS0., X 90.
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Fig. 2,15, = Autoradiogreprh of new woven bone, The sulphate-
image is diffuse over cells, fibres, and matrix; it is limited
by the perirheral osteoblasts. Rat. Kodak AR1O., X 250,

Fig. 2,16, - Autoradiograph showing radic—sulphate incorporation
in appositional bone laid down én woven bone. Rat. Kodak ARKO,
X 225. |
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Fig. 2,17. - Transverse section of normal rat long bone showing
displacement of sulphate~image by further appositional growth
from periosteum. Autoradiograzph, Kodek AR10. X GO.



FIG.217



Fig. 2,18. ~ Epiphyseal cartilage in lathyritic rat showing altered
mgtrix and irregular cellular proliferation. H. and E, X 400.

Pig. 2,19. - Autorediograph of neighbouring section showing
presence of radio-glycine in the altered matrix. Rat. Kodak
ARS0. X 90,
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Fig. 2,20, = The clumps of cartilﬁge cells in the lathyritic rat
epiphyseal cartilage are clearly separated by radio-glycine labelled
mgtrix. Autoradiograph, Kodak AR10, X 330,
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Fig., 2,21. — Altered matrix and tear in lathyritic epiphyseal
cartilage. Rat. H. and E. X 400.

Fig. 2,22. — Corresponding autoradiograph showing presence of
radio-methionine in the altered matrix. Rat., Kodak ARHSO,
X 130.
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Fig., 2,23. - Autoradiograph showing redio-glycine in appositional
bone laid down on woven bone. Rat. Kodak AR10. X 150.

Fig. 2,24. — Incisor in oblique coronal section: adult rat 19 hours.
after injection. Sulphur=35 is rresent in the predentine as a
uniform layer, and is present mainly foecally in cells of the dental
pulp. Autorsdiograph, Kodek AR50, X 220,
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Fig. 2,25. - Incisor in coronal section:
after injection.

the predentine:

foetal mouse 18 hours
Sulphur-35 is present as a uniform band in

the enamel matrix separated in processing from

the amelohlasts shows a lighter uptake.

Autoradiograph, Kodak
AR10., X 390.
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Fig. 2,26+ = Molar in sagittal section: suckling rat 94 hours
after injection., The radioactive zone in the dentinal matrix
is about equidistant from the predentine and the amelo-dentinal
junction at the cusp. Autorasdiograph, Kedsk AR10, X 280.

Fig. 2,27. ~ Holar in sagittal section: suckling rat 164 hours
after injection. The edge of the radicactive zone in the
dentinal matrix coincides with the amelo-dentinal junction.
Autoradiograph, Kodak AR10. X 200,
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Figs. 2,28+ = Incisor in sagittal section: suckling rat 118 hours
after injection. Two closely spposed zones of activity are
present in the dentinal matrix on the convex side of the tooth
{(bottom) about one-third of the width of the matrix from the
amelo~dentinal junction., A single zone is present in the
dentinal matrix on the concave side (top). The enamel matrix
(bottom) shows a uniform uptakethroughout its width.  Auto-
radiograrh, Kodak AR1C. X 300,
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Fig, 2,29. - Incisor in sagittal section: suckling raﬁ:llﬁ hours
after injection. The enamel matrix shows a uniform uptake
throughout its width. Cells of the dental pulp (bottom right)
show activity. -Two zones of activity are present in the
dentinal matrix as in fig. 2,28, Autoradiograph, Kodak AR1O,

X 500.

Fig. 2,30, - Holar in coronal section: suckling rat 8 hours

after injection.  Sulphur-35 ié present in the odontoblasts (bottom
left), the ameloblasts, the stratum intermedium, the whole width

of the enamel matrix, the predentine, and in some cells of the
dental pulp, Autoradiograph, Kodak AR1O. X 670,
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Fig. 2,31. = Incisor in coronal‘ s'ection: suckling mouse 16 hours
after injection. Sulphur-35 is present in the ameloblasts and

in the stratum intermedium (top). Autoradiograph, Kodek AR10,

X 1350. |

Fig, 2,32, = Molar in sagittal section: suckling mouse 12 hours
after injection. Sulphur=-35 is present most intensely in the
supranuclear parts of the smeloblasts. Autoradiograph, Kodak
AR1IO, X 1350, '

4
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Fig. 2,33, — Coronal section of developing tooth in foetal mouse
18 hours after injection. The sulphate—image is most intense
over the dental papilla and is also seen over the mesodermal tissue

on either side of the stalk. Autoradiograph, Kodak AR1C. X 225.

Fig, 2,34. — ¥olar in coronal section: suckling rat 6 hours after
injection. Sulphur-35 is present focally in cells of the stellate
reticulum and diffusely in the matrix., The stratum intermedium and
ameloblasts (bottom, right) alsc show an uptake. Autoradilograph,
Kodak AR10, X 780.
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Fig. 2,35. = Diagram of the calciotraumatic response (Irving et al,
1949). |
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Fig. 2,;6. = Single calciotraumatic response seen in cross section
of rat incisor. H. and E, X 90.

Fig. 2,37. - Corresponding autoradiograph showing sulphate—image
in the proximal zone of the calciotraumatic response, A light

image 1s also present in a segment of the calciotraumatic line.

Rat. Kodak AR1O, X 90,




G2 37



Fig. 2, 38. = Yultiple calciotraumatic responses in longitudinal
gection of rat incisor., Toluidine blue, X 225.

Fig. 2,39. — Autoradiograph showing sulphate-images in proximal
zones of 2 calciotraumatic responees in longitudinal section of
rat incisor. Kodak AR50, X 225.
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TAELE 3,1

CHEMICAL COMPOSITION OF HUMAN AMYLOID

Author

Protein

Polysaccharide

Hass (1942)
Heyer (1947)
Faber (1948)

Bassiouni (1955)

Wegner (1955)

lellors and Ortega

(1956)

Vazquez and Dixon

(1956)

Larsen (1957)

Braunstein and
Buerger (1959)

Protein

Alpha 2 and beta
globulin

Gammz globulin in
capillary walls

Gamma globulin

Alpha 2 and beta |

globulin

No migration

Glycoprotein

5

Sulphated IPS

Sulphated LPS

Glucosamine increased

Heparin-~like

¥PS in same zones

1PS in szme zones

LPS like ground-
substance

Acidic 1iPS

HP3 = Mucopolysaccharide




TAELE 3,2

PLASKA PROTEIN CHANGES TN HULAN AND EXPERIEENTAL AVYLOIDOSIS

: Cause of Source of
Author anyloidosis naterial Plasma vrotein changes
Faber (1948) - Yan Glucosamine increased
G:iléi;gi)gz' = Man Alpha, and beta
= globulin increased
Gilliland and - Van low albumin/alpha?_
Stanton (1954) globulin ratio
Yagner {1955) - Man Alphe, and beta
globulin increased
with increase in
acidic IPS
Gellhorn et al, {L. donovani| Hamster Albumin/globulin ratio
(1946) decreased
Ada and Fulton L, donovani Hamster Alvhe globulin increased
(1948)
Eklund and Caseinate Rabbit Globulin increased
Reimann (1936)
Perasalo end Caseinate| louse, Globulin increased
Latvalahti (1954) Tat
Teilum (1956) Caseinate| Mouse Gamma globulin increased
Giles and Caseinate Rabbit Globulin increaszed;
Calkins (1958) hexosamine increased
Dick and Leiter Bacteria Rabbit Globulin increased
(1941)
Bohle et al Nucleic acid Rabbit Gamma globulin
(1950-51,

increased

¥PS = lucopolysaccharide
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PART TIII

Figs, 3,1 - 3,24




Fig. 3,1, = Early amyloid in glomerular tuft. Hamster.
Haematoxylin and eosin. X 750,

Fig. 3,2. - Sulphur-35 distribution in glomerular tuft amyloid.
The image is diffuse over endothelial cells and amyloid. Hamster,
Autoradiograph, Kodak AR10., X 750,
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Fige. 3,3. — More extensive glomerular tuft amyloid with nodular
appearance. Hamater. H, and E. X 950.

Fig. 3,4, = Radio-methionine distribution in glomerular tuft
amyloid., The image is confined to the amyloid. It is not diffuse
over endothelial cells and amyloid as in fig. 3,2. Hamster.
Autoradiograph, Kodak AR1O, X 470.
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Figs 3,5. — Renal vein thrombosis in hamster with experimental
amyloidosis. H. and E. X 20,



FIG.3,5



Fig, 3,6. — Extension of perivascular amyloid into hepatic sinuses.
Hemster. H. and E. X 135,

'Fig. 337+ -~ Radio~sulphate distribution in hepatic amyloid. A
dark ring-image covers endothelium egnd extends over sub-endotheligl
anmyloid. The image is lighter over the amyloid in the sinuses.

Hamster., Autoradiograph, Kodak AR50, X 110,
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Fig. 3,8, = Perivascular amyloid in liver with associated cells
of plasma series (lumen of vessel below)., Hamster. - H. and E.
X 1000,

Fig. 3,9. — A clump of phagocytes in a hepatic vessel, and a
laminated basophil body. Hamster. H. and E. X 10CO,
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Fig. 3,10, — Early cirrhotlc changes in hamster liver. H. and E,
X 90,

Fig. 3,11. - Radio-sulphate distribution follows the pattern of
the fibrous tissue in the cirrhotic liver. Hamster.  Autoradiograph,
Kodak AR50. X 90,
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Fige 3,12. = Early perifollicular amylecid in spleen. Hamgtexr.
He gnd E. X 15.

Fig. 3,13. — Radio-sulphate incorporation in perifollicular amyloid
in spleen. Hamster. Autoradiograph, Kodak ARO, X 15.
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Fig. 3,14. = Perivascular amyloid in spleen. Hamster. H. and
E. X 850,

Fig. 3,15, — Radio-sulphate distribution in splenic perivascular
amyloid. The image is a ring over endothelium and extends into

surrounding emyloid. Hamster. Autoradiograph, Kodak ARS0.
X 750,
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Fig. 3,16, — Plasma cell proliferation in splenic red pulp., No
amyloid present. [Liouse, Caseinate. Methyl green~pyronin.
X 24.

Fig. 3,17. = Radio-sulphate uptake by plasma cell series in splenic

red pulp. No amyloid present. louse. Caseinaste. Auto-
radiograph, Kodak AR50, X 24,






Fig, 3,18. = A clump of parasitised phagocytes in a splenic vascular
sPpace., Hamster, Po.ﬁ.- Se X 950-

Fig. 3,19. — Radio-methionine uptake by the clump of parasitised
phagocytes is greater than by other splenic cells. Hamster.,
Autoradicgraph, Kodak AR50, X 950,



©
“,
O
[




Fig., 3,20, = Amyloid infiltration in adrenal cortex (medulla below).
Hamgter, H. and E. X 250.

Fig. 3,21, — Radio—sulphate distribution in glomerular tuft

~amyloid., The image is confined to the tufts and is diffuse over

endothelial cells and amyloid. Hamster.  Autoradiograph, Kodak
AR50, X 160, |
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Fig. 3,22, - Radio-methionine distribution in hepatic amyloid.
There is no ring=-image as in fig. 3,7T. The image is diffuse

over amyloid and hepatic parenchyma. Hamster.  Autoradiograph,
Kodak AR50. X 120,
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Fig. 3,23. — Perifollicular amyloid in spleen. Dilated vascular
spaces are evident. Hamster, H. and E. X 90.

Fig. 3,24. — Radio-methionine ie present in perifollicular amyloid
in spleen, but there is no evidence of endothelial ring-image around

vascular spaces as in fig. 3,15. Hamstex. Autoradiograph, Kodak
ARS50. X 90,
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PART IV

Tables 4,1 = 4,12




TABLE 4,1

ANALYSIS OF 189 PATHOLOGICAL THYROID GLANDS

Digeasge Cages | lMale | Female
Adenoma, 30 4 26
Carcinoma 24 5 19
Kon-toxic nodular goitre 31 3 28
Toxic nodular goitre 5 0 5
Diffuse colloid goitre 3 1 2
Cyst 10 2 8
Dyshormonogenetic goitre 20 8 12
Graves' disease g 1 8
Hashiroto's thyroiditis 27 2 25




TABLE 4,2

UTILISATION OF IODINE-131 I THYROID ADENOQLIA

Type of | Uptake of

Case No. Sex| Age | tumour iocdine=131
5762/55 | F | 55 3 +
4366/56 F | 47 4 0
4697/56 | F | 42 3 0
5011 /56 F | 29 3 ++
8351 | F | 3 2 ++
851/57 F | 23 2 0
4989/51 | P | 29 2 4
5216/51 | u | - 4 +
5282/57 F | 57 1 0
323/58 F | 50 2 +
1452/58+ § B | 30 3 ++
1696/58 F | 24 6 +
2119/58 ¥ |- 1 0
2124 /58 F o} 37 3 ++
4853/58 F | - 2 ++
5117/58 F | 4 3 +
5251/58 | u | 52 3 0

++ means more active then peripheral thyroid,
+ means active but to lesser degree than peri-
pheral thyroid. O wmeans inactive. Tumour

types: 1, trabecular; 2, microfollicular;

3, simple follicular; 4, macrofollicular; 5,

rapillary; 6, mixed papillary-follicular

*cllnica{iy Yoxic. ) continued on next page.



UTILISATICN OF TODINE=-131 IN THYROID ADENOLA

TABLE 4,2 (continued)

Type of | Uptake of
Case No. |Sex | Age| tumour iodine-131
111/59 | 30 3 +
628/59%¢ | F | 59 1 0
650/59 m | 60 +
. 870/59%*% | F | 60 556 0
3129/59 | F | 25 3 +
4656/59 | F | 49 3 +
4905/59 | ® | 17 | 2 ++
187/60 Pl 32 4 0
5661 /60 F |- 3 0
253/61 F | - 1 0
559/61%% | F | 60 2,3 ++
1695/61 F | 28 2 0
6243/61 F |19 1 0

++ means more active than peripheral thyroid;
+ means active but to lesser degree than

Peripheral thyroid; O means inactive,
1, trabecular; 2, microfollicular; 3,
simple follicular; 4, macrofolliculer; 5, papillary;

tyres:

6, mixed papillary-follicular.
including Hurthle-cell type in 870/59.

*¥*multiple tumours

Tumour




TABLE 4,3

UTILISATION OF JODINE-131 IN THYROID ADENONMA

image intengities
Type of tumour | Cases
++ + 0
Follicular 26 71 8| 11
trabecular 4 - - 4
nic¢rofollicu~
lar 1 3 2 e
simple 11 4 4 3
nacrofollicu—
S 4 2| 2
Papillary- 1 -1 .1 -
follicular
Iultiple 3 1l - 2

++ means more active than peripheral thyroid;
+ means active but to lesser degree than peri-
pheral thyroids; O means inactive.



TABLE

UTILISATION OF IODINE-131 TN THYROID CARCINOLIA

Type of t Uptake of
Case No. Sex | Age | tumour iodine=131.
4780/54 F 76 2 0
246 /55 F 62 6 0
3W5/55 | FOoL T 4 0
926/56 F 48 4 0
1119/56 | M | 54 5 0
1283/57 F 28 1 0
1518/57 F 10 1 0
1734/51 F | 62 4 0
2380/57 F 32 1 o
2393/571 | P | 36 5 0
4906/57 i3 - 2 0
3467/56% | F 11 3 +
587/59 F 32 2 0
1096/59 F 61 1 +
1330/59 F | - 4 0
330/59 | F | - 3 0
5365/59 F 64 4 0
423/60 F 79 4 0
45917/60 1 62 5 0

0 means no uptake; + means active but te
lesser degree than normal thyroid. Tumour
types: 1, follicular; 2, papillary; 3, mixed
pepillary~-follicular; 4, small-cell; 5, giant-
cell; 6, Hurthle-cell.

*dyshormoﬁbgenetic goitre with cancer.

continued on next page




TABLE 4,4 (contimed)

UTILISATION OF IODINE-131 TN THYROID CARCINCIIA

Type of | Upteke of
Case No. Sex | Age | ‘tumour iocdine-131

1837/61 F 45 2 0
1999/61 F 42 4 0
3929/61 X 48 4 0
4786/61%¥1 N 45 3 +
5672/61 F 34 3 0

0O means no upteke; + means active but to
lesser degree than normal thyroid. Tumour
types: 1, follieular;y 2, papillary; 3,
mixed pepillary—follicular; 4, small-celly
5, glant-cell; 6, Hurthle-cell. *¥Uptake
in primary end secondary.



TABLE 4,5

-UTILISATION OF TODINE-131 TW THYROID CARCINOMA

Image intensities

Type of tumour Cases
+ C
Differentiated 13 3 10
folliculer 4 1 3
papillery 4 - 4
papillary- 4 5
gollicular
Hurthle-cell 1l -
Undifferentiated 11 - 11
gmall=-cell 8 - 8
giant-cell - 3

0 mezns no uptake:

+ means azctive but to

legser degree than rormal thyroid.




DETAILS OF NON-TOXIC NODULAR GOITRE CASES

TABLE 4,6

Case No. Sex | Age Thg;:iizgzomy
732/55 F 54 | 1-Tem. nodules
2271/55 F 34 55 &-
3753/55 F 51 70 2.
2580/56 F 42 280 g.
4560/56 F 36 150 g.
647/57 F 501 l-4cm. nodules
3019/57 F | 44 60 g.
5143/51 | F | 48 50 g.
1134/58 7 60 50 g.
2457/58 F | 48 -
2599/58 | F 40 100 g.
4412/58 | F | 56 25 g.
4669/58. F 53 200 g.
2579/59 F | 51 20 g.
2895/59 | T 46 12 &.
3240/59 | F | 38 20 g.
3383/59 F | 44 30 g.
3453/59 Fo| 4 400 g.

continued on next page.




TABLE 4,6 (continued)

DETATLS OF NON-TOXIC NODULAR GOITRE CASES

Case No., | Sex | Age | Thyroidectomy
Specimen
3602/59 I 52 - -
4690/59 | F | 59 60 .
4963/59 | U 3 100 g.
5586 /59 F | 5} 1-2.5cm. nod-
uleg
302/60 7 46 80 g.
1104/60 F 31 90 g.
3859/60 F B1 0 17 e
4691/60 | F | 41 90 g.
5436/60 F - 120 g.
5840/60 F - 40 g.
2961 /61 F 55 50 g,
3957/61 If 65 110 g.
4535/61 F 56 160 g.




TABLE 4,7
DETAILS OF TOXIC WODULAR GOITRE CASES

. Thyroidectomy

Cage Ko, | Sex | Age Specimen

934/54 F |28 55 &-

5323/55 | F |35 90 &.

1341/56 | F |5 320 g.

1540/56 F |50 75 &.
TABLE 4,8

DETAILS OF DIFFUSE COLLOID GOITRE CASES

Case No. | Sex | Age Thyroidectomy

_ Specimen
4854/58 | F - 35 g.
1850/59 | U1 32 100 g.

2551/59 | T 36 20 g.




TABLE

DETATLS OF THYROID CYST CASES

Case No. |- Sex | Age Classification
5038/55 F - | Degenerative
4413/56 F 11 "
5144/57 F 38 "
198/58 F 49 "
3394/58 F 34 "
4244/58 F 35 "
5063/58 i 50 "
2438/59 F | 49 "
1782/61 L 17 | Thyroglossal
14010/61 F 32 | Degenerative




TABLE 4,10
DETATLS OF CASES CF DYSHORMONOGENETIC GOITRE

Case No. Sex | Age ihg;g:i;gzomy Defect | Clinical

27217/55 F* | 18| 530 g.nodular | 4 Euthyroid

4114 /55 F* 21} 170 g. ™ 4 Hypothyroid

1282/57 P 22| 65g. ™ - Cretin

1487/57 Fex¥l 15| 215g, © 1 Buthyroid, deaf

3001/57 I 10| 160 g, 4 Futhyroid

1331/58 * | 19| 560 g. ™ 4 Euthyroid

3467/58 F }11]100 g, 2 Euthyroid

4191 /58 F 18 § 100 g, " 2 Cretin

4448/58 Fexxt 19 | 225 g, " 1 Buthyroid, deaf

4604/58 ue# | 20| 60 g, " 4 Euthyroid

4791/58 P 18] 230 g. " 1 Buthyroid

2401/59 P 14] 35g. " 1 -

4164/59 F 16 70 g., diffuss| 4 —

5327/59 i — 38 g.nodular - —_

303/60 ex | 551 20 g, diffuse| 4 -

4738/60 M 16 { 0.5 g. biopsy 2 —_

8e2/61 M 8mth.) Biopsy,diffuse| 3 Cretin

1155/61 H 15 | Biopsy 1 _—

2396/61 H 8 | 60 g. nodular 4

239/62 F 15 | 80 g. I 2 Hypothyroid

Defectsil, binding defect; 2, impaired dehalogenase activity,
3y coupling defect; 4, abnormal iodoprotein.

. O . '
*sistersy *¥brothers; **¥gilsters; ~carcinoma case.



TABLE 4,11

UTILISATIOE OF IODINE-131 IN GRAVES' DISEASE

Case No. [Sex | Aze | Clinical Eﬁé’iﬁiﬁl
4974/55 | F 32 | Thiouracil 0
2224/56 | U 41 n +
5321/57 | F* | 44 — +
3764/58 | F 20 | Thiouracil +
3976/58 | F | 29 ~ +
1967/59 | F 24 | Thiouracil +
4505/59 | F 33 | Carbimazol +
P.l, 2B
67/59 F 56 {12 me I131 ++
P.l.

B 30/59 F 68 | 10 me 1121 +

0, no image; +, image in zll colloid present;
++, image in colloid and epithelial cells
- Yfdiffuse thyroiditis of Hashimoio type



TABLE 4,12

DETATLS OF HASHINOTO'S THYROIDITIS CASES

Cage no. Sex | Age ‘I‘hg;': ig;:;clomy
1530/55 | F | - 150 g.
3849/55 | F | 35 245 g.
1778/56 i 60 120 g.
3049/56 F 52 125 g.
274/51 F 54 50 g
586/5T F | 45 35 &
723/57 F 44 45 g.
1280/57 F 43 €0 g.
1445/51 | F | 52 70 e.
2262/57 F 47 20 g.
3678/58 F 60 120 g.
3790/58 | F | 46 9 &.
4023/58 F 57 40 g.
4677/58 | F | 51 300 g.
4755/58 F 56 120 g.
5376/58 F | 53 150 g.
759/59 F 53] 125 g.
2699/59 F 63 —
3799/59 | F | 60 60 g.
4420/59 | F | 37 60 g.
4623/59 | F | -~ 40 g.
456660 by - 60 g.
4969/60 P | 58 85 g.
1205/61 P 54 290 g.
3113/61 F 52 -
5470/61 | F | 39 55 g
5725/61 M 60 140 g.




PART IV

Figse 4,1 ~ 4,59




Fige 441. — Case 559/61. Adencma showing a predominantly follicular
structure with, a2t one pole, a homogenous group of medium size

follicles. Haematoxylin and eosin. X 19.

Fig. 4,2. - Case 559/6l. Corresponding autoradiograph. The
adenoma shows utilisation of iodine-131 in colloid of microfollicles.
The images are more intense than in the surrocunding thyroid tissue.

The group of medium size follicles at one pole ié inert. Kodak ARRBO.

X 19.






Fig, 4,3. — Case 2124/58. Simple follicular adenoms showing
histological evidence of functicnal activity. H. and BE. X 95.

Fig, 4,4. = Case 2124/58. Corresponding autoradiograph shows clear

evidence of iodine-131 incorporation in colloid in the adenoma.
Kodak ARRO. X 95,
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- Fig., 4,5. — Case 253/61. A trabecular adenoma showing occasional
Small fo:LliCleSo Hc a.nd. Eo X 30.

Fig. 4,6. — Case 253/61. Corresponding autoradiograph. The
trabecular adenoma is inactive. Todine-131 is present only in
colloid in occasional microfollicles and the image intensity is

less than that in the follicles of the surrounding thyreid tissue.
Kodak AR50, X 30.
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FIG4,6



Fig. 4,7. - Case 4786/61. Differentisted carcinoma showing
mixed papillary-follicular structure. H, and E. X 95.

Fig. 4,8, - Case 4786/61, Corresponding sutoradiograph.
Todine~131 is present only in the colloid of the folliculaxr
part of the tumour. Kodak ARRO, X 95,



FIGA4, 7

Nl

30

b s

FIG. 4,8



Fig. 4,9. - Case 4786/61.  Secondary deposit of mixed

papillary-follicular carcinoma in a lymph node. Hs and E,
X 10,

Fig. 4,10. ~ Case 4786/61. Only the follicular part of the
secondary tumour showsg colloid=bound iodine~l3l.
Kodak AR50, X 37.

Autoradiocgraph.



FIG. 4,10



Figs 4,11, — Case 2380/57. Follicular carcinoma invading
normal thyroid tissue. H., and E. X 95.

Fig., 4,12. — Case 2380/57. Corresponding autoradiogreph shows
no evidence of iodine-131l in the tumour. The normal thyroid

tissue shows a dense image in colloid, Kodek AR50, X 95,



FIG.4,11

FIG.4,12



Pig, 4,13, - Case 1837/61. Small papillary carcinoma of thyroid.
H, and E, X 16-

Fig. 4,14. — Case 1837/61. Corresponding autoradiograph shows
the tumour to be quite inactive. The surrounding normal thyroid

tissue contains bound iodine-131 in colloid. Kodak AR50, X 16.
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Fige 4415, = Case'1999/61. Undifferentiated small-cell carcincoms
invading normal thyroid. H. and E. X 18.

Fig. 4,16, - Case 1999/61. Corresponding autoradiograph shows
no utilisation of icdine-13l by the tumour. Dense colloid-images

are present in the normal thyroid tissue. Kodak AR50, X 18,






Fig, 4,11. — Case 2393/57. Giant-cell carcinoma of thyroid
(top) and Hashimoto's thyroiditis (bottom)., H. and E. X 75.

Fig. 4,18, - Case 2393/57. Corresponding autoradiograph. No
iodine~131 is present in the tumour (top). The distribution of
radio—iodine in Hashimoto's thyroiditis is in colloid in follicles
lined by Askenazy-cells., Kodak AR50, X 95,



FIG.4.17
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Fig. 4,19. — Case 2393/ 5. Higher power view of the
undifferentiated giant-cell czrcinoma. H, and E. X 300.



FIG.4,19



Fig. 4,20. = Case 1734/57. A field of focal thyrciditia of
Haghimoto type related to an undifferentiated small-cell

carcinoma (not shown), H, and L. X 230,

Fig, 4,21, — Case 1734/57. Corresponding autoradiograrh.
Colloid~bound iodine-131 is present in follicles lined by

Askanazy-cells, Kodak AR10, X 230.
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Fig., 4,22, — Case 302/60, Ton-toxic nodular geitre. Parts of
3 nodules are shown in the autoradiograph. The nodules are similar
in structure and the distribution-patterns of iodine-131 are also
similar. The image is most intense in colloid in microfollicles

and least intense in colleoid in macrofollicles. Kodak AR50,
X 30.
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Fig., 4,23. - Case 3753/55. Non-toxic nodular goitre., Higher
power view to show image intensity greatest in smallest follicles
of a2 nodule, Autoradiograpﬁ, Kodak ARKO. X 250,
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Fig, 4,24. — Case 3753/55. Non—-toxic nodular goitre. 4auto-
radiograprh shows a nodule which is congiderably more active than

the intermodular tissue and other nodules. Kodak AR10. X 50.

Fig, 4,25, — Case 1134/58, Non-toxic nodular goitre.  Another
example of a hot nodule. Autoradiograph, Kodak ARS0. X 30.
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Fig, 5226. ~ Case 4413/56. Non=-toxic nodular goitre. A small
nodule which is considerably less active then the internodular
tissue. In this case the resected portion of thyroid also

contained a cyst. Autoradiograph, Kodak ARSC. X 50.
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Fig. 4,27« — Case 2580/56. Non~toxic nodular goitre. This
nodule is predominantly micro-follicular. H., and E. X 30,

Fig, 4,28. - Case 2580/56. Corresponding autoradiograph shows
abundant colloid-bound iodine-131 in hot ncdule, Kodzk AR50,
X 30.
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Fig. 4,29. — Casge 934/54. Toxic nodular goitre. Iodine-131 is

present in microfollicular areas in the internodular tissue, Auto~-
radiograph, Kodak AR1O, X 200,

Fig. 4,30. - Case 1850/59. Diffuse colloid goitre. Iodine-131
utilisation is very limited. An occasional follicle contains more
heavily labelled colloid.  Autoradiograph, Kodak AR50, X 95.
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Fig, 4,31, - Case 5038/55. Thyroid cyst. Thyroid tissue adherent
to the cyst wall (bottom) shows a nodular structure end iodine-131
distribution-pattern is similar to that seen in non-toxic nodular
goitre. Autoradiograph, Kodak AR10., X 12.

Fig. 4,32, - Case 1782/61. Autoradiograph of normal thyroid tissue
resected with thyroglossal cyst. 4l1l colloid present contains
jodine-131, The image is more intense in the smaller follicles.
Kodak ARR0. X 95.
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Fig, 4,33, - Case 239/62, Dyshormonogenetic goitre — impaired
dehalogenase activity. The internodular tissue shows a marked
degree of cellular pleomorphism. This is also seen in diffuse

goitres due to dyshormonogenesis., H, and E. X 230,

Fig, 4,34. — Case 3001/57. Dyshormonogenetic goitre — abnormal
iodoprotein, Columns of epithelial cells in capsule mimic the

appearance of malignant invasion. H. and E. X 230,






Fig, 4,35. - Case 3467/58. Dyshormonogenetic goitre = impaired
dehalogenase activity. Carcinoma is present in this case with

evidence of invasion of vessel walls. H. and E. X 290,

Fig, 4,36, — Casge 303/60. Dyshormonogenetic goitre — abnormal
iodoprotein. A diffuse goitre in which there is evidence of
epithelial utilisation of iodine-131, Autoradiograph, Kodak
AR50. X 140. ’
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Fig., 4,37. — Case 3001/57. Dyshormonogenetic goitre - abnormal
iodoprotein. Tvro iﬁactive trabecular nodules, In contrast fhe
internodular tissue shows diffuse epitheligl utilisation of iodine-
131 with more intense image over occasional microfollicles. Autb-
radiograph, Kodak AR10., X 20.

Fig., 4,38. — Case 4191/58. Dyshormonogenetic goitre - impaired
dehalogenase activity, Iodine-131 ig present in the follicular
nodule: the trabecular nodule is_inactive. & diffuse epithelial
image is seen in the internodular tissue. There is very little

colloid. Autoradiograph, Kodak AR1O.- X 15.
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Fig, 4,39, - Case‘3001/57. Dyshormonogenetic goitre - abnormal
iodoprotein. A small developing nodule is shown with iodine-

131 in microfollicles. The microfollicular concentration of the
isotope is greater than the epithelial concentration in the inter—
nodular tissuwe.  Autoradiograph, Kodak AR10. X 20.

Fig, 4,40. - Case 4114/55. Dyshormonogenetic goitre -~ abnormal
iodo-protein. Autoradiograph shows image in compressed follicles
between inactive lung-like nodule and trabecular-microfollicular
nodule with microfollicular content of iodine-131. Kodzk ARIQ,

X 19.
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Fig, 4,41, — Case 4114/55. Dyshormonogenetic goitre — abnormal
iodo=protein. There is marked variation in uptake-patiern of
iodine-131 in the nodule (top). Part of an inactive nodule is
prresent (bottom)., The internodulaxr tissue shows epithelial

utilisation of radio—iocdine. Lutoradiograph, Kodak AR1O, X 19.

Fig, 4,42. - Case 1337/58. Dyshormonogenetic goitre — abnormal
icdo-protein. Parts of 4 nodules showmn. Todine-131 distribution-
patterns vary from noduie to nodule and within a nodule.  There

is & light diffuse epitheligl image in the internodular tissue

and only occasional .small follicles showing more intense colloid-— -
image. Autoradiograph, Kodak AR1O, X 13.
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Fig, 4,43, - Case 4114/55. Dyshormonogenetic geitre - abnormal
iodoprotein. Autoradicgraph showe epithelial utilisation of

icdine~131 in medium size follicles containing labelled colloid.
Kodak AR10, X 230,

Fig. 4,44. — Case 2727/55. Dyshormonogenetic goitre — abnormal
iodoprotein., Autoradiograph shows iodine-131 in epitkelium, =

ring-imege, and a more diffuse image over colloid in the follicle.
Kodak AR10, X 230,
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Fig. 4,45, — Case 3001/57. Dyshormonogenetic goitre = gbnormal
iodoprotein. Epithelial cells and a small amount of colloid

are rrecsent in the lumen of a vessel. H. and E. X 250.

Fig, 4,46. ~ Case 3001/57, Corresponding autoradiograpk shows
that the intravascular colloid containe icdine~131, Kodak ARSO,
X 250,
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Fig, 4,47. - Case 3467/58. Dyshormonogenetic goitre - impaired

dehalogenase activity. In the malignant areas of the gland there

is only scanty evidence of utilization of iodine-131 in colloid,
Autoradiograph, Kodzk ARRO, X 140,

Fig. 4,48. - Case 4505/59. Graves' disease. All colloid present
contains iodine-131. sutoradiograph, Kodak ARSO. X 95,
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Fig. 4,49. - Case P,M. 67/59., Graves' disease. Five days after

a therapeutic dose of iodine~l3l there is evidence of epithelial

utilisation of the isgotcpe. Colloid present shows a more intense

imsge. Autoradiograrh, Kodak AR1O, X 230,
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Fig, 4,50, - Case 1778/56. Hashimoto's thyroiditis. Groups
of follicles in which the epithelium does not show Askanazy-

change., H. and E. X 95.

Fig, 4,51+ - Case 1778/56. Corresponding zutoradiograph shows
intense images over colloid in the follicles. - Kodak AR1O0. X ©5.
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Fig, 4,52, = Casze 1778/56. Hashimoto's thyroiditis.  Askanazy—
epithelium is present to the right, more normal epithelium to the
left. H. and E, X 950

Fig. 3. — Case 1778/56. Corresponding autcradiograph shows
image over follicles lined by normal epithelium (left) is greater

than image over follicles lined by Askanaszy epithelium (right).
Kodek AR10. X 95.
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Fig., 4,54, — Case 2262/57. Hashimoto's thyroiditis, Lobule
showing degenerate follicles, az light plasmz cell infiltrate, and,

on the periphery extrafollicular colloid. He and E. X 75.

Fig, 4,55, — Case 2262/57. Corresponding autoradiograph shows
iodine~131 labelled extrafollicular colloid on the perirhery of
the lobule. Kodak ARSO. X 75,
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Fig. 4,56, — Case 586/57. Hashimoto's thyroiditis. Lobule
showing extensive Askanazy-change in epithelium lining small
follicles. B. and E. X 75-

Fig., 4,57 — Case 586/57. Corresponding autoradiograph shows
the small follicles lined by Askanazy—-cells contain bound iodine-
131, indicative of epithelial metabolic activity. Kodak AR1O,

X 75
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Fig. 4,58. ~ Case 3849/55. Hashimoto's thyroiditis, The
Askanazy~type epithelium occurs in follicular and non-follicular
forms, H, and E, X 380, -

Fig, 4,5%. = Case'3849/55. Corresponding autoradiograph. lodine—
131 is present in follicles lined by Askenazy-cells. Clumps of
Askanazy-cells not in follicular form show no evidence of

utilisation of radio—=iodine. Kodsk AR1O. X 380,
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PART V¥

Tables 5,1 = 5,4
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TABLE

2

CATECHOL AITINE ASSAYS ON TUNOUR TISSUE

Case idrenaline | Noradrenaline | Ratio adrenaline/
ngs PET L I'Ze DET £ noradrenaline
1 .-
Ualignant 0.19 1.97 0.1
2*
Benisgn 0.32 0.2 1.6
3 ' '
Benign 1.88 0.07 27.0
4
Benign 1.73 Q.33 .5'2
2
Benign 1.71 1.64 1.0
6 Nil 3.75 0.0
Benign . .

*Assay by Professor U.S. von Euler




TABLE 5,3

CATECHOL AL'TNE ASSAYS ON CASE 1 TUMOUR TISSUE

Primary Liver Primary#* - Primary*

Gatechol amines |4 our | metastases| after 90 days| after 300 days

Adrenaline

0.19 Nil 0.01 Nil
(mg. per g.)
Noradrenaline

1. ol O, 0.
(mg. per @) 97 2 T 55

* 10 g. minced tumour tissue kept in 0,01 W HC1 .
Q
at -10 Co




TAELE

PHAROCHROLIOCYTOVATAs  HISTOCHELT STRY

Coce Control Higtochemical methods
of pH Chromaffin | Radio=chromate | ITodate | Radio—=iodate

1 No - =ve — ——

2 No -ve — — —

3 No -ve — -ve -ve

4 o Treak +ve — -ve THvek

5 Tes +ve +ve +ve T+ve¥

6 Yes +ve — — ——

*#See discussion on iodate reaction




PART vV

Figs. 5,1 - 5,7




Fig. 5,1. — Case 1. The malignant phasochromocytoma (kidney to
right, aorta below). '

Fige 5,20 = Cage 1. The primary tumour is composed of mature

phaeochromocytes grouped in an irregular alveolar vattern. lasson.
X 135.






Fig. 5,3. - Case 1. There is slight nuclear and cellular
pleomorphism in the primary tumour, Mitotic figures are scanty.
Magson. X 350,

Figs 5,4. = Case 1. Clumps of tumour cells are present in
bepatic vessels. Masson. X 400,



FIG.53

FIG. 5,4



Fig. 5,5, — Case 1. Sécondary deposit in ilium. The structure
is similar to that of the primary tumour and of the hepatic

metastases. Haematoxylin and eosin. X 260,






Fig, 5,6. — Ox adrenal. The cortex (left) shows only background
activity, In the medulla (right) chromium=51 is associated with

the brown pigment formed in the chroméffin reaction, Autoradiograph,
Kodak AR50, X 310,

Fig. 5,7. =~ Mouse adrenal. Cortex to left. Medullary cells
stained for noradrenaline by the icdate method form clearly

delineated dark groups. Counterstained H. and E. X 340,



ELG 5.6

FIG. 5.7



PART VI

Tebles 6,1 = 6,2




TABLE 6,1

ALALYSIS OF 259 LYIPH NODES EXAMINED FCR TUMOUR INETASTASES

¥o. of No. of
nodes nodes
Totzl No.{ Tumour—|partislly | wholly
Digease Caseg]| of nodes | free |replaced | replaced
examined | nodes {by tumour | by tumour
Carcinoma of breast 6 T3 11(15%¢] 18 (25?) 44 (60 %)
Carcinoma of rectum 8 64 470730 7 (11%) { 10 (1655)
Carcinoms of cervix 3 69 63(01%) 4 (6%) 2 (3%
Carcinoma of bronchus { 6 41 27(66%)] 6 (142} 8 (20%)
Fon-neoplastic 2 12 |12 - -
Totals 25 259 160(62%) 35 (13%) | 64 (25%)
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PART VI

Figs. 6’1 - 6_,6



\

Fig., 6,1, = Tumour-free lymph node from the internal mammary group.
A considerable deposit of colloidal radio—gold is present throughout

the node and is present in the peripheral sinus, Autoradiograph,
Kodek ARS0, X 15,

Fig. 6,2. = Tumour-~free lymph node from the internal mammary group.
The amount of radio-gold present is much less than in the lymph
node in'fig. 641 Autorsdiograph, Kodsk ARSO, X 18.






Fig, 6,3, = Mammary carcinoma. Colloidal gold-198 is present at
the injection site in macrophages of the stroma, Xo colloid is

geen in the tumour cells. Autorsdiograph, Kodak AR1O. X 120,

Pig, 6,4. = Tumour—-free pelvic lymph node. The colloidal radio—
gold is present in sinuses but the distribution-pattern is not
uniform. Autoradiograph, Kodak AR50. X 35, |






Fig. 6,5. = Tracheobronchial lymph node with secondary carcinoma
(bottom). Deposits of colloidal radio=-gold are present in the
surviving lymphoid tissue (top). Autoradiograph, Kodak ARSO.

X 35.

Fige 6,6+ — Axillary lymph node withlsecondary carcinoma (bottom).
Colloidal gold-198 is present in the surviving lymphoid tissue

(top) and extends to the tumour edge. Autoradiograph, Kodak AR50,
X 90,




FIG, 6,6



