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INTRODUCTION

Post - foetal osteogenesis or new bone formation by the
process of ossification is seen in the normal pattern of
growth from birth to adolescence, after which
except for the remodelling processes.
can be studied by creating biological

it

ceases

Experimentally,

it

situations and condi-

tions in which the complete histogenic process of ossification

and its metabolism can be followed.

A definitive and highly

active form of osteogenesis is exhibited in the process of

bone repair after trauma, and also in the transplantation of
skeletal tissue by a method of tissue culture.
Bone Repair.-

Histologically, bone repair consists of

two main processes arising or originating in two different

areas.

In the one process, the cartilage blastema is formed;

from the osteogenic cells of the inner or cambial layer of
the periosteum.

This cellular dedifferentiation continues

to form cartilaginous tissue by the process of normal chondro-

genesis, with subsequent invasion by primitive and new blood

vessels and by osteoblasts in between the trabeculae of

disintegrating cartilage.

This process of endochondral

ossification is completed by the deposition of new bone in

and around the degenerated trabeculae of cartilage.

The

other process is that of new bone formation by intramembranous
ossification in which there

is

differentiation of cells

within the medullary cavity of bone to form osteoblasts which
then /
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then form osteoid tissue, trabeculae of calcified tissue and
finally cancellous bone.

Although these two processes

originate separately, they soon intermingle and become
indistinguishable.

When the phases of vound closure by

haemorrhage and clot formation and by demolition and removal
of damaged cells accompany the dedifferentiation of the

osteogenic cells to form the regenerative blastemata, the

picture of osteogenesis may be complicated morphogen.etically
(Needham, 1952).

Tissue Culture.-

Most of the methods of tissue culture

have been applied to the histogenesis of embryonic tissue
in vitro and have been recently reviewed by Honor Fell (1951)
The reactions of embryonic tissue have little reference to
the problem in man, because this early form of tissue

is

markedly independent of its environment and still possesses
the capacity of self -differentiation under some inherent and

intrinsic control.

The differentiation and other regenera-

tive manifestations of post - embryonic or post- foetal tissue,

which require for study tissue culture methods in vivo,
result mainly from changes in the tissue environment and

external stimuli and therefore are more comparable to similar

reactions in man.

A specialised process of osteogenesis has been recorded
in almost every organ and tissue in the body under certain

pathological conditions of degeneration, infection, the
ageing process, or some altered metabolic requirement.

This

process, known as heterotopic ossification, is not considered

further
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further in the present study because with its varied

aetiology and complex reactions it can add little to the
knowledge of osteogenesis as a whole.
Therefore in the present work the process of osteogenesi
as exhibited during the regeneration of bone after trauma

and by the survival and differentiation of transplanted

osteogenic cells, has been studied by the method of histochemistry.

Histochemistry of Osteogenesis
Although the histological picture of post -foetal osteogenesis, that is endochondral and intramembranous ossification, is now well recognised, there is still little funda-

mental knowledge about the histochemistry or the causal
genesis of this process.

The solution of the latter is

complementary to, and will result from, a more complete
knowledge of the histochemistry.

Willmer (1945) has

emphasised that to differentiate and to classify cells it is

necessary to appreciate their morphology and,

in particular,

their environment which arises from within them but ultimately

governs their appearance, their function, their developmental
potentialities and their biochemical properties.

Therefore

the elucidation of the causal genesis and the possible control

of osteogenesis will be found in the dynamic and functional

picture of the cell environment which can be obtained only by

histochemical methods.
Histochemistry

4

Histochemistry can be defined as the chemistry of the
tissues and is concerned with the localisation of chemical

substances identified by their staining or other reactions.
It is the science of biochemical and biophysical analyses of

tissues and cells, either in vitro or in vivo, and is therefore of interest and importance to all investigators of

physiological and pathological problems.

Ideally, the

localisation of the substance under study should be specific

both qualitatively and quantitatively, but because of the
uncertainty associated with the chemistry of certain staining
reactions the evolution of the science has been slow.

Although in modern times the localisation of chemical
substances is usually by microscopy, Belchier's observation
in 1736 of the staining in vivo by the madder root of the

bones of animals and the further studies of bone growth by

Duhamel (1742) and by John Hunter (1750), may be regarded as
examples of histochemical macroscopy.

During the next two

hundred years this early blending of the two disciplines of
histology or morphology and of chemistry unfortunately was
not maintained in the study of osteogenesis, and investigatior
and research have followed two well-defined avenues.

Morphological- descriptive Studies
The first approach was by the morphological- descriptive

studies of such men as Goodsir, Oilier, Macewen and many
others (Keith, 1919).

From these have arisen the classical

hypotheses on the causal genesis of osteogenesis known as the
Osteoblastic, the Metaplastic, and the Osteogenetic Dualism

Theories
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Theories recently reviewed by Bertelsen (19h0.

Much

bone

and in

further information on the histogenesis

of

particular on the possible origin and function of the osteogenic cell has been obtained by improved and advanced histo-

logical techniques such as Fell's (1925) tissue culture in
vitro, Ham's (1930) anatomical studies on healing of

fractures, Hancox's (1948) chorioallantois embryonic culture

and Urist and McLean's (1952) anterior eye transplantation
in vivo.

Because of the limitations imposed by the methods

themselves and the absence of functional and chemical reasons
for the changes

so accurately observed, there still remains

much controversy and uncertainty about the morphogenesis of

new bone formation.

Biochemical Studies
The other experimental approach has been concerned with

chemical and physical analysis by direct methods of extractio
and estimation assays, X -ray diffraction, crystallography,
and electron micrography of the structure of osseous tissue.

From the studies of many workers,

it is

known that bone

is made up of an organic content which forms about

cent. of the dry,

fat -free weight;

about 45 per cent.;

enzymes;

35

per

an inorganic content of

and water of about 20 per

cent. (McLean and Urist, 1955).

Organic Content of Osseous Tissue.-

The organic content

(Fig. 1) is composed of the osteogenic cells and their inter-

cellular matrix.
be /

It is formed by collagen fibres which may
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Fig. 1.- Diagram to illustrate the organic content of
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be sulphonated (Ham, 1953)

,

an amorphous ground substance

which is mainly a mucopolysaccharide complex
sulphuric acid
glycoprotein.

-

-

chondroitin

tissue fluid and reticular fibres of a
This ground substance is common to all

connective tissue and is homogeneous with the interstitial
or tissue fluid which contains proteins, crystalloids,

metabolites and gases similar to plasma and therefore forms
the

final circulatory pathway for exchange of nutritional

substances from the blood to the osteogenic cells.

It is

made up of a mucopolysaccharide complex which is considered
to be a hexosamine- containing carbohydrate or polysaccharide

which may or may not be combined with a protein (Pirie, 1946)

When this polysaccharide

is

combined with a protein there is

formed chondroitin sulphuric acid of which three types have

been identified (Meyer, 1954):
sulphuric acid and heparin.

hyaluronic acid, mucoitin

Chondroitin sulphuric acid,

which is secreted by the osteoblast and the chondroblast, is
regarded as a possible precursor sub stance for the deposition
of the calcium phosphate complexes.

It forms an important

part of the organic phase of bone formation and is the

primary interest of the present work, which is concerned with
the pre -osseous cellular metabolism and elaboration of the

bone matrix.
Inorganic Content of Osseous Tissue.-

mineral content (Fig.

2)

The inorganic or

consists of calcium, phosphorus and

hydroxy substances which with citrate, carbonate and the ions
of sodium, potassium, magnesium and fluorine form the

hydroxyapatite crystal of bone.
the

Some of these crystals of
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Fig. 2.- Diagram to illustrate the inorganic and
enzyme contents of osseous tissue and their
various constituents.
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the bone salt closely ensheath, in a concentric manner, the

fibrils of collagen with the long axes of the crystals

parallel to the axes of the fibrils (Robinson, 1952)

.

The

crystals are regarded as consisting of a tri- calcium phosphate
hydrate with salts of calcium carbonate and magnesium and are

deposited in the surrounding amorphous cement substances
(Hendricks and Hill, 'i951).

Enzyme Content of Osseous Tissue.

-

The enzyme content of

bone tissue has also received much attention.

The enzyme of

alkaline phosphatase which in calcification has been given
the primary role of increasing the local concentration of

inorganic phosphates (Robison and Rosenheim, 1934.), has been

studied chemically in embryonic fowl mandibular tissue culture
(Fell and Robison, 1930)

,

and in a fracture haematoma by

Stirling (1931) and by Annersten (1940);

the last two

workers have also described the local pH of the fracture
medium obtained from quantitative studies.

Further biochemical knowledge of bone has been acquired

by producing various pathological conditions in animals.
Numerous hormonal and nutritional studies have been carried
out and have provided much information on the normal bio-

chemistry and physiology of bone.

These studies include:

hyper- and hypo-parathyroid states (Albright and Reifenstein,
1948);

hypervitaminosis A or deficiency states of vitamins

A and D in animals (Copp and Greenberg, 1945);

and the

alkaline phosphatase content of regenerating skull bones

after fractures in scorbutic guinea -pigs (Bourne, 1948).

His to chemical

-

8

Histochemical Methods of Stud
The true microscopic histochemical study of osteogenesis
began after the publication in France of the first textbook on

histochemistry (Lison, 1936).

Following this, Gomori (1939)

described a method to identify the enzyme alkaline phosphatase
in tissue sections and this led to much work on its localisa-

tion and possible function (Pritchard and Ruzicka, 1950).
It

now considered that this enzyme is concerned with the

is

pre -osseous cellular metabolism and with the subsequent

elaboration of the bone matrix before the precipitation of the
calcium and phosphate ions (Siffert, 1951), as well as with
the function of liberating phosphate ions.

Urist and Johnson (191+3), using von Kossa's silver
nitrate staining method and radiology, demonstrated the

deposition of calcium phosphate in a fracture callus during
the phase of calcification.

The localisation of mucopolysaccharide complexes by the

property of metachromasia which was first named by Ehrlich in
1877 and is the oldest of histochemical reactions in

mammalian tissues, was described by Wislocki et al. (1947)
and this renewed interest in the metabolise of chondroitin

sulphuric acid in cartilage (Sylvén, 1947).

Other tests

such as the periodic acid -oxidation Schiff reaction and its

numerous refinements have been used in investigations on the
ground substance of bone and cartilage and are reviewed by
'McManus (1954)

.

He notes that this periodic acid- oxidation

reaction gives a positive reaction for the matrix material

which
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which forms the main ground substance for cartilage and bone,
and that this reaction changes during bone growth and repair

and in abnormal nutritional states.
Auutoradiography.-

More recently there has been added to

these histochemical methods an unrelated but supportive

science called autoradiography, by which an image is produced
on a photographic emulsion or other sensitive media by

radiations from radioactive materials.
a chemical reduction

The radiations cause

of the silver halide particles in the

emulsion to form grains of metallic silver which appear black
on photographic development.

This chemical reaction is

similar to that produced by light and ultra- violet radiation,
and follows the principles of photography.

In 1896 Becquerel produced the first autoradiograph from
a crystal of uranyl sulphate, but it was not until 1904 that

London made the first autoradiograph from animal tissues
containing radium.

During the next thirty years various

biological autoradiographic experiments were carried out,
with the naturally occurring radioactive elements such as

Radium D, polonium, thorium, etc., and these have been comprehensively reviewed by Boyd (1955) in his textbook on this
subject.

In

1934-

Curie and Joliot produced the first

artificial radioactive isotope of phosphorus, and soon after
this Fermi prepared isotopes of other elements by neutron -

induced reactions.

Thereafter much research was carried out

to develop techniques with these artificial isotopes and to

apply them to definite biological problems.
limited

This work was
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limited to certain geographical localities because of the
and

short -lived existence of the earlier produced isotopes,

also because of the military importance of such work during
the period 1939-1945.

However, with the invention of the

uranium pile and the now widespread availability of most
radioactive materials, the technique of the localisation of

radioactivity in the tissues and cells has become standardised, more accurate and more microscopic in detail.

The general principle of the method is the injection of
a radioactive isotope of a certain element which is meta-

bolised by the tissue of the body and biologically and
chemically bound into some particular chemical system or
substance.

This radioactive "label" or "tag" can then be

identified and localised, both qualitatively and quantitatively, in the tissues by the process of autoradiography.
The labelling process must be accurate in that the chemical

position of the "label" must be known;

the "label" must be

firmly adherent or bound to the particular chemical system;
it must be physiological to the host and not produce cellular

abnormality or death by radiation effects;

and its half-life,

or the time taken for the radioactivity to decay or to dis-

appear must be long enough for the experiment to be completed.
Two types of autoradiography are commonly used.

One

type, micro -autoradiography, is concerned at the same time

with the localisation of the radioactivity and with the
histology of the tissue, and by a suitable technique it is

now possible to study the autoradiogram superimposed over
the /

the microscopic section as a two -dimensional picture.

The

other type, macro -autoradiography, is carried out by placing
the block of radioactive tissue against a sensitive X-ray
film, and after suitable exposure, development

and fixation,

an anatomical picture is obtained of the localisation of the
radioactive material.

Application of autoradiography to the study ofbone. These standard autoradiographic techniques have been applied
to the study of bone.

Leblond and his co- workers (1950)

have described the incorporation of radioactive phosphorus in
the crystalline calcium phosphate complexes during bone

growth;

Jowsey et al. (1954) have described the deposition

of radioactive strontium in rabbit bones and the metabolism

of the related calcium substances;

Dziewiatkowski (1ß51a,

1952, 1953) has described the uptake of radioactive sulphur

by the mucopolysaccharide chondroitin sulphuric acid in
articular cartilage, and Bostrem (1952, 1953) has confirmed
and demonstrated this observation quantitatively.

These

observations have been used to demonstrate, by autoradio-

graphy, the relationship of mineral calcium phosphate com-

plexes to the mucopolysaccharides in bone growth and repair

by labelling these complexes with radioactive phosphorus and
sulphur (Duthie and Barker, 1955a).

The localisation of

radioactive sulphur in chondroitin sulphuric acid in the
organic matrix during chondrogenesis in a healing fracture
site has also been demonstrated by autoradiographic and

metachromatic studies (Duthie and Barker, 1955b).
orker

Another

-
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worker in this field (Amprino, 1955) has described his macro autoradiographic studies of the distribution of radioactive

sulphur in cartilage and bone tissue during differentiation
and growth in chick and mammal embryos as well as in more

adult tissues.

In bone differentiation he described the

utilisation by the osteoblasts of radio -sulphur, which then
became incorporated into the organic matrix of osseous tissue

Radioactive isotopes have also been used in metabolic
tracer studies of bone to demonstrate the dynamic state of
the mineral

content as well as the factors which control the

mechanism of skeletal turnover of mineral salts (Bauer et al.
1955), with both radio- chemical extraction assays and auto -

radiographic methods of localisation in the tissues.

-
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PART

I

A STUDY OF THE HISTOCHEMISTRY OF BONE REPAIR IN VIVO

In the past, most of the research into the histochemistry
of bone repair has been limited to the stages of calcification

and ossification, and the search for a stimulating substance
to promote osteogenesis has in the main been concerned with

the deposition of the bone salt of calcium phosphate com-

plexes.

Such previous work has given information about the

pH of the fracture haematoma and the "alkaline tide" mechanism
(Swenson and Claff, 1946);
content (Stirling, 1931

;

about the alkaline phosphatase

Botterell and King, 1935)

;

and

about the deposition of calcium phosphate complexes.

As a

result of this experimental approach, workers tried to
accelerate the healing of fractures by giving injections of
such chemicals as alkaline phosphatase and glycero-phosphates,

calcium and magnesium phosphates, but with complete lack of
success.

In attempting to understand something of the biochemistry
of bone repair by the process of ossification and calcifica-

tion, it is essential to remember that the deposition or

precipitation of the bone salt as a mineral is the terminal
event of a more important and complicated precursor sequence
or what can be better called the "organic phase

repair".

Biochemistry

of bone

Biochemistry of Bone Formation

Robison's (193+) modified concept of the enzymatic
mechanism of alkaline phosphatase to liberate phosphate ions
and the second mechanism of deposition of those ions from a

supersaturated solution are now recognised as being inadequate.

In a review on the enzymatic mechanism of this

process, Gutman and YU (1950) have suggested the more
acceptable hypothesis that the glycogen of cartilage structur=
acts as a substrate for the enzyme phosphorylase and becomes

hexose -phosphates which, in turn, are acted upon by some

glycolytic enzyme system to form phospho -pyruvates.

From

these, excess phosphate ions are liberated to combine with a

"phosphate- calcium" acceptor in the cartilage matrix, to form
the bone salt.

The enzyme alkaline phosphatase may act in

some way on the phospho- pyruvate compounds to produce an

increased local concentration of phosphate ions as well as on
the cartilage matrix, but this action is still obscure.

(Fig.3)

Chondroitin Sul.huric Acid
The function of this mucopolysaccharide in the matrix,

although uncertain, has some relation to what is called the
"phosphate- calcium acceptor

".

Sobel (1950) described a

"local factor" in the cellular matrix whose concentration

favoured calcification:

he considered this might be

chondroitin sulphate and likened

described by Robison.

it to

the second mechanism

Similarly, Rubin and Howard (1950)

regard a certain chemical condition of the matrix as being
responsible

GLYCOGEN IN CARTILAGE

*--------------PHOSPHORYLASE ENZYME
HE XO SEPHOS PH ATES

GLYCOLYTIC ENZYME SYSTEM
PHOSPHO PYRUVATES

ALKALINE PHOSPHATASE
CALCIUM IONS

EXCESS PHOSPHATE

IONS

-

PHOSPHATE CALCIUM ACCEPTOR IN CARTILAGE MATRIX

BONE SALT

I

Fig. 3.- Diagram to illustrate the various enzyme
systems required to produce excess phosphate ions,
which combine with a phosphate - calcium acceptor in
the cartilage matrix to form the "bone salt ".

-
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responsible for conferring the state of calcificability on
the tissue and they consider that this state results from a

change in the concentration of the acid mucopolysaccharides
in general and of chondroitin sulphuric acid in particular.

Another possible function of chondroitin sulphuric acid
suggested by Neuman and Neuman (1953) is that it is a cation binding agent to retain calcium before its subsequent release
in the precipitation with the excess phosphate ions, to form

the bone salt.

Prior to this, Cobb

(191 -9)

had suggested a

possible mechanism for the release of reactive groups for the
calcium ions, by a process of depolymerisation of the
chondroitin sulphate.
In earlier biochemical extraction studies on this

substance (Hass, 1943), it was noted that as the amount of

chondroitin sulphuric acid in human costal cartilage
decreased, deposition of calcium increased, and Roche and

Deltour (1943) in a histo chemical study described the local
excess phosphate ions as being fixed to some part of the
matrix.

More recently, by using improved chemical methods,

Loewi (1953) has confirmed that the chondroitin sulphate
content of costal cartilage is highest at birth and gradually

decreases in amount during the ageing process, with increased
deposition of calcium.

According to Loewi, this results

from a depolymerisation of the chondroitin sulphate to

release reactive groups in the matrix to act as "calcium

acceptors ".

It has been suggested that although there is no

specific enzyme for this depolymerisation of chondroitin
sulphate,

-

16

-

sulphate, the enzyme hyaluronidase may be concerned in the

process because it is known to disturb chondrogenesis and to
produce abnormality of the staining of the organic matrix,
without disturbing osteogenesis as a whole (Paff and Seifter,
1950).

Therefore, although the role of the chondroitin

sulphuric complex is still indefinite its importance is
obvious.

Relationship of Mucopolysaccharide Complexes to Calcium

Phosphate Complexes.-

The biochemical change from mucopoly-

saccharide complexes to calcium phosphate complexes accom-

panies the histological change from cartilage to bone or, in
general, to osteogenesis.

By metachromasia and the use of

radioactive sulphur for labelling chondroitin sulphuric acid
and radioactive phosphorus for labelling the calcium phos-

phates, it has been shown during bone growth in an epiphyseal
area, that as the labelled chondroitin sulphuric acid is

released by the disintegrating cartilage cells, radioactive
phosphate complexes appear between and around the degenerating.
cartilage cells (Duthie and Barker,
it

1955a).

Because of this

was suggested that the cessation of further phosphate

deposition and hence of growth was caused by the disappearance
of the chondroitin sulphuric acid content of the cartilage

remnants, and that there was possibly a quantitative balance

between the amount of chondroitin sulphuric acid disappearing
and the amount of phosphate which was deposited.

In the

zone of disintegrating trabeculae of cartilage, thin- walled,

newly -formed blood vessels appeared for the first time and
ere

-
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ere the source of the subsequent deposition of the calcium

.hosphate complexes, where the chondroitin sulphuric acid was

lying free outside the disintegrated cells, in the presence
lof

alkaline phosphatase, which was described as being extra -

cellular in this area by Lorch (1947) and by Siffert (1951)
Therefore

it

.

is clear that the mucopolysaccharide,

chondroitin sulphuric acid, is an important pre- osseous
chemical substance for subsequent deposition of bone salt,

and merits investigation into its secretion and possible
function in osteogenesis.

Methods of Studying Chondroitin Sulphuric Acid.-

It was

first reported in 1889 by Marner that bone tissue contained

ulphated substances, probably in the form of chondroitin
sulphuric acid, but it was not until 1937 that this acid was
First extracted chemically from cartilage powder by Meyer and

myth.

Much work on its highly complex and variable composi-

tion has been carried out biochemically, and three types, A,

and C, have been identified in hyaline cartilage, sclera,
igskin, umbilical cord, tendon and aorta (Meyer, 1954).

Although the chemical structure of this substance is complex,
't

can be studied in vivo by its property of exhibiting meta-

hromasia and by
y labelling
ing it
i
with radioactive sulphur.

[.

(1)

Metachromasia.-

The term metachromasia implies a

colour change in dye solutions or stains when they are added
to certain tissue structures.

The usual colour change of

metachromasia is observed when the basic thiazin dyes such as
toluidin blue, thionin, the azures and methylene blue, turn
from blue to purple.

Lison

-
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Lison (1936) observed the first metachromatic reaction
brought about by sulphated polysaccharides, and Meyer et al.
(191+1)

regarded the mucopolysaccharide substances in

particular as exhibiting metachromasia on staining with these
basic dyes.

Wislocki et al. (1947) described the metachromasia of

many mammalian tissues and its relationship to the possible
chemical nature of the mucopolysaccharides

found in those

tissues, as well as the metachromasia resulting from the

presence of nucleoproteins and yeast nucleic acid under

certain conditions.

They related the intensity of the

reaction to the pH of the tissue, to the amount of vascularity
and to other factors.

They recorded that certain tissues

such as cartilage, mucus and the cornea, because they contain
the polymers of glucossmine, glucuronic acid and a sulphate

group, forming a mucopolysaccharide complex, were meta-

chromatic.

However, metachromasia is not specifically

related to the presence of a sulphate group in any compound
since hyaluronic acid is a non- sulphated mucopolysaccharide

but still is markedly metachromatic under certain conditions
in skeletal tissue.

The chemical nature of the metachromatic

colour change is still uncertain,

depending rather on the

state of polymerisation of the tissue mucoproteins than on any

specific chemical composition, and therefore caution is

required in the interpretation of its presence in the tissues.
In the ground substance or intercellular matrix the

mucopolysaccharide content of hyaluronic acid
sulphate /

and.

chondroitin

-
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sulphate is thought to originate either from the granules in

fibroblasts (Gersh and Catchpole, 199) or from the mast cell
(Asboe -Hansen, 1951), since both these structures exhibit

marked metachromasia during certain periods of development.

During their development, cartilage cells exhibit a
varying intensity of metachromasia both within their cyto-

plasm and in their surrounding intercellular matrix, and it is
possible to demonstrate the secretion of a metachromatic
substance as a surrounding halo.

The only mucopolysaccharide

which has been identified in cartilage is chondroitin

sulphuric acid, and therefore the resulting metachromatic
reaction must be caused by the presence of this chemical
substance.
The presence of a metachromatic staining material in

undecalcified bone and in calcified cartilage matrix has been

demonstrated by Rubin and Howard (1950) who regard it as
resulting from the presence of chondroitin sulphuric acid,

possibly in combination with calcium.

It should be noted

that this is a contradiction of Sylvén's (1947) work in which

metachromasia was not demonstrated in decalcified bone
tissues:

a possible explanation of this discrepancy is the

degree of decalcification of the tissue.

In adult bone,

metachromasia is not marked..
Therefore although the histochemical method of meta chromasia in the study of osseous tissue
it

is

still empirical,

possesses a valuable degree of specificity for demonstrating

the presence of chondroitin sulphuric acid.
(2)

-

(2) Autoradiography.-
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In 1949 Dziewiatkowski by using

an isotope tracer method and autoradiography, demonstrated
the distribution of radioactive sulphur in cartilage and

bone as well as in other soft tissue, and its subsequent
excretion from the animal body.

This was followed by

other work in which more accurate localisation of radioactive sulphate was obtained:
it

Layton et al. (1950) studied

by a tissue culture technique of the embryonic chick,

and in further radio -chemical studies Dziewiatkowski
(1951a, 1952) related the uptake of this isotope to the

sulphated mucopolysaccharide complex chondroitin sulphuric
acid.

Bostrbbm.

(1952, 1953)

confirmed this observation of the

radioactive sulphate exchange by the sulpho- mucopolysaccharides quantitatively in cartilage slices in vitro;

and by

chemical extraction of the radioactive ester sulphate under

various conditions he demonstrated that the fixation of the
isotope was dependent upon an enzyme system which was influ-

enced by temperature and oxygen pressure as well as by drugs
such as cortisone.

Autoradiographic studies by Bélanger

(1954), with hyaluronidase incubation of the sections and

staining for metachromasia with toluidin blue, resulted in

further definition of the labelling of the sulphated polysaccharide chondroitin sulphate, probably of Meyer's Type A.
The Metabolism of Chondroitin Sulphuric Acid after

Trauma.-

The metabolic response of the body to trauma and

to the process of repair was first described scientifically

by Cuthbertson (1930) when he recorded the marked loss of
tissue /
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tissue nitrogen, sulphur and phosphorus in the urine of

During investigations on this subject

injured individuals.

of a rat's leg bone on the

he noted the effect of fracture

general as well as on the local metabolism, with marked loss
of nitrogen, sulphur, phosphorus, potassium and creatinine
in the urine.

These losses could not be prevented by giving

excess carbohydrates, even although these substances are

necessary for the formation of the muco- proteins of connectiv
tissues during tissue regeneration;

and Sylvén (1941) has

demonstrated the increased concentration of the sulphated
mucopolysaccharides

-

chondroitin and mucoitin sulphuric acid

esters - in granulation tissue during healing.

It has been

suggested that a possible source of the chondroitin sulphuric
acid Which is found in regenerating tissue is the dedifferentiating cartilage during chondrogenesis (Needham, 1952).

Layton (1950) using a tissue culture technique in vitro,
described how regenerating muscle tissue of chicken embryo
absorbed and fixed inorganic radioactive sulphur in greater
amounts than normal muscle, and showed that the actual amount
fixed could be decreased by adding cortisone or salicylic

acid to the medium.

Similarly, during osteogenesis in adult

dogs, Lacroix (1954) described the localisation of radio-

active sulphur in the developing

osteons of the haversian

systems.
In 1955 the metabolism of radioactive sulphur by the

differentiating cells of the regenerating blastema resulting
from a fracture in the bones of rats was demonstrated for the
first

-
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first time in vivo (Duthie and Barker).

Forty -eight hours

after the infliction of a fracture there was secretion of the
metachromatic and radioactive

sulphur containing chondroitin

sulphuric acid substance by the differentiating cells of the
deeper layer of the periosteum, during the formation of the
periosteal blastema.

This reaction increased in intensity

until the seventh day after fracture, and accompanied the
formation of the fibro- cartilaginous callus from both the

periosteal and medullary blastemata.

During the next three

weeks the fib ro- cartilaginous callus and its radioactive

content of chondroitin sulphate was gradually replaced by new
[bone

formation and the deposition ofbone salt which was

demonstrated by corresponding radiographs.

The deposition

of radioactive sulphur in both the periosteum and endosteum

of normal bone was also recorded, and this confirms Ham's
(1953)

observation of the secretion by the osteogenic cells in

these areas of some intercellular substance similar to

chondroitin sulphate.

The Factors Influencing the Repair of Bone

In attempting to define and analyse the factors which may

influence the repair process of endochondral and intraembranous ossification, the three phases of histogenesis

hich lead up to the final picture of union by bone must be
onsidered and related to their histochemistry.
The first phase is the stimulus or originating power for

he cellular dedifferentiation of the mesenchymal cells to
orm

-23from osteogenic cells and then osteoblasts and chondrocytes.
The second or organic phase is that of the maturation of the

chondroblast into a chondrocyte with the secretion of an

intercellular matrix containing.chondroitin sulphuric acid

which is acting possibly on the calcium- phosphate acceptor.
The third or mineral phase is the calcification and then

ossification of the organic matrix of Phase 2 with the

invasion of osteoblasts and blood vessels to complete the
rocess of endochondral ossification and of the deposition of
one salts;

the osteoblasts may
or in this phase
Y form bone
P

directly through osteoid tissue by the process of intraembranous ossification.

Interwoven and playing a definite

art in the third phase of mineralisation is the process of

osteolysis or bone resorption, possibly acting through the

-gency of some secretion by the osteoclast cell.

Throughout

-11 phases the enzymatic activity of alkaline phosphatase and
.f the

glycolytic and proteolytic enzymes is present.

(These phases are considered in the reverse order of
heir importance because this is the order which was followed

xperimentally.)

factors Influencing the Mineral Phase

Much experimental work has been carried out on the
actors which influence bone repair, but it has been mainly

oncerned with the phase of mineralisation.

The numerous

utritional and hormonal factors of vitamin excess and
eficiency,

nfluence

and of protein deficiency, have been found to

-
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influence this process in a retarding way (Harris, 19)10.

Injections of theelin (Pollock,

194.0)

extract (Silberberg and Silberberg,

(Gardner and Pfeiffer,

,

of anterior pituitary

1935) and of oestrogens

1938) have been said to accelerate

union of bone as well as the ligation of the deep veins which
was found to hasten the healing of a fibula in a dog (Pearse
and Morton,

Bell

(194.5 ).

1930);

this aspect has been recently reviewed by

The breaking strain of healing fractures and

of whole bones has been observed in animals deficient in

vitamins A and D, in others given excess of vitamin D (Copp
and Greenberg, 1945), and in animals receiving injections of
anterior pituitary and thyroid extract, oestradiol dipropionate, and parathormone.

Factors Influencing the Organic Phase
The study of the second or organic phase of healing
ich is mainly concerned with chondrogenesis and the forma-

tion of the intercellular matrix containing chondroitin, has

een mainly limited

to histology

with few-biochemical facts.

This is comparable to the histochemistry of the process of

ound healing of connective tissue, which has received little

attention from the research worker.
Nutritional.is an

The vitamin C deficiency state of scurvy

exception to this statement both in bone and in wound

ealing, and has been extensively investigated by Bourne
(1946) who has also studied under a similar pathological state

he localisation and possible function of alkaline phosphatase

-25as well as the essential nature of adequate amounts of

vitamin C on the formation of the organic matrix and possibly
also on the deposition of calcium in the matrix (Bourne, 1918)

Hormonal. al.

Following the original report by Hensch et

(1949) on the effect of a hormone from the adrenal

cortex and of the adrenocorticotrophic hormone of the
pituitary gland (ACTH) on rheumatoid arthritis, many papers
on the effects of cortisone and ACTH on various diseases and

biochemical processes have been published (Layton, 1951).
According to Ragan et al. (1949), after parenteral administration of cortisone, granulation tissue formation was
retarded, blood clots at fracture sites were not absorbed so
rapidly, and the healing of decubitus ulcers and operation

wounds in patients was delayed.

Many investigations have

been carried out to explain and determine this inhibitory
effect,

especially in diseases of connective tissue and in

the repair of wounds and fractures.

Blunt et al. (1950)

described the histological features of the delayed healing of

experimental fractures in rabbits receiving cortisone, and
Sissons and Hadfield (1951) by more detailed histological
and radiographic studies showed that the inhibition of

cortisone particularly affected the development of vascular

granulation tissue.
However, the first histochemical study of the inhibitory
effect of cortisone was made by Layton (1951) who, by using
a radioactive sulphur tracer,

demonstrated a decrease in the

sulphate fixation capacity of different tissues in vitro and
in
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in vivo, after cortisone was added to the culture medium:
he

suggested that the cortisone was inhibiting the synthesis

of chondroitin sulphate.

Similar work was carried out by

Bostr8m (1953) who also demonstrated the retarding effect of
cortisone on the exchange of radioactive ester sulphate

groups by a technigie in vitro.

In 1955, Duthie and Barker

defined more accurately this histochemical effect of cortison
in a study of bone repair in vivo, and found that in the

repair of a fracture the dedifferentiation and metabolism of
the cells occurred normally up to the stage of chondrocyte

development, and then the main effect of cortisone was seen
in the prevention of further chondrogenesis to form chondro-

cÿtes

or the normal process of endochondral ossification.

The secretion of the metachromatic and radioactive labelled

chondroitin sulphate occurred normally until the seventh day
after fracture, when the cartilage cells failed to mature and
degenerated with the liberation of increased amounts of intercellular matrix.

This abnormal matrix was then calcified

rather than ossified, and mature fibrous tissue formed across
the fracture line.

One further point of interest was that

the differentiation of the mesenchymal cells to form osteo-

blasts and the subsequent process of intramembranous ossifica-

tion were unaffected by the cortisone.

Hormonal and Nutritional Factors in Bone Growth.

-

In

contrast to the scarcity of histochemical work on the organic

phase of bone repair, much thought and experimental study
have been devoted to the histology of chondrogenesis during

bone

-

bone growth and development.
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This work, although lacking in

histochemical information, is of great importance to the
study of the problem and results from it can be related to

regeneration studies.
In 1949, Silberberg and Silberberg reviewed the effects
of various hormonal and nutritional factors on the process of

endochondral ossification during bone growth.

They

emphasised that the effect of hormones was dependent upon the
physiological age of the target organ.

Oestrogens were more

effective in inhibiting growth in animals around sexual

maturity than during active growth.

The main effect of

this group of hormones was to inhibit the organic and

resorptive phase and to accelerate the calcification and

condensation of the matrix, although androgens were alleged
to accelerate chondrogenesis.

Thyroid extracts accelerated

epiphyseo -diaphyseal union and produced stunting of the
animal whereas parathormone accelerated the phases of
ossification and resorption.

Follis (1950) considered

histologically the influence of what he termed "essential
nutrients and hormones" on cartilage and bone which produced
either an increase or a decrease in the growth activities.
Increased growth activity of cartilage was seen in states of

hyperpituitarism and hyperthyroidism as well as after
excessive administration of androgens;

decreased activity

was produced by deficiency of the essential nutrients of
sodium, potassium, iron or zinc and amino- acids, fatty acids
and vitamins,

as well as by states of hypopituitarism and

hypothyroidism.

-

hypothyroidism.
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The effect of vitamin A on skeletal tissue

in general and on the healing of fractures in embryonic bones

has been described by Fell (1953) from a tissue culture
she concluded that this vitamin was

technique in vitro:

essential for the activities of all cartilage cells affecting
the

intercellular matrix, and indeed was the main controlling

factor in the development and growth of bone.

Mechanical Factors.-

Apart from these possible hormonal

and nutritional factors, mechanical factors such as pressure
and shearing stresses have been found by Glücksmann (1939),
in skeletal tissue cultivated in vitro, to promote bone

formation and to determine the final architecture by

primarily affecting the orientation and function of cartilage
cells.

By the inducing mechanism of mechanical stress he

also demonstrated the mutability of the mesenchymal cells of

periosteum and perichondrium
Vascular Factors.(191+2)

to

undergo chondrogenesis.

Another factor Which Clark and Clark

regard as being significant in the control of chondro-

genesis is the amount of vascularity present and available.

By using transparent chambers in rabbits` ears they demonstrated that cartilage formation was preceded by vascularisa-

tion of the area but was limited to the areas of poor or
moderate vascularity.

This is in keeping with the suggested

physiology of nutrition of cartilage cells, which depends
upon a diffusion of the nutritional substances, through the

intercellular substance or matrix rather than upon any direct

vascular channels (Ekholm, 1951).
The /
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Following trauma and at the beginning of repair or
regeneration of tissue, there is the first phase of stimulus
or initiation or induction of the cells to regenerate, which

initiates an important sequence of events.

Biologists, and

in particular experimental zoologists, have given much

thought to this trigger mechanism and have attempted to
define it biochemically.
In 1938 English et al. extracted from injured plants a

substance which they called "traumatic acid" and which they

believed to be the "wound factor ";

from this they isolated

a compound, a decarboxylic fatty acid.

Neuman:

(1944)

demonstrated the action of a possible and

potent factor of this nature derived from cell-free extracts
of human granulation tissue, in accelerating the healing of

skin wounds in rats.

According to Needham (1952), who has carried out much
work in this field and has recently reviewed this particular
aspect, in amphibian tissues there is a "wound factor"

produced by damaged tissue at the time and site of wounding,
whose action can be inhibited by the local application of a
chemical substance such as a beryllium salt.

These factors are of a local nature, but general or
systemic factors may also be produced by the trauma as well
as during the phase of healing, and Davidson (1945)

in

reviewing the subject of "proliferation- promoting factors"
describes work by Akamatsen and also by Lorin -Epstein who
have
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have shown that the plasma of wounded organisms contains
factors which can stimulate the growth of tissue and the

process of wound healing.

Although this effect may have

been produced in the healing of wounds of connective tissue,
multiple fractures have not been recorded as accelerating the

healing of any one of them (Urist and McLean, 1950)

;

and on

testing various tissue extracts to determine their ability to
accelerate the healing of a fractured embryonic bone, Hancox
(19494 was unable to show such an acceleration in a tissue

culture medium.
In the study of bone repair, Bier (1917) thought that a

stimulating factor was present in the organised blood clot in
the fracture haematoma and that it promoted new bone formatior

by "chronic irritation of the necrosis and haemorrhage ".
According to Pritchard (1946)

,

the stimulation of new

bone formation in the repair of a fracture in the cranial
vault of rats "resides in the inflammatory exudate ", but is

present only after the initial leucocytic invasion has
ceased, and is related to the amount of inflammatory reaction
or damage to surrounding muscles.

The Importance of Mast Cells and their Possible Function
(Fig. 4).-

It was noted by Duthie and Barker (1955b) that

there was an accumulation of mast cells, which were meta-

chromatic and contained radio active sulphur, both in the

medulla and in the periosteum adjacent to where the regenerative blastemata of a fracture were forming, and in one

particular area they were actually within an area of
differentiating
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differentiating mesenchymal cells, beside an early cartilage
blastema.

Since these mast cells appeared 48 hours after

the infliction of the fracture and persisted for the next
114

days, it was suggested that they were a reaction to the

trauma and might function by providing the chemical stimulus
to the subsequent events of regeneration.

Mast cells were first discovered and named by Ehrlich in
1879 and, because of the metachromatic property of their

granules, are most commonly seen in all connective tissue

when stained with toluidin blue.

But their morphology,

their staining properties and indeed their actual number may
vary under various pathological conditions (Riley, 1954).
They are thought to originate from the fibroblast cell

although their accumulation in tissues has been related to
lymphatic blockage by elephantiasis or to rupture of blood
vessels.

For the next sixty years, the mast cell was mainly of

histological interest until, in 1937, Jorpes et al. demonstrated the correlation of the heparin content of certain
tissue to the mast cell concentration:

because of this, they

suggested that this cell should be called a "heparinocyte ".
This work was confirmed by Oliver et al. (1947) who demon-

strated in a dog the high heparin content of a mastocytoma,
a tumour made up of mast cells in a fibrous stroma.

The

distribution of the mast cells in perivascular connective
tissue and in the adventitia of large blood vessels suggests

a vascular function for these cells.
concentrated

However, they are also
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concentrated in the synovial membranes of joint cavities and
in embryonic mesenchymal tissue destined to become

and,

joints

because of this, Asboe -Hansen (1951) has suggested that

they secrete a heparin-like precursor substance which, when
it

becomes deaülphated and acetylated, is hyaluronic acid.

This contains the basic components of glucuronic acid and the

amino -sugar glucosamine which is common to all mucopolyTo add to this histochemical picture, Riley

saccharides.

and West (1953) have correlated the mast cell count of
tissues to that of its histamine content and have shown
in conditions such as urticaria pigmentosa, and in mast cell
tumours, that the histamine content is abnormally high.

The

histochemistry of these important cells has been recently
reviewed by Asboe -Hansen (1951)

(1950.

,

McManus

(19514)

and Riley

Asboe -Hansen (1951) has also put forward evidence

to suggest that they may also be the source of the mucopoly-

saccharide complexes in the intercellular substances of
connective tissue.
It is conjectured that if mast cells secrete histamine,

this substance will play an important role in the demolition
of damaged cells.

By producing arteriolar and capillary

dilatation, increased permeability of vessel walls and

finally migration of cells,
vascularity

-

it

would alter the local

a reaction similar to some extent

the triple response of Lewis

(1927)

to that of

resulting from the

release of histamine or a related H- substance from damaged
cells.

According

_

According to Bensley

(
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1950) who has studied the effect

of testicular hyaluronidase on these cells and on the inter-

cellular sub stances of connective tissue, mast cells may form
the part of an enzyme substrate complex, and therefore it may

be this complex which forms the trigger mechanism or stimulus
for cellular differentiation.

Project of Study
The present work was undertaken to study in vivo:
(1)

The hormonal, nutritional, vascular, mechanical and

enzymic factors which may influence the metabolism of the

mucopolysaccharide complex, chondroitin sulphuric acid,
during the organic phase of bone repair.
(2) The

subsequent effects of such stimuli on the

histogenesis and the histochemistry of the organic matrix
at the fracture

site,

and the resulting ossification or

calcification.
(3)

The possible significance of the presence of mast

cells as a stimulating factor to the subsequent cellular

differentiation of regeneration.
(4.)

The process of resorption of the organic phase

during bone repair.

-3-MATERIALS

AND

METHOD

Animal Data
In these experiments

it

was decided to use white rats of

an Albino strain for the following reasons.

Because of

their small size, large numbers can be used and housed
economically, and only small dosages of drugs and radioactive

isotopes are required to achieve the desired effect, thus

minimising expense and radiation hazards both to the operator
and to the technicians concerned with their care.

Their

anatomy, nutritional requirements and the effects of numerous

hormonal and nutritional factors upon their structure and

metabolism were already known from previous experiments.

They are regarded as being less likely than the rabbit or
other experimental animals to develop sepsis or to exhibit

heterotopic ossification.

Although there may be minor

differences in species of the mammalian class, Urist and

Johnson

(194+3)

do not consider that there are any true

qualitative or specific differences in the process of bone
repair, and therefore results from the study of the rat are

referable to and are significant in studying similar problems
in man.
The main disadvantages of the rat are that growth at the

diaphyseo -epiphyseal line rarely ceases even at maturity, and
that the smallness of the animal produces some technical

difficulties from the operative point of view.

rocedure /

-
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Proce dure

Ninety-six rats, of both sexes, were used in 12 groups
of eight rats.

The groups were always from the same litter

and each rat weighed approximately 75 -100 g.

The preparation

of six groups before operation was as follows:
(1)

The "Oestrogen -treated" Series.-

-

These were

divided into two groups, one of eight males and the other of
eight females, and each rat received a weekly injection of
0.1 ml.

of a solution containing 0.5 mg. oestradiol dipro-

pionate (Organon Laboratories Ltd.) given intramuscularly
into the right leg, for four weeks before operation, after

which each was given a similar dose each week until the end
of the experiment.
(2)

The

"

Parathormone- treated" Series.-

This series

consisted of a group of eight rats of both sexes, and four
hours before fracture they were each given an injection of
300 U.S.P. units of Parathormone in 3 ml.

(Parathyroid

Extract, Eli Lilly & Co.) intrape rit oneally.
(3)

The "Thyroxin- treated" Series.-

This series con-

sisted of a group of eight rats, of both sexes, which were

given a daily injection of 0.5 ml. of an 0.002 M Na -HCO3
solution containing 5 jug. of crystalline L- Thyroxine sodium
(Light & Co. Ltd.) intramuscularly into the left leg for

seven days before operation;

a similar dose was given three

times a week during the remaining time of the experiments.
(i)

The "Hypervitaminosis A" Series.-

In this series

eight rats of both sexes each received an injection of

of /

1

ml.

-
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of a solution containing 60,000 i.ü. of Davitamon -A Forte

(Organon Laboratories, Ltd.) intramuscularly into the left
leg each day for seven days before operation and thereafter
a similar dose three times a

week until the end of the

experiment.
(5) The "Adrenoxyl- treated" Series.-

In this series

eight rats of both sexes each received an injection of 0.1 ml.
of a solution containing 0.01

mg. Adrenoxyl (Horlicks Ltd.)

intramuscularly into the right leg, four and two hours before
operation.

Operative Detail.-

Under ether anaesthesia the right

tibia of each animal was fractured with bone- cutting forceps
at the junction of the upper third and middle third to

achieve a uniform lesion.

Additional operative procedures

were carried out as follows:-

(6)

The

"Ligation" Series.-

In this group of eight rats

in addition to the infliction of a fracture on the right

tibia of each rat, the femoral vessels were ligated over the

medial aspect of each thigh and a circumferential suture,
subcutaneous in site, was passed and drawn tight around the
knee joint of the leg which was fractured.
(7) The

"Intramedullary Nail" Series.-

In this group

of eight rats, before the fracture was made, a stainless

steel pin was inserted from an area proximal to the tibial

tubercle, down through the medullary cavity of the tibia.

By bone -cutting forceps a fracture was then made around the

pin

-37pin in the tibia, and the position of the pin and of the
fracture was checked by radiography.
(8)

The "Hyaluronidase- treated" Series.-

In this

group of eight rats, after a fracture had been made

1

mg.

of Hyalase (Benger Laboratories Ltd.), containing 1000 Benger

units, was inserted into the fracture gap before the skin

was closed.

(9)

The

"Histamine- liberator" Series.-

In this group

of eight rats, after a fracture had been made a solution of
1

of sterile distilled water containing

ml.

1

mg.

of

Compound 18/80 (The Wellcome Research Laboratories) was
injected into each medullary cavity of the fractured bone,

before skin closure.
(10)

The "Chelator Agent- treated" Series.-

In this

group of eight rats, after fracture and 10 minutes before

sacrifice,

each rat was given an intraperitoneal injection

of 1.5 ml. of a solution containing 75 mg. of the trisodium

salts of ethylene -diamine tetra-acetic acid (Light & Co.

Ltd.).

One rat out of each of the above five groups was then

injected intraperitoneally with
saline

1

ml. of sterile normal

-
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saline containing 2000,uc. of radioactive

sulphur_

(35S)*

(20juc. /g. body weight) supplied by the Radiochemical Centre,

Amersham,

as a carrier-free sulphate in aqueous solution.

Twenty-four hours later these radioactive rats were killed

with chloroform, but shortly before death occurred a mixture
of arterial and venous blood was obtained by cutting the

carotid arteries and internal jugular veins in the neck
region.

This blood was then allowed to clot and the serum

examined for the calcium and inorganic phosphate contents by
the laboratory methods of Behrendt (1949) for the calcium

levels, and of Fiske and Subbarow (1925) for the inorganic

phosphates.

The fractured tibia and the normal tibia of

the opposite leg were then dissected out from each rat and

placed in 10 per cent. neutralised foxmalin solution.
The

*Physical Properties of Radioactive Sulphur 35 used in this
(Catalogue of the Radiochemical Centre, Amersham,
Wórk.
1955; British Journal of Radiology, Supplement No. 6.,
London, 1955;
recommendations of the International
Commission on Radiological Protection.)
Form.Sulphate containing a little sodium chloride
of pH 7 with carrier sulphate, not exceeding 100 mg. /ml.
in sterilised ampoules.
,

Decay.- Radioactive half-life (the time which is
required for the decay of half of the number of atoms
initially present) = 87.1 days.
Type of radiation. -

emission of 0.167 MeV without

gamma transitions.

Biological half -life (the time taken for removal of
half of the element from the organ by biological process)
= 22

days.

Critical organs of body (organ of body receiving the
isotope that results in greatest damage to the body) = skin.

_39The remaining rats were killed at intervals of 24 and
96 hours, 7,

1,

21

and 28 days after the operation of

fracturing, and 24 hours before death each rat in the group

was weighed and given an intraperitoneal injection of
201uc. /g. body weight of 35S.

A group of eight rats were kept

as

controls, and after

having received a fracture of the right tibia, were injected

intraperitoneally with radioactive sulphur and subsequently
killed at time intervals corresponding to the other series.

Subsequent Processing Procedure of the Fractured Bones

For cutting sections from undecalcified bone for subsequent autoradiographic and histological

studies, a method

was devised (Duthie, 1954) which avoided the decalcification
of the bone specimens caused by the usual acid processes.

This method also prevented loss of the radioactive isotope
as well as part of the structure of the organic matrix, and

the processing procedure was made as short as possible to

prevent further loss due to radioactive decay.

It was also

thought necessary that the section -cutting method should give
sections of about 10,t thickness to obtain full histological
detail, even though the undecalcified state of the bone made
it liable to

cut.

shatter, break or crumple when the section was

To prevent possible leaching out of the water -soluble

isotopes, floating out of the section on water had also to
be avoided.

Technique
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Technique of Preparation of the Sections

After the soft tissues had been cleared from around the
bone but not from the fracture site, the specimen was fixed
and dehydrated in neutralised formalin (fixatives containing

mercurial salts and iodine were

fond

to have an adverse

effect on the subsequent photographic processes) and in

successive concentrations of neutralised ethyl alcohol.

The

specimen was then infiltrated with a warm solution of ester

wax in Cellosolve for

21.E

hours, embedded in molten wax for a

similar period and then blocked out.

After rough trimming the block was mounted on the object
clamp of a base sledge microtome and further trimming was

carried out to the desired level.

Before each successive

section was cut, a strip of Sellotape was firmly placed on to
the surface of the block and the supported section obtained

by the cutting movement (Fig. 5).

With the section upper-

most the Sellotape was then firmly attached with Durafix
cement to a glass slide which had been prepared with a solu-

tion of gelatin (2 per cent.) and chrome alum (0.05 per cent.)
and dried before use.
The slide was then dewaxed and brought down to water by

passing

it

through a warmed solution of the solvent ethylene -

glycol- mono -butyl ether and successive concentrations of
isopropyl alcohol into methylated spirit and then into water.
At the outset of the work,

this technique was tested for

possible loss of radioactive material by counting two slides
from

SELLOTAPE TO FACE
OF BLOCK

Fig.

MICROSECTION HELD
BY SELLOTAPE

Diagram to show the method of securing
the section with Sellotape and the subsequent
cutting movement.
5.-
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from each specimen in a standard position under a thin
window of a type EHM

2

Geiger-Moller counter, before and afte

they were dewaxed and covered with photographic emulsion.
It was found that there was an increase in the counting rate

because of a binding effect on the isotope and also because
of the removal of the embedding wax which had absorbed the

low

energy particles.

In other recent work the technique

of decalcifying with nitric acid and the use of a micro -

autoradiographic method with Ilford Nuclear Research plates,

had resulted in "loss of radiosulphate from the sections"
(Amprino, 1955).

Preparation for Micro- autoradiography
The method used has been described (Duthie, 1954;

Duthie and Barker, 1955a), and consisted of the stripping
film technique of Pelc (1947) with few modifications.

The

slides and sections were covered with squares of Kodak

Autoradiographic Emulsion, floated out on distilled water,
and when almost dry the covered slides were placed in a

wooden slide box wrapped in black cloth and stored in a
light -tight cupboard at room temperature.

Exposure was then carried out, the duration being
estimated by sampling at frequent intervals at the beginning
of the experiment and by giving each animal a constant dosage

of 35S.

The exposure usually lasted for two weeks.

Photographic processing consisted of developing in a
solution of one part of Kodak D 19b solution of meth hydro quinone

-12ydroquinone to two parts of distilled water at approximately
65 °F.

After the covered sections had been thoroughly

rinsed in cold distilled water, fixation was carried out in
a solution of Johnson Fixsol in cold distilled water and

this was followed by thorough washing in cold running tap

water for about one hour.
Staining of the bone sections was then carried out
through the wet photographic emulsion with the buffered

toluidin blue -eosin stain of Lillie (1948), and the sections
were dehydrated through successive concentrations of alcohol
into xylol and then covered with glass cover slips with
D.P.X. as the mountant.

Staining of sections with the

stripping film technique has been described as difficult and
as requiring modifications (Phillips, 1955)

,

but the technique

used in the present study has been found satisfactory for

over two years.
In evolving this technique, control

sections from

normal rats were processed each time along with the radioactive sections to give an indication of the "background"

grain levels and to gain experience in recognising artefacts
which might be produced by both chemicAl and physical agents.

Pre.aration for Macro- autoradio ra.h
The method used has been described (Duthie and Barker,
1955a) and consisted of fixing the blocks of ester wax

containing the specimen from which the sections had been
obtained, against an Ilford Contrast Dental Film Type 15P on
a

/

a glass slide by a piece of Sellotape.

After the dental fi

had been exposed in a light -tight box for approximately one
week, this period being obtained by trial and error because
of the uncertain amount and distribution of the isotope in
the block, the films were developed and fixed by a method

similar to that described for the stripping film emulsion.

Preparation for Radiography
To indicate when bony union had taken place, the

mineralisation of the material was studied by an ordinary

X-ray procedure.

This consisted of placing the ester wax

blocks on to a wrapped sheet of Ilfex double- coated X -ray
film;

a short exposure at 60 kv. was then taken with the

"X -ray" tube at a distance of about five feet, the beam

current being 20 mA.

The exposed films were then processed

as previously described.

THE

CONTROL

SERIES

Enlarged prints (x

3)

of macro- autoradiographs,

with

35S seen as white areas ih fractured tibiae, compared with

enlarged radiographs (x 3) of the same bones (right of each
figure)

.

Fig. 6.-

The autoradiograph shows the deposition of the

radioactive sulphur in the articular cartilage, the epiphyses,

both layers of the periosteum and shaft, but no accumulation
around the fracture site.

Fig. 7.-

appearance is similar to

6,

except

that there is an increased deposition of 35S in the soft

tissues around the fracture site.

In the radiograph early

deposition of calcium salts is taking place subperiosteally.

Fig. 8.-

There is marked deposition of 35S in and

around the fracture site.

In the radiograph early

deposition of calcium salts is taking place subperiosteally.

Fig. 9.-

The typical deposition of 35S has persisted

except for a thin line across the healing fracture site.

The radiograph shows formation of the bony callus.

Fig.

6.-

Fig. 8.-

At

21-

hours.

At 7 days.

Fig. 7.-

Fig. 9.-

At 96

hoi

At 28 days.

RESULTS

Control Series illustrating the Normal Histochemical Pattern
of Bone Repair in Rats

Macro- autoradiography and Radiography
At 24 hours and 96 hours (Figs.

6

and 7):

Radioactive

sulphur was incorporated in the articular cartilage, the
epiphysis, both layers of the periosteum and down in the

medullary cavity, with a greater density in the proximal
fragment than in the distal fragment, but no accumulation in
the fracture site

At 7 days (Fig.

8):

A large amount of 35S was deposited

in and around the fracture site, and formed a globular mass

y extending in both directions along the periosteal and
medullary regions of the shaft.

In the radiograph there was

evidence of early deposition of opaque calcium phosphate salts

around the shaft in the region of the fracture and corres-

ponding closely to the shape of the radioactive area but much
less in extent.

At

11+ -21

days:

A gradual reduction in the amount of

adioactive sulphur occurred with further radiographic
evidence of the deposition of calcium salts to form the bony
callus.
At 28 days (Fig. 9):

Very little 35S was now present in

the fracture, but a radioactive zone surrounded a cyst -like

area adjacent to the fracture line.

calcium

A greater deposition of

calcium phosphate had taken place with marked bony callus
formation, especially on the convex side.

Micro- aut o ra dio grap hy
At

214

The cortical fragments of mature bone with

hours:

osteocytes in the lacunae, marrow cells and haematoma formation were the main components, with the ruptured layer of the

periosteum falling into the fracture defect (Fig. 10).
Neither metachromasia nor radioactivity was seen.

In the

proximal epiphyseal region of the tibia (Fig. 11) the five
phases of cartilage cell maturation were seen with the

differentiation of the chondroblast into the chondrocyte,

which subsequently grew larger with secretion of an intercellular substance.

The chondrocyte then disintegrated to

form cartilaginous remnants in a trabecular pattern between

which an upgrowth of thin-walled blood vessels and osteoblasts occurred, to produce bone.

The cartilage tissue

exhibited metachromasia and contained radioactive sulphur,
most marked in the mature chondroblast and chondrocyte.

At

148

hours and 96 hours:

Within the medullary cavity

the cells had dedifferentiated to form osteogenic cells of

the medullary blastema, and these had an elongated pale cyto-

plasm with large and basophilic nuclei.
area mast cells were numerous (Fig.

At 7 days:

Adjacent to this

12).

The cellular dedifferentiation had progressed

to form the periosteal blastema with aggregation and orienta-

tion of chondrocytes.

metachromasia /

The chondrocytes exhibited obvious

10.- Section through the fracture defect,
showing the periosteum falling in from the left,
across fragmented cortex; below this there are
bone marrow cells and on the right red blood cells
(Toluidin blue and eosin,
forming a haematoma.
x 100.)

Fig.

Fig. 11.-

Section through the proximal
epiphyseal region of the tibia, to show
the five phases of cartilage maturation
which exhibit metachromasia and contain
radioactive sulphur.
The subsequent
degeneration of cartilage with an upgrowth
of blood vessels and osteoblasts is seen
in the metaphyseal area.
(Toluidin blue
and eosin, x 150.)

Fig. 12.- Section through the fracture defect,
24 hours later, which shows the cortical fragments
Between these two areas there
and the medulla.
is a fan- shaped area consisting of differentiating
osteogenic cells, to form the medullary blastema.
(Toluidin blue and eosin, x 100.)

metachromasia and a high content of 35 S, the reaction being
most marked adjacent to the fracture (Figs. 13 and 14).
At 14 days:

Several areas of adult chondrocytes had

formed, and there was in one area the typical process of

endochondral ossification.

This consisted of chondrocyte

development and degeneration, with formation of cartilage
xannants which were surrounded by vascular tissue and osteo-

blasts.

The marrow cells had given rise to calcified

trabeculae, and numerous mast cells containing 35S were
present, particularly in the periosteal layer.
At 21 days:

The process of endochondral ossification

was more evident with the five phases of chondrocyte development and subsequent degeneration to form cartilaginous

remnants, which were surrounded by vascular tissue containing

osteoblastcells.

Metachromasia was present and radioactivit,

was exhibited by the cartilaginous tissue (Fig. 15).

Free

amorphous material was present in between the differentiating
areas.
At 28 days:

New bone formation from both regenerative

blastemata was marked, with only a thin zone of cartilage and
of mesenchymal tissue remaining in the fracture area.

Fig. 13.- Section at 7 days, to show the sweeping in of
the differentiating and hyperplastic periosteum from
the top left corner over the cortical bone.
Formation
of the metachromatic periosteal blastema, containing
black grains from its radioactive sulphur content, is
seen.
(Toluidin blue

Fig.

14.- Section through the same area, showing the
formation of mature chondrocytes which are exhibiting
metachromasia and a high content of radioactive
sulphur.
(Toluidin blue and eosin, x 400.)

Fig. 15.- Section 21 days after fracture through
three areas of endochondral ossification,

between which there is amorphous intercellular
material; mesenchymal cells are sweeping into
this area.

1.

THE "OESTROGEN -TREATED" SERIES

Enlarged prints (x

3)

of macro-autoradiographs with

35 S in fractured tibiae, after oestrogen administration,

compared with enlarged radiographs (x
(right of each figure)

Fig. 16.-

3)

of same bones

.

Showing the usual pattern of deposition of

35S, with no accumulation in the fracture site.

Fig. 17.-

There is increased deposition of 35S around

the fracture and in the soft tissues,

in amount in Fig.

Fig.

19.-

and this is increased

18.

Showing the narrowing of the proximal

epiphyseal plate with less deposition of radioactive sulphur
and leaving only a thin line of radioactivity across the
fracture.

In the radiograph, the formation of the bony

callus is seen.

Fig.

16.-

At

Fig.

18.-

At 7 days.

21+

hours.

Fig. 17.-

Fig.

19.-

At 96 hours.

At 28 days.
1
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Treated Series
1.

"Oestrogen- treated" Series

Although a group of male and a group of female rats were

prepared and studied separately, no qualitative or quantitative difference was noted and therefore the results from each

group are recorded together.

Macro -autoradio

h

and Radio ra.h

At 24 hours (Fig. 16):

The usual distribution of radio-

active sulphur was seen throughout the components of the
tibia, but there was no accumulation in the fracture site and
less in the distal than in the proximal fragment.

At 96 hours (Fig.

17):

There was an increased desposi-

tion of 35S in the periosteal region, extending along the
shaft of the tibia.

At

7

days (Fig. 18) and 14 days:

deposition of the radioactive

There was a greater

isotope in and around the

fracture site, especially around the fibular defect, with

broadening of the diaphysis above and below.

In the radio-

graph the areas of deposition of bone salt corresponded to th

area

of radioactivity.
At 21 days:

Much less 35S was seen.

Narrowing of the

epiphyseal plate was present, and there was an increased
deposition of calcium phosphate complexes in and around both
fracture sites, especially on the concave side, but union was
complete.
At /
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At 28 days (Fig. 19):

Union by bone was not complete and

only a thin line of radioactivity remained across the
fracture.

Narrowing of the proximal epiphyseal plate was

marked.

Micro-autoradio graphy
At 24 hours:

An obvious fracture defect was seen with

fragments of cortical bone and marrow cells, and the fracture
haematoma was present both in the medullary and subperiosteal
regions.

No mast cells were seen within the marrow cells,

but were plentiful along the outer layer of the periosteum
outside the haematoma.

Some broadening by cellular hyper -

plasia had occurred in the inner cambial layer of the per iosteum, and in this area a group of mast cells was present
(Fig. 20).

NTo

metachromasia or radioactivity was seen.

The epiphyseal plate region appeared normal, with the usual

five phases of chondrogenesis and degeneration into trabeculae
of cartilage with surrounding osteoblasts and blood vessels
(Fig. 21).

In this region metachromasia and radioactivity

appeared in normal quantities and location (Fig. 22).
At 96 hours:

In the region of the fracture defect

hyperplasia and differentiation of the cells of the inner
cambial layer of the periosteum had begun to form small islet
of enlarged globular cells with surrounding halos of meta -

chromatic and radioactive material (Figs. 23 and 24).

chondrocytes were present.

There was no evidence of cellular

differentiation to form the medullary blastema or of the
presence

Early

Fig. 20.Section through fracture, showing
cortical fragment, with cellular hyperplasia
of inner layer of periosteum which contains
mast cells.
(x 100.)

Fig. 21.-

Section of the
epiphyseal region which
appears normal.
(x 100.)

Fig. 22.- Section of same
area to show the black
grains due to the content
of radioactive sulphur.
(x

W O.)

Fig. 23.- Section 48 hours later, to show
further differentiation of cells of the
periosteum over the fractured margin of
the cortex.
(x 100.)

Section through middle of this area,
showing the formation of islets of enlarged
globular cells with surrounding halos of
metachromatic and radioactive material.

Fig. 24.-

(x 400.)

-49presence of any increase in the number of mast cells in the
marrow.
At 7 days:

A more advanced picture of differentiation

was seen with larger islands of cartilage cells or mature
chondrocytes which were radioactive and exhibited meta chromatic halos (Fig. 25), and with the appearance of osteoid
tissue in the medullary cavity which now contained mast cells
(Fig. 26)

.

At 14 days and

21

days:

The process of endochondral

ossification was seen in several areas, with columns of
mature chondrocytes and trabeculae of degenerating cartilage

running out from the islands of chondroblasts which were

invaded by blood vessels and osteoblasts (Fig. 27).

The

cartilage and its matrix were metachromatic and radioactive
(Fig.

28)

.

In the medulla, islands of calcified trabeculae

extended in amongst the marrow cells which contained mast
cells.

The epiphyseal plate was narrow and disorientated

but showed radioactivity, and the disintegrating trabeculae
of cartilage were extending far

(Figs.

29 and 30)

At 28 days:

doi

into the metaphysis

.

Only one island of cartilage was noted in

amongst widespread calcified osteoid tissue (Fig. 31).

No

definite evidence of any fracture line or of any reconstitution of the medullary cavity was seen.

Consideration

Fig. 25.Section at 7 days, to show larger
islands of cartilage cells which are
radioactive and exhibit metachromatic halos.
(x 400.)

Fig. 26.Section through different area,
showing the appearance of osteoid tissue
in the medullary cavity.

Section through similar area, but
to show the process Of
endóchondral ossification with columns of
mature chondrocytes running out to the left.

Fig.

27.-

7 days later,

(x 100.)

Similar section, showing mature
cartilage cells on the right with a
radioactive content of 35S and
metachromatic halos.

Fig. 28.-

Section to show the
narrowed epiphyseal region
at 21 days, with the trabeculae extending far down into
the metaphysis.
(x 100.)

Fig. 29.-

Similar
section showing radioactive content as black
(x 400.)
grains.

Fig. 30.-

Fig. 31.- Section which shows widespread
calcified osteoid tissue with cartilage
(x 200.)
cells on the right.

-
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Consideration of the Serum Calcium and Phos hate Levels
Resulting from 0estro ens
Throughout the experiment a reversal of the calcium to
the phosphate levels was seen, with depression of both these

levels to below the average of a corresponding group of

control rats.

This effect was constant in all the treated

rats but the reversal was greater in the female (Fig.

32)

and the amount of depression below the normal level was less
in the male (Fig. 33).

Discussion
The influence of sex hormones on bone has been of

interest since the report by Kyes and Potter (19310 on the
effect of oestrogens in the female pigeon.

However, their

findings of new-bone formation and subsequent resorptive

destruction in birds are closely related to the function of

providing calcium for the formation of the eggshell and
therefore are not referable to other animals.

In 1938,

Gardner and Pfeiffer claimed that the influence of oestrogen
and androgen on the skeletal system of small mammals increased
the thickness of the cortical walls by endosteal bone forma-

tion, but this result was not confirmed by Bell and Cuthbert -

son (1943).

Urist et al. (1948), studying the effect of

oestrogens in mice and rats,

showed that in the rat this

hormone specifically acts on the process of endochondral

ossification with inhibition of the resorption of the

metaphyseal bone.
There
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14

AFTER

FRACTURE

PHOSPHATES
OF
OF

NORMAL
NORMAL

INORGANIC
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Diagram showing almost similar
patterns of calcium and inorganic phosphate
levels, although the depression to below the
average levels is not so great.
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There is still much uncertainty regarding the exact role
and importance of sex hormones in bone growth, with many

contradictory observations resulting from the use of
different species of animal, and there is even less information on their effect, if any, on bone repair.

Brush (1945)

,

According to

an injection of stilboestro î_ may produce a

slight retardation in the healing of a fracture in the rat.
In a study of fracture repair in the rabbit, Moffatt and

Francis (1955) recorded a delay due to retardation in the
calcification rather than in the formation of osteoid tissue,
with inhibition of the resorption of the endosteal bone;
but they did not start the administration of diethylstil-

boestrol in Persic oil until immediately after the fracture
procedure, and therefore the early organic phase of repair
could not have been affected by the hormone.

Although in the present study a systemic effect of the
oestrogen hormone was demonstrated by an alteration in blood
chemistry, bone repair proceeded normally with the formation
of periosteal and medullary blastemata, and through these

endochondral and intramembranous
union.

ossification to give bone

The differentiation and metabolism of the cartilage

cells were normal, with normal metachromasia and utilisation
of radioactive sulphur.

Abnormality was recorded in the

epiphyseal plate region where there was narrowing of the five

phases of cartilage development and degeneration, and
extension of trabeculae of cartilaginous remnants into the
metaphysis below the normal level.
radioactive

The metachromasia and

52
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radioactive content of the regenerating cartilage masses

were normal.

A similar effect in the middle zone of the epiphyseal
plate has been produced experimentally by the injection of
oestrogens (Gardner and Pfeiffer,

1943), by the injection of

cortisone (Duthie and Barker, 1955b) and by the radiation of

injected radioactive phosphorus

321°.

(Warren et al., 1950).

It is therefore suggested that, because of their rapid

proliferation and differentiation, these cells are vulnerable
to any form of hormonal or vitamin imbalance and even to

physical trauma, and this is not related to any specific
effect of these agents.

The increased sensitivity or

vulnerability of the epiphyseal plate to oestrogens, in
contrast to the resistance of the process of bone repair
through the normal cartilage blastema, is of interest and

emphasises the independence of the metabolism of this
regenerating blastema to an extrinsic factor.
Therefore it is suggested that any abnormality resulting
from the administration of large doses of oestrogen hormone
in the rat is due to some derangenent in the mechanism of

calcification rather than in the formation of the cartilage

matrix or the function of chondroitin sulphuric acid as a
calcium -phosphate acceptor.

This may explain the failure of

oestrogens to improve the calcium density of bones in the

condition of senile or post- menopausal osteoporosis in
humans, which is now regarded as a disease primarily affectin
the bone matrix.

However, McLean and Urist (1955) emphasise

that the results from the injection of oestrogens into rats
and other animals should not be applied to man.

2.

TEE "PARATHORMONE- TREATED" SERIES

Enlarged prints (x

3)

of macro -autoradiographs, with

355, after the injection of parathormone, compared with

enlarged radiographs (x

3)

of the same bones (right of each

figure).

Fi

s.

3t+

and 35.-

Showing the usual pattern of

deposition of 35S with no accumulation in the fracture site.

Fig.

36.-

There is an increased deposition of radio-

active sulphur in and around the fracture site, especially
in the periosteal layer.

Fig. 37.

The deposition of 35S is less in the fracture

area, with the normal distribution in the other region.of the
tibia.

Bony union is almost complete in the radiograph.

Fig. 34-.-

At 24 hours.

Fig. 36.-

At 7 days.

Fig.

37.-

At 28 dayL.
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The "Parathormone -treated" Series

!acro- autoradiography and Radiography

At 24 hours (Fig. 34)

The distribution of 35S through-

:

out the various components of the tibia was similar to that

in the fractured tibia of the control rat and was seen in the

epiphyseal and articular cartilages and in both layers of the
it was less in the distal than in the

periosteum;

proximal

fragment and there was no accumulation in the fracture defect

At 96 hours (Fig. 35):

The pattern was similar to that

at 24 hours.

At 7 days (Fig. 36):

A large amount of radioactive

sulphur was deposited in and around the fracture, especially
in the periosteal layers which appeared to have been lifted

up and away from the cortex.

At

11+

days and 21 days:

The deposition of 35S was less

extensive and the radiograph showed a corresponding deposition
of calcium salts into areas occupied

by the radioactive

content.

At 28 days (Fig. 37):

There was the normal distribution

of 35S in the various bone components of epiphyseal and

articular cartilage, and in the medulla.

Normal amounts

were seen around the healed fracture site which appeared

globular in shape, and bony union was seen in the radiograph.

Micro- autoradiography
At

2)}

hours:

The usual components surrounding a fractur

defect were seen, with cortical fragments, slight haematoma

formation,

-54formation, and periosteum of two layers

-

an outer fibrous

tissue layer and an inner layer of osteogenic cells.
In the distal epiphyseal region, the five phases of

endochondral ossification were seen.

Immature chondroblasts

had become chondrocytes, with the secretion of intercellular
substance or matrix;

disintegration of the mature cartilage

cells occurred with the invasion of blood vessels and osteo-

blasts, but the depth of this process was reduced.

Immed-

iately adjacent to this area of disintegration, extensive
and early deposition of bone was present around the trabecula
of calcified cartilage, with numerous osteoblasts (Fig.

38).

No osteoclasts were seen.
At 96 hours:

There was marked hyperplasia and de-

differentiation of the inner or cambial layer of periosteum
39), which contained some mast

(Fig.

cells (Fig. 4o).

The

periosteal cells were larger than normal and their globular
shape was exaggerated by the secretion of a surrounding meta -

chromatic and radioactive intercellular substance.

especially seen near the fractured bone.

This was

This reaction of

differentiation extended up the shaft away from the fracture
No differentiation of the medullary cells was noted,

line.

although mast cells were present in the marrow.
The appearances in the region of the epiphyseal plate

were similar to those at 24 hours.

At

7 days:

Cellular proliferation had progressed to

form the typical periosteal blastema with aggregation of
mature

ïr.

Section through the
distal epiphyseal region at
21.E hours,
showing the five
phases of endochondral
ossification with early and
extensive deposition of new
bone around the trabeculae of.
(x 100.
cartilage.

Fig.: 38.-

Fig. 39.- Section through fracture area at
96 hours, showing the marked hyperplasia
and cellular differentiation of the
periosteum.
(x 100.)

Fig. 40.- Section of same area, to show a
group of mast cells in the differentiating
periosteal layer.
(x 400.)

-55mature chondrocytes exhibiting obvious metachromasia and

having a high concentration of 35S (Fig. 41).

marked adjacent to the fracture.

This was most

The epiphyseal plate

appeared normal.
At

1)+

days:

There were large areas of cartilaginous

masses, exhibiting metachromasia and a high content of radio-

active sulphur (Fig. 42)

and in several places endochondral

ossification was taking place around trabeculae of cartilage
In one area there was loss of the normal cartilage

remnants.

cell outline with liberation of free amorphous metachromatic

material containing outlines of empty cartilage cells
(Fig. 43)

.

At 21 days and 28 days:

Apart from several small areas

of cartilage surrounded by trabeculae of degenerated cartilage

and osteoblasts, and of fibrous tissue, the periosteal

blastema had disappeared and bony union was almost complete,
although the marrow was not reconstituted.

Results of Estimations of Serum Calcium and Inorganic

Phosphates
These levels were estimated primarily to indicate

whether the dosage and absorption of the drugs had been
adequate to produce a definite systemic effect and therefore
a possible local effect on the bone under study.

It was

noted that there was a reversal in the levels of serum
calcium and inorganic phosphates, the concentrations of which

had been obtained from a group of 10 normal rats;
resulted

this had

Section of same area at 7 days,
showing chondrocytes of the periosteal
blastema.
(x 100.)

Fig. 41 -.-

Fig. 42.Section from same area at 14 days,
to show radioactive sulphur content as black
grains in the cartilage cells.
(x 400.)

Fig. 43.- Section similar to above except
that an area is shown with loss of normal
cartilage appearance and free amorphous
(x 200.)
material.
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resulted from the diet which was abundant in phosphorus but
poor in calcium, and also from the immaturity of the rats.
Engfeldt (1950) found that this proportion of phosphorus and

calcium in the diet produced a state of hyperactivity of the
parathyroids and a lowering of the serum calcium levels, and
this effect therefore was augmented in the rats treated by

parathormone in the present experiment.
Twenty -four hours after the injection of the parathyroid
extract, the serum calcium was within normal limits in each
rat, but in four rats there was a reversal of the phosphate -

calcium levels with a marked depression of the inorganic

phosphates (Fig. 44).

McLean et al.

(19L16)

demonstrated

that following a toxic dose of parathyroid extract in a dog

there was a return to normal of the serum calcium within 28
hours, although the serum phosphates still remained high;
this effect on the serum calcium was confirmed by the present

study in rats.

Two rats exhibited serum calcium and

phosphate levels which were only slightly lower than the

average levels from normal controls.

This change may have

been caused by the ageing of the rat during the experiment or

by other unknown factors.

Discussion
In 1925 Collip extracted from parathyroid glands an

active substance which, when injected into dogs, produced

marked hypercalcaemia.

This discovery led to many investi-

gations to determine the hormonal mechanism of the
parathyroids:
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Fig. )1)1.- Diagram to illustrate the reversal of
the levels of serum inorganic phosphate and
serum calcium with a marked depression of the
phosphate levels in the first four rats of the
experiment.
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parathyroids:
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a historical survey of this work has been made

by Engfeldt (1950).

However, there still remains a con-

siderable difference of opinion concerning the action of this

hormone on bone, although it is now generally considered to
have a direct or specific action on bone in which there is

primary disturbance in the bone cells, leading to decalcification and liberation of the calcium ion and the phosphate ion.
The latter is excreted by the kidneys selectively, but this

does not necessarily indicate that the action of parathormone

on bone issecondary to its effect upon the excretion of

phosphates by the kidneys (McLean and Urist, 1955).

Since

the main interest of the present study is the local histo-

chemical effect of the parathyroid hormone on bone tissue

during repair, no further consideration will be given to its
systemic action.
The cellular transformations resulting from injections

of toxic dosages of this hormone have been extensively studied
for many years in most experimental animals.

Heller et al.

(1950) have recorded their results following the injection of
a single

the rat.

toxic dose in several animals, but particularly in

With a single injection of 500 Lu. of parathormone

they noted death of osteocytes, osteoblasts and haemopoietic
cells, and subsequent reversal of the functions of the sur-

viving mesenchymal cells, as well as resorption of the
spongiosa followed by extensive deposition of new bone within
48 hours.

Chondrogenesis and calcification of the inter-

cellular matrix were unaffected, and the vascular invasion of

Phase

-

(Phase V, that is,
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degeneration of the mature cartilage cells,

was averted.
This histological effect of parathormone on the healing
of fractures has been described by Dragstedt and Kearns (1932)

and they concluded that its administration did not facilitate

bone repair in animals which had normal parathyroid activity.

Carnes (1950) considered that this hormone could destroy

bone matrix irrespective of the mineral content

,

and that it

might induce calcification in both cartilage and osteoid

matrix.
The effect of an injection of parathyroid extract on the

ground substance of bone was estimated by Engel et al. (1953)
from the serum microprotein and urinary mucoprotein levels.
Mucoproteins or glycoproteins are protein- carbohydrates which
form an important component of the osseous ground substance
but have not been chemically identified with the chondroitin
sulphates.

It was found that after an injection of 300 units

of this hormone the serum mucoproteins rose steadily to a

maximum level in about 30 hours and the urinary excretion of
these substances increased.

It was suggested that these

effects represented a "leaching out" of the soluble residues
of the ground substance in bone and cartilage by some

depolymerising enzyme from the stimulated mesenchymal cells.
In the present study, the particular interest lay in the

effects of a single toxic dose of parathormone on the histochemistry of the ossification process, and in any effect it
might have produced on the chondroitin sulphuric acid which

was

-59was "labelled" by its metachromasia and by its utilisation of
radioactive sulphur.
The primary effect was seen in the growth process of the

distal epiphyseal plate.

The process of endochondral

ossifi-

cation was complete and there was extensive early but abnormal
deposition of bone around. the trabeculae of degenerating

cartilage below the zone of mature chondrocytes of the normal
development of this area.

In the fracture site, formation

of the periosteal blastema was rapid and normal, with normal

metabolism of chondroitin sulphuric acid, but it was only
after

11+

days that abnormality was noted.

Endochondral

ossification proceeded rapidly by increased osteoblastic
activity except in one area where the chondrogenesis process

had failed to mature and where there had been disintegration
of chondrocytes with liberation of free amorphous and meta,

chromatic material which contained the outlines of the empty

cartilage cells.

Except for this last observation of failur

in maturation of the cells to form normal matrix, these

histological results agree with those of Heller et al.

(1950).

With regard to the metabolism of chondroitin sulphuric
acid by the cartilage cells of the epiphyseal plate and the

periosteal blastema, it was clearly seen that there was no
disturbance except in one area where the substance had been
liberated, before the normal ossifying process had taken

place,'

by the invasion of blood vessels which were not a prominent
feature histologically.

Although Engel and his co- workers

considered that there was a "disaggregation of the glycoprot e in

-6o-

protein ground substance" and the production of soluble
carbohydrates,
not

chondroitin sulphuric acid, which although

identifiable with, has chemical similarity to this group

of mucoproteins,

by parathormone.

did not appear to have become "disaggregatedt

Indeed, during the ossification process

the hormone appeared to have hastened calcification by

increased osteoblastic activity, and possibly by aiding the

depolymerisation of chondroitin sulphuric acid to act as the
calcium -phosphate acceptor.

THE "THYROXIN- TREATED" SERIES

Enlarged prints (x

3) of

macro -autoradiographs, with

35S after thyroxin administration, compared with enlarged

radiographs (x

Fig. 45.-

3)

of the same bones (right of each figure).

Showing the usual pattern of deposition of

35S with
no accumulation in the fracture site.

Fig. 46.-

A similar pattern of radioactivity

is seen,

but in the radiograph a large bony defect is present.

Fig. 47.-

There is an increased deposition of radio-

active sulphur in and around the fractures of the tibia and
fibula, and in the radiograph early deposition of opaque

calcium phosphates is seen in areas corresponding in shape to
those of the radioactive areas.

Fig. 48.-

Less deposition of radioactive sulphur with

only a thin layer across the fracture line is seen, with

formation of bony callus in the radiograph.

Fig. 45.-

At 24 hours.

Fig. 46.-

At 96 hours.

Fig. 47.-

At 7 days.

Fig. 48.-

At 28 day
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The "Thyroxin -treated "Series

Macro -aut oradiography and Radiography
At 24 hours (Fig. 45)

The distribution of 35S through-

:

out the various components of the tibia was seen, with no

accumulation in the fracture defect and less in the distal
than in the proximal fragment.
The pattern was similar to that

At 96 hours (Fig. 46):
at 24 hours, except

that the radiograph now demonstrated a

large bone defect.
At 7 days (Fig. 47)

A large amount of radioactive

:

sulphur was deposited in and around the fractures of the tibia
and fibula which were closely associated, and this was marked

especially on the concave side and in the periosteal regions
of the shaft.

In the radiograph there was evidence of the

early deposition of opaque calcium salts in the subperiosteal
regions of the tibia and fibula, which corresponded closely
to the shape of the radioactive areas but was much less in

extent.
At 14 days and 21 days:

The deposition of 35S was less

extensive and restricted to a thin area across the fracture
line with an increase in the width of the diaphysis at this

level.

This appearance was also seen in the radiograph,

together with further deposition of calcium salts to form the

bony callus.
At 28 days (Fig. 48)

:

Very little 35S was present in

the fracture and bony union had advanced further, especially

on

62
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n the concave side and around the fibular defect.

The

broadening of the tibial diaphysis due to the external callus
elow the fracture was much more marked.

iicro- autoradioara h

At 24 hours:

The cortical fragments of mature bone, the

arrow cells and haematoma formation were the main components
of the fracture, with the ruptured layer of periosteum lying

across the broken ends (Fig.

Early hyperplasia of the

4(9).

inner layer of the periosteum was taking place, with early

metachromasia but no radioactivity.

Mast cells were most

obvious in the mesenchymal tissues outside the periosteum
(Fig. 50), but none was present in the marrow.

In the

epiphyseal plate, the normal process of endochondral ossification was seen with normal metachromasia and radioactivity.
At 96 hours:

There was marked hyperplasia and dediffer-

entiation of the inner or cambial layer of periosteum, with
change into a globular shape of the usual elongated osteogeni

cells (Fig. 51).

Accompanying this differentiation these

cells secreted a metachromatic and radioactive intercellular

substance which augmented the change in morphological appearance of the cells (Fig. 52).

Mast cells were now numerous

in distribution in the marrow, but no differentiation within
the medulla was noted (Fig.

53).

Muscular tissue differ-

entiation and metachromasia were seen.
At /

Fig. 1+9.-

Section, at 24. hours, showing the
ruptured layer of periosteum falling over
the fragmented cortical bone on the left.
(x 100.)

Fig. 50.Section outside this area to show
a group of mast cells in the mesenchymal
cells outside the periosteum.
(x 200.)

Fig. 51.-

Section, at 96 hours, showing the
hyperplasia and differentiation of the periosteum
to form chondroblasts over the fragmented cortex,
top left.

(x 100.)

Fig. 52.-

Section through same area, to show the
radioactive intercellular substance around the
differentiating cells.
(x 200.)

Fig. 53.Section through the medullary region,
showing numerous mast cells, but no differentiation.
(x 100.)

-63All these features of the formation of the

At 7 days:

periosteal blastema were more marked (Fig. 54), but as yet no
endochondral ossification was seen.

Cellular differentiatio

had occurred to form the medulla blastema with osteoid tissue
Areas of endochondral ossification were now

At 14 days:

observed with the phases of chondrocyte development and
degeneration, and formation of trabeculae of cartilaginous

remnants which were surrounded by osteoblasts and vascular
tissue (Fig. 55).

The marrow which contained numerous mast

cells had given rise to calcified trabeculae (Fig. 56)

.

Metachromasia was marked although the utilisation of
radioactive sulphur was slightly diminished in amount (Fig.
57).

Mesenchymal cells from the periosteum were still seen

sweeping into the fracture area and differentiating.
At 21 days:

a similar although advanced pattern of

endochondral ossification was noted (Fig. 58).
At 28 days:

Several small areas undergoing endochondral

ossification were seen, and new bone formation was obvious
without any fibrous tissue.

Discussion
Experimentally, thyroxin has been shown to stimulate the
maturation of skeletal tissue rather than to have any direct
effect upon skeletal growth (Asling et al., 1951);

to produc

premature closure of proximal tibial epiphyses (Smith and
McLean, 1938);

ossification

and to accelerate the appearance of

Fig. 54.- Section, at 7 days, showing the
differentiation of the periosteal cells into
the periosteal blastema on left.
(x 200.)

Fig. 55.-

Section, at 14 days, to show areas of
endochondral ossification, with calcification of
the trabeculae of degenerating cartilage which are
surrounded by osteoblasts and blood vessels. (x 100.)

Section, at 14 days, of the medullary
blastema showing the formation of osteoid tissue.

Fig. 56.-

(x 200.)

Fig. 57.- Section through area of chondrocytes
at 14 days to show the metachromatic halos
and the radioactive content of 35S.
(x 1+00.)

Section through a similar area of
endochondral ossification, showing the
radioactive content of the mature chondrocyte
and commencing degeneration on the right.

Fig. 58.-

(x 400.)

-
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ossification centres in suckling rats (Noback et al., 1949).

Further histological consideration of the action of this
hormone in growing animals (Silberberg and Silberberg, 19-9)
has shown that there is stimulation of already formed

cartilage in the process of chondrogenesis with an acceleration of the process of epiphyseo- diaphyseal union, which they

liken to the process of skeletal ageing.

However, there have been few reports on the effect of
this hormone on the healing of fractures, except for the work
of Brush (1945) who found a slight but non -specific retarda-

tion of the healing process.

In the present study, in which almost toxic doses of
thyroxin (over 5/1g., Asling et al., 1951) were given to
produce a state of hyperthyroidism and possible atrophy in the

thyroid gland, the cellular pattern of healing with the forma

-+

tion of both periosteal and medullary blastemata appeared to
be accelerated.

This may have resulted from a direct effect

of the thyroxin on the mast cells, since Asboe- Hansen (1954)
considers that with an increase in thyrotopic activity there
is an increase in the

number of the mast cells and the

secretion of a hyaluronidase- sensitive mucopolysaccharide.
In the present experiment a physical increase in the number of

mast cells was not observed.

Acceleration was most notice-

able in the early and marked hyperplasia and dedifferentiation

of cells of the periosteum, and subsequently during the

process of endochondral ossification.

The secretion of

chondroitin sulphuric acid indicated by metachromasia appeared
normal

-65normal in amount and in time of appearance, but the labelling
of this substance by radioactive sulphur was seen to be

slightly diminished in amount.

This effect of thyroxin on

the deposition of 35S was also noted in the epiphyseal plate

region and has been recorded by Dziewiatkowski (1951b) in the
articular cartilage of

7 -day-old rats.

He considered that

this effect was probably caused by acceleration of the

maturation and differentiation of the cartilage cells

producing a greater turnover of the isotope.

The process

was one of stimulation of the cellular differentiation rather

than of any quantitative increase in the amount of intercellular substance or chondroitin sulphuric acid produced,
and therefore the final amount of bone to give union was also

normal in amount.

It is unlikely that any increase in

osteoblastic activity or any increase in vascularity was a

primary cause in accelerating the process of ossification.

4.

THE "HYPERVITA1vIINOSIS A"

SERIES

Enlarged prints (x
35S

3)

ofmacro -autoradiographs

with

after the administration of vitamin A concentrate,

compared with enlarged radiographs (x

3)

of the same bones

(right of each figure).

Fig. 59.35S

Showing the usual pattern of deposition

of

with no accumulation in the fracture.

Fig. 60.-

A pattern similar to the earlier one is

Fig. 61.-

There is an increase in the deposition of:

seen.

35S

in and around the fracture site and extending across the

fracture, with lifting of the periosteum.

In the radiograph

early deposition of calcium salts can be seen.

Fig. 62.-

Bony union is complete without any deposition

of 35S in the fracture area.

Fig.

59.-

Fig. 61.-

At 24 hours.

Fig. 60.-

At 96 hours.

At 7 days.

Fig. 62.-

At 28 daÿs.
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4.

The "Hypervitaminoses A" Series

After treatment with vitamin A concentrate the rats were
seen to be undersized, emaciated and several showed

dried

blood and scabbing at the nostrils.

Macro- autoradiography and Radiography
At 24 hours (Fig. 59) and 96 hours (Fig. 60):

The dis-

tribution of 35S throughout the various components of the
tibia was normal, with no accumulation in the fracture defect
and less in the distal than in the proximal fragment.
At 7 days (Fig. 61)

:

A large amount of radioactive

sulphur was distributed in and around the fracture site in
the tibia and the fibula and extended across the fracture

There was obvious lifting of the periosteum with

line.

increased distribution in the subperiosteal layer.

In the

radiograph an early deposition of bone salts was seen in
areas corresponding to the distribution of 35S.
At 14 days:

An increased amount of 35S was seen across

the fracture line with broadening of the diaphysis on each

Further deposition of bone salts was recorded

side of it.
in this area.
At 21

days:

Much less 35S was seen and only as a thin

line across the fracture.

Bony union was taking place with

formation of new bone particularly on the concave side of the
tibia.
At 28 days (Fig. 62):

Bony union was complete, without

any deposition of radioactive sulphur in the fracture area.
Micro-

-
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Micro -aut oradiography
At 24 hours:

The fracture defect was obvious with

cortical fragments of mature bone, containing adult bone cells
in lacunae, marrow,

formation.

and mast cells and minimal haematoma

There was some widening of the periosteum from

cellular hyperplasia

arx3

differentiation, but neither meta-

chromasia nor radioactivity was noted.
At 96 hours:

Further hyperplasia and differentiation of

the cells of the periosteal layer were seen but as yet only

minimal metachromasia was present (Fig. 63)

.

Some radio-

activity was present in this area but no chondroblastic cells

were recognised.
At 7 days:

More advanced differentiation was seen to

form the periosteal blastema with cartilage cells which
exhibited metachromasia and a high content of 35S.

The

medullary blastema of osteoid tissue had appeared, but
without metachromasia or obvious radioactive content.
cells staining metachromatic and having

35S

Mast

content were

noted in the periosteal layers (Fig. 64).
At 14 days and 21

days:

The complete endochondral

ossification process was taking place with development of
metachromatic and radioactive chondroblasts, but the
trabeculae of degenerating cartilage were irregular (Figs.
65 and 66) with the

invasion of blood vessels;

osteoblasts

were reduced in amount and abnormal in appearance.

Osteoid

tissue and calcified trabeculae were formed in an irregular
pattern.

Fig. 63.-

action, at 96 hours, showing the
early differentiation of periosteum over the
fragmented cortex on left.
(x 100.)

Fig. 64.- Section, at 7 days, to show the mast
cells and their content of radioactive sulphur,
in the periosteal layers.
(x 200.)

Section of area exhibiting endochondral ossification, with irregularity
of the trabeculae of degenerating cartilage.

Fig. 65.-

(x 100.)

-
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Fig. 66.- Section of sale area to show the
irregular breakdown of mature chondrocytes
with liberation of amorphous, intercellular
(x 200.)
substance.
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pattern.

The formation of osteoid tissue by the medullary

blastema was also noted, intermingling with the endochondral
process and the undifferentiated areas of mesenchymal cells
(Figs..67 and 68).

The depth of the epiphyseal plate was

reduced, with increased fragmentation to produce irregular

trabeculae which extended abnormally far down into the marrow
of the diaphysis

(Fig.

69) but which exhibited radioactivity

and normal metachromasia.
At 28 days:

Bony union was complete with re-establish-

ment of the continuity of the cortex.

Discussion

By the administration of a highly potent concentration
of vitamin A, Collazo and Rodriquez (1933) demonstrated the

production of fractures of the long bones of the leg and of
the shoulder in rats.

In similar experiments, Moore and

Wang (1945) found the occurrence of fractures, detachment

of

epiphyses and ankylosis of the ends of bones with the formation of callus, as well as haemorrhages and exophthalmos,
emaciation,

loss of hair and motor paralysis of the hind legs.

On the other hand, vitamin A deficiency has been observed to

retard the epiphyseal cartilage sequences during bone growth
(Wolbach and Bessey, 1942) and therefore this vitamin is

exceptional in having both an accelerating and a retarding
effect on bone growth.

More

Fig. 67.-

Section, at 21 days, through the
healing fracture site, to show the medullary
blastema of osteoid tissue with marrow cells
on left and cartilage cells from the periosteum
on right.
(x 100.)

Section through sane area to show the
cartilage cells of the periosteal blastema
intermingling with the osteoid tissue of the
(x 200.)
medullary blastema.

Fig. 68.-

Section through the
proximal epiphyseal region of
the tibia to show the reduction
in depth of the epiphyseal plate
and the irregular trabeculae of
degenerating cartilage which
extend abnormally far down.

Fig. 69.-

(x 100.)

-69More recently Wolbach (1947) described in greater detail
the histological and radiological effects of hypervitaminosis

A in rats and guinea -pigs, and considered the main changes to
be a rapid acceleration and consumption of the chondrogenesis
of the epiphyseal cartilage plate with premature closure and

early replacement by bone.

He also commented upon the

acceleration of the remodelling processes which produced the
pathological fractures, the premature resorption of the
trabeculae of the primary spongiosa, and a failure of the

matrix to mature and to calcify properly.

He concluded that

vitamin A was essential for the normal pattern of growth
which was determined by the "epiphyseal cartilage activities"
and that the degrees of abnormal changes were directly pro-

portional to the vitamin dosage.

By studying the direct

effect of this vitamin on chick embryonic bones in tissue
culture in vitro, Fell and Mellanby (1952)

attempted to defin

more accurately the action of excessive dosage.
observed that cartilage differentiated

They

at the normal

rate

but that the production of the cartilage matrix was affected

with loss of its basophilic and metachromatic staining
properties, and that ossification was slightly reduced.

This

effect was seen only in living cartilage cells and was more

reduced by adding "natural" hypervitaminosis A from the
plasma of a hypervitaminotic fowl to the culture medium than

by adding an alcoholic solution of vitamin A directly.

In

connection with this altered biological activity of hyper vitaminosis in a culture medium of plasma from a

hypervitaminotic

-
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hypervitaminotic animal, Glover et al. (1947) measured the
circulating plasma level of alcohol vitamin A and related it
to

the function of the liver in storing vitamin A.

The mean

normal plasma level for alcohol vitamin A was 37 -53 i.u. /100
ml.

and this could be increased to only 56 i.u. /100 ml. with

a dosage of 50,000 i.u./day for five days or to 67 i.u. /100
ml. with a dosage of 150,000 i.u./day for five days.

This

observation is important because a three fold increase of
normal dosage to an experimental animal causes only a slight
increase in the circulating plasma level of the vitamin.
This implies that the target organ, that is the cartilage
cell, must be sensitive to such minimal changes in the

circulating level of this vitamin, especially since the

vitamin can reach the cartilage cell only by a diffusion
mechanism and not by a direct blood supply.
Copp and Greenberg (19L5) found that the breaking strain
of a healed fracture in a rabbit treated with vitamin A was
increased.

Apart from this, there has been little work on

the effect of hypervitaminosis A on bone repair and even less

on the histochemistry of chondrogenesis during the condition
of hypervitaminosis A.

In the present study it was noted that maturation of the
chondrocyte and chondroblast was normal down to Phase V of
chondrogenesis in which there is commencing disintegration of
the mature cartilage cell and its intercellular substance.

The metabolism of radioactive sulphur and its metachromasia

by these cells also appeared to be normal.
trabeculae

However,

the

-
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trabeculae of cartilage below this level were seen to be
abnormal, extending far down past the metaphysis into the

diaphyseal area of bone, but they still carried a high content
of radioactivity.

In bone repair, the process of endo chondral ossification

appeared normal in all its phases of chondrogenesis with
normal metachromasia and radioactive content, except after

Phase V when there was disorientation of the trabecular
remnants and absence of a normal pattern of blood vessel

invasion with osteoblasts.

However, bony union occurred

and was complete within twenty-eight days, which suggested

some acceleration, with calcification of the cartilaginous

matrix rather than true ossification of the periosteal
blastema although intramembranous ossification of the

medullary blastema had proceeded normally.
The formation of the intercellular matrix around the

cartilage cells was normal in amount and following fracture

appeared by ninety-six hours, indicating that differentiation

and secretion of the chondrocytes had proceeded normally up
to that time;

after this some derangement appeared in the

subsequent ossification sequence.

This concurs with

Wolbach's (1947) observation on bone growth except that the
subsequent change of ossification in the periosteal blastema
was disturbed and retarded rather than accelerated.

Meta -

chromasia and the utilisation of radioactive sulphur were
normal throughout the observed cellular changes.
the observation by Fell and Mellanby (1952)

in

Therefore,

of a disturbance
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in the formation of the cartilage matrix could not be

substantiated, and probably this disturbance resulted from
the direct action on the embryonic bone of the added vitamin

A in the tissue culture medium, and was not a physiological
effect of a circulating vitamin content in vivo.

Barnicot

(1950) has recently demonstrated a similar local and direct

effect from the transplantation of crystalline vitamin A into
the parietal bones of rats:

this produced advanced absorption

and perforation with the appearance of numerous osteoclasts.
Thus in the present study, formation and metabolism of

both periosteal and medullary blastemata were seen during the
repair of a fracture;

but although the medullary blastema

formed bone by intramembranous ossification there was a
disturbance in endochondral ossification.

The utilisation

and subsequent ossification process of the trabeculae of
cartilage cells and their intercellular matrix were deranged,

although the content of chondroitin sulphuric acid exhibited

normal metachromasia and metabolism of radioactive sulphur.
This derangement was seen both during the repair of the

fracture and during the endochondral growth of the epiphysis.

5.

THE "ADRENOXYL- TREATED" SERIES

Enlarged prints (x

3)

of macro- autoradiographs with

35S

after administration of adrenoxyl, compared with enlarged
radiographs (x

Fig. 70.-

3)

of the same bones (right of each figure).

The usual pattern of deposition of 35S is seen

in the various components of the tibia, with no accumulation
in the fracture site.

Fig.

71.-

There is an increased deposition of radioactive

sulphur in and around the fracture.

Fig. 72.-

A reduced amount of radioactivity is present

in the areas of usual deposition.

Early calcium salts are

being laid down in a region corresponding to the deposition
of 35S.

Fig. 73.-

Bony union is almost complete, with bony

callus formation and minimal radioactivity now present in the

fracture site.

.

70.-

Fig. 72.-

At 24 hours.

Fig. 71.-

At 96 hours.

At 7 days.

Fig.

At 28 days.

73.-

73 -

-

5.

The "Adrenoxyl-treated "Series

Macro- autoradiography and Radiography
At 24 hours (Fig.

70)

In the articular cartilage, the

:

epiphyseal plate and both layers of the periosteum, the distribution of 35S was similar to that in normal bone, with no
accumulation in the fracture site and less in the distal
than in the proximal fragment.
At 96 hours (Fig.

An increased amount of radio-

71):

active sulphur was deposited in and around the fracture, both
in the periosteal and intramedullary regions.

At 7 days (Fig. 72)

:

There was still an increased

amount of 35S in and around the fracture site, and although
the radioactivity was reduced in amount the picture appeared

similar to that of the normal.

In the radiograph there was

evidence of early deposition of opaque calcium salts around
the shaft below the fracture corresponding to the size of the

radioactive area.
At

11*

days and 21 days:

The deposition of the radio-

active sulphur was reduced to a thin layer across the
fracture line, and in the radiograph a dense deposition of

calcium phosphate salts was seen to have occurred in an area

corresponding to that formed by the deposition of the 35S.
At 28 days (Fig. 73):

Union was almost complete, with

bony callus formation especially on the convex side, and
there was very little radioactive material present in the

fracture

-
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fracture area.

Micro- autoradiography
At 24 hours:

The fracture defect consisted of cortical

fragments of mature bone, marrow cells and haematoma, with
the ruptured layer of the periosteum falling into the defect
in one area (Fig.

74)

.

Mast cells were seen in the

periosteal layer, but not within the marrow cells adjacent
to the fracture.

.No radioactive sulphur was seen except over

the developing chondroblasts in the epiphyseal plate area.

This corresponded in detail to the control fracture
At 96 hours:

series.

In three areas adjacent to the cortical

fragments hypesp lasia and differentiation of cells of the
inner layer of periosteum had occurred and formed three

islands of cartilage cells which exhibited metachromasia and

minimal uptake of 35S.

The fracture haematoma was still

evident.
At 7 days:

The cellular differentiation had progressed

to form the typical periosteal blastema from the cambial

layer of the periosteum (Fig. 75).

Mature chondrocytes with

metachromasia and a high content of

5S were present (Fig.

r

76).

Within the marrow cavity islands of osteoid tissue and

calcified trabeculae with osteoblasts were seen (Fig. 77)

.

Mast cells were present in the periosteal region but were
scanty in the medullary cavity.
At 14 days and 21 days:

The pattern was advanced with

calcified trabeculae of mature bone in the medullary region
(Fig.

Fig. 74.Section through fracture defect, at
24 hours, to show the fragmented cortex - top
right - with a thin layer of periosteum falling
into the defect and haematoma formation below
this.
(x 100.)

Section through fracture at 7 days, to
show differentiation of periosteal cells to form
chondroblasts with metachromatic halos.
(x 100.)

Fig. 75.-

Fig. 76.-

Section of same region showing formation
periosteal
blastema with mature chondrocytes
of
exhibiting metachromasia and a high content of
radioactive sul.hur.
x 200.

77.- Section of same region to show the
medullary blastema with osteoid tissue and
marrow cells on the left.
(x 100.)

Fig.

-

(Fig. 78).

75

-

Mast cells were now obvious within the marrow

cavity.
At 28 days:

New bone formation was marked and cartilage

nests were not now seen.

Discussion
Adrenoxyl is the monosemicarbazone of adrenochrome which
was first isolated by Green and Richter

(1 937)

and it has

been recognised to possess haemostatic properties (Hagerty
et al.,

1951).

Its main action is to reduce peripheral

bleeding time by improving the adrenergic vascular reflexes
locally and thereby causing shrinkage of the arteries with
contraction of the capillaries (Morissette and Thibodeau,
1952).

The manufacturers (Horlicks Ltd.) quote numerous

satisfactory results from France of the treatment and pre-

vention of surgical haemorrhages, for example, from the
prostatic bed following prostatectomies and from wounds in
plastic surgery.

It does not appear to affect the clotting

mechanism.

From the present series there was no evidence of reduction in the amount of fracture haematoma, in the subsequent

differentiation of cells to faun the regenerative blastema,
or in the metabolism of chondroitin sulphate, which exhibited

normal metachromasia and labelling by radioactive sulphur.

Fracture repair was normal, although the dosage used was
three hundred times the prescribed therapeutic dose for

promoting haemostasis.

Fig. 78.-

Section, at 21 days, to show the
calcified trabeculae of mature bone in the
medullary region, with mast cells in the marrow,
above this.
(x 200.)

6.

THE "LIGATION" SER

I

r;S

Enlarged prints (x

3)

35S
of macro -autoradiographs with

after a ligation procedure on the leg, compared with enlarged
radiographs (x

Fig.

79.-

3)

of the same bones (right of each figure)

.

The usual deposition of 35S is present with

no accumulation in the fracture site,

and in the radiograph

a bone defect is seen.

Fig. 80.-

An increased deposition of radioactive

sulphur is distributed in and around the fracture, both in
the periosteal and in the intramedullary regions.

Fig. 81.-

A similar pattern of radioactivity

although it is reduced quantitatively.

is seen,

In the radiograph

there is deposition of early bone salt, subperiosteally.

Fig.

82.-

Incomplete bony union is taking place, with

still a minimal.amount of 35S present across the fracture.

Fig. 79.-

Fig. 81.-

At 24 hours.

At 7 days.

Fig. 80.-

Fig. 82.-

At 96 hours.

At 28 dais.
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The "Ligation" Series

6.

When the rats of this series were killed

it

was noted

that the skin of the ligated leg in each rat appeared blue

and shiny, but no ischaemic lesions of the skin were seen.

Macro- autoradiography and Radiography
At 24 hours (Fig. 79)

The distribution of 35S through-

:

out the various components of the tibia was normal with no

accumulation in the fracture site and less in the distal than
in the proximal fragment.

In the radiograph a bone defect

was seen.

An increased amount of radio-

At 96 hours (Fig. 80):

active sulphur was distributed in and around the fracture,

both in the periosteal and in the medullary regions.
At 7 days (Fig.

81)

and 14 days:

The pattern was similar

to that at 96 hours but was abnormal because of the decrease

in the amount of radioactive sulphur in the fracture site and
in the broadening of the proximal fragment of the diaphysis.

In the radiograph,

deposition of early bone salt was seen to

be occurring subperiosteally.
At 21 days:

An increased amount of 35S was seen across

the fracture line, with broadening of both fragments of the

diaphysis.

Further bone formation was taking place.

At 28 days (Fig.

82):

A minimal amount of 35S was seen

across the fracture and incomplete bony union by internal and

external

-77external callus had taken place.

Micro- autoradiography
At 24 hours:

The usual features of cortical fragments

of mature bone, bone marrow cells, and the fracture haematoma

were seen.

The sweep of periosteal cells over the fractured

end was noted, with differentiation and hyperplasia of cells
of the inner cambial layer to form chondroblasts with meta-

chromasia and a radioactive content.

Mast cells were

sparsely scattered in the bone marrow and in the periosteum.
At 96 hours:

The differentiation of the periosteal

blastema had progressed to form islets of mature cartilage
cells, exhibiting metachromasia and radioactivity (Figs.
and

84-).

83

The medullary blastema was now seen as osteoid

tissue and calcified trabeculae.

Mast cells were more

obvious in the periosteal region.
At 7 days and 14 days:

The pattern was similar to that

at 96 hours but abnormal in that there was incomplete develop

ment of the periosteal blastema which contained some islets
of cartilage exhibiting metachromasia and radioactive

sulphur (Fig. 85).

Fibrous tissue extended across the

fracture line with only a minimal reaction of metachromasia
or radioactivity over the fragmented cortex (Fig.

86).

Some

osteoid tissue was seen in the medullary cavity of the proximal fragment.
At 21 days:

In only one area the periosteal blastema

had differentiated to form bone by the process of endochondral
ossification.

Fig. 83.-

Section through fracture defect at
96 hours, to show early formation of the
cartilage cells, making up the periosteal
blastema below the cortical fragment.
(x 100.)

Section of same area showing an area of
cartilage cells exhibiting metachromasia and
radioactivity.
(x 200.)

Fig. 84.-

Fig. 85.-

Section, at 7 days, showing the abnormal
periosteal blastema which although still
exhibiting metachromasia and radioactivity, was
retarded in development.
(x 100.)

Fig. 86.- Section, at 14- days, to show the abnormal
fibrous tissue across the fractured cortex on
left, with minimal cartilage formation on right.
(x 100.)
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ossification.
At 28 days:

Incomplete bony union had occurred between

the cortical fragments, but there remained remnants of

cartilage and intercellular matrix which had failed to ossify.

Comment.-

The early repair process occurred normally

with the formation of the periosteal blastema but the subsequent process of endochondral ossification was retarded.

Up

to this stage the metabolism by the regenerating cells of

chondroitin sulphate was normal.

The retardation of endo-

chondral ossification may have resulted from the greater dis-

placement of the bony fragments secondary to the ligation
procedure, or more probably from the diminished vascularity.
However, radioactive sulphur had been carried to the area in
sufficient quantities to be utilised by the developing early
cartilage cells in the periosteal blastema.

The formation

of bony union was also abnormally slow, and not complete

even after 28 days, and more fibrous tissue than normal was

separating the fracture ends.

This tissue probably arose

from the surrounding mesenchymal tissue of the periosteum

and.

its outer coat, which had failed to differentiate to form the

periosteal blastema.

Discussion
For many years the effect of altered vascularity during

bone growth or repair has been of great interest but still
remains ill -defined and controversial.

been

Venous stasis has

-79been described as stimulating bone growth and accelerating
bone repair (Pearse and Morton, 1930)

.

Watson-Jones and

Roberts (1934) stated that an increased blood supply produced
a process of decalcification whereas a decreased blood supply

produced an increase in calcification.
(1953)

However, Dickinson

in detailed physical studies on the effect of venous

stasis in puppies concluded that it did not produce an in-

crease in bone growth, and Baker (1939) has shown conclusivel;
that the processes of decalcification and calcification are
not related to or controlled specifically by an increase or a

decrease in the blood supply to the part.

Trueta and

Cavadias (1955) in a mainly radiographic study of the effect
of vascular ischaemia on the healing offractures in rabbits,

considered that the chief factor in the osteogenetic or
reparative process was the "periosteal over- vascularisation"
which resulted from the interruption of the cortical blood

supply by the fracture.

They also regarded the presence of

the dead bone associated with a fracture as a stimulant to

the processes of vascular and bone proliferation.
In the present histochemical study, cellular differenti-

ation to form both the medullary and periosteal regenerative
blastema had occurred;

and there was normal formation of the

cartilage cells and chondroitin sulphuric acid in the

secreted intercellular matrix, indicating either a self -

sufficiency of nutritional substances or more probably the
presence of a sufficient blood supply for the periosteum to
differentiate and metabolise.
of /

Indeed, only moderate amounts

-
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of vascularity appear to favour the process of chondrogenesis
(Clark and Clark, 19)12).

The trauma of a fracture was seen to produce a decrease
in the deposition of the radioactive sulphur in the distal

fragment in comparison with that in the proximal fragment
of the control series.

This is related to the interruption

of the blood supply and its carriage of 35S caused by injury
to the nutrient and periosteal blood vessels as they pass

distally, and this ischaemia in itself favours the formation
of cartilage in the periosteal blastema.

The main disturbances resulting from vascular ischaemia
due to the ligation procedure were the failure of the forma-

tion of the trabeculae of degenerated cartilage masses and
the failure of vascular channels to appear between these

masses.

This would lead to derangement of the process of

calcification because the humoral supply of the calcium
phosphate complexes would then be deficient, and also to a

disturbance in ossification because of the failure of osteo-

blasts to be carried into the area.

In this study the

eventual appearance of ossification to produce bony union
must have resulted from the vascularisation of the area by new

blood vessels which originated from endothelial proliferation
of mesenchymal cells from the original blood vessels in the

periosteum and in the medulla, or from within the fracture
haematoma (bible, 1954);

the time delay in obtaining bony

union was proportional to the speed of this revascularisation
process.
In /
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In some areas the differentiation of the primary

mesenchymal cells appeared to be retarded and therefore
could form only fibrous tissue.

It is conjectured that

this was caused by the diminution in blood supply which

resulted in a delay and a decrease in the appearance and

number of the mast cells, thus minimising the stimulus to
differentiation.

7.

THE "INTRM EDÜLLARY- NAIL" SERIES

Enlarged prints (x

3)

of macro- autoradiographs with 35S

after the removal of the intramedullary nail which had been

inserted before infliction of the fracture, compared with

enlarged radiographs (x
figure)

3)

of the same bones (right of each

.

Fig. 87.-

Showing the usual pattern of 35S deposition,

except for a large central defect which had been occupied by
the nail.

In the radiograph the fractured area can be seen

across the anterior margin of the tibia.

Fig. 88.-

An increased deposition of radioactive

sulphur is seen along the nail tract, but none in the
fracture site.

In the radiograph a large bone defect is

present.

Fig.

89.-

Showing further deposition of 35S especially

in a subperiosteal location, and early calcium salts are

being laid down in the corresponding region.

Fig.

90.-

A normal distribution of the isotope

is

present, except in a defect in the epiphyseal plate and
cortex, and in the radiograph there is a bone defect along
the cortex without callus formation.

Fig. 87.-

Fig. 89.-

At 24 hours.

At 7 days.

Fig.

88.-

Fig. 90.-

At 96 hours.

At 28 days.
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7,

The "Intramedullary Nail" Series

In each case the intramedullary nail was removed before

subsequent histological processing.

Radiography of the Whole Animal before Dissection
This was carried out in each rat after it was killed to

show the position of the nail within the tibia and its rela-

tion to the fracture.

Macro- autoradiography and Radiography
At

2L1

The distribution of 35S was seen

hours (Fig. 87):

throughout the various components of the tibia, except in a
large central defect which had been occupied by the nail.

No accumulation was seen around the fracture defect.

In the

radiograph the fractured area was demonstrated across the
anterior margin of the tibia.
At 96 hours (Fig.

88):

There was an increased depositio

of radioactive sulphur along the nail tract but none was seen

around the fracture defect.

A large bone defect was obvious

on radiography.
r

At 7 days (Fig. 89):

An increased amount of

5S was

deposited down the medullary cavity of the shaft and some

radioactivity was seen in a subperiosteal location.

On

radiography, early deposition of opaque calcium phosphate
complexes was seen to be present in this area.

At/

-83At

11+

days and 21 days:

The deposition of radioactive

sulphur was similar to that of the 24-hour specimen.
At 28 days (Fig. 90):

A normal deposition of 35S was

seen, except in a defect in the epiphyseal plate and cortex

caused by the entrance of the nail, and in a defect along the
cortex of the diaphyses.

Micro
o - aut o radiography
At 2L

hours:

The main components of the fracture

consisted of the cortical fragments of mature bone with
adult bone cells in lacunae, the marrow cells and fracture

haematoma (Fig. 91), with the ruptured layer of the perioste

falling into the fracture defect.

There was a large defect

in the bone marrow which had been occupied by the intra-

medullary nail, and only a thin lining of marrow cells was
left between this defect and the cortex.

No mast cells were

seen and the only radioactivity present was in the epiphyseal
plate region, which showed an obvious defect (Fig. 92).
At 96 hours:

A similar pattern of fracture components

was seen with minimal cellular hyperplasia and differentiation
of the inner layer of the periosteum in the vicinity of the
fracture.

Slight metachromasia and radioactivity were

present in one area.

The medullary cavity was still absent,

except for the outer lining of marrow cells.
At 7 days and

1L

days:

Cellular hyperplasia and

differentiation were seen to be progressing to form the

periosteal blastema, with change into a globular shape of the
previously

Fig. 91.-

Section, at 24 hours, to show the
fractured cortex and the underlying haematoma
intermingled with,marrow cells.
(x 100.)

92.- Section of proximal epiphyseal plate
of same bone showing a large defect through this
region which had been occupied by the intramedullary nail.
(x 100.)

Fig.

previously elongated mesenchymal cells, and the secretion of
matachromatic and radioactive halos (Fig. 93).
was minimal in amount.

This reactior

In the lining of marrow cells there

was one area in which differentiation of the mesenchymal cell
was taking place (Fig.

94)

with secretion of faint but meta -

chromatic intercellular substances.

At the epiphyseal plate

defect there was no cellular attempt at repair.
At 21

The distal aspect of the marrow cells where

days:

the tip of the medullary nail had reached, although containing

numerous mast cells, did not show any cellular reaction of

differentiation (Fig. 95).

Elsewhere the pattern was

unchanged, except that there were islets of chondrocytes,

with radioactivity extending down each side of the nail track
from the epiphyseal plate.

Cortical lamellae were seen extending along

At 28 days:

the entire length of the shaft except in one area of defect.

Very little cellular reaction of the proliferation in this
defect was noted.

Discussion

Many years ago internal fixation of a fracture by means
of an intramedullary nail or pin was used but has only

recently been reintroduced to orthopaedic practice (Kiintscher
1940)

.

It has

been frequently observed that the reparative

process is delayed and irregular in spite of the excellent

immobilisation

Fig. 93.-

Section, at 7 days, to show the early
formation of períosteal blastema with meta chromatic halos on the left.
(x 100.)

Section in different area, showing early
differentiation of mesenchymal cells within the
bone marrow.
(x 100.)

Fig. 94.-

Fig.

95.- Section, at 21 days, to show the marrow,
on right, which contains mast cells, adjacent to
space which had been occupied by nail.
(x 100.)
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immobilisation of the bone ends by this form of fixation,
and therefore it was decided to study the histochemistry of
the repair process under similar conditions.

From previous histological studies

it

was thought that

some mobility was necessary to produce an optimum amount of

fibrocartilaginous formation, but recently Luedtke and
Angevine (1950) have shown that the degree of mobility does
not influence the resulting volume of cartilage formation,

although incomplete fractures show much less cartilage

production than complete fractures.
In the present study,

cellular differentiation to form

the periosteal blastema was minimal and retarded, but did

appear with normal secretion of a metachromatic intracellular
substance and radioactive content, indicating that chondroitin

sulphuric acid was being metabolised although in small amounts.
The medullary blastema was markedly reduced in amount because

of the space -occupying nature of the intramedullary nail, and

differentiation of this regenerative blastema occurred only
along one side;

therefore, bony union by the formation of an

internal callus was not seen within the medullary cavity.
There was a quantitative reduction both in cellular

reaction and in the formation of the organic phase of repair
of the periosteal blastema, the subsequent bony union being

minimal and inadequate.

It is unlikely that this was caused

by any vascular insufficiency because the periosteal blood
vessels would be unaffected by the intramedullary nail,
whereas

a.

-86whereas the medullary blood channels would be obliterated
mechanically as well as traumatised by the insertion of the
nail.

This "space- occupying lesion" would also remove the

possible stimulus to repair through the medullary blastema

because the tip of the nail would have driven downwards any
mast cell content and thus prevented any possible migration
of these cells to the fracture area.

8.

THE "HYALURONIDASE- TREATED" SER.LhS

Enlarged prints (x

3) of macro- autoradiographs

with 35S

after the insertion of hyaluronidase powder, compared with

enlarged radiographs (x 3) of the same bones (right of each
figure).

Fig.
35

S

96.-

Showing the usual pattern of deposition of

with no accumulation in the fracture site.

Fig. 97.-

A similar pattern of radioactivity

is seen,

but in the radiograph a bony defect is present.

Fig. 98.-

A similar pattern

is present except for an

increase in the periosteal layers above and below the
fracture, with early deposition of opaque calcium salts in
the radiograph.

Fig. 99.-

An increased deposition of 35S is present across

the fracture, with widening of the bone at this level and

deposition of calcium salts in the radiograph.

Fig.

96.-

Fig. 98.-

At 24 hours.

At 7 days.

Fig.

Fig.

97.-

99.-

At 96 hours.

At 28 days
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The "Hyaluronidase- treated" Series

Macro- autoradiography and Radiography
At

21+

hours (Fig. 96) and 96 hours (Fig. 97):

The

distribution of the 35S throughout the various components of
the tibia was similar to that found in an untreated fractured

tibia, with no accumulation in the fracture defect and less
in the distal than in the proximal fragment.

It was present

in the articular and epiphyseal cartilage zones, in the

medulla and in both layers of the periosteum.
At 7 days (Fig. 98):

The distribution was similar to th

earlier pattern except for an increase in the density of the

periosteal layers above and below the fracture site.

The

normal pattern of a globular -shaped area of radioactivity in
and around the fracture site was conspicuously absent.

In

the radiograph the usual early deposition of opaque calcium

salts around the shaft above and below the fracture was
absent.
At 14 days:

There was a further deposition of 35S

around the shaft in the periosteal regions and a slight

amount across the fracture line.
At 21 days and 28 days (Fig. 99):

The deposition of 35S

was more extensive and increased in amount across the fracture
and in the periosteal region, but a noticeable feature was
the increased girth of deposition of the isotope with a

lamellar appearance along the shaft.

The radiograph showed

deposition of bone salt similar in appearance to the
radioactive

-
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radioactive areas and laid down subperiosteally above and

below the fracture line which was still obvious.

Micro -aut oradiography
At 24 hours:

The usual histological features were seen

of cortical fragments, more widespread fracture haematoma
(Fig.

100) and cells of the periosteum falling into the

fracture defect, without any metachromasia or radioactive
content.

Away from the fracture site numerous metachromatic

mast cells were seen especially in the periosteum and in the

marrow at some distance from the fracture.
At 96 hours:

The findings were similar to those in the

earlier specimen except that there was early hyperplasia
and differentiation of the cells of the inner layer of

periosteum with minimal metachromasia but no radioactivity
(Fig.

101).

In the medulla there was irregular differenti-

ation of cells to form the early medullary blastema, but there

was more haematoma formation and cyst -like spaces (Fig. 102),
Mast cells were absent from around the fragments of bone.
At 7 days and 14 days:

Formation of the periosteal

blastema was proceeding, with areas of cartilage cells

exhibiting metachromasia and radioactivity, especially
adjacent to the fracture line (Figs. 103 and 104).

In the

medulla there was less cellular activity with fibroblasts
sealing off the ends of the fragmented cortex (Fig. 105).
One area was exhibiting metachromasia and radioactivity but

the cells had not completely differentiated into osteoid
tissue.

Fig. 100.- Section, at 24 hours, through the fracture
to show the cortical fragments and the more
widespread haematoma.
(x 100.)

Fig. 101.-

Section, at 96 hours, in same region
showing early differentiation of periosteum
above the cortical fragment.
(x 100.)

Fig.

102.- Section of same bone to show early
differentiation of the medullary blastema with
haematoma formation.
(x 100.)

Fig.

103.- Section, at 7 days, showing cartilage
cells in the periosteal blastema.
(x 100.)

Fig. 101.-

Section of .same area, to show the
metachromatic halos around the chondrocytes and
their radioactive content of 35S.
(x 200.)

Fig.

105.Section of same bone, showing the
fibroblasts sealing off the ends of the fragmented

cortex.

(x 100.)
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tissue.
At 21

days:

The appearance of the periosteal blastema

was much more marked with metachromasia and radioactivity,
and new bone was being formed in one small area (Fig. 106).
The medullary reaction was still limited and only cellular
(Fig. 107)

.

No mast cells had appeared in the vicinity of

the fracture.

At 28 days:

Over the fragmented cortex, endochondral

ossification of the periosteal blastema was taking place, and
r

exhibiting metachromasia and utilisation of

5S (Fig.

108).

There was no fibrous tissue seen and bony union was taking
place.

Mast cells were now in the medullary cavity (Fig.

109).

Discussion
In 1941 Meyer et al.

established that the chondroitin

sulphuric acid from the matrix of hyaline cartilage acted as
a substrate for the enzyme testicular hyaluronidase.

Paff

and Seifter (1950) therefore tested the effect of this
enzyme, which is normally present in the mammalian testis

(Chain and Duthie,

1939;

Duran -Reynals, 19L.2), on embryonic

chick femora cultured in vitro, and observed some decrease in

bone growth and a less basophilic cartilage matrix on

staining with haemotoxylin.

Because of this they suggested

that hydrolysis of the chondroitin sulphuric acid had taken

place.

Following

Fig.

106.- Section, at 21 days, to show periosteal
blastema above with new bone formation below.
(x 200.)

Fig. 107.-

Section of same bone, showing the
limited cellular reaction of the medulla.
(x 100.

Fig. 108.-

Section, at 28 days, to show the
endochondral ossification process on the left,
of the periosteal blastema.
(x 100.)

Fig. 109.- Section of medullary cavity, showing
the numerous mast cells.
(x 200.)
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Following this work, Landoff (1951) tested the effect of
testicular hyaluronidase on the healing of fractures in
rabbits and recorded that there was slower formation of the

bony callus but no abnormality of the intercellular substance
or of the histology.

However, in Landoff's experiment the

local administration of this enzyme was not started until

three days after.the infliction of the fracture and therefore
it could not have

affected the early stage of stimulus and

the cellular differentiation of bone repair.

In the present histochemical study of the effect of

testicular hyaluronidase it was noted that there was
increased haematoma formation without the usual number of
mast cells around the fracture site.

The differentiation

and metabolism of cells of the medullary blastema were

retarded although the formation of the periosteal blastema
and subsequent development were unchanged with normal

secretion of chondroitin sulphuric acid evidenced by its
utilisation of radioactive sulphur and by its property of
metachromasia.

This normal reaction of the periosteal

blastema in contrast to the retarded and disturbed formation
of the medullary blastema could have resulted from the high
local concentration of the enzyme in the vicinity of the

medullary blastema.
The increased haematoma probably arose from the local or

topical effect of hyaluronidase on the capillary walls as
well as from its spreading effect in connective tissue

planes

-
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planes (Duran-Reynals et al., 1950).

According to Seifter

(1950),

crude testicular hyaluronidase contains three

enzymes

-

a mucopolysaccharase which depolymerises both

chondroitin sulphuric acid and hyaluronic acid, and two
other enzymes which depolymerise glucosamine and glucuronic
acid.
It has been

noted that mast cells possibly secrete all

these substances in some compound, and it is conjectured
that the topical application of this enzyme alters the usual

mast cell content of a fracture and thereby influences the
stimulus for the cellular differentiation to form the

medullary blastema.

The normal formation of the periosteal

blastema with its normal mast cell content may have taken
place because it was separated from the enzyme.
It is

concluded that fracture repair is retarded by the

local application of testicular hyaluronidase but that the

formation of the bony callus takes place through the agency
of the periosteal blastema rather than through the formation
of any internal callus

by the medullary blastema.

THE "HISTAMINE LIBERATOR" SERTES

Enlarged prints (x

3)

of macro -autoradiographs with

35S

after the injection of the histamine- liberator compound
48/80, compared with enlarged radiographs (x 3) of the same

bones (right of each figure)

Fig.

.

"S

deposition is

110.-

The normal pattern of

111.-

There is an increased deposition of

present.

Fig.

radioactive sulphur in the surrounding soft tissues and in
the intramedullary region of the fracture site.

Fig.

112.-

A greater amount of radioactivity

is

seen

between the fracture defect.

Fig.

113.-

A minimal amount of 35S

is

now left in a

small circular area, and incomplete bony union by external

callus formation is seen in the radiograph.

Fig. 110.-

At 24 hours.

Fig.

111.-

At 96 hours.

Fig. 112.-

At 7 days.

Fig.

113.-

At 28 d ys.
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Macro- autoradio
At 2L

The "Histamine -liberator' Series

and Radio ra.h

h

hours (Fig. 110) and 48 hours:

The normal

distribution of 35S throughout the various components of the
tibia was seen, with no accumulation in the fracture defect
and less in the distal than in the proximal fragment.
At 96 hours (Fig.

111):

An increased amount of radio-

active sulphur was deposited in the soft tissues,

sub -

periosteally and in the fracture site, especially in the
medullary region of the proximal fragment.
At 7 days (Fig.

112):

A pattern similar

to the earlier

one was seen although a greater amount of radioactivity was

present between the fracture defects of both the tibia and
fibula.
At 14 days:

The deposition of 35S was less extensive

although still present across the fracture line and in the
The deposition of new bone salts had

subperiosteal regions.

continued with broadening of the diaphysis above and below
the fracture, especially on the concave side.

At

21

days:

Very little radioactivity was present

across the fracture line.

Bone deposition had continued to

form the external callus.

At 28 days (Fig.

113):

Only a minimal amount of 35S was

now seen in a small circular area.
callus was seen.

Micro-autoradiography

Incomplete union by bony

-93Micro - aut o radiogr aphy
At

2L

hours and

1+8

hours:

The fractured cortical frag-

ments of mature bone with adult bone cells in the lacunae

were seen.

The haematoma formation was extensive (Fig.

111+)

with disappearance of the usual marrow contents for a definit
distance away from the fracture line.

The periosteum had

fallen into the defect and consisted of an outer layer of
fibroblasts and an inner layer of osteogenic cells (Fig. 115).

Neither metachromasia nor radioactivity was seen.
At 96 hours:

Hyperplasia and differentiation of the

inner or cambial layer of the periosteum were forming
cartilage cells, of a globular shape, which had secreted
surrounding halos of radioactive and metachromatic material
(Figs, 116 and 117), but this occurred some distance away

from the fracture line.

Mast cells which stained meta-

chromatic and exhibited radioactivity were present in this
The fracture haematoma was still present and no

area.

cellular reaction or mast cells were noted within the me dull
At 7 days:

The cellular differentiation had progressed

to form typical periosteal blastemata in several areas (Fig.

118), with aggregation and orientation of mature chondrocytes

exhibiting obvious metachromasia and having a high content of
35S.

No differentiation of the medullary cells was noted,

and red blood cells were still present within the marrow,

without any mast cells.

The mesenchymal

cells had swept

across the exposed marrow defect without any evidence of
differentiation.
At

Fig. 114.-

Section, at 24 hours, showing extensive
haematoma formation below fragmented cortex.
(x 100.)

Fig. 115.-

Section of fracture defect, to show
the falling in of the periosteum over the
cortex margin, with a haematoma below.
(x 100.)

Fig.

116.- Section, at 96 hours, to show
differentiation ofinner cambial layer of the
periosteum over the cortex, in the vicinity
of the fracture.
(x 100.)

Fig.

117.- Section of same area, showing
cartilage cells with radioactivity and
metachromatic halos.
(x 200.)
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At 14 days:

This picture was more advanced and there

was formation of calcified trabeculae, but without the usual
invasion of blood vessels or osteoblasts.
At 21 days and 28 days:

There were areas exhibiting the

complete process of erdochondral ossification in the vicinity
of and across the fracture

(Fig.

119), and new bone was being

laid down around the degenerating cartilaginous trabeculae by

osteoblasts (Fig. 120).

No fibrous tissue or any undiffer-

entiated mesenchymal cells were seen, and bony union with the
presence of some cartilaginous remnants was almost complete.

Discussion
Mast cells have been observed in close association with
cellular differentiation during formation of the periosteal
and medullary blastema, and it has been suggested that their
presence should be regarded as indicating some definite

function rather than as being merely coincidental (Duthie and
Barker, 1955b).

Riley and West (1953) showed a close

correlation between the mast cell content and the histamine
In a more recent

value of tissues, particularly in the rat.

study (1955), these workers found that following the injection

of a powerful histamine -liberator substance

-

compound 48/80

there was a close qualitative relationship between the fall

and return of the tissue histamine to the destruction and the

eventual restoration of the mast cells in the same tissues.
Because

-

Fig. 118.Section, at 7 days, through fracture
defect, showing formation of periosteal
blastemata of chondrocytes.
(x 100.)

Fig. 119.-

Section, at 21 days, showing endochondral
ossification on both sides of a linear- shaped
periosteal blastema.
(x 100.)

120.- Section of same area to show new bone
which is being laid down around the trabeculae of
cartila_e extending outwards from the blastema.
x 2 .0

Fig.

-95Because of this observation by Riley and West, it was
decided in the present study to examine the histochemistry
of the repair process in a fracture in vivo, particularly

for any abnormality which might have resulted from the

disruption of the mast cells and the subsequent effect on the
stimulus to cellular differentiation.
The histamine- liberator substance

-

compound 48/80

-

was

developed by Feldberg and his associates (1951) and is an
organic compound of p- methoxyphenethylmethyamine and
formaldehyde.

It was one of several organic substances

which these workers had been using to release histamine from

perfused skin and other tissues, in the study of increased
capillary permeability and migration of cells during

inflammation, and of the local response of tissues to injury.
In the present study, an obvious feature was the forma-

tion of an extensive fracture haematoma which persisted

abnormally for over seven days.

This could have resulted

from increased permeability of the small blood vessels in
the vicinity of the

fracture by the liberation of histamine,

as well as from some failure

in the normal arrest of

bleeding by pressure on the ruptured vessels and by the
active process of constriction of the vessel walls.

Cellular differentiation to form the periosteal blastema
was accompanied by numerous metachromatic and radioactive
mast cells, and from this source of regeneration the process
of endochondral ossification took place to give bony union.

The metabolism and secretion of chondroitin sulphuric acid by
the

-96the regenerating cells were normal.

In contrast to this,

there was no evidence of formation of the medullary blastema
or of the presence of mast cells in the marrow, but it was

impossible to know whether any mast cells had been present

before the injection of the test substance.

Riley and Nest

have emphasised that it is the topical or local application
of compound 48/80 which produces the maximal disruption of

mast cells, and that this effect is irreversible and almost
specific to the mast cell.

It is suggested that only the

medullary mast cells were destroyed or prevented from
appearing by this liberator substance, whereas the mast cell
content of the outer periosteal layer had been protected by
the bone and inner layers of periosteum,

and therefore

continued to function as a stimulus, possibly by secreting
histamine.

This observation is supported by the histo-

logical picture of repair which occurred only in areas outside the medulla containing the local concentration of

Absorption of the drug from these areas

compound 48/80.

would be minimal until the process of revascularisation
occurred and therefore it is unlikely that any effect would
be seen elsewhere.
It

is interesting that

differentiation of the periosteal

cells was complete and sufficiently continuous to form the

regenerative blastema, and subsequently bone, without the
appearance of fibrous tissue or other evidence of non- or

failed union.

The formation of fibrous tissue would have

indicated some retarding or inhibiting disturbance of the

differentiation mechanism of the mesenchymal cells to form
the periosteal blastema.

10.

THE' "CHELATOR AGENT -TREATED" SERIES

Enlarged prints (x

3)

of macro -autoradiographs with 35S

after the injection of the chelating agent, ethylene - diamine
tetra - acetic acid, compared with enlarged radiographs (x

3)

of the same bones (right of each figure).

Fig. 121.-

Showing the usual pattern of 35S deposition,

although it is reduced in amount.

Fig. 122. -

A similar appearance

is

present of the

distribution of radioactive sulphur, with an increase in
amount in the periosteal regions.

Fig. 123.-

There is an increased deposition of the

isotope in and around the fracture, both in the subperiosteal

and intramedullary areas.

In the radiograph, early

deposition of opaque calcium salts is seen in corresponding
areas, but appears reduced in amount from that seen in the

control series.

Fig.

124.-

Very little 35S remains and bony union is

complete in the radiograph by both internal and external
callus formation.

Fig. 121.-

Fig. 123.-

At 24 hours.

Fig. 122.-

At 96 hours.

At 7 days.

Fig. 124.-

At 28 days.

-
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The "Chelator Agent -treated"Series

Macro- autoradiography and Radiography
At 24 hours (Fig. 121)

:

Distribution of 35S throughout

the various components was seen to be less than normal, but

there was no accumulation in the fracture defect.
At 96 hours (Fig.

122):

A similar pattern of 35S

deposition was seen but with an increased amount in the

periosteal region above and below the fracture, with increase
in girth especially on the convex side.

The greatest amount

of the isotope was in the inner layer of the periosteum.

At 7 days (Fig.

123):

A large amount of radioactive

sulphur was deposited in and around the fracture, extending
in both directions along the periosteal and medullary regions
of the shaft.

The radiograph showed early deposition of

opaque bone salts in corresponding areas, but much less in
amount than was seen in the control rat and mainly on the
concave

At

side;

11+

the fracture line was still evident.

days and 21 days:

Deposition of 35S was still

seen but was less in amount, especially in the fracture area.

Further depositions of bone salts were seen in the radiographs, with broadening of the shaft above and below the

fracture line, which was still marked.
At 28 days (Fig. 124):

Very little 35S was seen except

in the epiphyseal and articular cartilage, with broadening
of the shaft.

union

The radiograph showed that complete bony

-98union had occurred, with both internal and external callus
formation.

Micro-autoradio gr aphy
At

21+

hours:

The typical components of an early fractura

were seen, consisting of fragmented cortical bone, the
fracture haematoma which was extending up the medullary

cavity (Fig. 125)
cells.

and the marrow which contained few mast

There was early differentiation of the cells of the

inner layer of periosteum and in one area, adjacent to the
fracture, secretion of metachromatic intercellular substance

had begun.
lacunae.

Osteocytes were present in the cortical bone

Radioactivity was seen only in the differentiating

cartilage cells of the epiphyseal plate.
At 96 hours:

There was marked hyperplasia and differ-

entiation of the periosteal cells, which had become globular
in shape, and their appearance was made obvious by secretion
of metachromatic halos (Fig.

126).

The isotope 35S was seen

in both intercellular and intracellular situations, in

association with the differentiating cells, which extended up
and down the outer aspect of both sides of the shaft.

Mast

cells were seen in close proximity to one of the differentiating areas.
In the muscle tissue near the fracture there was a group
of mast cells in which fibroblasts were differentiating and

secreting a metachromatic intercellular substance (Fig. 127).
At /

Section, at 24 hours, to show the
haematoma in the medulla below the fragmented
cortex.
(x 100.)

Fig. 125.-

Section, at 96 hours, showing the
differentiation of the periosteal cells with
(x 100.)
their surrounding metachromatic halos.

Fig. 126.-

Section through muscle tissue, near
127.fracture, in which fibroblasts were differentiating,
top right, and secreting a metachromatic intercellular substance.
(x 100.)

Fig.
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At

.7

days:

The fully developed periosteal blastema with

cartilage cells in all stages of development and exhibiting

metachromasia and a radioactive content

-

both intercellular

and intracellular - was seen extending across the fracture
defect (Figs. 128 and 129).

Osteoid tissue was being formed

by regeneration of the medullary blastema.
At

1L

days:

A similar pattern of cellular change was

noted, except that endo chondral ossification appeared in one
area, and in another area disintegration of columns of mature

chondrocytes with formation of amorphous intercellular substance, without the usual invasion of blood vessels and osteoblasts.

Mesenchymal cells were prominent across this area.

At 21 days:

The typical appearance of erdochondral

ossification was seen, with blood vessels and osteoblasts
surrounding degenerated cartilaginous trabeculae (Figs. 130
and 131), and with the deposition of new bone around them.
lk

strip of mesenchymal cells was noted, stretching across

the fracture site, and on each side new bone was seen in the

medullary cavity.
At 28 days:

New bone formation was marked.

Results from Estimations of Serum Calcium and Inorganic

Phosphates
In five of the rats there was a slight

decrease in the

level of inorganic phosphates but a more marked decrease in

all the serum calcium levels to at least half the average

normal

Fig. 128.- Section, at 7 days, across fracture
defect, showing periosteal blastema.
(x 100.)

Fig. 129.-

Section of same area, to show the
radioactive content of the chondrocytes and
their surrounding intercellular substance,
with metachromatic halos.
(x 300.)

Fig. 130.-

Section, at 21 days, showing the
process of endochondral ossification, above
the periosteal blastema.
(x 100.)

Fig. 131.-

Section of same area, to show the
deposition of new bone around the degenerating
cartilaginous trabeculae.
(x 200.)

-

normal value (Fig. 132).

100

-

This change in blood chemistry

occurred ten minutes after the intraperitoneal injection of
the ethylene-diamine tetra- acetic acid,

and was accompanied

by a marked systemic upset consisting of shivering, pallor
of the nostrils, cloudiness of the eyes and what appeared to

be severe pain and the condition of shock.

Discussion
Rubin (1953a, b) in a review of the subject of "chelating
agents" has described how the introduction of ethylene -diamine

tetra-acetate into a physiological system results in the
combination of this substance with the circulating calcium to
produce a marked depression of the serum calcium levels to
about 56 per cent. within eight minutes of intraperitoneal

injection in rabbits.

However, this effect was closely

related to the species of animal and to the route of administration.

The nature of the combination was described as

being a displacement of the cation calcium from its usual
binding to carboxyl and nitrogen groups, on to a particular
metal

-

MeV + Ca++

-

CaV + Me+ +;

the calcium chelate

complex was then excreted in the urine (Foreman,
Rubin).

cited by

In the present study, liberation of the sodium ion

occurred because the agent used was the trisodium salt of
ethylene -diamine tetra- acetic acid, which reduces the systemi

levels of calcium.

This state of hypocalcaemia in turn must

have been replaced by the diffusible calcium ions of the

skeletal system, since the skeleton contains 99 per cent. of
the
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132.Diagram to illustrate the marked
depression of all the serum calcium levels
to at least half the average level of normal
serum calcium, vrith only a slight decrease in
the level of the inorganic phosphates.
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the body calcium.
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This chelating substance has been used to

decalcify bone in preparation for histology, as well as to
dissolve calcium and magnesium calculi, and as a therapeutic

agent for metal and radioactive intoxications by "leaching"
the contaminant substance out of the bone.

Resorption of Bone.-

By this is meant the simultaneous

absorption or destruction of both the bone mineral and
organic matrix into a fluid phase.

Urist and McLean (1955)

consider that there is some chemical solution which, when
applied to the surface of bone, will digest the collagen
fibres, depolymerise the mucopolysaccharides and fix the

calcium in some combination before removing it.

They

consider that this solution may be of the nature of a
"

chelating agent ", although none has yet been identified in

living tissue.
In 1873 Koelliker described the classical picture of

resorption of bone and the constant presence of the osteoblast
cell which he regarded as eroding the bone by some chemical
action.

Hancox (19491) has recently reviewed the subject of

the osteoclast but does not consider that these cells erode

bone although they are always found where resorption is

taking place.

In a detailed histological study of trans-

plants of cancellous bone into muscle, Ham and Gordon (1952)
have demonstrated that the striated border of osteoclasts is
in continuity with the bone surface, and regard this border
as resulting from collaginous fibrils which were left behind

when the mineralised cement substance had been dissolved.
This

-
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This work agrees with the concept of Urist and McLean that
some chemical substance is the cause of resorption, but the

process is still generally thought to be mediated mainly by
the os teo clast

.

Therefore in the present study it was decided to observe
in vivo the effect of a chelating agent,

ethylene - diamine

tetra- acetic acid, on the formation of the organic phase of

the intercellular matrix, and in particular on chondroitin
sulphuric acid, during bone growth and repair.

Although a

marked systemic effect was observed in the serum calcium
levels, little local effect was seen except for a generalised

diminution in the labelled chondroitin sulphuric acid in the
normal cartilaginous, periosteal and medullary components of
the tibiae on macro -autoradiography.

The metabolism of

chondroitin sulphuric acid and the laying down of the intercellular matrix during the repair of bone were unaffected.
This suggests that although ethylene- diamine tetra -acetic
acid produces a secondary form of decalcification of bone in

order to restore the lowered serum calcium produced by a

direct displacement effect, this chelating agent does not

produce in vivo any resorption of the organic matrix.
In this study an area was recorded in which fibroblasts

were regenerating by differentiation and secreting around

themselves a metachromatic, intercellular substance which did
not possess any radioactivity because of the absence

structure of a sulphate ion.
have

in its

Campani and Reggianini (1950)

-
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have pointed out that in a healing wound a metachromatic

ground substance is secreted which can be removed by the
enzyme hyaluronidase and which therefore probably consists

of or contains hyaluronic acid.

This substance could be

regarded as a mucopolysaccharide complex without a sulphate
linkage and therefore could be hyaluronic acid.

- 101+
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DISCUSSION

In attempting to define the histochemistry of post foetal osteogenesis during bone repair, it is more important
to study the functioning cell and its secretion rather than
the morphology of the cellular changes in the development of

structure.

Morphological studies are limited because the

appearance of the cell is a complete and static picture

implying that the process of function has ceased and that the
dynamics of the reaction are ending.

It is the study of the

metabolic and functional behaviour of cells which will provide the most information about their chemistry and from this

their possible reaction to changes in their environment, and
so lead to a greater understanding of cellular physiology of

bone.
In the present study, the mucopolysaccharide chondroitin

sulphuric acid has been shown to be secreted by the osteogenic
cell during its differentiation into a chondroblast, and

indeed such a metabolic event or secretion determined the

morphological identification of that cell,

This was

followed by an increase in the cytoplasmic content of this
cell and of its intercellular matrix which, because of its

chondroitin sulphate content, appeared metachromatic and
radioactive,

and so formed the chondrocyte or the mature

cartilage cell.

This cartilaginous tissue then underwent

degeneration and calcification, with the appearance of blood
vessels and osteoblasts to complete the process of endochondral ossification.

sulphuric

Therefore, by studying chondroitin

-
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sulphuric acid, it is possible to follow accurately the

function of osteogenic cells during their differentiation to
form bone.

Its possible significance as a calcium- phosphate

acceptor or as the "local factor" in cartilage matrix,
although still unproven, adds to the importance of eliciting
its complete metabolism and the function of the cells

concerned with it.
In considering calcification from the chemical aspect,
it

can be regarded as consisting of two phases or systems.

In the first or local phase there is cellular differentiation

with secretory activity to form a suitable medium which can be
calcified, and which is represented by its osteogenetic

activity to form either osteoid or cartilaginous tissue.

In_

the second or humoral phase, the process is concerned with

the carriage by the blood of minerals, enzymes and osteoblast
cells, which with local factors of calcium -phosphate

solubility ratios and hydrogen ion concentration, results in
the deposition of the bone salts as a crystalline structure.

By grinding and extraction studies; the biochemists have
been able to isolate and identify acid mucopolysaccharides

from the healing callus of a fracture in rabbits (Hudack
et al., 1949)

,

and by more refined methods of extraction

Maurer and Hudack (1952) have isolated a mucopolysaccharide
which they regard as being similar to hyaluronic acid in
chemical properties because of its behaviour towards pneumo-

coccal hyaluronidase preparations.

However, it is of more

significance to demonstrate the presence of the

mucopolysaccharide

-
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mucopolysaccharide complexes in living tissue and to analyse
their possible chemistry by studying their response to

changes in the cells which are responsible for their
secretion.
The histochemical labelling by the property of meta-

chromasia of the acid mucopolysaccharide group of complexes
is acceptable to most histochemists and difficulty arises

only when further analysis or naming of the particular
substance in this complex is attempted.

However, when

cartilaginous tissue is studied, metachromasia is likely to
be exhibited only by chondroitin sulphuric acid because this

mucopolysaccharide is the only one which has been chemically
identified and extracted from this tissue.

The preferential

uptake and utilisation of radioactive sulphur by cartilage
cells in the sulphate ester of chondroitin sulphuric acid

have been proved chemically and by quantitative autoradio-

graphic techniques in vitro by Dziewiatkowski (1951a) and by

Bostrom (1953), and the value of accurately localising this
labelled compound at a cellular level by autoradiographic

visualisation has now become established.

Autoradiography

has also helped to distinguish between chondroitin sulphuric

acid and another mucopolysaccharide, hyaluronic acid, which
although not containing a sulphate radicle, still exhibits

metachromasia on staining with toluidin blue (Wislocki, 1947).
In the present work, the intercellular substance which

fibroblasts were seen to secrete while differentiating, and

which exhibited metachromasia but did not contain any
radioactivity

-
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radioactivity from the isotope 355, was identified as
hyaluronic acid, whereas the intercellular substance which
was secreted by neighbouring osteogenic cells while farming
the periosteal blastema, exhibited both metachromasia and

radioactivity and, because of this, was identified as
chondroitin sulphuric acid.

Another important biochemical observation recently reemphasised by Muir (1956) from extraction studies of
chondroitin sulphates, is that the nature of this complex
varies with the pH value of the various processing media
through which the tissue is passed, and that at neutral pH
this complex is composed of a definite polysaccharide united

with a small amount of polypeptide or protein.

Failure to

realise that varying pH levels produce an alteration in

structure of the complex of chondroitin sulphuric acid has
led to many discrepancies in results and conclusions.

Therefore the results of the present study are based upon

material which has been processed entirely at neutral pH
levels, because in addition to ensuring the constancy of the

chemical nature of this complex, it is essential to control

accurately the pH of the processing fluids since the quality
of the metachromatic staining reaction depends also upon the

pH of the tissue.
The radioactive sulphate fixation

by chondroitin

sulphuric acid and hence the metabolism and utilisation of
this "label" by the activity of the cartilage cells are

considered to be influenced by an enzyme system possibly of
the
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the nature of a specific chondro- sulphatase

.

Bostr8m

(1

953)

has shown in cartilage slices in vitro that the activity of

fixation can be destroyed by heating, freezing, anabolic
conditions, and by cortisone, but these factors destroyed
the cells as well as their activity.

Except for the work

of Dziewiatkowski (1951b) on the effect of thyroxin on radio-

active sulphur uptake by articular cartilage, and of Duthie

and Barker (1955b) on the effect of cortisone, there has been
no work on the effect of other agents or factors of a less

necrotic nature upon this process in vivo.

Many observa-

tions have been made on the histological changes resulting

from numerous hormonal, nutritional, vascular and mechanical
factors which did not necessarily destroy the cell to achieve
their effect, and in the present histochemical work these
factors were studied in an attempt to analyse in vivo the

secretion and possible metabolism of chondroitin sulphate
acid.
In the oestrogen- treated series, chondrogenesis with the

metabolism of chondroitin sulphuric acid appeared normal.
However, subsequent cellular maturation was seen to be disturbed, more especially in the epiphyseal area of growth than
in the regenerative periosteal blastema, by the irregular

nature of the deposition of the bone salts in and around the

degenerating trabeculae of cartilage, which persisted
abnormally.

This defect could have resulted from some

derangement of the normal resorption and calcification of the
organic

ß,.
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organic matrix containing chondroitin sulphuric acid, or from
some defect in osteoblastic activity.

It is concluded that

oestrogens do not affect the synthesis of chondroitin
sulphuric acid but may affect its utilisation as a possible

calcium- phosphate acceptor because of some resorptive or
osteoblastic abnormality rather than because of any intrinsic

defect produced in the chondroitin sulphuric acid itself.
In contrast to this observation,

in the parathormone-

treated series the normal process of endochondral ossification and metabolism of chondroitin sulphuric acid was seen

with the appearance and even acceleration of cellular
maturation, blood vessel invasion with osteoblasts and the

deposition of bone salts.

It is thus considered that para-

thormone when given in excess stimulates osteoblastic activity
and may act directly on chondroitin sulphuric acid by

increasing its depolymerisation to liberate "reactive groups"
for the calcium and phosphate ions more quickly and, from
this, to form bone salt.

Similarly, the hormone thyroxin did not disturb in any

way the metabolism of chondroitin sulphuric acid but appeared
to accelerate cellular differentiation and function gnnli-

tatively but not quantitatively by a possible direct effect
on the mast cells to produce the necessary stimulus, that is,
the formation of bone occurred more quickly but without any

increase in the usual volume of bone deposition seen in
repair.
In /
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In the series treated by hypervitaminosis A, although

chondrogenesis and metabolism of chondroitin sulphuric acid
occurred normally, the subsequent process of ossification of
the degenerating trabeculae of cartilage appeared to be

deranged.

Union of the fractured bone occurred mainly

through the agency of the process of intramembranous ossification and calcification of the organic matrix containing a
normal amount of chondroitin sulphuric acid in the periosteal

blastema.
Therefore the only direct effect from these hormonal
and nutritional influences on the metabolism of chondroitin

sulphuric acid was the suggested function of thyroxin in
increasing the depolymerisation of the complex to liberate
reactive groups more quickly.

This apparent lack of quan-

titative as well as qualitative effects on the cells

secreting chondroitin sulphuric acid is understandable when
it

is considered

how small an amount of these substances

actually reaches the chond-rocytic system because of the
normal diffusion mechanism through the gel of the intercellular matrix of nutritional substances, even with massive

dosages of vitamin A.

More importantly, these cells and

their activities have resulted from trauma and are undergoing regeneration and differentiation and this means that

they have reverted back to a tissue similar to that found
in the embryo, in which the regenerative or developmental

blastemata are independent of their external environment and
influences, and are dependent only upon intrinsic influences
for

for subsequent dedifferentiation and metabolism in forming

chondroitin sulphuric acid.

In bone repair, during the phase

of invasion by blood vessels carrying in osteoblasts,

minerals and unknown factors of resorption to aid in the

calcium- phosphate precipitation, the regenerative blastema
of the periosteum again becomes "post- embryonic" as regards
its dependence on external stimuli.

Therefore adequate

vascularity and the carrying in of nutritional or abnormal
substances are not important features for the function of the

early regenerative blastemata and their secretions.
In contrast to these minimal effects of humoral

influences of hormones and vitamins, the local effect of the
enzyme hyaluronidase is of more interest because of its

disturbance of the usual independent mechanisms of the early
regenerative blastemata, although the increased haematoma

formation may have altered the local hydrogen ion concentration and the appearance of any stimulating factor necessary

for the cellular differentiation processes and so have
complicated the picture still further.

However, there was

a derangement in the medullary blastema to form bone and it
is

suggested that this was produced by a premature depoly-

merisation of any chondroitin sulphate produced by the
osteogenic cells which in turn did not complete their

differentiation in time for the appearance of the calcium
and phosphate ions.

When the results from the two vascular factors of
ligation and inadequate haemostasis are considered, it is of
interest

-
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as was to be expected,

chondrogenesis and

metabolism of chondroitin sulphuric acid were normal except
that in several areas cellular differentiation was inadequate

and retarded so that only fibrous tissue was formed.

The

other abnormalities recorded were the disturbance in the

ossification phase and the presence of islands of degenerating
cartilaginous

trabeculae far down in the metaphyseal region.

In bone repair, it is considered that two waves of vascular

supply with nutrition are necessary.

The first wave is

necessary for the nutrition of the cells and for further
stimulus to differentiate at the beginning of the formation
of both the medullary and periosteal regenerative blastemata.

This is followed by an interval when the differentiating
cells are independent of the extrinsic influences of nutri-

tional and hormonal substances, and then by the second wave

which carries in the calcium and phosphate ions and osteoblasts with enzymes to precipitate as the crystal of bone
salt.

The intramedullary nailing series did not show an

intrinsic disturbance in the metabolism of chondroitin

sulphuric acid, and any effect was an indirect one resulting

mainly from the removal of the source of stimulus, that is,
the mast cells for cellular differentiation and subsequent

union by bone.

A similar effect was seen in the series

treated with the histamine -releasor compound.
In
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In another approach to the study of chondroitin

sulphuric acid in vivo, a chelating agent, ethylene- diamine

tetra -acetic acid, was investigated for a possible direct
effect of resorption upon this mucopolysaccharide complex.

Although none was observed, this may have been because of
some chemical property of ethylene- diamine tetra- acetic acid,

rather than because resorption of bone does not require the
dissolving out of both the organic and mineral phases of bone.
In the repair of bone the two definite processes of

endochondral and intramembranous ossification, although they
originate from the same stimulus possibly through the agency
of the mast cell and its secretion of histamine, and through

the same mesenchymal cells with osteogenetic potency, are

separate entities as regards their subsequent differentiation
and metabolism and the type of bone which results.
In the repair process of endochondral ossification

through the periosteal blastema, there is a reversion to a
primitive or embryonic form of tissue cartilage with its

secretion of chondroitin sulphuric acid to form the organic
matrix or intercellular substance.

In its earlier stages

this process was found to be independent of external stimuli
or factors

-

hormonal, nutritional or mechanical

-

except for

thyroxin, which may affect the degree of depolymerisation of

chondroitin sulphuric acid to hasten the calcification
process.

Another exception to this was seen in the effect

of cortisone on the healing of a fracture, in which

chondroitin sulphuric acid was secreted by the differentiating
cells

cells up to the critical level of the mature cartilage cell,
the chondrocyte, whereupon it was liberated as an increased

amount of intercellular substance which then underwent the

process of calcification rather than ossification (Duthie
and Barker, 1955b).
In the other repair process of intramembranous ossifica-

tion through the medullary blastema, cells and osteoblasts
differentiate to form osteoid and calcified tissue and the
bone of the internal callus directly, without any reversion
to a primitive form of repair.

As a form of post- embryonic

tissue this process is more liable to be influenced by
hormonal, nutritional and mechanical factors, not through any
direct effect on the secretion of chondroitin sulphuric acid
of the organic phase but rather through an effect on its

function of forming the final pathway for the nutritional
substances to the differentiating cells since
most immediate environment.

it

forms their

Ham (1953) has proposed an

interesting concept of the difference between the cartilage

cell and the osteoblast cell in its response to calcification
of its surrounding intercellular substance,

sulphuric acid.

chondroitin

He considers that in the former cell, death

results from sealing off of the nutritional substances by the

precipitation of phosphates in the gel of chondroitin
sulphuric acid, whereas the osteoblast is said to possess

long cytoplasmic processes which extend through the intercellular substance and along which nutritional substances can

pass when calcification of the intercellular substances takes
place.
that

However, it has been shown (Duthie and Barker,

1955a)
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that degenerating trabeculae of cartilage as it is being

ossified during the growth pattern in the metaphyseal region
still utilise radioactive sulphur which must reach the dying
cell by some active diffusion mechanism.

It is suggested

that since the cartilage blastema is independent of most

external stimuli, the cessation of function of the cells

concerned is related to a fixed amount of chondroitin
sulphuric acid which can be secreted only by each cell under
an inherent and independent stimulus.

Therefore only a

fixed amount of calcified tissue can be formed, and this

would be in keeping with other mesenchymal or connective
tissue which can function and secrete an intercellular
substance only to a certain extent, to fulfil the role and

maintain the balance of the physical system of the organ and
body as a whole.
Applications to Man.-

Although these results from

experiments in animals cannot be directly related to man,

certain of the observations can be utilised to modify the
existing inaccurate concepts of fracture repair in man.

The

repair of bone in man is commonly stated to consist of the
"replacement of the fracture haematoma by granulation tissue,
and around the newly formed blood vessels, trabeculae of

woven bone" are laid down, and are eventually replaced by
mature or lamellarbone ".

A more accurate picture is that

of the formation of the two regenerative blastemata from the

periosteal and medullary osteogenic cells by their cellular
differentiation

-
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differentiation under some stimulus resulting from the trauma
or break in continuity of the tissue, and it is suggested

that this stimulus is provided by the secretion of histamine

by the mast cell.

These two blastemata then form bone

either by endochondral ossification or by intramembranous

ossification which are two entirely separate processes
forming different types of bone.
The vascularity of a fracture has been shown to be

dependent on two waves.

The first wave which is necessary

to bring in the stimulus from the mast cells and, more

importantly, to maintain the nutrition of the cells during

their acute phase of differentiation to form the regenerative
blastemata,

is usually more than

adequately provided by the

periosteal blood vessels even when the nutrient artery has
been divided by the trauma of the fracture process.

It is

suggested that to enable the second wave to bring in the
humoral factors of mineral salts from the osteoblasts and
enzymes,

regeneration and reconstitution of the original

vascular pathways are necessary, and the importance of
immobilisation to achieve sufficient revascularisation at
this stage is obvious.

Therefore during open reduction of a

fracture stripping off of the periosteum to gain an easy

plane of access, and the subsequent separation of the
eriosteum by a metal plate, must be potent causes of nonunion by affecting the primary wave of vascularity and by

removing the stimulus for cellular differentiation from the
mast cells.

Another important cause of non -union,

especially after open reduction of a fracture, is the filling
of /
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of the medullary cavity by an intrame dullary nail, which

both disrupts and prevents the appearance of blood vessels
and removes the stimulus for cellular differentiation.
The inorganic phase of osteogenesis was more sensitive
to the humoral stimulus of a hormonal, nutritional or

vascular nature than the earlier organic phase of osteogenesis and this has been explained morphogenetically.

The

organic phase was found to be resistant to all systemic
stimuli except cortisone and thyroxin, but it was influenced

by the local application of drugs such as hyaluronidase
which primarily affected the stimulus or trigger mechanism
for the subsequent cellular differentiation as well as the

chemical state of chondroitin sulphuric acid.

Therefore

these abnormal metabolic and other states are of value not as
possible therapeutic measures but as a means of analysis to
obtain further information about the histochemistry of
osteogenesis.
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II

A STUDY OF THE HISTOCHEMISTRY OF OSTEOGEMSIS BY
TISSUE CULTURE

Tissue culture

method by which the possible

is a

viability and growth, differentiation and metabolism of
transferred tissues and cells may be studied in a defined
environment, within (in vivo) or without (in vitro) the host
tissues, for a certain period of time.

Tissue Culture in vitro
This has been defined by Murray and Kopech (1955)as the

maintenance of isolated portions of multicellular organisms
in artificial containers outside the individual for consider-

able periods of time.

The tissue or cells are transplanted

into artificial media such as blood serum or plasma, or

physiological salt solutions of Ringer- Locke, and observed
for viability and growth.

With the recognition of the

importance of rigid asepsis and a knowledge of the synthetic
and nutritional substances which are essential for cellular

survival, this technique became practicable as an experi-

mental method in 1907 when Harrison demonstrated the

viability of frog's nerve tissue in the frog's own lymph.
Carrel (1924) then developed a standard technique for studies
on the histogenesis of embryonic tissue in vitro.

Wilimer

(1954) has described the evolution of this method, its

technique
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technique and its tenninology, and has evaluated the many

fundamental contributions to histology, embryology and

physiology which have resulted from it.
Disadvantages and Limitations.-

The method is self -

limiting because the only information obtained is that from
the transplanted cell or tissue.
it

is artificial,

is

The environment, because

purely supportive and nutritional in

function and is of little interest as regards the effect of
the transplant upon it.

The exceptions to this are the

work of Willmer and Jacoby (1936) on the growth - stimulating
properties of embryonic extracts from a chick embryo and

Walton's (1914) similar work on brain and thymus extracts.
It is also of interest that the radioactive phosphorus

uptake of the nucleoproteins of tissues is accelerated and

increased by these substances (Hull and Kirk, 1951), and
that extracts of embryonic cartilage when added to the

culture media stimulate the growth of fibroblasts (Davidson
and Waymouth, 1943).

With this technique there are still

many unexplained variables of a pathological nature,
resulting from the use of artificial media.
logical appearance

The morpho-

of cells is governed by their immediate

environment which mainly consists of their intercellular

substances, and any alteration of this environment results in

altered morphology of the cell.
Gaillard (1948) recorded that culturing explants by the
standard Carrel technique of tissue culture produced a
retarded differentiation of the tissues so that only immature
fibroblasts
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fibroblasts or epithelial cells remained.

Because of this

and the realisation that the composition of the body fluids

changed during tissue development

in the living organism,

he emphasised the necessity for frequently changing and

replacing the medium of the culture in order that progressive

differentiation of the implants would take place.
The complication of infection may also occur because of
loss of the protective mechanisms of antibodies and leuco-

cytes which normally accumulate as a result of the circula-

tion conveying them to the site of infection.

Much time has been spent in attempting to evolve the
necessary environment for survival and growth, and from this
work information has been obtained about the histogenesis and
histochemistry of skeletal tissues.

Of great importance to

this subject have been Honor Fell's classical experiments

from 1925 onwards on the development of embryonic limb bones,
on the osteogenic capacity of periosteum and endosteum of the

limb skeleton, on the calcifying mechanism in avian cartilage

and osteoid tissue (with Robison, 1929); and on the effect
of hypervitaminosis A on embryonic limb bones (1953).

Histo-

chemical applications of this method in vitro have been
recorded, and Paff (1948) in a study in vitro of chick
embryo and the pH of the supporting Tyrode solution, has

produced good evidence against the belief that the "local
factor"

in bone growth is a change in the pH towards the

alkaline - the accepted "alkaline tide" of healing of bone.

Glücksmann
mechanical

(1 939)

has recorded by studies in vitro the

-

121 -

mechanical effects of pressure during chondrogenesis and the
resulting abnormalities produced.

Tissue Culture in vivo
This is a method of study of transferred tissues and
cells within a defined environment, inside the host tissues.

Advantages of Method.-

The important difference in this

method is that the environment is living and therefore it

is

possible to observe both the tissue transfer and the host
tissue separately in every detail for their histogenesis and

histochemistry as well as for the changes resulting from
their effect upon each other.

Willmer (1953) has emphasised

the importance of the environment

by describing how cells

which have become mature and specialised in function demand
a "finely adjusted physico -chemical process and reactions

around them" and by so doing lose their independence to the

body as a whole;
symbiosis.

he considered this to be a form of

With tissues which have become specialised, such

as osteogenic tissue, this symbiosis between tissues and

their environment is of such importance that every effort
must be made to maintain the relationship experimentally.
It is also accepted by most morphologists that groups of

developing cells are essentially dependent, both mechanically

and physico- chemically, upon other groups of living cells in
the immediate surroundings.

On successful transfer of cells

or tissues, when the tissue is called a transplant,

survival

and growth of the cells may be expected, and this is termed

"Unorganised

-

"unorganised growth ".
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When actual differentiation of the

transplanted cells to form normal tissue with functional
potentialities is seen, this is known as "organised growth ",
and this form of growth offers the greatest opportunity

experimentally for acquiring information and for relating
such information to human problems.

Organised growth is

more likely to be found in experiments in vivo than in vitro.
The Environment.-

All transplantation experiments of

any tissue into living tissue, both autogenous and homogeneous, may be regarded as examples of tissue culture in
vivo, except that the environment is not defined.

Therefore

under these conditions analysis of the transplant -host

relationship is difficult and the interpretation of the resul
confused.

Because of this,

every effort has been made to

develop a technique in which the tissues of the host can be

separated physiologically as well as morphogenetically from
the transplant or tissue transfer.

One of the earliest methods of investigation by which

an attempt was made to control and define the environment of
a transplant was originated

by Sandison (1928) who described

the use of a transparent chamber in a rabbit's ear to study
the growth of bone.

Kirby -Smith (1933)

using a similar

technique, described the microscopic repair of bone fracture
in a transparent chamber, and in 191+2 Clark and Clark

demonstrated the formation of cartilage and bone with
particular reference to the ingrowth of the vascular patterns
in a transparent chamber in a rabbit's ear.

method

This particular
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method can be criticised in that the environment was too well
defined and artificial for significant conclusions to be
drawn, although the ingrowth of the vascular patterns is of
interest.

A still further method of separating the host from the
transplant was described by Rezzesi in 1932 who cultured,
vivo, normal tissue inside a collodion bag.

in

This was trans-

planted within the peritoneal cavity and was observed for the
time of the survival of the tissue.
a similar technique, Bisceglie

One year later, using

studied the survival of trans-

plants of mouse cancer in guinea -pigs.
In 1943, Greene described his work on the heterologous

transplantation of both human and rabbit embryonic tissue
into the anterior chamber of the eye of guinea-pigs and into

their testes;
months.

he observed new-bone formation after many

The advantages of the eye as a site for trans-

plantation were obvious:

bone formation was less frequent

than in other tissues because from the developmental aspect
a mesodermal structure was being transplanted into an ecto-

dermal structure;

the aqueous humour provided a nutritional

supply of essential metabolites;

microscopy was possible of

the adjacent host and transplant and therefore their

relationship could be better studied.

Pfeiffer (1948),

using the same technique, demonstrated the development of new

bone from transplanted bone marrow in mice.

Hutchison

(1949), who cited Cohnheim as originating this method in
1877, also used anterior chamber of eye of the rabbit and

described
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described how homotransplants became sequestra whereas auto transplants survived and developed new bone in conjunction
with the invading host cells.

In an extensive study with

this method, Urist and McLean (1952) demonstrated the osteo-

genetic activity of numerous samples of all forms of
skeletal tissue in forming new bone with the invasion of the

vascular mesenchyme from the host tissue, and discussed
generally the problem of osteogenesis.

They emphasised the

difficulty in discriminating clearly between the osteogenetic
activity of the cell and that of the transplanted cell.

Therefore, although by using the anterior chamber of the
eye the environment was controlled and defined to a greater

extent than in previous research, difficulty in interpreta-

tion was still present because of the insufficient physical

separation between the host and the transplant.
Micro- organisms have been grown on cellophane membranes
(Harmsen and Kolff,

1947) and Carl Schleicher and Shuell

Company, U.S.A., have developed and produced porous membranes
for this form of bacteriological study by the culture of

bacterial organisms on pads of a cellulose ester material.

Diffusion Chamber Technique.colleagues (Algire,

1951+;

To Algire and his

Algire et al.,

1951+)

must go full

credit for developing and adapting similar porous membranes
to make diffusion chambers.

With these, they are studying

the survival and proliferation of transplanted homogeneous

tumour cells, and the related genetic and antibody problems
of /

-

of immunised animals.
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The principle of this method is the

physical separation, with prevention of any movement by the
membrane, of the cells of the host from those of the tissue
transfer, while the porosity allows the passage of the

essential nutritional substances necessary for survival and
growth of the tissue.

In these experiments tests were made

on the survival and growth of mammary adenocarcinoma in mice.
The survival of these tumour transplants was based upon

histological examination for mitotic figures in the nuclei
of the tumour cells, as well as for the production of

additional tumour growth on further transplantation of the
original tumour transplant into susceptible hosts.

With this technique, it is possible to separate

physically the host and transplant cells, the degree of
separation being proportional to the type and porosity of
the filter,

to the physical distance through which the

nutritional fluids have to pass as well as to the physical

distances between the host, the membrane, and on the other
side of it,
is

the cells of the transplant.

Although nothing

known of the physico- chemical nature of the diffusion of

essential fluids through these membranes, diffusion is

assumed to take place because transplanted cells survive and
grow.

however,

it

may not in fact occur because certain

groups of cells forming a functioning tissue of an organised

growth, such as a glandular tumour, may possess sufficient
and inherent physico- chemical properties to survive and to

proliferate by some form of internal economy, even although
they

-

126

-

they are completely divorced from external nutritional supply
for a certain period of time.

When this technique is used another uncertainty to be
considered is the effect of the actual chamber on its
immediate environment formed by the host.

In the presence

of any infection, the chamber is obviously localised and

separated by dense fibrous tissue, or else it is extruded.

When sterile, will the intercellular substances diffuse
through these membranes and form a continuous physico- chemica:

network with the contained cells?

This continuity of the

intercellular matrix is essential for the passage of

nutritional substances to the cells.
It has already been mentioned that symbiosis

of cells

and their environment becomes more advanced and complicated

with increasing maturity and specialisation of the tissue,
especially as regards function.

This process of symbiosis

must be dependent in part upon important physico- chemical
mechanisms but the mechanical factor of cell continuity may
be equally important.
These are some justifiable uncertainties which must be

considered and which cannot be dispelled until much more use
has been made of these diffusion membranes.

Their diffusion

property is the most critical mechanism to understand and to
evaluate, and histochemistry of the transplanted cells will

play the major part in this research.

Transplantation
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Transplantation of Osseous Tissue
Systematic investigations in osteogenesis have been, in
the main, concerned with studies in vivo of the transplanta-

tion of the various components of skeletal tissue.

Although

this work has contributed to our knowledge of this subject,
there still remains much controversy and uncertainty, and it
is

necessary to consider briefly the experimental work which

has been carried out during the past hundred years.
The first scientific approach began in 1867 with

011ier's review of his own work and of the earlier literature
on the result of transplanting periosteum and bone which he
thought remained alive and exhibited the property of osteogenesis.

Oilier was followed in 1893 by Barth Mho, from

careful and for the first time histological studies, observed
that all graft tissues which had been severed from their

blood supply died, and that the repair process resulted from
invasion by the host blood vessels and connective tissue
cells.

The controversy was further stimulated by the

anatomist Axhausen who in 1907 agreed that bone tissue died
but held that the periosteum had a high degree of survival
and that it was from periosteum that new bone arose.

This

was soon contradicted by Macewen (1912) who had been studying
the problem of transplantation of bone during the previous

thirty years, and who considered that periosteum in itself
did not form bone but acted only as a limiting membrane and
as a source of nutrition.

This difference

in opinion arose

because Macewen did not believe that the periosteum consisted
of
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of two layers, an outer fibrous coat and an inner cambial
layer of osteoblast cells which were osteogenetically potent.

Causal Genesis of Bone Formation.-

This led to the next

issue of whether new bone formation following the transplan-

tation of osseous bone resulted from the cells remaining
viable in the transplant

-

the specific osteoblastic theory

or whether it resulted from the connective tissue

-

cells of

the host by the process of metaplasia - the metaplastic

theory.

This introduced the idea that metaplasia or

cellular differentiation resulted from some induction
mechanism by the osseous transplant, and the possibility of a
secretion of a specific osteogenetic substance.

A tissue transplant whether of groups of cells such as
osteogenic cells or organised tissue such as bone, is considered to have been successful when the transferred cells

maintain their viability, growth and self-differentiation to
form new bone or to become incorporated into the host tissues
as a successful bone graft.

On transplantation of osteo-

genetic potent cells of the skeletal system, differentiation
to produce new bone may arise from within the transplant

when it is termed "self- differentiation ", or

it

may arise

from cellular differentiation of the host tissues, making up
the immediate environment of the transplant, by a process

called "induction ".

The origin of the stimulus for osteo-

genesis and the nature of the tissue upon which it acts is
one of the fundamental problems of bone formation.

Induction
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Induction of New Bone Formation.-

Much of the work on

induction in bone has been suggested by experimental

embryologists who have defined areas in the embryo called
"organisers" which initiate tissue differentiation during
embryological development (Spemann, 1938).

The process of

induction or "releasing" acts on a latent but potent
"reacting system" to form new tissue during three phases:
the first phase of chemo -differentiation in which the tissue

has been acted upon by some chemical compound, probably a

steroid compound, but as yet shows no structural change;

the

second phase of histo -differentiation when there is actual
anatomical transformation of cells into a particular type of
and the third phase of auxano- differentiation when

tissue;

definite organs and anatomical patterns are formed.
(1951)

,

Lacroix

who has related this conception to the study of

organisation of bone, described examples of induction by an
organiser substance which he termed "osteogenin".

This he

regarded as being a definite and specific chemical compound.
He defined induction as a "potency by a tissue to influence

and to cause differentiation in neighbouring cells ".

Levander (1938) and Annersten

(1

940)

of the Scandinavian

school demonstrated independently the process of induction of
osteogenesis in the muscles of rabbits following the injection of cell -free alcoholic extracts containing a fatty acid
component from bone and fracture calluses, and attempted to

analyse the extract for the actual "bone- producing" component.

Bertelsen

refined

(19)11)

with similar experimentation but more
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refined chemical extraction methods regarded it as being a
chondroitin- or protein-like substance.
et

al.

However, Heinen

(1949), on repeating the Scandinavians'

experiments,

Obtained a greater percentage of positive results with an
injection of alcohol alone, although their proportion of

positive results with bone extracts was similar to that of
Annersten,

and because of this they did not consider that the

resulting bone formation was due to an induction process
caused by a diffusing chemical substance.

Another embryologist (Weiss, 1950) has shown by experimental studies in embryo that differentiation in tissue

depends upon the physical and chemical influences which one
tissue exerts upon another, but only if in contact with each
other.

Therefore this process of induction may result from

both chemical and mechanical reactions of the cells concerned
In summing up the subject of induction of bone, Urist
and McLean (1953) have defined and described it as "a physic .

chemical process which requires contact of all cells and

tissues and is transmitted from one layer to another ".

Controversy on this issue still remains to -day, but most
workers now accept the metaplastic theory, although the
secretion of a specific osteoblastic substance has not yet
been satisfactorily demonstrated or disproved.

levascularisation of Transplanted Osseous Tissue.1911.E

In

Phemister introduced another concept that osteogenesis

in bone repair resulted from the viable cells of the

periosteum and endosteum of the haversian systems, survival
being

-
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being dependent upon their nutrition by the ingrowth of new

blood vessels from the host.

This idea of revascularisation

of a graft and its welding to its environment was originally

described by Barth (1893) in his "death and resurrection"
theory.
to

The physical state of the graft was also considered

determine the speed and extent of the process of revas-

cularisation, and this has been demonstrated experimentally

by Hancox

in his "hanging drop" tissue culture tech-

(191+7)

nique of a frontal bone of a chick embryo.

He has described

a physical joining up of the vessels existing in the trans-

planted fragments with short capillary buds from the host,
the ease of which depends upon whether the graft has been

boiled or not.

Although this work has not been confirmed in

post- embryonic tissue, Ham (1953) considers that the vascul-

arity of the host bed determines whether the differentiation
of cells is directed towards the formation of osteoblasts,

in

the presence of a rich capillary network, or towards the

formation of cartilage cells in the relatively avascular
areas.

Experimental work was next concerned with evaluating
the differences between autogenous, homogeneous and hetero-

geneous bone grafts in animals (Groves, 1917)
effect of alcohol

and. of

,

and with the

freezing on these grafts.

This led

to the development of methods for preserving and storing bone

for subsequent surgical procedures.

Historical reviews on

this work have been given recently by Chase and Herndon
(1955) who quote from 855 references, and by Peer (1955) in

his

-
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his textbook on the transplantation of tissues.
The present day concept, of the fate of a bone graft is

that on transplantation most of the cells die, except for

some in the periosteum and endosteum in the haversian
systems, which retain a definite osteogenetic potency.

Some

degree of erosion or resorption of the graft's surface is

caused by the action of osteoclasts or other cells of the
host and their secretions of the nature of a chelating
substance.

Resulting from this process, a specific osteoThis substance

genetic- inducing substance may be liberated.

will act on the invading tissue of the surrounding host to
form osteogenic cells which will become either osteoclastic
or osteoclastic in type depending upon their function of

resorption or new bone formation respectively.

The graft is

invaded by a vascular mesenchymal tissue from the periosteum,

marrow and possibly from other tissues of the host, and the

bone is reorganised by the process of resorption and
apposition.

The

Significance of the Environment.-

In attempting to

define more accurately the importance of the environment to

the graft, the experimenter has in the past transplanted
osseous tissue into almost every tissue of the body of
animals, but it is only in recent years that emphasis has

been placed on the state of the transplant bed, especially
as regards its vascularity.

Most of these transplantation

experiments were concerned with the implant of the tissue
transfer

-133transfer into some form of skeletal tissue, but in 1929

Pollock et

al.

studied autogenous transfers which had been

enclosed in a colloidon membrane to isolate them from the
host cells and blood vessels, and found that in such a

biological situation death occurred because of lack of blood
supply.

Hutchison (1952) in attempting to define histologically
the significance of the environment

as well as the fate of

both autogenous and homogeneous bone transplants, compared
these tissues when they were implanted into various situa-

tions in the rabbit, such as muscle, bone and anterior

chamber of the eye, and found that the autografts lived by
cell "repopulation" whereas the homografts died.

In their

further analysis of osteogenesis, Urist and McLean defined

osteogenetic potency as the "capacity of connective tissue to
form bone" and when this occurred the tissue was said to have

exhibited "osteogenic activity ".

Although such precise histological studies have added
much to the knowledge of osteogenesis, this cannot be complete
without histochemical studies on the metabolism of osteogenic

cells in periosteum and fracture calluses, as well as in
whole bone.
The Histochemistry of Transplanted Osseous Tissue.-

As

yet there has been little experimental work to determine the

histochemistry of the process of the cellular differentiation
or metabolism of the transplanted osseous tissue.

histochemical

The first

-
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histochemical study was carried out by Wolff in 1863, who,
attempting to determine the viability of a bone graft which

had been stained vitally by feeding the animal on madder
root, claimed that the graft had healed and remained alive

because

it

retained its red staining from

tl

dye.

In 1951 an indirect type of histochemical study of the
state of the organic matrix of grafts was presented by

Odell et al.

,

who compared the uptake of radioactive

phosphorus by autogenous, fresh, boiled and frozen grafts of
a dog's tibiae.

They found the uptake to be greatest in an

autogenous graft and attributed this to the unchanged nature
of the protein matrix of the graft which had allowed the

greatest access to the invading host tissues with their
radioactive phosphorus content, but this did not necessarily

indicate the viability or state of metabolism of the grafts.

A more direct histochemical approach was made by
Siffert

(1

methods,

955) who, by van Gieson, Gomori and cobalt nitrate

studied the collagen, alkaline phosphatase and

phosphates in bone and fracture callus transplantations into
ulnar defects and into muscles of rabbits.

There was no

response in the bone graft bed to any direct osteogenetic

substance or to any stimulation by the presence of local
phosphates or alkaline phosphatase, and he concluded that
alkaline phosphatase was primarily concerned with the

elaboration of the matrix during the early part of healing.

From
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From a consideration of previous research work, the
importance of the transplant -host relationship is evident.
This relationship implies a dynamic state of transfer of

nutritional substances as well as of the possible osteogenic
inductor substance, which are necessary for the resulting

cellular differentiation.

This may be inherent

to the

transplant because of its osteogenetic potency or it may be
a response of the host to the trauma caused by the implanta-

tion procedure, or to properties possessed by the trans-

planted osseous tissue.

Histochemically, this relationship

can best be defined by analysing the histogenesis and meta-

bolism of separate groups of osteogenic cells and of organised
bone.

In the earlier phase of osteogenesis

is formation of mucopolysaccharide

in which there

complexes, chondroitin

sulphuric acid is metabolised and this substance can be

identified by histochemical methods of staining and by auto radiography.

To complete this analysis,

it

is

essential to

separate physically the cells of the host from those of the
transplant, so that their individual reactions can be followed
in relation to each other:

this is possible by tissue culturJ

in vivo.

Project

-
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Project of Study

This work was undertaken to study in vivo:

1.

(a)

The survival, growth and osteogenetic activity of

various cellular constituents from a fracture callus
of seven days'

duration and the possible significance

of the site of implantation.

(b)

The physico -chemical properties of the membranes in
the diffusion chambers.

(c)

The effect of deep freezing on the cellular implant

and its resulting osteogenetic activity.

2.

The osteogenetic activity of various cellular components

making up the periosteum of growing rats and to relate
its significance to the site of implantation.

3.

The

reaction of the host tissues in the immediate

environment of the implanted diffusion chamber containing

cellular components from a fracture callus of three days'
duration, with particular reference to the possibility of
a "specific inductor substance" producing new bone

formation by the process of induction.

4.

The survival and possible osteogenetic activity of

cortical bone when implanted in a diffusion chamber
adjacent to bone.

-
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AND

METHOD

Pre aration of the Diffusion Chamber
The Millipore Filters.-

These were obtained from the

Lovell Chemical Company, Waterton, Massachusetts, in the form
of discs of 47 mm. diameter made from cellulose esters.

By

the use of bacteriological and filtration tests, the manu-

facturers have graded these membranes into two main types.
The first type

-

called the aerosol type (AA)

-

is known to

pass some organisms of the Serratia marescens group and to
separate or to "cut -off" an aqueous suspension of ground
quartz during filtration at 0.8 micron.

hydrosol (HA)

-

The second type -

prevents the passage of any organisms of

Serratia marescens which are about 0.5 micron in diameter,
and separates or "cuts -off" an aqueous suspension of ground
quartz at 0.3 micron.

During biological testing of these

membranes, Algire et al. (195L) showed that with Type AA of
30 microns thickness, no histological cells passed through,

and similarly with Type HA there was no cellular diffusion.
The filters are made of cellulose derivatives and when

examined microscopically are seen to be made up of numerous
fibres forming a grid pattern, with a definite and measurable

porosity.

During most of the present study, Type AA was

used but Type HA was used latterly because of greater tensile
strength for the cortical bone transplant experiments.
The

-
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The "Algire" Design of Diffusion Chamber.-

In the

"Algire" diffusion chamber, two Lucite or Perspex rings, one
of which fits into the other, are used to hold the membranes

After the transplant has been inserted these

in position.

rings are sealed off with a Lucite solution around the
margins.

Although Dr Algire of Bethesda, Maryland, U.S.A.,

kindly sent a sample of his diffusion chambér, after several
experiments this technique of fixation and assembling was

discarded in favour of the following technique.
The "Sellotape" Design of Diffusion Chamber (Fig. 133).-

A roll of Sellotape half -an-inch wide

is

laid out with its

sticky surface uppermost on a flat surface.

borer of about

Li-

mm.

With a cork

diameter, a row of holes, about 2.5 cm.

apart, is punched out along the length of the strip of

Sellotape.
6 mm.

Small discs of the Millipore membranes, about

in diameter, are now placed over the prepared perfora-

tions and pressed into position.

The Sellotape is then cut

across between each of two successive membrane -covered

perforations and, after being partly folded across, they
are stuck by a corner on to a piece of paper.

In this way

many chambers can be quickly prepared and easily stored.
The sheet of paper containing about 20 diffusion

chambers is then autoclaved at 120 °C. (with 15 lb. /sq. in.
of steam pressure)

taken out.

for 15 minutes and dried before being

This method of sterilisation is preferred to the

antiseptic method described by Algire of immersing the

chamber into 70 per cent, alcohol for
rinsing

15

minutes and then

MILLIPORE Membrane

SELLOTAPE
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133.- Diagram to illustrate the
preparation and appearance of the Sellotape
diffusion chamber.

Fig.

O
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rinsing the chamber in distilled water.
The advantages of the Sellotape diffusion chamber are

that it can be more quickly and easily made and sterilised
for use.

It is

self- sealed by compression of the two halves

together after the tissue transplant has been inserted and
this can be carried out easily in a single procedure without

any loss of the aseptic operative technique.

The chamber

can be cut to any shape to adapt itself to the site of implan
The Sellotape gives the fragile membrane enough rigidity to

prevent tearing, which was found to be frequent with the use
of the "hard" rings of Perspex,

and the flexible nature of

Sellotape ensures that the complete diffusion chamber adapts
its shape to any tissue plane, and, for example, around the

contours of a bone.

Algire described the procedure for the subsequent histological examination of his chambers.

Fixation was carried

out in Zenker -formol solution, after the host cells from the

external surface of the chamber had been swabbed off.

Staining was by Harris'

alum haematoxylin through the

membranes which were then dehydrated and cleared in Xylol

before being freed from the rings.

They were then placed on

to a glass slide for microscopy.
The Sellotape diffusion chamber can be completely

dissected out, with the host tissue surrounding it, and fixed

by being passed through neutral formalin solution and then
through sucdessive solutions of alcohol without the necessity
for

-
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for removing any rings or part of the chamber.

Before the

chamber and surrounding tissue are embedded in paraffin, one
edge is cut across to facilitate the finding of the edge to
be cut when "blocking out

".

On sectioning, the knife cuts

across a complete "sandwich" consisting of host tissue, some

Sellotape, filter membrane, transplant tissue, filter

membrane, host tissue, with all tissues and membranes being
left in coninuity as found during their tissue culture
in vivo.

The section is then mounted on a glass slide and

is subsequently dewaxed and stained

by ordinary laboratory

techniques.

Animal Data
In all the experiments white Albino rats were used and

were operated upon in groups of
usually of the same litter.
100 and 200 g.

8 -10

and were therefore

Their weights were between

and their ages between 5 and 6 weeks.

1.

The Fracture Callus Series

One hundred and four rats were used in this study.

Under ether anaesthesia and sterile conditions, the right
tibiae and fibulae were fractured with bone- cutting forceps.

Seven days later, under further anaesthesia, the fracture
site was exposed through a curved incision with the formation
of a skin flap, and a small wedge- shaped piece of tissue

removed from the callus of the angled bone.
tissue

This piece of

tissue was then equally divided into three parts:

the first

was placed into neutral formalin for histological examination, the second and third were placed into separate

diffusion chambers (Fig.

134-).

The two leaves of the

chamber were compressed together and cut into a circular
One chamber (Fig.

shape.

135)

containing the implant from

the fracture callus was then inserted adjacent to the

original fracture line on its medial side, between it and the
calf muscles, and the skin flap was closed by continuous
suture away from the implant area to lessen the complication
of wound sepsis.

A second curved incision was then made

over the right thigh area and the hamstring muscle groups

were separated by blunt dissection to expose the sciatic
The other chamber containing implant was then

nerve.

inserted into this area and the skin was closed.

This

whole procedure took about 10 minutes for each rat.

Seven days later each rat was injected intraperitoneally

with
35

S

1

ml.

of sterile distilled water containing 2000)tic. of

(20juc. /g. body weight) supplied by the Radiochemical

Centre, Amersham, as sulphate in aqueous solution, carrierfree.

Twenty -four hours later, that is the eighth day after a
fracture had been inflicted, before sacrifice each animal

was observed to detect any possible radiation effect, and the
stained sections were examined for any signs of cellular
necrosis.

The low dosage rates which were used did not

produce any detectable radiation effects.

After

FOR HISTOLOGY

e,

Tissue from

INTO
CHAMBER

Fracture Callus

INTO
CHAMBER 2

MILLIPORE FILTER
''SELLOTAPe
MEMBRANE
TISSUE

Fig. 134.- Diagram to illustrate the removal of tissue
from the fracture callus, the division into three
parts and the appearance of a sealed chamber.

I

CHAMBER

CHAMBER 2

I

(adjacent to fracture

)

(intramuscular)

Fig. 135.- Diagram to show the positioning of chambers
adjacent to the fracture of the tibia, and
intramuscularly in the thigh.
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After the animal had been killed the chambers were

removed with the surrounding host tissues.

The entire

dissected specimen was fixed in neutral formalin and with
successive concentrations of ethyl alcohol, and was embedded
and blocked out in paraffin wax.

Sections of about

6 -8

microns thickness were cut by

ordinary microtome and mounted on glass slides, which had

been "subbed" with a gelatin alum solution.

Serial

sectioning was necessary to obtain sections through the
middle of the chamber and therefore through the transplanted
tissue, but in spite of this,

some areas showing osteogenesis

must have been lost because the transplant, which was made
up of only several cell thicknesses, was so narrow.

Conse-

cutive sections were stained by Ehrlich's haematoxylin and
eosin stain and by the toluidin blue -eosin stain of Lillie
(19-8).

After being dewaxed, two other sections were covered
with pieces of Kodak autoradiograph emulsion, by the stripping

film technique of Pelc (1947) with few modifications.

When

they were almost dry, the slides were placed into wooden
slide boxes, wrapped in black cloth and stored in a light tight cupboard at room temperature.

Exposure times were

estimated by previous experience from the dosage given to

produce positive micro -autoradiographs in other experiments
with radioactive sulphur and by sampling at intervals, and
in this case were approximately three weeks.

Development

and fixation were carried out by using the materials and

methods

-

methods described in Part

I

1.3-

(p. 41)

.

The autoradiographs

were then stained through the wet photographic emulsion with
the toluidin blue -eosin stain of Lillie.

The

subsequent

dehydrating and mounting in D.P.X. has already been described

From each rat the following material was available for
histological and autoradiographic examination:
(1)

The fracture callus, part of which was implanted.

(2)

The transplant and host tissues from the site
adjacent to the fracture.

(3)

The transplant and host tissues from the site
of intramuscular implantation.

Additional procedure of freezing the transplant
material from the fracture callus.-

In 10 other rats, a

procedure similar to that described above was carried out,
except that in each experiment the wedge of tissue from the

fracture callus was placed for three minutes into a watch
glass containing a solution of liquid nitrogen and was then

washed in normal sline.

This prepared tissue was then

divided (with difficulty because of its hardness) into three
parts and the procedure continued as already described.

2.

The Periosteum Series

Fifty -one rats were used in this study.

Under ether

anaesthesia and sterile operative conditions, an incision
was made over the inner side of the right leg.

By dissec-

tion, a flap of muscle, fibrous tissue and periosteurn, about

0.5 cm. in length, was freed from the antero- medial surface
of

of the right tibia.

into four parts:

This tissue was then divided equally

the first part was placed in neutral

formalin for subsequent histology and the other three parts

were implanted into separate diffusion chambers which were
sealed and trimmed by being cut into a circular shape.

One

of these chambers was placed adjacent to the exposed tibia

and the skin was closed.

Another was inserted into the

hamstring group of muscles of the right thigh adjacent to the
sciatic nerve.

The third was placed adjacent to the left

tibia which had been exposed by open operation and had sustained an incomplete fracture of the adjacent surface.

This

would was also closed.
Seven days later, each rat was injected intraperitoneally
with
35S

1

ml.

of sterile distilled water containing 2000)uc. of

(20)utc. /g.

body weight) supplied by the Radiochemical

Centre, Amersham, as sulphate in aqueous solution, carrier free.

Twenty-four hours later each rat was sacrificed and the
three chambers were dissected out with the surrounding host
tissues.

These were then fixed, embedded and sectioned as before.
The subsequent processing for histology and autoradio-

graphy was as for the fracture callus series, but in this
series the following material was available

from each rat:

(1) The part of the periosteum which had been trans-

planted.
(2)

(3)

The diffusion chamber with implant and surrounding
host tissue, in the site adjacent to bone.

/
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(3) The diffusion chamber with implant and surrounding
host tissue, from the intramuscular site.
(4)

The diffusion chamber with implant and surrounding
host tissue, from the site adjacent to the fractura

The Transplant of Early Fracture Callus to Test

3.

for any Specific Inductor Substance

In this study,

50

rats were operated upon and used in an

attempt to demonstrate the presence of an inductor substance.

Under ether anaesthesia and sterile conditions, the
right tibiae and fibulae were fractured with bone -cutting

forceps

.

Three days later, through a curved skin incision,

a wedge of tissue was removed from the fracture callus.

was then divided into three equal parts:

This

one was used for

histology and the other two were implanted into two separate
diffusions chambers.

One of these was inserted into the

hamstring muscles of the right thigh.

The other was

inserted into the left leg through a curved skin incision,
adjacent to the periosteum on the lateral side of the left
tibia, between it and the fibula and the tibialis anterior

muscle.

Three weeks later each rat was injected intraperiton_eall5

with

1

ml. of sterile distilled water containing 2000 )uc. of

35S (201uc. /g. body weight) obtained from the Radiochemical

Centre, Amersham, as sulphate in aqueous solution, carrierfree.

Twenty -four

-
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Twenty-four days later, that is 22 days after a fracture

had been inflicted, each rat was sacrificed and the two
chambers were dissected out with the surrounding tissue.
The subsequent processing for histology and autoradio-

graphy has been described.
The following material was obtained for inspection from

each rat:
(1)

Part of the fracture callus which was transplanted.

(2)

The diffusion chamber with implant and surrounding
host tissue from the intramuscular site.

(3)

The diffusion chamber with implant and surrounding
host tissue from the site adjacent to bone.

2+.

The Cortical Bone Series

Twenty -four rats were used in three groups.
Group A.-

In this study, under ether anaesthesia and

sterile conditions,

and through a curved skin incision over

the outer aspect of the left leg, the lateral surface of the

left tibia was cleared of muscle.

A small piece of the

outer cortex of the tibia was removed by bone -cutting forceps
and was inserted into a diffusion chamber which was then

replaced against the bed of the graft to separate it from the
laterally displaced muscle.

The skin wound was then closed

away from the position of the chamber to minimise the risk
of infection.

Forty -eight hours later two rats of this group were
injected intraperitoneally with

1

ml.

of sterile distilled

water containing 2000)uc. of radioactive 35S (approximately
20

-

14-7

-

20Juc. /g. body weight) supplied by the Radiochemical

Centre,

Amersham, as a sulphate solution.

Twenty -four hours later one of these two rats was killed
and the other, ten minutes before its death, was injected

intraperitoneally with 1.5 ml. of a solution of ethylene diamine tetra- acetic acid.

Before death, mixed arterial and

venous blood was obtained from each animal for serum calcium
and phosphate studies.

After these two animals had been killed, the left legs
were removed, placed in neutral formalin solution for fixation, and then through successive concentrations of alcohol

before being embedded in ester wax.

Sections of the bone,

diffusion chamber containing the cortical graft, and soft
tissue were then cut as described in Part I (p. 40), and
micro- and macro- autoradiographs were made.

Of the remaining rats, two were sacrificed on the
seventh, fourteenth and twenty -first days after the trans-

plantation of the cortical grafts, and were treated and
processed as the first two rats.
Group B.-

In this study, under ether anaesthesia and

sterile conditions, an all cortical fragments were removed

from the lateral side of the left tibiae and were then

replaced in situ.
Forty -eight hours later, two rats were injected intra-

peritoneally with
2000,1uc.

1

ml.

of sterile distilled water containing

of 35S, and were sacrificed

21+

hours later after

the withdrawal of blood and the injection of ethylene - diamine

tetra -acetic

-
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tetra -acetic acid into one of them intraperitoneally, 10
minutes before it was killed.
Two of the remaining animals were sacrificed on the

seventh and fourteenth days after the transplantation of the
cortical grafts and were treated and processed for micro - and
macro -autoradiography as described under Group A.
Group C.-

In this study, the conditions of the experi-

ment were repeated as in Groups A and B, except that 24 hours

before the transplantation of the cortical transplant s into
the chambers, all the rats were injected intraperitoneally

with the same dosage of the radioactive isotope of sulphur
and were sacrificed in pairs on the third, seventh and

fourteenth days after transplantation.

Subsequent processin

and preparation of sections and autoradiographs were as

described for Groups A and B.

-1)9RESULTS

1.

Fracture Callus Series

Histology of Tissue Transfer
Although all the tissue transfers were removed from the
same area in the fracture callus seven days after the trauma,
it was considered that an accurate knowledge of their

histology was essential to evaluate the results.

The trans-

fers were therefore divided into four groups depending upon

their histological composition (Table I)

.

In the first group the osteogenic cells were seen to
be elongated, with a pale basophilic cytoplasm and large oval
darkly- staining nuclei (Figs. 136 and 137);

this group

contained 16 per cent. of the total number of tissues transferred.

The more general and descriptive term "osteogenic"

which Codman (quoted by Ham, 1930) has defined as being
"derived from tissue preumably intended to form bone" by
either endochondral or intramembranous ossification was

preferred to that of "osteoblastic" which implies a specific
cell structure in an area of developing or forming bone.
In the second group, as well as osteogenic cells there

were nests of cartilage or chondrocytes with an intercellular
substance (Figs. 138 and 139)
26 per cent.

;

this group accounted for

of the total transfers.

In the third group there were seen small fragments of

cortical bone (Fig. 110) which had not been noted when the

specimen was removed from the fracture callus site, and which
were
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The Fracture Callus Series

TABLE I

:

Fig. 136.- Section of
tissue transfer showing
osteogenic cells and
approximate amount of
tissue.
(x 100.)

Fig. 138.-

Section of tissue
transfer, showing osteogenic cells and chondrocytes.

(x 100.)

Fig. 137.- Section of same
tissue to show elongated
appearance with the large
darkly staining nuclei.
(x 200.)

Fig. 139.- Section of same
tissue to show the
appearance of the chondrocytes on the right.
(x 200.)

Fig. 140.- Section of tissue transfer,
showing osteogenic cells and small area
of cortical bone on right.
(x 100.)

Fig. 141.- Section of tissue transfer to
show content of fibroblasts and muscle
fibres.
(x 100.)
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were present in 17 per cent. of the total transfers.
In the fourth group there was a mixture of osteogenic

cells, typical fibroblasts and muscle fibres (Fig. 141);
this group was the largest, accounting for 41 per cent. of
the total.
The size of each transfer dissected out from the

fracture area was approximately

1

mm.

in diameter.

Infection and 'Extrusion of the Implanted Chamber
To evaluate the efficiency of the method, the "infection'

rate was estimated in a consecutive series of 100 rats and
it was found that 19 per cent.

against the fracture site
infected, whereas only

6

(

of the chambers implanted

"adjacent to fracture ") became

per cent. became infected when

implanted intramuscularly.

Seven of the infected chambers

were found in the first seven rats, probably because the

chamber lay directly under the incision and therefore became
easily contaminated by excreta.

By a change in the

incision and by transplantation through a circular flap, this
infection rate was reduced in subsequent experiments.

A typical bacteriological report from an infected wound
and chamber was that "there were fairly numerous diphtheroid

bacilli, large numbers of Gram- negative cocco-bacilli, with
a few Gram -positive cocci.

On culture a profuse growth of

an organism morphologically typical of the pasteurella group"
The infected chamber was extruded or became a pocket of

purulent material and therefore was always discarded.

Number

-

Number of Chambers containi
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Living Tissue

The determination of the viability of tissue which

survived was based upon:(1)

the presence of cells which appeared normal in

structure, such as fibroblasts or other mesenchymal cells,

which contained a normal nucleus and cytoplasm, but with the
membranes unbroken;
(2)

the formation of bone by the processes of endo-

chondral or intramembranous ossification.
It was noted that almost half of the tissue transfers

became transplants with survival of the tissue implanted.
In the remaining transfers, the implant although it appeared
to be in an active state (Fig.

112), died and became amorphou

material without cellular detail (Fig. 143).
Neither the histological purity nor the volumes of the
various transplants significantly affected survival.
is

This

of interest because it has been commonly accepted that in

tissue transplantation a simple histogenesis favours

survival;

this would appear to apply only to studies in

vitro.

Number of Chambers showing Endochondral Ossification
Over one -third of all the chambers which contained

living tissue exhibited endochondral ossification (Figs.
and 145).

111)1

This process consisted of dedifferentiation of

chondrocytes exhibiting metachromasia and radioactivity of
35sß

/

Fig. 142.-

Section of tissue implant
showing content of osteogenic cells
which appeared to be in an active state.
(x 100.)

Fig. 11+3.- Section of diffusion chamber
with content of amorphous material between
the two membranes and outside these the
(x 100.
tissues of the host are seen.

Fig. 144.-

Section to show the two
membranes of the diffusion chamber which
contains living tissue.
Outside the
membranes are the host tissues. (x 100.)

145.Section of similar area to
show the process of endochondral
ossification and, on the left, one of
the membranes.
(x 200.)

Fig.

-
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355, with the secretion of a metachromatic intercellular

substance.

The radioactive sulphur appeared in the forma-

tion of the chondrocyte and not during the early differen-

tiation to form the precursor cell

-

the chondroblast.

In

some of the areas of chondrogenesis, calcification was taking

place in the degenerating cartilage cells and matrix which
also frequently exhibited radioactivity, with the deposition
of calcium phosphate complexes indicated by some loss of meta

-

chromasia on staining with toluidin blue and by an increased

basophilia on staining with haematoxylin and eosin (Fig.

14+6).

No invasion by any form of vascular channel was seen and the

osteoblast cell was not obviously or actively grouped around
the process of bone deposition.

The endochondral reaction was seen to be twice as

frequent in the intramuscular implant as in the "adjacent to
fracture" implant, but did not appear to be related to the

histology of the tissue transferred, especially if

it

already

contained some cartilage, or to any constant feature in the
environmental tissues of the host.

Detailed Study of one Experiment to Illustrate the
Process of Endochondral Ossification, resulting from an
Implant of Osteogenic Cells.-

The

implant consisted of a

small volume of osteogenic cells which appeared cuboidal or

elongated in shape, with a pale cytoplasm but a large and
strongly basophilic nucleus.

These cells were irregularly

arranged but appeared to be in a highly active state (Figs.
147 and 148).
.

In

Section of a chamber which
1L16.contains an area of endochondral
In this, maturation of
ossification.
cartilage can be seen with subsequent
degeneration and the deposition of
calcium phosphate complexes as shown by
On
the increased basophilic staining.
present.
is
the
membranes
the left one of

Fig.

(x 200.)

Fig. 147.- Section of tissue implant to
show approximate size and content of
osteogenic cells.
(x 100.)

Fig. 148.- Section of same area showing
the appearance of the osteogenic cells
which consists of a pale cytoplasm and
a large and strongly basophilic nucleus.
(x 200.)
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In the chamber which had been implanted in an intra-

uscular site for seven days, the membranes were seen to be

expanded and contained a complete cartilage blastema with new
one formation at one margin (Fig. 149).

Small young

cartilage cells or chondroblasts, with obvious intercellular

substance, were seen at the periphery of the blastema and
there had been further differentiation to produce cartilage
cells of maximum size or chondrocytes with their intercellul.

substance.

These cells then underwent disintegration or

reakdown, and new bone was being laid down in the area of
degenerating cartilage and matrix;

osteoblasts were not

clearly seen and no blood vessels were present
The

(Fig.

150).

cartilaginous blastema throughout its differentiation

exhibited marked metachromasia and a content of radioactive
sulphur which "labelled" the chondroitin sulphate complex.
In the chamber implanted adjacent to the fracture, the

membranes were also ballooned outwards and contained a
cartilage blastema which had not differentiated so far as in
the other chamber (Fig. 151).

Immature chondroblasts were

seen at the periphery and centrally a large number of chondro-

blasts were present (Fig. 152), exhibiting marked meta chromasia and having a high content of radioactive sulphur
(Fig.

153).

The stage of degeneration and disintegration of

the chondrocytes had not been reached and new bone formation

had not appeared.
In these two chambers,

differentiation of osteogenic

cells occurred to form a cartilage model containing the

typical

149.- Section of tissue which has
differentiated from the transfer shown in
Figs. 147 and 148, after 7 days' implantation
Within the
in an intramuscular site.
membranes of the chamber, cartilage maturation
is seen with new bone formation on the right.
Outside the membranes the host tissues are
present.
(x 100.)

Fig.

Section of same region to show,
Fig. 150.on the left, chondroblasts and, on the

New bone formation
right, chondrocytes.
has taken place without the presence of
(x 200.)
osteoblasts or blood vessels.

Section of tissue which had differentiated from the transfer shown in Figs. 147 and
148, after 7 days' implantation adjacent to the
fracture, to show a cartilage blastema between
the membranes.
(x 100.)

Fig. 151.-

Fig. 152.- Section of same
tissue, showing the appearance of the chondroblast,
inside the membranes.
(x 200.)

Section of same
Fig. 153.area, to show the black
from the
grains arisl
content of
S.
(x 1+00. )
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typical five phases of chondrogenesis corresponding to that
seen in the growing epiphyseal plate (p. 45) and in the

periosteal blastema of a fracture

(p.

45)

except that ingrowt

of primitive or newly formed blood vessels and osteoblasts
did not take place.

New bone formation occurred without

their presence.

Number of Chambers showing Intramembranous Osasification
and/or Calcification

Almost one -half of all the chambers which contained
living tissue were seen to be undergoing this reaction with
or without the presence of osteoblasts.

In general, the

process was seen to consist of the calcification of homogeneous areas as indicated by increased basophilic staining

with haematoxylin and eosin (Figs. 154 and 155), but neither
metachromasia nor radioactivity was present although in some
chambers osteoblasts were noted (Figs. 156 and 157).
vascularity was seen inside the chambers.

No

Although the

réaction occurred more frequently in the intramuscular site
of implantation, it was not related to the histology of the

tissue transplanted except for a slight but not significant

increase if the transplant initially contained bone.

Detailed Study of one Experiment to Illustrate the
Process of Intramembranous Ossification resulting from an
implant

of Osteogenic Cells.-

The implant consisted of a

small volume of osteogenic cells which, although irregularly

arranged, appeared to be in a highly active state (Fig. 158).
In /

Fig. 154.- Section of diffusion chamber,
after 7 days' implantation, showing, on
left, calcification in homogeneous tissue,

with the membrane running across.
(x 100.)

Fig. 155.- Section of the same area to show
the deposition of the calcium phosphate
complexes in relatively acellular tissue.
(x 200.)

Fig.

Section of tissue implant after
showing area of intramembranous
ossification as indicated by increased
basophilic staining,-between two membranes
of the diffusion chamber.
(x 100.)
156.-

7 days,

Fig. 157.- Section of same area which shows
the area of ossification surrounded by
(x 200.)
osteoblasts, within the membranes.
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In the chamber which had been implanted in an intra-

muscular site for seven days, the tissue of the transplant
was cellular.

The main cell type was the osteoblast,

cuboidal in shape and containing a large basophilic nucleus
and a pale cytoplasm.

In the most cellular area, there were

circumscribed areas of calcium phosphate complexes with an

increased density and exhibiting an increased basophilic

reaction on staining with haematoxylin and eosin (Figs. 159
and 160).

On.

staining with toluidin blue and eosin, these

circumscribed areas were seen to be amorphous and neither
metachromasia nor radioactivity was present in the surrounding
osteoblast cells.

Reaction of the Host Tissue to the Chambers
The usual reaction appeared to be a covering of fibro-

blasts over the chamber, which contained medium -sized blood
vessels;

outside several chambers multinucleated giant cells

were seen.

No true inflammatory process of polymorpho-

nuclear or lymphocytic infiltration was noted around the

uninfected chambers.

An area of complete endochondral ossi-

fication was usually present at the host fracture site and
exhibited normal metachromasia and radioactivity, but was
separated by a fibroblastic layer against the chamber adjacent
to the fracture (Fig.

161).

New bone formation was not seen

in the host tissues around an intramuscular implantation.

Any break in the continuity of the membranes making up
the chamber before implantation became invaded by the

fibroblasts
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Fig. 159.- Section of

resulting cellular tissue,
after 7 days, showing areas
of intramembranous ossification.
(x 100.)
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Fig. 160.- Section of same
area, to show osteoblasts
surrounding the calcium
phosphate complexes.
(x 200.)

q.r
-

Section through one membrane of a
diffusion chamber showing the endochondral
ossification in the host tissues, which is
Inside
separated by a fibroblastic layer.
the membrane two areas of calcification are
(x 100.
present.

Fig. 161.-

-

156 -

fibroblasts of the host tissues and presented a clear picture
of the increased activity and pressure of the host cells as

compared with the relative inactivity of the cells of the
transplant

.

In several, the fibroblasts were accompanied by

thin -walled blood spaces containing red blood cells (Figs,
162 and 163).

One chamber which contained a break in the

membranes during the implantation period, showed invasion of
the tissue transplant by mesenchymal cells from the host, wit:

adjacent new bone formation by the process of intramembranous

ossification (Fig. 16), and therefore the origin of the
osteogenic cells in this particular example appeared to be
the host and not the transplant.

excluded from the study.

These chambers were

In contrast to this, a break which

had resulted from handling or from the cutting process after
removal from the animal, appeared as a clear cut without

cellular activity (Fig. 165).
In two cases haemorrhage had occurred around the chamber

with the formation of a haematoma, but the tissue transfer
died and no bone formation resulted.

In two other cases,

compression together of the membranes of the chambers
appeared to prevent survival, and absorption of the trans-

fer

took place.

Histological Examination of the Material of the Membranes
after Seven Days'

Implantation

Under low power magnification, the membrane of 30 microns
thickness

Fig. 162.- Section to show, on the left, a
break in the membrane, before implantation,
which has become invaded by cellular tissue
(x 100.)
of the host.

Section of same area, showing the
163.downward invasion into the chamber by
fibroblasts and red blood cells, through
the break in the membrane.
(x 1+00.

Fig.

Fig. 161+.- Section to show the cellular
invasion of a break in the membrane of a
diffusion chamber and, on the right, the
adjacent intramembranous ossification in
the transplant.
(x 200.)

Fig. 165.- Section showing the appearance
of a break in the top membrane caused by
the cutting process after removal of the
chamber.
(x 100.)

-
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thickness appeared amorphous and acellular, but by increasing
the magnification the outermost part of the membrane was seen
to be invaded

by nucleated cells for a distance of less than

the length of one of these cells.

Deeper to this zone

nuclear fragments were seen but without cellular structure,
and the membrane adjacent to the inner surface generally was

free of any cellular fragments, except in a few chambers in

which there was invasion by cells of the transplant for a
distance corresponding to about

5 -10

microns.

These cells were identified as spindle- shaped fibroblasts, with an eosinophilic staining cytoplasm and a densely

basophilic and large nucleus.

Although usually lying in a

horizontal plane, their orientation changed immediately
adjacent to the membrane surface and here these cells lay

with their longitudinal axes vertical to the surface with
part entry into the material of the membranes (Figs. 166 and
167)

.

Reaction of the Implanted Tissue to Quick Freezing by

Liquid Nitrogen
After this procedure the histology of the implant
appeared normal without any obvious structural disturbance,
and the usual combination of osteogenic cells with or without

muscle fibres (Fig. 168)
(Fig.

169) was seen.

cartilage cells or bone fragments

However, the infection rate was high,

and since chambers had to be discarded because of disruption
or /

Fig. 166.- Section through host tissue, membrane
of a diffusion chamber and transplant tissue,
to show the horizontal orientation of the
fibroblastic lining and the invasion of the
membrane mate rial by cellular fragments.
(x 200.)

Fig. 167.Section of a similar nature, showing
the vertical orientation of the fibroblasts
lining the membrane which contains less
cellular debris.
(x 400.)

Fig. 168.- Section of implant, after quick
freezing, to show the normal appearance
of the osteogenic cells and muscle fibres.
(x 100.)

Fig. 169.- Section óf another implant, after
quick freezing, which shows the presence of
normal osteogenic and cartilage cells and
bone which is on the right.
(x 100.)

-
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or breakage, only ten were obtained for examination.

In

only two of these was viable cellular tissue observed, one
showing the typical process of endochondral ossification
(Fig.

170)

and the other intramembranous ossification (Fig.

171), irrespective of the site of implantation or the

histology of the implant.
The reaction of the host tissue to the chambers was

similar to that described above.

Comment on Intraperiton_eal Implantation

Although results are not recorded from this site, in a

preliminary study over twenty chambers containing tissue from
a fracture callus were implanted into the peritoneal cavity.

The majority of these chambers became surrounded by a dense

inflammatory fibrotic shell made up of polymorphonuclear
leuccéytes and fibroblasts, and contained a quantity of
clear fluid or in some cases purulent material;

this reac-

tion was most vigorous when the chamber became ensheathed by
the omentum.

Because tissue survival was negligible,

intraperitoneal implantation was discarded.

Discussion

Osteogenetic activity of many skeletal, embryonic and
even malignant tissues has been studied by their trans-

plantation into the anterior chamber of the eye.
and

Urist

Fig. 170.-

Section of tissue resulting from

the implantation of osteogenic cells for
7 days, after quick freezing, showing

endochondral ossification.

(x 200.)

Fig. 171.- Section of tissue resulting from
the implantation of osteogenic cells for
7 days, after quick freezing, showing
(x 100.)
intramembranous ossification.

-
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and McLean (1952) reviewed the literature on this work and

added several classical observations

of their own, but they

emphasise that "the subsequent observation
of bone formation

genetic activity

-

-

of the end result

while it serves as a criterion of osteodoes not necessarily discriminate clearly

between the osteogenetic activity on the part of the cells of
the transplants and that on the part of the cells of the
host".
In the present work, there is demonstrated for the first
time the osteogenetic activity of various autogenous tissues

from a fracture site;

these tissues were clearly separated

from the host tissue by a "cellular" barrier, although not

from the fluid phase of the host.

New bone formation

resulted from several combinations of osteogenic cells with
cartilage, bone and muscle tissue, and consisted of cellular
survival, differentiation and subsequent calcification.

This

occurred through cartilage during the process of endochondral
ossification, or by direct deposition of the calcium phosphate complexes into a homogeneous area of tissues, during
intramembranous ossification or by the more simple process of
calcification.
It

should be noted that this new bone formation occurred

within seven days following transplantation:

this is impor-

tant because it implies that the reaction is due to an
inherent active mechanism, and not to any mechanism produced

by a change in environment.
recorded

The new-bone formation

- 16o -

recorded after three to seven months in transplants from
embryonic, normal and malignant tissues in the anterior
chamber of the eye (Dyer and Kelly,

191+6;

Greene, 1950)

suggests a degenerative or irritative reaction of the host

tissues to the heterogeneous tissue rather than an exhibition
of osteogenetic activity by these tissues.
It is also interesting that in the only other comparable

work of this nature in vivo in which autogenous "fibre cartilaginous callus" transfers were transplanted to the

anterior chamber of the eye (Urist and McLean, 1952)

23 out

of 27 transplants showed various stages of new bone formation

after 10 -36 days.
the iris of the eye;

The transplant first became attached to

then encapsulated with an inflammatory

and vascular granulomatous capsule;

and then osteoblasts

with ingrowing vascular buds of the host appeared, to lay
down bone as a complete ring around the absorbing transplant.
It was concluded from this work that the "new bone was

produced by histiogenetic induction, although the possibility
of survival and proliferation of some transplanted cells has
not been excluded ".

In the process of endochondral ossification which

occurred in over one -third of the transplants in the present
work, the complete process of cartilaginous proliferation and

differentiation proceeded with the secretion of a meta chromatic and radioactive intercellular matrix containing
chondroitin sulphuric acid, followed by degeneration with the

deposition of calcium phosphate complexes, but no vascular
system

-
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system carrying in the osteoblasts was observed.
The necessity for the physical presence of a blood

supply for the subsequent degeneration and calcification of
cartilage tissue has always been accepted both experimentally
and clinically.

Lacroix (1951) in studying the histo-

logical changes in transplanted cartilage blocks in bone

defects, recorded that new bone formation began at the margin
of the cartilage only after blood vessels had penetrated

into the donor 'substance.

From the pathological aspect,

Harrison et al. (1953) have shown that in the process of
osteo -arthritis the degenerating articular cartilage has to
be invaded by the subchondral blood before calcification can

take place.

However, in the present study this process of

calcification occurred in the degenerated cartilage without
the physical presence of vascularity.

Degeneration of

mature chondrocytes is thought to result from a condensation
of their surrounding ground substance and to occur centrally

because of the increased difficulty for the interchange of
materials as the chondrocytes retreat from their vascular
source (Sarnat and Laskin, 1954).

in the present experiment

degeneration of chondrocytes inside the chambers was not
central in position and therefore was not related to a cuttin
off of nutritional substances, but probably resulted from an

intrinsic mechanism which controls the ultimate size and life
of all cells.

This suggests that an intrinsic mechanism

predominates over the process, with a local production of the

necessary enzymes, such as alkaline phosphatase and
phosphorylases

-
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phosphorylases, by the differentiating cartilage cells.
Histochemically, alkaline phosphatase has been shown to
be present in the nuclei of palisading cartilage cells and in

the matrix of the degenerating cartilage as well as in the

osteoblast cells during endochondral ossification (Follis,
1949;

Siffert, 1951), and therefore is concerned with the

formation of the matrix as well as with the deposition of
calcium phosphate complexes.

However, it has been suggested

(Duthie and Barker, 1955a) that this enzyme

is

not necessary

for the earlier phases of the metabolism of chondroitin
sulphuric acid because this mucopolysaccharide was demon-

strated before the enzyme appeared in the hypertrophying
cartilage cells;

and it is therefore now suggested that

apart from its role in the liberation of phosphate ions,

alkaline phosphatase is produced by the mature chondrocytes
and thereby adjusts the state of the calcium- phosphate

acceptor in the cartilage matrix.
In considering the deposition of the calcium phosphate

complexes into the calcium- phosphate acceptor or chondroitin
sulphate from the degenerating cartilage cells, it is

postulated that the calcium ions diffuse through the membrane
from the tissue fluids of the host and that the phosphate
ions are formed locally by the action of various enzyme

systems on the glycogen and other contents of the cartilage
cells.

These nutritional substances must have been

synthesised by the cells of the cartilaginous blastema during

their

- 163 -

their differentiation to form a cell mass of greater volume,
from materials which had diffused into the chamber through
fluid phase of the host.

the

It is unlikely that the tissue

transfer with its small volume could carry enough of these

substances to sustain such an increase in cellular growth.
To show that the survival and differentiation of the

transplanted tissue was not effected solely by some form of
internal economy or by the possession of sufficient inherent
physico -chemical properties, it was essential to demonstrate
that substances passed through the membranes of the chambers.

Although

it is

necessary to postulate that the calcium ions

diffuse through the membranes by their final appearance in the

deposition of calcium phosphate complexes, the appearance and
utilisation of the radioactive isotope of sulphur by some of
the differentiating chondrocytes clearly indicates that there
is

some diffusion system through these membranes.

This is

the first demonstration of a physico- chemical link between a

tissue transplant and the fluid phase of the host in the

absence of any manifest circulatory system or cellular
continuity.

When the radioactive isotope 35S is injected there

is a

rapid excretion in the urine and faeces of about 95 per cent.

within 120 hours and a rapid fall in the isotope concentration in the blood, liver and brain (Dziewiatkowski, 1949).
In comparative studies of muscle, blood, the aminoacids of

methionine, cystine and taurine, the incorporation of radioactive sulphur was seen to be low after
of /

2L-

hours, and because
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of this Boström (1953) considers that 35S is retained only in
ester sulphate compounds in various tissues of bone, cartilag
and bone marrow.

Little else is known about the metabolism

of sulphate exchange in the body, but from the present study
it can be inferred that

sulphate ions diffuse through the

intercellular substances of mesenchymal cells and are

utilised and metabolised into chondroitin sulphuric acid
during cartilage formation and its subsequent calcification.

From these studies of the four groups of tissue transplant containing osteogenic cells from the fracture callus,
it was not possible to detect the presence of any activity

gradient or to differentiate any favourable composition to
form endochondral ossification.

All the groups which

survived differentiated to form an organised growth which
exhibited osteogenetic activity in the formation of cartilage
and this supports the classical osteoblastic theory of

Duhamel and of 011ier who were the first to describe the
osteogenetic powers of osteoblasts, which they described as
being "awakened into activity" by a traumatic lesion.
Unexpectedly, the process of endochondral ossification
was more marked in the intramuscular implantation series than
in the "adjacent to fracture" series which always contained

areas exhibiting the complete process of endochondral ossifi-

cation during the normal repair process.

It was thought

that if the host tissue were differentiating and secreting

substances adjacent to an area which potentially would react
to

-

to a suitable environment,
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a higher incidence of endochondral

ossification would be produced within the membranes;

that

this did not occur emphasises the independent nature of this

reaction to its environment.
The processes of intramembranous ossification and

calcification were obvious and consisted of the deposition of
calcium phosphate complexes in a recipient medium of an
interstitial homogeneous substance with or without the agency
of the osteoblast, or of any obvious vascular supply.

Al-

though the final histochemical picture of deposition of

calcium phosphates was obvious by the change in the staining
reaction, the mechanism by which this process took place was
less clearly defined.

If osteoblasts were seen in the

vicinity of the calcification process, this was considered to
have resulted from an active process of intramembranous
ossification, but in several chambers the only obvious featur

was the presence of calcium phosphate complexes deposited in
homogeneous and acellular medium.

This last process can be

regarded as an example of pathological calcification in which
dead or degenerating tissues become impregnated with calcium
salts identical chemically with those which are normally

deposited in calcification during bone formation.

This is o

interest because diffusion of calcium ions and phosphate ions

which may or may not be preformed or liberated from the host
tissue fluids, takes place through the membranes, in high
enough concentrations and in the correct ionic equilibrium to
combine

-
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combine and be deposited as a calcium phosphate complex.

The

differentiation between intramembranous ossification and
calcification of this nature cannot be demonstrated radiographically, and therefore radiographic studies for indicating

bone formation in the anterior chamber of the eye are
fallacious.

Similarly, chemical differentiation

is

inadequate to indicate that intramembranous ossification is
taking place, and the presence of osteoblasts in the vicinity
of the reaction must be demonstrated by microscopy.
To study the effect of quick freezing on osteogenic

cells, Urist and McLean (1952) "devitalised" three specimens
of autogenous fibro- cartilaginous callus by carbon dioxide

snow for three minutes before implanting them into the
anterior chamber of the eye.

After 36 days, invasion by the

host tissue produced new bone formation in two of these
transplants, and it was therefore concluded that this "could
be explained only as the result of induction ",

However,

from the results of the present study, bone formation, both

endochondral and intramembranous, occurred in two chambers

although the physical barrier of the porous membrane prevented
any invasion by the host tissues.

This suggests that some

cells survived and exhibited osteogenetic activity in spite
of the physical trauma of quick freezing, and this 'observa-

tion confirms Keith's (1934) original concept that cells
survive a single "fast freezing and thawing" episode, with

preservation of their chemical and physical structures.

-
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The Periosteum Series

Histology of the Tissue Transferred
As in the fracture callus series, all the tissue transfers were removed from the same area in each animal, their

histology was accurately determined and they were divided
into one of four groups depending upon their composition

(Table II)

.

In the first group of 16 transfers both layers of the

periosteum were identified

are.

seen to consist of an inner

layer of obliquely-lying cells with a large basophil nucleus
and a pale cytoplasm, and an outer layer of more widely

dispersed but horizontally -lying cells of similar appearance
(Figs.

172 and 173).

Muscle fibres were also present.

In the second group of 22 transfers, the periosteal

layer was not seen as a complete structure but consisted of

only an irregular collection of "mesenchymal or periosteal
cells" with muscle (Fig. 174).

In the third group of

3

transfers, small bone fragments

were also present (Fig. 175).
In the fourth group of 10 transfers, only mature muscle

fibres were identified (Fig. 176)

.

Number of Chambers containing Living Tissue
The determination of the survival or viability of the

tissue transferred was based upon:
(1)

Muscle Fibres

'

31

51

51

Fig_ure_s_inbrackets

133

4

1

17

9

10

3

22

16

7
4-1

4
39

105

1

22

11

Intramuscular

3

17

15

Adjacent to
Fracture

of Chambers showing

X11

4-

4

5

2

(1)

(1)

Adjacent to
Fracture

0

5

No.

(1)
32(2)

17

4-

0

9

4 (1)

Intramuscular

4

2

0

2

0

Adjacent
to Bone

Ossification and/or Calcification

1

11

9

Adjacent
to Bone

No. of Chambers containing
Living Tissue after 7 Days

icate__numbr of charbers exhibiting endochondral ossification.

Adjacent
to Bone

10

3

Periosteul
"Cells"
+ Muscle
+ Bone

+

22

16

Intramuscular

of Chambers Implanted

Adjacent to
Fracture

Muscle

"Cells"

Periosteal

(of two layers)
+ Muscle

Periosteum

Tissue
Transfer

of

No.

II

The Periosteum Series

TABLE

Section of transfer of periosteum
showing approximate size and both the layers,
surrounded by muscle fibres.
(x 100.)

Fig. 172.-

Section of same tissue to show the
173.inner layer of periosteum which consists of
obliquely -lying cells and the outer layer
which is made up of horizontally -lying cells
of similar appearance.
(x 1400.)

Fig.

Fig. 174.-

Section of transfer;
consisting of irregularly
arranged mesenchymal or periosteal
cells with muscle.
(x 100.)
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Fig. 175.- Section of
transfer, which is made up
of fibroblasts, periosteal
cells and small bone fragments.
(x 200.)

Section of
transfer to show only
muscle fibres.
(x 100.)

Fig. 176.-
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the presence of living cells,

such as fibroblasts,

or other mesenchymal cells;
(2)

the formation of endochondral or intramembranous

one.

Of 133 implanted chambers, 105 contained living tissue
d therefore could be called transplants.

There did not

appear to be any significant difference in survival resulting

rom the histological composition of the various transplants
r from the situation of implantation.

umber of Chambers showin Ossification and/or Calcification
Less than one -third of all the transplants exhibited one
or other of these reactions, and only 2 out of a total of 32

were underoing the process of endochondral ossification.
This process showed the typical proliferation and differenti-

ation of chondrocytes which exhibited metachromasia;

subse-

quently degeneration of the cartilage and calcification took
lace with the deposition of calcium phosphate complexes but
o

vascularity and no osteoblasts were noted.

This reaction

as related neither to the composition of the tissue trans -

erred nor to the site of implantation.
In the remaining 30 successful tissue transfers with

iving and cellular tissue, calcification with the deposition
f calcium phosphate complexes into homogeneous areas was

ndicated by increased basophilic staining with haematoxylin
nd eosin (Figs.
een

177,

178 and 179), but metachromasia was not

Section of diffusion
chamber after 7 days' implantation, showing the calcification
of the periosteal tissue
(x 100.)
transfer.

Fig. 177.-

7'ir*,4;?4044q-t0

Section of another
diffusion chamber after 7
days' implantation of
periosteum, to show the
content of new bone
(x 100.)
formation.

Fig.

178.-

Fig. 179.- Section of same
chamber, showing the inta-

membranous ossification
with surrounding cellula
(x 400.)
activity.

-
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seen even in the presence of osteoblasts.

was noted.

No vascularity

This reaction occurred more frequently in the

intramuscular site of implantation, but

it

could not be

related to the histology of the tissue transplanted.

There

did not appear to be any difference in the degree of bone

formation between implants "adjacent to fracture" and those
"adjacent to bone ".

Reaction of the Host Tissue
This reaction was similar to that previously described
in the fracture callus series.

Discussion

Autogenous periosteal "grafts" have been successfully

transplanted into the anterior chamber of the eye in the rat
(

Urist and McLean, 1952), and under the capsule of the kidney

as well as intra- ocularly in the rabbit (Cohen and Lacroix,

1955);

in both these situations new bone formation was

observed.

However, only eight animals were used in each of

these experiments and no record was made of the actual

histology of the "periosteum" transplanted.
In the present series, although the experimental

procedure appeared to be the same in each case, the varied
nature of the periosteum is of interest but did not influence
the frequency or the type of bone production.

Urist and

McLean (1952) consider that the intramembranous type of bone
formation

-

formation
is

is

typical of

"
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periosteal osteogenesis", and this

confirmed by the present study.

It is interesting to not

that endochondral ossification occurred only twice because
in studies on bone repair (p.45

)

periosteum was clearly

shown to differentiate, proliferate and form a periosteal

blastema of cartilage, under the stimulus of the trauma at a
fracture.

This suggests that a definite trigger mechanism

or stimulus is lacking under the biological conditions of

removal of the periosteum and its implantation in vivo inside
a porous chamber.

The insertion of the chamber containing

the periosteum against or adjacent to a fracture which

exhibited endochondral ossification did not influence the

subsequent periosteal differentiation to form cartilage,

which suggests that the stimulus has to be present when the
periosteum is injured and that cartilaginous masses of the
host do not secrete an osteogenetic- inducing substance.

When the histology of the repair at a fracture site and that
of the periosteal transplant is compared, the absence of mast

cells in the latter is an obvious feature, and therefore it
is suggested that this feature may account for the failure of

the periosteal cells to differentiate and form cartilage.

Conversely, the presence of mast cells with their probable

secretion of histamine may be the factor which stimulates the

regeneration of the cartilaginous blastema from periosteum
around a fracture.

Another difference in this biological

situation is the absence of vascularity to the transplanted

periosteum, whereas in the vicinity of a fracture there is a
plentiful
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plentiful supply to the periosteum which is still in
continutiy with its usual blood supply;

this observation

confirms the essential nature of the first wave of vascularity
(p.114 to produce the initial cellular differentiation of the

periosteum to form the regenerative blastema.
Cohen and Lacroix

(1

955)

in comparing the production of

bone from grafts in an intra- ocular situation against bone
and in the sub capsular region of a kidney, could not find any

proportional relationship between bone foniiation and
vascularity, and emphasise the lack of information on the

vascularity of repair tissue, especially as being the "first
stimulus to bone formation ".

Although the emphasis is on

the relationship of vascularity to bone formation,

the

present study indicates that bone formation can occur without
the presence of a definite vascular system, but a pathway

exists through the membranes of the chambers for the nutrition
of the cells and also for the carriage of the calcium ions

and possibly the phosphate ions.

However, it has been

suggested that the latter are probably formed locally by the
differentiating cells.

The fact that calcification and

ossification did occur, indicates that the necessary enzymes,
and in particular alkaline phosphatase, must either diffuse

into the area or be produced locally by such cells as the

osteoblasts which possess a high content of alkaline
phosphatase,

especially in the vicinity of new bone formation,

although the demonstration of an enzyme locally does not
necessarily mean that it is functioning (Siffert, 1951).

When

-

172 -

When the results of the periosteum series are compared
with those of the fracture callus series, more than double
the osteogenetic potency and activity of the cells is seen
in the latter series.

This suggests that once cells have

been stimulated to differentiate, and are in process of
differentiating, they complete this process through either
endochondral or intramembranous ossification, independently
of their environment, provided they obtain sufficient

nourishment for the marked increase in the volume of the cell
mass which results during organised growth.
As in the fracture callus series, difficulty was

experienced in determining the mechanism of calcification

which led to the observed deposition of the calcium phosphate
complexes;

surrounding cellular activity appeared much more

frequently but was not specifically osteoblastic in
appearance.

-

3.

173 -

Induction Series from Early Fracture Callus

Histology of Tissue Transfer
As in the other two series, all the tissue transfers

were removed from the same area in each animal, their

histology was accurately determined and they were divided
into one of five groups depending upon their composition
(Table III).
In the first group of 8 transfers, proliferating and

differentiating osteogenic cells with a normal appearance of
the basophilic cytoplasm and a large oval nucleus were

identified.
In the second group of 62 transfers, mature muscle fibre

were present in addition to osteogenic cells.
In the third group of

6

transfers, as well as osteogenic

cells and muscle, areas of cartilage cells were present.
In the fourth group of 10 transfers, small fragments of

cortical bone were present as well as osteogenic cells with
or without muscle fibres and cartilage.

In the fifth group of 14 transfers, only muscle fibres
or fibroblasts were identified.

Number of Chambers containing Living Tissue
The survival or viability of the tissue transferred was

based upon the usual features of the presence of living cells
and the formation of either endochondral or intramembranous
bone.
Of /

3

5

7

Osteogenic Cells
t Muscle
+ Cartilage

Osteogenic Cells
t Muscle
± Cartilage + Bone

Muscle or Fibrous
Tissue

100

501

7

5

3

31

4

Intramuscular

60

38

22

y

5
J

4

1

24

4

Intramuscular

5

4

1

15

2

Adjacent to
Periosteum

Living Tissue

No. of Chambers containing

(1)

L1L(1)

3

1

0

9

1

34-

(1)
15 (L)J

1

2

0

10 (2)

2 (1)

l

1

6

1

0

3

1

7

Y

1

0

0

0

1

0

Intramusc>>lar

No. of Chambers showing
New Bone in Host Tissue

Intramuscular Adjacent to
Periosteum

of Chambers containing
New Bone Formation

Adjacent to
Periosteum

No.

Figures in brackets indicate number of chambers exhibiting endochondral ossification.

t50

31

4.

Adjacent to
Periosteum

Osteogenic Cells
+ Muscle

Osteogenic Cells

Histology of
Tissue
Transfer

No. of Chambers Implanted

"Induction Series" from Early Fracture Callus

TABLE III
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Of the 100 implanted chambers, 60 exhibited such
evidence of living tissue and therefore could be called

transplants.

There did not appear to be any significant

difference in survival resulting from the histological
composition of the various transplants or from the situation
of implantation.

Number of Chambers showing Ossification and/or Calcification

Over one -half of the chamber content exhibited one or
other of these reactions, but only

5 out

of a total of

31a-

were undergoing the typical histological process of endochondral ossification with metachromasia described under the
two previous series.

In the remaining 29 successful tissue transfers with

living and cellular tissue, the usual process of intra-

membranous ossification and/or calcification was recorded,
but there did not appear to be any significant difference in

frequency resulting from the histological composition or site
of implantation.

Reaction of the Host Tissue in the Chambers
The usual reaction of a covering of fibroblasts with

newly formed small blood vessels was seen.

In seven

specimens, new bone formation was recorded with the deposition
of calcium phosphate complexes into homogeneous areas as

indicated by increased basophilic staining with haematoxylin
and

- 175

and eosin.

-

Around these areas osteoblasts were collected

but neither metachromasia nor radioactivity was present.

New

bone formation occurred outside only one of the chambers

which had been implanted into muscle (Figs. 180 and 181)

.

The other six areas of new bone formation with deposition of

calcium phosphate complexes and osteoblastic activity were
outside the "adjacent to bone" implanted chambers (Figs. 182,
183 and 184)

,

and on the opposite side of the chamber normal

muscle tissue was present.

This reaction appeared only when

ossification had taken place within the chamber, but did not
appear to be significantly related to the histology of the
tissue transferred or to the degree of bone formation.

Discussion
The experimental investigation of the process of new

bone formation by induction has been carried out by many
workers, particularly to determine the nature of the inducing
agent, if any, and the properties of the induced tissue.

Huggins (1931) and many subsequent workers demonstrated

histologically that the transitional epithelium of the bladde

mucosa was capable of inducing osteogenesis in connective
tissue, but a "chemical" impetus was given to the research on

this subject by Levander's

(191+9)

claim to be able to induce

bone formation by the injection of bone extracts into the
muscle of rabbits, although Heiner et al.

substantiate /

(191+9)

could not

Fig. 180.- Section of diffusion chamber,
after 21 days' implantation, showing content
of new bone formation and outside the
membrane on the left there are circumscribed
areas of bone.
(x 100.)

Fig. 181.- Section of same area, to show the
content of bone on the left, which is
separated by the membrane from regions of
cellular activity, surrounding areas of new
(x 200.)
bone formation.

Fig. 182.Section of diffusion chamber, to show
two areas of new bone formation in cellular areas
outside the chamber on the left.
(x 100.)

183.- Section of same area, showing membrane
on the right and a zone of new bone with osteoblastic activity on the left.
(x 200.)

Fig.

184.- Section of another diffusion chamber,
exhibiting new bone formation and osteoblastic
activity on the left.
(x 200.)

Fig.

-
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substantiate these conclusions.

-

Urist and McLean (1952)

defined the process of osteogenetic induction more accurately

by their work on transplantation of various skeletal tissues
in the anterior chamber of the eye, but with .this experi-

mental method

it

was difficult to discriminate between the

osteogenetic activity of the transplant and that of the host
tissue.
In the present study it was decided to use material from

an early fracture callus because of its recognised osteogenetic potency and to leave the implant for 21 days so that
the first 7 days of the period would be spent in obtaining

new bone formation

-

either intramembranous or endochondral -

and the subsequent period of

11+

days would be available for

the possible induction of new bone formation outside the

chamber in the host tissues.
Osteogenetic potent material transplanted from a three day old fracture exhibited osteogenetic activity in

3

chambers out of the total of 60 chambers containing living

and viable tissue.

The varied nature of this transplanted

material is of interest, because although cellular differen-

tiation was proceeding to give osteogenic cells, chondrocytes
were seen in only three implants.

New bone formation
was seen in

31+

-

mainly of the intramembranous type

chambers, and in the host tissues in the

immediate environment of the chamber only seven areas

exhibited new bone:

one in the intramuscular site and six

in the "adjacent to periosteum" site.

considered

The latter are

-

-177considered to have resulted more probably from the stimulus
of the trauma of insertion of the chamber adjacent to the

periosteum than from induction of periosteal cells by any
diffusion of an inductor substance out of the chamber.
is

This

an example of the phenomenon of modulation, and implies

a

reversible and varying alteration in the function and
appearance of cells in response to a change in the environment such as injury,

rather than the phenomenon of differen-

tiation in which there is an irreversible change in the cell

strains (Weiss, 1950).

From the finding that only one chamber contained new bon
formation in its muscular tissue environment,

it can be

concluded that there is no evidence for the secretion of an
osteogenic inducor substance through the membranes of the

chamber exhibiting osteogenesis.

In a review on tissue

induction, Levander (1945) noted that embryologists such as
Spemann, Needham and Waddington had identified chemical

complexes called "organisers" which acted upon reacting
systems during differentiation of cells in embryological

development, and because of his own work on extraction substances assumed "that the same chemical substances are active

both during embryonic differentiation and during post- foetal

bone growth ".

However, this cannot be substantiated from

the results of the present study and it is unlikely that the

discrepancy is the result of a "blocking" of the passage of a
chemical inductor substance by any physico - chemical property
of the porous membrane itself since diffusion of substances

through

-
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through the membranes has been observed.

Nor is

it

likely

that the cellular material of the fracture callus and the

resulting osteogenetic product of intramembranous or endochondral bone produces an osteogenic inductor substance,
although Urist and McLean regard fibrocartilaginous callus
tissue as being capable both of forming new bone and of

inducing bone formation by its effect upon the host cells.
The only difference in the biological situation created in

the present study was the presence of a physical barrier

between the cells which might have produced an inducing
substance, and the reacting system of host cells.

According to Holtfreter (1948) the mechanism of
embryonic neural induction takes place through a definite
"physical envelope of coagulated macro -molecular matter"

secreted by the damaged cells, whereas Weiss (1950) also from
the embryological point of view,

from "unknown physical

sorts of combinations

",

considers that it arises

factors and chemical agents in many

and that

it

is

a "contact reaction ".

It is suggested that although there may be some chemical

inducor substance secreted by osteogenic cells, this is too
simple an explanation and that, for induction to take place,

physical continuity of the cells secreting the inductor
substance with the reacting system of the induced tissues is
necessary.

This postulation of the induction process,

almost of the nature of a symbiosis, supports the metaplastic

theory of osteogenesis.

-1794.

The Cortical Bone Series

Group A - Cortical Fragments implanted within Diffusion
Chambers.
At

3 days:

Transplant.-

The cortical fragments were

seen within the membranes of the diffusion chamber, and along
one side marrow cells were present (Figs.

185 and 186).

In

the cortical bone, haversian systems were evident with

surrounding halos of metachromasia and a minimal amount of

radioactivity (Fig. 187).
Host.- Haematoma formation separated part of the chamber

from the tibia of the host.

Marked cellular differentiation

of the periosteal layers was taking place to form an early

periosteal blastema containing chondroblasts, with meta chromatic halos and some radioactivity.

On macro -autoradiography, the shaft of the tibia was
seen to contain radioactive sulphur in the usual pattern.

In the periosteal blastema areas there was a greater deposi-

tion of the isotope, but radioactivity could not be localised
to the possible position of the transplant.

At 7 days:

Transplant.-

In the cortical fragments the

haversian systems were obvious by their metachromatic halos
and minimal amount of radioactivity.

In one area,

differen-

tiation of cells from within the bone marrow was taking place
to form cells with a large darkly- staining nucleus and a long
f ib rillary but pale cytoplasm, representing undifferentiated

primary

Fig. 185.- Section of diffusion chamber after
3 days' implantation which contains cortical
(x 100.)
fragments, lying above the membrane.

186.- Section of same area to show bone marrow
cells on left with cortical fragments above.
(x 100.)

Fig.

Section of same area, showing the haversian
systems and, in the middle of the field, black grains
due to radioactive sulphur.
(x 300.)

Fig. 187.-

-
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primary mesenchymal cells (Figs. 188 and 189).

In the same

area the membrane wall was covered by similar cells.

Host.-

Less haematoma formation was present and there

was a shell of fibroblast cells except in one area where the

periosteal blastema containing chondrocytes exhibiting meta chromasia had appeared by cellular differentiation.

Macro -autoradiography was of the same pattern as at
three days.

At

11+

days:

tissu

The chamber contained only a cellular

transplant without any cortical bone.
In the adjacent host tissues endochondral ossification

was proceeding;

and on macro- autoradiography the deposition

of radioactive sulphur was marked.

At 21 days:

In the cortical fragment the haversian

systems were outlined by faint metachromatic rings but no

radioactivity was present.

In one area, cellular differen-

tiation was taking place to form primary mesenchymal cells

but these did not stain metachromatically or show radioactivity.
On macro- autoradiography no radioactivity was noted in
the vicinity of the transplant.

Summary of Results of Group A
1.

The haversian systems of the transplant exhibited

metachromasia and contained radioactivity three and seven
days after transplantation.
2.

/

Fig. 188.-

Section of diffusion chamber after
implantation, containing cortical
fragments, which are separated from the membrane
by an area of differentiating mesenchymal cells.
7 days'

(x 100.)

Fig. 189.- Section of same area to show the
differentiating mesenchymal cells and above
this area the radioactivity around the haversian
systems in the cortical bone.
(x 300.)

-

2.
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There was differentiation of cells from within the

transplanted marrow to form primary mesenchymal cells.
3.

In the host tissues, the usual cellular differentia-

tion took place to form the periosteal blastema of cartilage

which then underwent endochondral ossification.
4.

There was no histological difference between rats

injected intraperitoneally with ethylene -diamine tetra -acetic
acid and the others in the group, although reversal of the

serum phosphorus and calcium levels, with marked lowering of
the latter, was similar to that recorded in the chelator

agent- treated series (p. 99).

Grou

B

-

Cortical Fragments implanted back into Original Site

At

3

days:

Transplant.-

Cortical fragments with

haversian systems exhibiting metachromasia and a minimal.
content of radioactive sulphur were present.

Host.-

In and around the bed of the graft vigorous

cellular differentiation was taking place in the adjacent

periosteal layer (Fig. 190), to form chondroblast cells, as
well as in the underlying marrow cells, which were differentiating to form osteoblasts and osteoid tissue (Fig. 191).

Haematoma formation was minimal.
On macro- autoradiography, the usual pattern of 35S

deposition in the tibia was seen with lifting of a layer of

periosteum by two small cortical fragments, which also
contained the radioactive isotope
At /

.

Fig. 190.-

Section through implanted cortical
fragment on the right, after 3 days'
implantation, to show vigorous cellular
activity between it and the cortical bone of
the host on the left.
(x 100.)

191.- Section showing lower region of
cortical implant and underlying osteoid tissue
formed by cellular differentiation in the host
tissues.
(x 200.)

Fig.

.

-

At 7 days:

Transplant.-
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A similar picture

to that at

three days was seen.

Host.-

The surrounding cellular differentiation had

progressed to form the periosteal blastema of chondrocytes
(Fig. 192) and the medullary blastema of osteoblasts and

osteoid tissue.

No vascular pathways were present.

On macro -autoradiography the pattern was similar to that
at

three days.

A more advanced picture was present in the

At 14 days:

host tissues but cortical fragments were absent.

Summary
1.

ofResults

of Group B

The haversian systems of the transplant exhibited

metachromasia and contained radioactivity at three and seven
days.
2.

Cellular differentiation of the host tissues was

vigorous to form typical periosteal and medullary blastemata.
4.

There was no histological difference between the rats

injected intraperitoneally with ethylene - diamine tetra-acetic
acid and the others in the group, although reversal of the
serum phosphorus and calcium levels, with marked lowering of
the latter, was similar to that recorded in Group A.

Group C- Radioactive Cortical Fragments implanted within
Diffusion Chambers
At 3 days:

Transplant.-

This consisted of cortical

fragments containing haversian systems with a faint
metachromatic

Fig. 192.Section through host tissue below
the cortical fragment after 7 days'
implantation to show the formation of the
periosteal blastema of chondrocytes,
which is separated by a zone of fibroblastic
tissue.
(x 100.)
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metachromatic staining reaction but no radioactivity, and a
layer of periosteal cells with some bone marrow cells

differentiating into mesenchymal cells (Fig. 193).

Host.-

A haematoma was present but no cellular

differentiation was taking place and only a minimal amount
of radioactive sulphur was evident in the normal bone of-the

tibia.

On macro -autoradiography the shaft exhibited slight
radioactivity but none could be seen in relation to the
possible position of the cortical transplant.
At 7 days:

A similar picture was recorded in

the trans-

plant, but in the host there was formation of a periosteal

blastema containing chondroblasts which exhibited meta chromasia and a radioactive content.

Formation of a

medullary blastema of osteoid tissue also occurred.
On macro -autoradiography less deposition of 35S was seen
in the shaft of the tibia.
At

11+

days:

In the host tissue the reaction of

differentiation to form osteoid tissue and calcified areas
(Fig.

191+)

was more marked and there was a more mature

periosteal blastema with chondrocytes (Fig. 195).
On macro- autoradiography no radioactivity was seen.

Summary of Results of Group C
1.

No radioactivity was observed in the transplant and

none in the host tissues after seven days.
2.

Fig.

Section of radioactive cortical
193.fragment implanted within a diffusion chamber
for 3 days, showing cellular differentiation
on the right with the membrane above this area.
(x 100.)

Section showing the reaction of the
host tissues to form osteoid tissue and
calcified areas adjacent to the membrane of
the diffusion chamber containing a cortical
implant.
(x 100.)

Fig. 19!-.-

Fig. 195.- Section in adjacent area of the host
tissue showing the formation of periosteal
blastema with chondrocytes which are radioactive
(x 100.)
and metachromatic.

2.

In the host tissues the reaction of cellular

differentiation was similar to that of Groups A and B, with
formation of a periosteal and medullary blastema, but this

occurred only after seven days.
3.

In the host tissues the usual cellular differentiation

took place

to form the

periosteal blastema of cartilage which

then underwent endochondral ossification.
4.

There was no histological difference between the rats

injected intraperitoneally with ethylene - diamine tetra- acetic
acid and the others in the group, although reversal of the

serum phosphorus and calcium levels, with marked lowering of
the latter, was similar to that recorded in Groups A and B.

Discussion
Although a large volume of experimental work of a
histological nature has been concerned with the survival of
autogenous bone transplants or grafts and their recipient
sites in the host tissue, there remains much uncertainty and
lack of knowledge about this fundamental aspect of osteo-

genesis.

In the present study, it was found for the first

time that there was survival of the contents in the haversian

systems or osteons for at least seven days after transplantation of cortical bone either in situ or within a diffusion

chamber placed adjacent to the site from which the bone was

originally removed.
metachromatic

Evidence for this is based upon the
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metachromatic staining of zones surrounding the osteons and
the active utilisation of radioactive sulphur in corres-

ponding areas.

The haversian system or osteon is regarded

as the unit of structure of compact bone (McLean and Urist,
1955) and contains osteocytes, blood vessels,

tissue, cells and osteoblasts.

connective

It forms the active area of

growing bone or of osteogenesis (Lacroix, 1954)
et al.

and Kent

(1956) have shown in the normal cortical bone of

rabbits that the presence of metachromasia, radioactive
sulphur deposition, and a positive Periodic -acid Schiff

reaction are strongly suggestive of a high concentration in
these areas of chondroitin sulphuric acid or a "nearly

related substance ".

From the present experiments it

is

considered that

radioactive sulphur ions diffused from the host tissue into
the free cortical transplants as well as into the cortical

transplant in the diffusion chambers.

In these transplants

this isotope was actively metabolised by the still surviving

cellular content of the haversian systems to form chondroitin
sulphuric acid in the organic matrix and was not localised to
these areas by any form of passive diffusion mechanism.

After seven days, although the haversian systems were faintly
outlined by metachromatic rings, no radioactivity was present
and it is assumed that the metachromatic reaction occurred in
the stabilised organic matrix without any osteon nic activity
to utilise the radioactive sulphur owing to the death of the

osteocyte
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osteocyte and osteoblast cells.

Hutchinson (1952) has

emphasised that even when histological visualisation is
inadequate, in the early stages of a bone graft the cells of
the soft tissues not only survive but are actively prolifera-

ting and forming osteoblasts.

In the present experiments

the survival of these important tissues is for the first time

demonstrated histochemically, the criterion for their
survival being based upon their secretion of the metachromati

and radioactive intercellular substance chondroitin sulphate,
for at least seven days after transplantation.

Other evidence of cellular survival was seen in two
chambers in which primary mesenchymal cells formed by

differentiation of cells arising from within the marrow cells
adjacent to the cortical fragments.

Although this morpho-

logical appearance of a long fibrillary pale cytoplasm and a

darkly - staining nucleus was not that of an osteogenic cell,
it indicates that cells adherent to cortical

survive and differentiate.

transplant

That these cells originated from

the bone marrow cells is of interest because Bloom et al.
(194.1)

originally demonstrated that reticular cells of bone

marrow differentiated into osteoblasts during the formation
of medullary bone or became osteoclasts during absorption.
The recipient site or the host environment of the

cortical transplant which consisted of the bed from which
the transplant had been originally taken, showed the standard

reaction of repair through the regenerative blastemata formed
from

-
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from cells of the periosteum ani of the medulla.

After

14-21 days new bone was formed around the graft, by the

process of endochondral or intramembranous ossification;

the

histoche mistry was identical to that which occurs during the
normal repair of a fracture.

In the cortical fragment

transplant experiment without the presence of a diffusion
chamber, this reaction of repair appeared more quickly and in
a greater amount than in the other two groups which were

studied by the diffusion chamber technique.

This could be

explained by the smaller amount of haematomata formation

which occurred in the former group.

In these experiments

there was nothing to suggest any inductor mechanism or any
attempt at revascularisation of the transplants, although in
one group the histochemical reactions were observed for as

long as three weeks and in the other two groups for two weeks.

From the other experiments of tissue culture of osteogenic
cells in vivo, normal vascularisation of the fibroblastic

reaction of the host tissue surrounding the chamber was
evident within seven days after implantation of the chamber,

and therefore in the present group evidence of revascularisa-

tion up to the chamber membrane should have been seen within
the time of the experiment.

Similarly, "cell repop»Tation"

(Hutchinson, 1952) which consists of a migration of bone
cells from the periphery of an autogenous graft into the
central lacunae, was not seen in the cortical bone transplant

group or in the other two groups.

However, in the last two

the physical barrier of the membranes would have prevented
this cellular migration.

it/

Therefore in these experiments
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it is considered that although the cells of the haversian

systems survived for at least seven days, they were not

replaced by any migration of osteogenic cells of the host
tissue adjacent to the graft which normally occurs during

the process of incorporation of an autogenous bone graft.

Indeed the cortical fragments within the implanted chambers,
apart from the initial period of survival and differentiation

from marrow cells, were unaffected by the new bone formation

process of the host.

This corresponds to the reaction of a

homograft of bone which is usually treated as a sequestrum
(Hutchinson) and is replaced eventually by the new host bone.
The injection of ethylene-diamine tetra -acetic acid,

although producing a gross hypocalcinaemia, did not influence
or affect the histochemical picture of metachromasia or radioactive sulphur uptake in any of the cortical transplants.

This can be correlated to the results from the study of bone

repair in vivo (p. 102) and confirms that, although it does
affect the peripheral serum calcium levels, its effect upon
the skeleton in vivo is minimal and it does not alter, the

process of resorption of the organic or mineral phases of a
cortical bone transplant.
It is suggested that since the cells in the haversian

systems survived for at least seven days, an important
feature for continuance of their existence and function and

therefore of the grafts as a living structure, is the speed
of revascularisation by the ingrowth from the host tissues.

If /
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If this takes place quickly enough, the cortical transplant
or graft will survive as an organised tissue, but if the

process is delayed the graft will act only as a framework
for cellular and tissue invasion, with subsequent replacement

by the tissues of the host.

This process of revascularisa-

tion is likely to take place more quickly in autogenous than
in homogeneous bone grafts.

According to Dible (1954),

regeneration of blood vessels takes place from pre -existing
capillary endothelium, which alone is responsible for all new

vascular endothelium.

It is conjectured that accompanying

the soft tissue invasion of a cortical bone graft, vascular

endothelial cells invade the haversian systems during the
process of incorporation or replacement, to revascularise the
structure of a cortical transplant or graft.

-
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DISCUSSION

OF PART II

For the present study of osteogenesis by tissue culture
in vivo,

it was necessary to define accurately the nature of

the implant, the survival and organised growth of the osteo-

genic cells to form bone by their metabolism of mucopoly-

saccharide and calcium phosphate complexes, and the nature
and reaction of the environment of the host to the implantation process.
In the first three series of groups of osteogeniccells,
tissue removed from a fracture callus of seven days'

duration exhibited the highest degree of osteogenetic
activity to form bone by both the intramembranous and the
endochondral process of ossification (Table IV).

This was

due to the differentiation of the cells after stimulus

having continued for a longer time before transplantation,
and not to any constancy or frequency of the particular

histological structure of the implant such as a content of
osteogenic cells or a combination with cartilage or muscle.
This demonstrates that the essential test of differentiation
of tissue is not based upon its initial morphological appear-

ance but upon its subsequent differential behaviour:
point was emphasised by Weiss (1950).

this

Indeed the degree or

duration of differentiation at any point or time can be

evaluated only by the subsequent behaviour of the tissue.
Endochondral

Induction Series from
Early Fracture Callus
(Removed 3 days after
Fracture)

21

7

Periosteum Series

2.

3.

7

Fracture Callus Series
(Removed 7 days after
Fracture)

(Days)

Duration of
Implant

1.

Series Studied

100

133

175

No of
Implants

60

105

89

containing
Living Tissue

No. of Chambers

5

2

30

of Chambers showing
Endochondral Bone
Formation

No.

Results from the First Three Series of Tissue Culture in vivo

TABLE IV

29

32

40

Intramembranous Bone For nation and/or Calcification

No. of Chambers showing
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Endochondral ossification occurred more frequently in
the later fracture callus series, and since it was not

affected by the histology of the implant or by the site of
implantation,

it probably arose from an established mechanism

of an inherent nature.

Weiss considered that the direction

of differentiation of a growing mass of tissue resulted from

physical properties of the occupied space such as tension
and pressure, and not from properties inherent in the chemica
mechanism of reproduction itself.

However, as a result of

the biological situation created in the diffusion chambers of
the present study, these physical factors must have been
constant.

That cellular differentiation takes place along a

predetermined avenue in spite of difference in a physical
environment, is well illustrated in the periosteum series in

which the frequency of the process of intramembranous ossification markedly predominated.

This confirmed the work of

Urist and McLean who, with their anterior chamber of eye
technique, showed that intramembranous bone formation was

typical of "periosteal osteogenesis ", although there must
have been a great difference between the physical environ-

ments in the two studies.

In the region of a fracture in

which differentiation of cells occurs with the secretion of a
favourable environment such as the intercellular matrix

containing chondroitin sulphuric acid for subsequent
calcification and ossification, it would be expected that
such a "chemical" situation would produce a higher frequency
of /

-
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of endochondral ossification within the chamber containing th

implant of osteogenic

cells.

Since this was not seen in the

present study, it is suggested that the direction of

differentiation of the growing tissue is to a certain degree
also independent of any diffusible chemical properties in its
immediate environment.

Another factor found in the environment of an area
undergoing osteogenesis, which is commonly stated to be of
great importance, is the amount or degree of vascularity.
In the present study, the common reaction of the host tissues

was to form around the implanted chamber a shell of vascular
fibroblastic tissue containing small -sized blood vessels as

well as newly -formed primitive blood vessels, but because of
the physical barrier of the membranes, no obvious vascular

pathway was present.

Even so, nutrition of the differenti-

ating cells was adequate for organised growth and in many
instances for bone formation.

That there must have been a

pathway for these nutritional sub stances as well as for the
calcium and possibly phosphate ions, although the latter are
more probably formed locally, was demonstrated by the
diffusion through the membranes of the radioactive labelled
sulphate ions to form the sulphate mucopolysaccharide

complex

chondroitin sulphate during the process of chondrogenesis.

From fracture studies, Ham (1930) suggested that new bone
formation by intramembranous ossification was favoured by a

good blood supply, whereas formation by endochondral ossification indicated that no blood supply was available, since
this
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this occurred in areas closer to the fracture site where the

blood supply had been damaged.
study

it

However, in the present

was not possible to evaluate any significant

quantitative difference in the vascularity of the reaction
of the host tissue in the immediate environment to the

diffusion chambers.

The amount of nutrition supplied to the

differentiating cells by diffusion through the membranes of
each chamber must have been approximately the same since the

physico- chemical properties of the membranes were constant,
and therefore the process of formation of endochondral or

intramembranous bone was not controlled or favoured by any
obvious difference in the nutritional supply to the
differentiating cells.
In considering the environment of the transplanted

tissue underoing osteogenesis, no evidence was seen of new
bone resulting from the passage of any inducor substance.
This is attributed to the lack of physical continuity

between the inducing and the reacting systems which may have

been due to some property of the porous membrane of the
chamber wall.

In studying the induction of osteogenesis in

connective tissue by the transitional epithelium of bladder
mucosa, Johnson and McMinn (1956) regarded the absence of

new bone formation in the deeper layers of the connective
tissues of the graft as having resulted from a failure of the
chemical inducor substance to diffuse through this tissue.
It is therefore suggested that the physical continuity

necessary
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necessary for osteogenetic induction must be between cells of
the same histogenesis which are associated with each other by
a common physico - chemical pathway.

In contrast to the first three series in which the auto -

genous transfer consisted only of osteogenetic potent cells,
in the fourth series organised bone tissue in the form of

cortical bone fragments was studied by tissue culture in vivo.

Although these transplants contained osteocytes, osteoblasts
and connective tissue in their haversian systems or osteons,
there was no evidence that they differentiated or exhibited
osteogenetic activity.

Indeed these cells survived for only

seven days and this was proved histochemically by their

secretion of a metachromatic and radioactive intercellular
substance of chondroitin sulphuric acid.
Cortical bone is a highly developed and organised tissue,

and because of this morphogenetic specialisation it is
dependent upon the main structure of bone and its environment
and has lost its ability to regenerate.

However, an auto -

genous cortical transplant possesses osteogenetic potent
cells in the haversian systems which do not usually survive

an ischaemic incident resulting from transplantation for
longer than seven days.

In contrast to this,

the tissue

removed from a fracture callus or from the periosteum of a

growing animal is an unorganised tissue which exhibits le s s
morphogenetic specialisation or differentiation of structure
and is more independent of its environment.
therefore

It can

-

195 -

therefore withstand any ischaemic incident resulting from the

transplantation procedure, and continues in its development
and cellular differentiation_ to form bone by the processes of

both intramembranous and endochondral ossification, without
any obvious final circulatory pathway for transmission of the

nutritional substances required for these processes to take
place.
It is suggested that the clinical value of cortical bone

autografts depends upon the speed and amount of revascularisa

tion which arises from the host tissues.

If this can take

place before the cells in the haversian systems die from
ischaemia, these cells will survive and the autograft become
a living graft;

otherwise the graft will provide only a

supportive and mechanical framework for the invasion of the
host cells and may act as a local supply for nutritional

substances.

In addition, cortical bone when transferred is

rarely uniform in composition and usually contains myelogenous cells on one surface and periosteum on the other
surface.

In the present study both these cellular tissues

have been shown to possess osteogenetic activity and also to

withstand the ischaemia resulting from the transplantation.
From them new bone formation can result directly, but more

importantly it is probable that they secrete a specific
inducting substance, and form the continuous physico - chemical

pathway which is believed

to be

necessary for differentiation

of the invading host cells into osteoblasts by the process of

induction.

From

-
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From the present study it can be concluded that after
infliction of a fracture or transplantation of periosteum,
the skeletal tissue so stimulated develops and possesses a

high degree of osteogenetic activity.

Therefore,

on trans-

plantation this tissue can produce post -foetal osteogenesis

by the usual histochemical processes of endochondral and
intramembranous ossification independently of external
influences from the host environment.

However, when bone

is fully developed as an organised cortical structure, the

living cellular contents do not survive the episode of

transplantation after seven days and therefore subsequent
osteogenesis is dependent upon induction of the host tissues.

-

SUMMARY

1.
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AND

-

CONCLUSIONS

Although the histology of post -foetal osteogenesis is

well recognised, much uncertainty still remains about the
fundamental problems of the causal genesis, the differential

potencies and activities, and the metabolism of the osteogenic cells in bone growth and repair.

2.

In the past, the histochemistry of osteogenesis has

been limited to the inorganic phase of mineralisation and
there has been remarkably little work on the preceding phase
of the stimulus to cellular differentiation, and on the

organic phase which is concerned with the pre -osseous

cellular metabolism and elaboration of the bone matrix and is
the precursor stage for the inorganic phase of new bone

An important intercellular substance of this

formation.

organic phase is the sulphated mucopolysaccharide complex,

chondroitin sulphuric acid, which is secreted by the osteogenic cells

-

the osteoblast and the chondroblast.

In the present study the importance of this chemical

substance is emphasised because it controls and indeed
identifies the morphological appearance of the cartilage cell
and hence their possible origin, and because is is closely

related to the subsequent deposition of the calcium phosphate

complexes by acting as a "calcium- phosphate acceptor" in the

bone matrix.

3.

/

-

3.

A histochemical method

198

is

-

described of identifying

chondroitin sulphuric acid in undecalcified bone sections
which were obtained by an original technique.

The histo-

chemical localisation of this substance was obtained by

staining for metachromasia and by "labelling" the sulphate
radicle in the complex with radioactive sulphur with the

process of autoradiography.

The two techniques were

complementary to each other and provided a high degree of

specificity of localisation of chondroitin sulphuric acid.
The accuracy of this method is discussed.

4-.

By serial sacrifice of groups of rats in which a

uniform fracture had been inflicted, the chondroitin
sulphuric acid complex was studied histochemically in vivo

during epiphyseal growth and repair of the fracture.

Further

analysis of the normal pattern of this substance was obtained

by producing abnormal hormonal states by the administration
oestradiol dipropionate, parathormone and thyroxin;

abnormal nutritional state of hypervitaminosis A;

o

an

altered

vascularity by the use of a local haemostatic substance

Adrenoxyl and by ligation;

a mechanical effect of internal

fixation with use of an intrame dullary nail;

and an enzymatic

action by the local application of testicular hyaluronidase.
The varying effects are recorded, correlated and discussed,

especially from the morphogenetic aspect.

5.

/

-1995.

The

significance of the accumulation of mast cells

in the vicinity of the fracture as the source of secretion of

histamine to act as the stimulus for cellular differentiation

was studied after the local injection of a histamine- liberat.:
substance - Compound 48/80.

6.

The problem of resorption of the organic phase of

bone structure was studied histochemically after the injec-

tion of a known chelating agent
acetic acid

7.

-

-

ethylene -diamine tetra-

and the negative results are considered.

During the last two hundred years a large volume of

experimental work has been undertaken to solve the fundamental problems of osteogenesis by studying the transplanta-

tion of osseous tissue.

However, such work has been of

little value because of the lack of histochemical information
about the osteogenic cells and also because of the inability
to define and to discriminate accurately between the relative

osteogenetic activities and properties of the tissue trans-

ferred and those of the host or the environment of the
tissue transfer.
In the present study there are recorded for the first

time histochemical results from tissue culture in vivo of

various forms of osteogenic cells whose activity was clearly

defined by a physical and cellular barrier from the tissue
of the host.

From Algire's original diffusion chamber

technique, a new method of tissue culture in vivo of post -

embryonic tissues, which consisted of a diffusion chamber
made

-
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made of Millipore filter membranes, was developed and is

described in detail.

The physico -chemical properties of

these filter membranes were accurately evaluated.

8.

The histochemistry of post -foetal osteogenesis with

particular reference to the metabolise of chondroitin
sulphuric acid was studied during the processes of endochondral and intramembranous ossification resulting from the
survival and differentiation of osteogenic cells of a
fracture callus and of periosteum by this tissue culture
technique

in vivo.

The osteogenetic potency and activity

of various osseous transfers including cortical bone were

studied and the cellular contents of the haversian systems
in cortical bone were shown by their metabolism of radioactive

chondroitin sulphuric acid to survive for at least seven days
after transplantation.

9.

To demonstrate the process of induction, an attempt

was made to discover the possible secretion and passage into
the surrounding host tissues of a specific osteogenic

inductor substance from cells which exhibited osteogenetic

activity within a diffusion chamber.

Since the process of

induction was not observed to take place, the necessity for
the presence of a physico - chemical pathway for the trans-

mission of any specific inductor substance is emphasised and
the general reaction of the relative properties of the host

tissue to those of the tissue transfers is discussed.

10.

/

-

10.
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Although the results from the present study are

not immediately applicable to clinical problems,

their

consideration will lead to further understanding of the
host -tissue transfer relationship as well as of the histochemical nature and importance of the organic phase of
post- foetal osteogenesis.
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