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INTRODUCTION AND REVIEW of the LITERATURE

A - The History of Bone Grafting

Since Duhamel first placed silver wire subperiosteally
in 1739 and reported in 1742 that the bone he found covering
them some weeks later was of periosteal origin the contro-
versy over the source of osteogenesis raged for over 150
years. In 1763 von Haller put forward the theofy that the
periosteum was solely a support for the arteries whichn
then produced bone by exudation.

By 1867 Ollier had performed extensive experiments
and reviewed the literature, both of which led him to the
conclusion that transplanted periosteum and béne could
survive and become osteoéenic. This was repudiated by
Barth in 1893, who after working with trephined skulls
and replacing the bone, claimed that all the bone and
periosteum died.

Axhausen's findings on material from both animal
and human sources between 1907 and 1911 are considered
to be the classical works in this field. Having been
confirmed by later investigators (e.g. - Hammack and
Enneking, 1960), his views are still widely accepted.

He believed that the transplanted bone dies but that

the periosteum survives, proliferates and forms new bone.




The first twenty years of the twentieth century
saw a marked increase clinically in the use of autogenous
bone- as a free graft with one author alone (Albee, 1919)
: reporting 1600 successiul cases.

The success of these bone autografts stimulated
interest‘in homogenous bone as a likely ana, nopefully,
larger source of graft material. A great deal of experi-
mencation on methods of storage and much clinical rescarch
produced much contradictory informétion until a simpie
metiiod of storing bone was evolved (Bush, Garber, 1948).

In the twenty vears since the development of this
method of storing bone homogenous bone grafting has
become a much more useiful and common clinical.technique.

t nas become soO widespréad tnat as a result there 1is
such an increased demand for new sources of oone that
heterologous bone was being considered (Karges, et al.,
1963; Xingma, Hampe, 1%64).

As both clinical and experimentail work proceedcd
it became increasingly apparent that the basic factors
influencing both the acceptance of foreign tissues and
production of new bone by the host were poorly, if at
all, understood (Bonfiglio et al., 1955; Chase, Herndon,
1955; Siffert, 1955; Curtiss et al., 1956; Voisin,

Maurer, 1956-57; Simonsen, 1957).




B - Transplantation Immunity

Since the appcecarance of Burnet's Clonal Selection
Theory and its application to acquired immunity (Burnet,
1959) in which recognition of self (Burnet, 1961; Burwell,

- s

1963a) with all its implications in the phenomena of
rejection and tolerance (Billingham et al., 1955;
Terasaki et al., 1958; Medewar, 1961; Starkx et al., 1961;
Holborow, 1967; Lambert, Frank, 1967) was inciuded, many
advances of the field of transplantation have been made.
Medewar and his associates, as well as many others, have
attempted to correlate the results of transplantation of
various tissues and organs with other factors such as

sex (Bichwald et al., 1958), blood groups (Schierman,
Nordskog, 1961; Craig, McDermid, 1963), degree of consan-

ity (Polley et al., 1960}, age (Billingham et al.,

[Te]
[+
1
]

1655; Polley et al., 1960), etc. which could be measgred
before transplantation and so predict the outcome. In
this way it was also hoped that further information
could be gained about the site and nature of histo-
compatibility antigens (Silvers et al., 1967; Van Rood
et al., 1967; McDonald, 1966).

Attempts were then made to correlate the varying
results obtained from bone transplantation (Hutchison,

1952; -Siffert, 1955; Chalmers, 1959; Kingma, Hampe, 1964)




with the results from other tissue and organ transplan-
tation (Polley et al., 1960; Stark et al., 1961l; Van
Roodfeﬁ al., 1967) in view of this new information.

As a result rapid advances in the knowledge of the
immunological properties of bone and their bases have
been maae (Burwell, 1$62, 1963Db, 1964, 1966; Burwell,

Gowland, 196la, 1961b, 1902; Enneking, 1962; Burwell

et al., 1963; Sabet, Ray, 1964; Chalmers, 1967).
C - Induction and Modulation

As work progressed it became apparent that bone, a
tissue already in a precarious state due to its blood
supply (Trueta, 1963), docs not, unlike other tissue
and organ transplants, establish a blood supply rapidly
enough to ensure that more than a few surface cells
(iutchison, 1952; Bonfigiio, 1958; Zeiss et al., 1960)
and the periosteum, when present (Hammack, Enneking,’
1560), survive. This then presented the problem of
distinguishing between the new bone formed by the
proliferation of surviving graft ceils (Ray, Sabet,
1963), especially from the periosteum, and that Fformed
by induction from éhe host (Buring, Urist, 1967z;
Dubuc, Urist, 1967). At present the question is still

incompletely resolved.
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This introduction of induction and the associated
concept of modulation as terms applicable to adult
organisms as well as embryos, opened up another dimension
in the search for the sources of bone formation.

As originally used induction was an embryological
term describing the "process by which one group of cells
stimulates a second group to differentiate" (Balinsky,
1965). Specialized tissues and organs appearced to depend
on the influence of preceding and adjacent tissues and
structures for their development (Amprino, 1953; Barth,
1953). Inducing agents have been shown, in some instances
in embryos, to be diffusible substances of nucleotide
structure (Hommes et al., 1962; Lash et al., 1562;

Cooper, 1965). However, ih the case of bone induction

in the mature animal, the inducing agent appears to be
relatively insoluble and diffuses only over very limited
d%stances, therefore requiring fairly close cell contact
(Grist et al., 1967).

It has aiso been shown that as the embryo differen-
tiates, the more specialized tissues react more specifically
to a narrower range of inducing agents (Barth, 1953;
Balinsky, 1965). Définitive areas become seli-differen-
tiating after an initial stimulus (Lacroix, 1956; Benoit,

1960b) but will, in their turn, act as inducers only in




tre

a relatively ;imited area (Benoit, 1960b). This demonstrates
the‘fact that reacting areas‘must undergo some prehistologic
changg which will conmit them to a predetermined course

if the proper (and specific) stimulus is forthcoming
(Benoit, 1960a). This problem becomes increasingly complex
with the additional information tﬁat the various ieacting
areas show differing reactivity to the same inducing agents
at different stages in their development (Barth, 1953;
Cooper, 1965). It has also been shown that dissociated
emoryonic cells will reform, at least partially, the organ
irom wnich they are taken, but only if the different cell
types are present in the proper ratio (Moscona, 1556;
Weiss, Taylor, 1960).

The application of this concebt of induction to
differentiated adult tissues has pointed up the great
differences as well as the definite similarities beitween
them and the orderly progression of differentiation in
embryonic induction. Prenistological changes can be
demonstrated (Siffert, Barash, 1961) in bone repair.

The responses of adult tissues, however, can be elicited
by a wide range of relatively non-specific inducing
agents (Huggins et al., 1936; Moss, 19523; Benoit, 1960a;
Makin, 1962) and are more limited in scope leading to a
tissue differentiation (histogenesis) rather than an

organogenesis (Weiss, Taylor, 1960).




Modﬁlation refers to ﬁhe process by which specialized
forms' and functions of cells can, under certain circum-
stances, either revert to their original less specialized
state or transform into another specialized state (Urist,
McLean, 1953; Weiss, 1953; Holtzer et al., 1960). The
changes in the cell population of the bones of the
laying hen (Bloom et al., 1958) or in the bones of
mammals under the influence of parathyroid hormone
(Heller et al., 1950) are thought to be good exampies.

The whole adult organism is in a state of "dynamic
equilibrium" (Barth, 1953) and bone shares in this
(McLean, Urist, 1961). It has been hypothesize§ recently
that this "morphostasis" is the primary function of
lymphoid tissue and that immunity and/or recognition
of "self" is a secondary but axidmatic corollary of
this (Burwell, 1963a).

With the development of radioisotopes as tracer
substances it has been found that a startling amount of
renewal occurs in many tissues (Amano et al., 1959;
Messier, Leblond, 1960). Even in bone, generally
considered a rather permanent fixture, a high rate of
turnover of both cells and matrix has been demonstrated
in trabecular bone (Leblond et al., 1950; Kember, 1960;

Tonna, 1961). Since this is the case, there must be a




source of unspecialized cells with the capacity to
form this highly specialized tissue when presented
with.tﬁe proper stimulus. Which cells? and.what stimuli?
~have been the basis of many investigations, some still
in progress (Amprino, 1953; Tonna 1960; Tonna, Cronkite,
1961; Young, 1962c; Buring, Urist, 1967a). Once the
undifferentiated cells of bone have become specialized
they still appear able to undergo modulation between
widely differing forms with rapidity under a variety of
conditions (Bloom et al., 1958; Heller et al., 1950).
The crystal-collagen relationships of bone matrix
have been well demonstrated (Robinson, 1952a; Watson,
Robinson; 1953; Robinson, Watsdn,~l954—55) and'have
led to attempts to relate them to the electrical currents
that bone produces under stress (Bassett, Becker, 1962).
Bone, as is well known, remodels under stress (Bassett,
Becker, 1962) to conform to mechanical requirements, -
The possibility that the cellular modulation believed
to be responsible for this remodelling is affected by
the weak electric currents produced by stress as some
aspects of embryonic development (Sedar, 1956) and
amphibian regeneraéion (Becker, 1961) are influenced
by weak electric fields has been considered (Bassett,

Becker, 1962).

oo




D - Types of Bone and Cartilage Transplant

Bone may be considered as a living transplant or,
if tféated so as to kill the cells, as an implant (Frei-
burg, Ray, 1964). As a transplant it may be used as an
"organ" and transferred in toto with its cartilage and
marrow undisturbed. Whole bones of various ages to
various ectopic sites (Sabet et al., 1961; Chalmers,
Ray, 1962) and massive bone grafts with attached joint
cartilage (Herndon, Chase, 1954; Entin et al., 1962)
have been used in this fashion.

Cancellous bone, with marrow and washed free of
marrow (Burwell, 1964, 1966), has been investigated
for its immunological properties. It has also been
studied to discover if any cells survive (Arora, Laskin,
1964) and if not, if it induces new bone (Urist, MclLean,
1952; Bridges, Pritchard, 1958; Williams, 1960; Ray,
Sabet, 1963) or merely serves as a framework for invading
host cells (osteoconduction - Chalmers, 1967).

Dead bone killed and treated in many ways has been
extensively studied to discover if it is immunologically
active (Burwell et al., 1963; Buring, Urist, 1967a) and if
it retains its inducing activity (Urist, McLean, 1952;
Buring, Urist, 1967a; Dubuc, Urist, 1967).

Bone marrow has been studied alone (Burwell, 1964),
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combined with bone matrix (Burwell, 1964) or as part of
a whole bone (Herndon, Chase, 1954). It has been considered
as a source of the osteoprogenitor cells in osteogenesis
(Burwell, 1964) and as a factor in eliciting the immune
response of the host (Burwell, 1963b). |
Cartilage has been extensively investigated. Many
in vitro studies have been carried out to elucidate its
mode of metabolism (Laskin, Sarnat, 1953), and conditions
under which it differentiates (Holtzer, Detweiler, 1953;
Bassett, Herrmann, 1961; Hall, 1967) or dedifferentiates
(Holtzer et al., 1960). In vivo its role in endochondral
bone formation (Lacroix, 1956), its activity as an inducer
of osteogenesis (especia;ly in fracture callus) (Lacroix,
1951; Bonfiglio, 1958;.Urist et al., 1965) and its appa-
rent ability to resist rejection when transplanted
(Peer, 1958; Peacock et al., 1960) have all been subjects
of much interest to investigators. The immunological‘
properties of whole cartilage (Khvorostukhin, 1958;
Peacock et al., 1560) and some of its chemical compo-
nents (Humphrey, 1943; Boake, Muir, 1955; Quinn,
Cerroni, 1957; Quign, Singh, 1957) have been studied

and the results are equivocal.

E - Aims of the Present Study

Migicovsky and Nielson (1952) noted that when they
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used the intact animal (chick) as a culture medium in
their studies on the action of Vitamin D, that the
implanted bones became encapsulated and surrounded by
a partly calcified tissue.

This study was undertaken to elucidate the nature
and source of this calcified tissue.

The preliminary series were designed to show whether
subcutaneous or intraperitoneal transplantation provided
a more favorable site for its development.

The age of the donor was to be varied to see if this
had any effect on the amount and type of new tissue pro-
duced. All the host birds were to be two weeksiof age;
at this time chickens are considered to be immﬁnologically
competent (Billingham et él., 1955) so that new growth
still taking place more than two weeks after implantation
could be attributed to host tolerance naturally present
and not tolerance induced by a graft before the host
was immunologically competent (Nisbet et al., 1960;
Medewar, 1961; Stark et al., 1961) if this new tissue
was to prove to be of donor origin.

The tibiae were to be left in situ for varying
periods from three Aays to four weeks to distinguish
the source and follow the maturation of the new tissue
produced. It was also hoped that if this tissue were

rejected, some picture or the process, if and when it




12

appeared, could be formed.

A large series of implanted tibiae were to be left
in situ for three weeks since rejection has usually begun
by two weeks (Polley et al., 1960) and would be well
established by twenty-one days. It was hoped to demonstrate
whether or not the same success rate for whole bone grafts,
shown by growth of the transplant, would be found as has
been found in skin grafting in chickens (Craig and McDermid,
1963) . If this were indeed the case, some of the same
factors that influence skin grafting might be demonstrable
statistically (Schierman and‘Nordskog, 1961; Craig and

McDermid, 1963).

II - METHODS and MATERIALS

A - Experimental Animals

White Rock cockerels, ages one day to two weeks,
(supplied by The Fisher Orchards, Burlington, Ontario)
and of an unknown degree of inbreeding were used as both
hosts and donors in all the experiments.

The first 180 birds were obtained during the summer
and kept on AOAC raéhitogenic diet supplemented with
1000 units of Vitamin D3 /kgm. of feed and water ad

libitum, following the method of Migicovsky and Nielson
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(1952) . This group‘of birds never appeared to be healthy
from the time they were received and there was a high
mortality rate of approximately one-third among the
implanted birds.

The 285 chicks used in Parts 4 and 5 of thé experi-
ments were obtained in the fall. They appeared to be
healthy. They were kept on a Standard Green Diet and
water ad libitum throughout the experimental period.
Only one bird was lost during an accident while trans-

ferring cages.

B - Experimental Methods

1 - Subcutaneous versus Intra-abdominal Whole Bone Transplants

Migicovsky and Nielson (1952) used both subcuta-
neous and intraperitoneal sites in their study. This-
preliminary series was done in order to decide which
was the more favorable site for the increase in size
of the implant noted in the original study.

One day old whole tibias were implanted subcuta-
neously or intraperitoneally into two-week old hosts
and left for periods varying from one to four weeks

(Table I).
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Table I - Summary of Transplahtation Sites in Part 1

Number of Specimens

Weeks Subcutaneous - Intra-abdominal
in situ Implanted Survived Implanted  Survived
1 ) 5 B - 5

6 5 4

3 5 5 6 3

4 4 4 4 3
———— mt— / ar—— ———

Total 20 19 20 15

2 - ca%5 as a Tracer of the Calcification of the Transplant

Twenty days after a whole day-old tibia had been
pPlaced subcutaneocusly in each of five hosts were given
1 pc ca4b by intravenous injection. The host was sacrificed

and the transplanted bone removed 24 hours later.
3 - Bone Fragments

As a result of the variation in amount of growth
observed at different sites within the same donor bone
in Part 1 fragments from three regions of day-old chick
tibiae were used as transplants in an attempt to
ascertain which region madé the major contribution.

The three regions studied were the cartilage of the
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head of the bone (Zone A - B&langer, 1959a), the zone
of.hypertrophied‘cartilagg (Zone C), and the bone of the
mid-diéphysis. Slices of these areas were implanted
subcutaneously in two week old hosts and left in situ

for three weeks.

Table II - Summary of the Types of Grafts in Part 3

Type of Graft

Zone A Zone C Diaphysis
(cartilage) ‘(cartilage) (bone)
Number of Implanted 10 10 10
Hosts
Survived 8 - 8 : 4

4 - Variation in Donor Age and Length of Time in situ

_ These transplants were arrangéd to observe both the
effects of the age of the donor on the success of the
graft and also the progress with time of any new bone
and cartilage formation. Therefore, two main groups -

A - with donors one-day old and - B ~ with donors one-
week old were furtﬁer divided into five subgroups of
ten host birds each, according to the length of time

the graft was to be left in situ. These time intervals
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ranged from three days to four weeks: 1 - three days;

2 - one week; 3 - two weeks; 4 - three weeks; 5 - four
weeks. This then gave two series of five groups of ten
birds each: A3, Az, A3, A4, Ag (donors one-day old) and
By, B2, B3z, By, Bs (donors one-week old) (Table IIT).

In addition two birds one-day old (Ag) and two

one-week old (Bg) were sacrificed and their tibiae fixed
and processed without being implanted in order to obtain

normals for comparison.’
Table III - Summary of Donors in Series A and B - Part 4

v s w00 Number  of Specimens

Days - ‘
in situ  Sub-group. Series A Series B
0 0 (control) 2 2
3 1 10 10
7 2 10 10
14 3 10 10
21 4 10 10
28 5 10 10

5 - Series of Whole Bone Subcutaneous Transplants for

Statistical Analysis of Rejection
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This series consisted of 90 subcutaneous transplants
of . one-day old donor tibiae into two-week old hosts.
These were all left in situ for three weeks. One host
died and so 89 specimens were finally obtained. In 28
of the donors recdrds were kept of which hosts had
received grafts from the same donor so that the growth
of identical grafts could be observed and compared in

different hosts. ;

C - Surgical Techniques

1l - Preparation of the Grafts

a - Whole Bones

' For both the intra-abdominal and subcutaneous
grafts the procedure of preparing the implant was the
same. The donors, of various ages, were sacrificed and
both tibiae removed from each. These bones were then
carefully cleaned of muscle and soft tissue taking care
not to damage the articular surfaces. The fibula was
then removed. The fibrous periosteum remained intact
except for a small area at the upper end of the tibia
where the fibula had been strongly attached. The tibiae
were then placed in a beaker of distilled water at room
temperature until used - usuélly about ten to fifteen

minutes.
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b - Bone Fragments

. 'For this section of the experiments, the whole
bones -were prepared as noted above. Cross-sections
1 mm. thick were cut with a razor blade through the
cartilage cap, the metaphyseal region and the mid-shaft
of each bone. Each section!was implanted in é separate

host.
2 - Anaesthesia

The abdominal transplants were carried out under
nembutal anaesthesia. About ten minutes preoperatively,
each host bird received 15 mgm. of nembutal intravenously
in a wing.vein.. ., . ‘

No anaesthesia was uéed for the subcutaneous implants
as it was felt that it was an unnecessary risk, since.
several birds were lost in attempting to establish a
dogage of anaesthetic and since the subcutaneous implants

did not appear to cause the birds undue suffering.
3 - Subcutaneous Transplants |,

For the subcutaneous graft, the two-week old host
bird was held in thé assistant's hand with the right leg
drawn forwards and upwards to expose the lower ribs.

A small incision wasvmade by lifting a fold of skin just




posterior to the distal rib and cutting across this fold
with scissors. Next a pocket was formed in the loose
subcdtaneous tiésues by slipping a small artery forceps
anteriorly‘justnunder the skin and then opening its jaws
to enlarge the pécket. If a whole bone was being used as
the graft, the donor tibia was then slid into this space
with its prdximalléhd anteriorly. If a bone fragment was
‘used, the graft,wésfplaced flat against the ribs. Finally
the skin was closed with two or three cotton sutures.

As long és the incision was placed posterior to the ribs
and the correctvplahe of cleavage in the tissues was
found, no:bléedihg was encountered. Even when bleeding
did occur it was minimal and required no special measures

to stop it.
4 - Intra—abdomiﬁal»Transplants

The procedﬁre for the intraperitoneal transplanfs
was to hold the anaesthetized host in the assistant's
hand with theAleg-drawnlforwards and upwards to expose
the abdomeh,;A small incision was made about three-
quarteré of'ah.incpygaudal to the distal rib in the
same wéy.és.forythe_subcutaneous transplant. When the
abdomihal muscieé%Wefe exposed they were split along

the musdlevfibersﬁas‘much_as.possible and retracted
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to expose the peritoneum. This wés then incised and the
whole tibia inserted gently into the peritoneal cavity
attemptingvnot to damage the internal structures. The
wound was theh closed in layers with sutures in the peri-
toneum and skin. The musclés fellvback into place without
sutures. |

All the above procedures were carried out under clean

but not aseptic technique. No gross infection was noted.

D - Histological Techniques

1l ~ Decalcified Sections

a - Fixation, Decalcification and Embedding

At predetermined intervals, groups of host birds
were sacrificed}‘the'implants removed with any adherent
soft tissue and placed immediately in A.F.A. (acetic acid:
formaldehyde: ethanol - 1: 4: 15 parts) to fix for
twenty-four hours. They were then decalcified in 10%
(saturated) EDTA (disodium salt of ethylenediamine-
tetra~acetic acid, Sequestrene, Geigy) in distilled water ’
(pH = 5.5) for ten days according to the constant repla-
cement method of Bé&langer et al., 1965. At the end of
this period, the bones were washed in running water for
thirty minutes and then sectioned longitudinally with
a razor blade leaving three—-quarters of the bone to be

embedded and one-quarter to be discarded. Specimens too




long to flt the plastlc‘cases used durlng 1mpregnat10n
were cut in half If any resistance to the razor blade
when cutting was enéountered, the specimen was rewrapped
K in éheeseclotﬁ'anaffeturned to the EDTA solution for
another three to;four days. The specimens were then

routinely embedded in paraffin for sectioning.

b - Staining.(Dilute Wrigﬁt's Stain)

Sections seven micra (7ﬁ) thick were cut longitu-
dinally froﬁ eé&h specimen and stained with dilute Wright's
stain. This gives good metachromatic staining of normal

- cartilage matrix as well as good differentiation of bone
marrow cells and connectlve tlssue infiltrations. It
also dlstlngulshes the sllghtly baSOPhlllC areas of
-osteocytic osteolysis (Bé&langer et al., 1968) from the
rest of the bone which stains pink. Mast cell granules
can also be distinctively stained by this method (Bé&langer
eg al., 1957).

_Dilute Wright stain is prepared by mixing
100 c.c. Wright stain
and 100 c.c. distilled water
then allowing the mlxture to stand, stored in a dark
glass bottle for five to six days before use.
To use the stain, the sections are first brought

down to water in the usual way. They are then stained for
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thirty (30) minutes in the dilute Wright solution which
has been filtered before using. The sections are next
rinsed‘quickly in distilled water, 95% alcohol and
absolute alcohol in turn. Following these rinses, they
are left one minute in a second change of absolute
alcohol. Finally they are left for two minutes each,

in a third change of absolute alcohol and three conse-

cutive changes of xylol before being mounted.
¢ - Alpharadiography

Alpharadiography was used on selected sections from
the first part of the experiment to determine if the
density of the cartilage at the bone ends varied with
its changing staining properties. The method used was
a modification of that of Bé&langer, 1959%b.

All the following procedures are carried out under
Safelight (Kodak) .

The slides already coated with N.T.A. emulsion
(Kodak) when purchased, are coated with a 1% solution of
celloidin (Mallencroft) and allowed to dry overnight.
Before use, they can be numbered with a diamond pencil
in the usual manne;. They are then dipped under the five
micra (5u) paraffin sections which have been prepared.

Each prepared section is floated on distilled water in
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an individual numbered preparation dish. The section is
gently floated over the slide and accurately centred
taking éare not to scratch the emulsion. The slide is

then firmly blotted with three layers of fine filter
paper (Whatman filter paper, No. 50) to remove the excess
water and render the section flat and adherent. The slides
are then placed in a light-tight box to dry at least
overnight.

Before exposure, the paraffin is removed from the
sections by immersion, first in toluol and then in
benzene for approximately one minute each. The slides
are placed, for exposure, a fixed distance (2.4 cm.)
from a source of alpha particles of known strehgth
(Polonium210, 3 millicuries) and size (1 x 3 cm.).

The specimens are exposed for three hours.

After exposure, the section and the celloidin
are both removed by immersion in acetone. This is followed
by immersion in absolute alcohol. The slides are then
gradually brought down to water before developing.

During fixing and developing the fluids used are
kept at a temperature of about 68° F. by means of a
bath of running taﬁ water. The slides to be processed
are placed in a staining boat and immersed in the
developer (D—iQ,_Kodak) which has been diluted with an

equal amount of distilled water for 10 minutes. During
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the first few minutes they are gently agitated by hand.
They are then rinsed (by peing gently agitated) in
distilled water for approximately one minute. Next they
are placed in the fixer (Kodak) for fifteen minutes.
(The normal lights may be turned on during the last
ten minutes of this last process and left on for the rest
of the procedure). Finally, the slides are washed in
running tap water for twenty minutes, then fan-dried
for thirty minutes before microscopic inspection.

They are allowed to dry-overnight before being
mounted. Before being mounted, they are immersed in
toluol for three minutes; the coverslip is then fixed

in place with Permount (Fisher Scientific Comﬁany).

d - Histochemistry: Stains for Mucopolysaccharides

Acid Mucopolysaccharides:

i - Thionine-eosin
Maximov's Alcoholic Thionine (McManus, Mowry, 1960)
Eosin - 0.1% in 95% alcohol

Stain with alcoholic thionine for 7 minutes.

Rinse with distilled water until the background is clear.

Place in 95% alcohol for 2 minutes.

Stain with 0.1% eosin for 2 minutes.

Follow with three changes of absolute alcohol for 2
‘minutes each.

Finish with three changes of xylol for 2 minutes each -

then méuht.




25

Neutral Mucopolysaccharides and Glycoproteins:
ii = Schiff's Reaction (P.A.S.)
“Solution I
0.5% periodic acid diluted in distilled water
Solution II - Schiff's Reagent
Dissolve 1 gm. basic Fuchsin in 200 c.c. boiling
distilled water.

Cool to about 500 C.
Add 1 c.c. of concentrated hydrochloric acid and
2 gms. of sodium bisulphite.
Shake the flask, stopper it tightly and let it
stand at room temperature for 24 hrst
Add 0.5 gm. of absqrbent.charcoal, shake and filter
the mixture.
Keep the mixture refrigerated.
Solution IIT
2% solution of sodium bisulphite.
Stain
Stain with Solutioﬁ I for 10 minutes.
Wash in running water for 10 minutes.
Place in Solution II for 12 minutes. (10 - 15 minutes)
Rinse in distilled water.
Place in Solution III for 1 minute. (1 - 2 minutes)

Wash for 5 minutes. ( 5 - 10 minutes).
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Counterstain - Delafield's Maematoxylin and Orange G

Stéin with filtered Delafield's Haematoxylin for 6 minutes.
Differentiate in acid alcohol.

Place in distilled water containing a pinch of‘Lithium
Carbonate for 1 minute.

Wash in running water for 10 minutes.

Rinse in 95% alcohol.

Stain with Orange G for 1% minutes.:

Rinse quickly in 95% alcohol and two changes of absolute
alcohol.

Place in a third change of absolute alcohol for 2 minutes,
Finally place in three successive changes of xylol for

2 minutes each - then mount.
2 - Calcified Sections
a - Stained Radioautographs

The implants from the hosts which had received
1 ucurie of Ca%> 24 hours before sacrifice were fixed
in AFA and embedded in celloidin without prior decalci-
fication. Sections.s u thick were cut and the method of
B&langer (1961) waé followed for processing and staining
autoradiographs. The sections were exposed for two

weeks before developing.
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b - Microincineration

Five hosts each received a subcutaneous graft of
a one;day old tibia three weeks before sacrifice.

Fresh frozen sections 5 ﬁ thick were cut on a Jung
freezing-microtome, fixed to slides and ashed (Glick,
1949) before being covered with a cover slip. The

edges of the cover slip were then carefully sealed.

III ~ OBSERVATIONS

A - Subcutaneous versus Intra-abdominal Transplants

1 - One Week in situ

a - Subcutaneous Transplahts

After one week in situ these tibiae had increased
in size mainly around their ends so that they were
"dumb-bell" shaped. They were adherent to the overlying
skin.

Histologically new bone and cartilage could be
seen around the metaphyseal area of the bone. The bone
appeared to be surrounded by a layer of mesenchymal

tissue.

b - Intra-abdominal Transplants

These bones were adherent to various abdominal




organs} e.g. liver, intestine, etc. or to the abdominal
wall. They were larger in diameter than the subcutaneous
group.

Under the microscope, large numbers of young tra-
beculae could be seen surrounding the shaft. This bone
gave way to cartilage at the metaphysis and this formed

a cap over the ends of the implanted bone.
2 - Two Weeks in situ

a - Subcutaneous Transplants

Grossly these transplants had increased mainly in
diameter and were roughly cylindrical in shape.

The sections showed large numbers of young bone
trabeculae with a moderate number of osteoclasts around
them. Some small round cells could be seen in the tissue

between the trabeculae.

b.— Intra—-abdominal Transplants

In this site the transplants had continued to grow
chiefly in circumference.

Microscopically there was increased cartilage for-
mation outside the new trabeculae. At the metaphyseal
level the new cartilage appeared hypertrophied. No small

round cells were noted.
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3 - Three Weeks in situ

a ~‘Subcutaneous Transplants
. These grafts had remained relatively stable
in size when compared to those taken the previous week.
Microscopically the main change was an incirease in
the number of small round cells which under high power,
were seen to be small lymphocytes. The trabeculae had

lost their covering of osteoblasts.

b - Intra-abdominal Transplants

In this group the bones had continued to increase
in girth.

The sections showed a deeper layer of cartilage
around the new bone. The new cartilage at the metaphysis
was definitely hypertrophied with the loss of some of
its cells. The bone trabeculae were still lined with
o;teoblasts though a moderate number of small lymphocytes

had appeared around them.
4 - Four weeks in situ

a - Subcutaneous Transplants
All except one bone had markedly increased from
their original size, mainly in circumference. One bone

was smaller than at the time of transplantation.
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Histologically the lafge grafts showed very large
numbers of £rabeculae lined with osteoblasts. The ends
of the grafts were covered with cartilage. One graft
showed no new bone or cartilage formation. The original

bone was acellular.

b - Intra-abdominal Transplants

Crossly this group of grafts resembled the subcu-
taneous grafts of the same age.

Microscopically the new bone and cartilage were both

acellular. There was no lymphocytic infiltration.

B - Calcified Sections

1 - ca%s Radioautographs

When the stained radiocautographs were examined under
the microscope, a heavy deposit of silver grains couid
be seen overlying the new bone trabeculae which were
oriented mainly at right angles to the original shaft.
The bone of the shaft itself showed no radiocactivity
at all.

The new cartilage which could be distinguished by
its staining properties, did not show any overlying
grains indicative of ca4d deposition in it. The car-
tilage in these sections did not appear to be hyper-

trophied.
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2 - Microincineration

The sections showed mineral ash in the region of the
original shaft of the bone as well as in the calcified
cartilage. The numerous new trabeculae which had formed
around the transplant during its three weeks in situ,

were also shown to be calcified.

C - Bone Fragments

1 - Zone A Cartilage

The cartilage fragments still retained most of their
metachromasia after three weeks. Approximately half were
beginning to lose their metachromatic staining at the
edges. The chondrocytes in all the grafts were viable.
The cartilage was surrounded by a small amount‘of loose
connective tissue inside a thin capsule of dense connec-
tive tissue. Blood vessels were not prominent in the
connective tissue. There was a light to moderate infili-
tration of the loose connective tissue with small lym-
phocytes and scattered plasma cells. No growth was evident

in any of these fragments.

2 - Zone C Cartilage (hypertrophied cartilage)

Half of the specimens in this group had formed ncw
bone and/or cartilage. When the transplanted cartilage
had contained calcified areas, the new bone was found

deposited in close apposition to tnem. There were no




osteoblasts lining the new trabeculae. A moderate to
heavy lymphocytic infiltration was found betwecen the
trabeculae and under the dense connective tissue capsule
which surrounded all the grafts. The occasional small
marrow cavities were infiltrated by these same types of
cells as well.

The other grafts showed loss of metachromasia in
the cartilage and apparently no attempt at bone or
cartilage formation. They also were surrounded by iym-

phocytes, usually in large numbers.

3 - Diaphyseal Bone

Small amounts of new cartilage were found in close
contact with three of the four transplants in this group.
The other transplant showed a few cellular trabeculae
which were surrounded by large numbers of osteoclasts.
A few osteocytes survived within the lacunae of the
original trabeculae. Around the bone fragments and
extending into the marrow cavity, a heavy infiltration

of small lymphothes and plasma cells was noted.

D - Variation of Donor Age and Length of Time in situ

Subcutaneously (Series A and B)

Ao - control - one-day old chick tibia - unimplanted
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Light Microscopy

The periosteum covering the tibia of the day-old
chick consists of two definite layers: an outer fibrous
one which merges with the flattened cartilage cells
covering the articular surfaces and an inner ostecblastic
laver. This latter layer is closely applied to the bone }
and is one to two cells thick over the shaft. The osteco-
blasts are flattened and oval with a basophilic cyto-
plasm. They are arranged with their long axis parallel
to the long axis of the bone. In the region where the
flare of the metaphysis begins, this layer becomes five
to eight cells thick. It stops abruptly at the level
of the epiphysis. Also at the flare of the metéphysis,
the woven bone of the shaft gives way to hypertrophied
cartilage whose peripheral zone can be shown to be
calcified (Fig. 1).

The epiphysis itself consists of cellular cartilage
with darkly metachromatic staining matrix containing
numerous cavities with thin-walled blood vessels and a
few connective tissue cells within them. In some sections
the distal cartilage shows an area of hypertrophy which
coincides with the.area of endochondral ossification
seen in older specimens. The articular suriaces are

covered by a layer of flattened cells which have a




very small amount of metachromatic matrix betwecn them
so -that this arca appears less darkly stained. These
cells merge with the epiphyseal cartilage through a
narrow band of transitional forms (Fell, 1925).

At both ends of the bone just helow the epiphyscal
cartilage, there is a narrow zone of grossly Ilattened
cartilage cells (Fig. 1l). This area merges with a wider
region in which the cells are at first discoidal and
then as they progress toward the shaft, polynedral;
all are lined up in definite longitudinal rows. This
region in turn merges with a large area of hypértrophied
cartilage which extends as a tongue deep inside the
trabecular bone of the diaphysis (Fig. 1). The matrix
retains its metachromasia though it is slightly paler
in the hypertrophied zone.

The diaphysis consists of a tube of woven bone witl
most of the trabeculae oriented in a general longitudinal
directiqn. The trabeculae are covered with a layer of
flattened osteoblasts except at the junction with the
metaphysis where the osteoblasts are plump. The osteo-
cytes appear healthy though some of the lacunae have
distinctly metachr;matic borders in areas where the
bone matrix is’slightly basophilic. At the region

where the flare of the metaphysis begins, a small

34




L
(83}

amount of endochondral bone being laid down over cores

of calcified cartilage can be found at the periphery

just beneatﬁ the periosteum. On the more central tra-

beculae towards the ends of the marrow cavity, some

. osteoclasts can be found. |

The marrow cavity fills the diaphysis. Thc marrow

. is very cellular and islands of haematopoietic cells are
numerous. It extends around the diaphyseal end of the

zone of hypertrophied cartilage and between it and the

] narrow zone of endochondral ossification. It also extendas

for some distance into the longitudinal channels containing
thin-walled blood vessels which run through the hypextropaicd
cartilage (Fig. 1). A few of these channels and their contained

vessels extend into the epiphyseal cartilage.

By - control - one-week old chick tibia - unimplantec
Light Microscopy

In the tibia of the week-old chick, the periostcum
still consists of two definite layers. Again the fibrous
layer merges with the flattened cartilage cells over the
articular surfaces. The osteoblastic layer is very
cellular in the metaphyseal region but tapers off to
only one cell thick over the diaphysis (Fig. 2).

The epiphysis still consists of cellular cartilage
‘v‘:‘ with a deeply metachromatic matrix. The numerous cavities

containing blood vessels are now noted to be branching.
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An area of hypertrophied cartilage with a small amount
of-ostgoid laid down to form spicules can be found in
sonme -sections of the distal epiphysis. The flattened
cells of the articular surface still retain a narrow
band of metachromasia between them.

The cartilage at either end of the bone is now
distinctly divided into three zones (Bélanger, 1959a;. The
change from the epiphyseal cartilage (Zone A) to thec narrow
zone of flattened cells (Zone B) is sudden. There is then
another abrupt change to a zone of hypertrophied cartilage
cells (Zone C). Finally, a élearly demarcated border bet-
ween the hypertrophied calcified cartilage and the zone
of endochondral bone formation can be seen (Fig. 2).

This endochondral ossification now extends from the
beginning of the flare of the metaphysis to include
approximately two-thirds to three-quarters of the zone
of hypertrophied cartilage originaliy seen in the one
day old chick tibia (Fig. 1).

The diaphysis.is now composed of more compact
longitudinal lamellae of bone. Some oéteocytes in
lamellae close to the marrow cavity have metacnromatic
borders and the su;rounding matrix is somewhat basophilic.
The trabeculae at either end of the marrow cavity are

covered by flattened cells except those subperiostally
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Fig. 1 - Section through a one-day old chick tibia -
unimplanted control (Ag). Note the three zones
of the cartilage; A - cartilage of the head,
B - zone of flattened cartilage cells, C - tongue
of hypertrophied cartilage extending down inside
the shaft. The marrow is noticeably cellular.
Dilute Wright stain. 4ix. |

Fig. 2 - Section through a one-week old chick tibhia -
unimplanted control (Bg). The three zonés of
cartilage are still present but the hypertrophiecd
zone is now narrower. Islands of haematopoietic
cells can be seen in Ehe Mmarrow.
Dilute Wright stain. - 4ix.

Fig. 3 - Aj - one day old donor - implanted three days.
Note the patchy loss of meﬁachromasia in the head.
An adhesion with blood vessels can be secen (arrow).
Dilute Wright stain. 4ix.

Fig. 4 - B] - one-week old donor - implanted three days.
Note patéhy loss of metachromasia in the head,
and in the line between Zones A and B.
The marrow appears acellular.

Dilute Wright stain. 4ix.
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in the region of the metaphysis which are lined by plunmp
ostcoblasts.

' The marrow £ills the diaphysis and extends between
the spicules of forming endochohdral bone. It contains
islands of actively haematopoietic cells in recognizable
adipose tissue. There are more longitudinal channels
in the hypertrophied cartilage and more of these exteand

into the epiphysis than in the one-day o©ld bone.

A} - one-day old chick tibia - implanted three days
Gross observations

After each chick was sacrificed the skin was split
along the keel and peeled back to reveal the implaht
adherent to the skin, lying in an envelope of arcolar
connective tissue. The areolar tissue was transparent
except over the anterior aspect which was hyperaemic
where it overlay the proximal end of the implant (tibia).
Careful dissection revealed the hone to be lying in a
pocket in the loose conneétive tissue with the anterior
and adherent to the skin of the host. Tiny blood vessels
appeared to run through this adhesion and enter the bone
below the cartilaéé cap.

The large vein from the runner feathers foris a sub-
cutaneous network in this area. It appeared engorged wnen

compared with that of the opposite side.
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Light Microscopy

After implantation in the subcutaneous tissues for
three days, the tibia retains its original architecture.
The osteocytes and chondrocytes appear healthy (Fig. 3)
except in the hypertrophied cartilage where they have
completely disappeared (Fig. 6). Most of the cells of
the bone marrow are dead or dying apartbfrom some mature
cell types which remain at the periphery. Most of the
nuclei are smudged and indistinct though the cells
retain their outlines and even their specific granulation
in the case of those of the polymorphonuclear leucocyte
series.

The periosteum is still identifiable; the fibrous
layer remains unchanged. The osteoblastic layer appears
thicker over the metaphysis. The cells are paler and more
rounded now in this area (Fig. 8). The nuclei of these
cells are large and oval, often with two nucleoli visible.
This layer now has the appearance of mesenchyme in some
areas around the metaphysis.

The epiphyseal cartilage in nine of the ten specimens
is still metachromatic though paler in patches than pre-
viously (Fig. 3). The layer of flattened cells over thne
articular cértilage appears’to have increased in depth

and has lost its metachromasia. Scattered mitotic
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figures can be found in the outermost layer with an
immediately subjacent zone which is undergoing necrosis.
Beneath this, immediately adjacent to the metachromatic
epiphyseal cartilage, is a narrow zone of cartilage
which has lost its metachromatic staining properties and
is very pale (FPig. 5). This loss of staining accounts
for most of the apparent increase in the depth of this
zone.

In one specimen, the cartilage has lost its meta-
chromasia except for the area of calcified cartilage
in the metaphysis and.some peropheral epiphyseal car-
tilage (Fig. 16).

No new cartilage or bone can be seen in any specimen.

Alpharadiography

Exposure of a decalcified section to a source of
alpha rays showed the cartilage of noth the head of the
bone and the hypertrophied cartilage or the metaphyseal
area to be of uniformly low density, except for a narrow
band of increased density at the edges of the channels
containing the blood vessels.

The trabeculae of the shaft show decreased density
in the areas corresponding to the areas of basophilia

seen in the stained sections.
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Fig.

Fig.

5 - Ay - one-day old donor - implanted three days.

Section through the edge of the articular cartilage.
The metachromasia is absent from the surface layers.
Note the zone of beginning necrosis (arrow).

Dilute Wright stain. 110x.

6 - Aj - one-day old donor - implanted threce days.

zone B cartilage is seen at the top of the picturec.
Note the absence of cells in the lacunae of the
hypertrophied zone (Zone C).

Dilute Wright stain. 110x.

A4 - one-day old donor - implanted twenty-one Gays.
0ld bone trabeculae without osteocytes can be seen atA
the bottom of the pictﬁre. The dark area (arrow) is
amorphous eosinophilic debris. This debris is sur-
rounded by a layer of vacuolated multinucleated cel:is

Dilute Wright stain. 220x.







Histochemistry to Demonstrate Mucopolysaccharides in the
Cartilage.
Thionine-eosin

With this stain the cartilage of the head is deeply
metachromatic except for a narrow border at the articular
surface. The hypertrophied cartilage also stains meta-
chromatically. Some metachromasia can also be demonstrated
around some osteocyte lacunae in some of the trabeculae
of the shaft. |
PA-Schiff reaction.

The main areas which reacted positively in this case
were limited borders around the channels which originally
contained blood vessels in the epiphyseal cartilage and
the small zone of cartilage in the metaphysis which had

calcified.

Bl - one-week old chick tibia - implanted three days -
Grbss Observations

When the skin was reflected in each case the implant
was found to be adherent to the skin and‘lying in a boggy,
yellow envelope of tissue. When this envelope was cut
clear, colourless fluid seeped out of the cut surfaces.
Two of the bones were lying free within their envelopes;

the rest were attached by at least one end (usually the

proximal) , to the surrounding tissue. There was markea




hyperaemia of the enveloping tissues which was especially
marked anteriorly over the proximal end of the implant.
Light Microscopy

Three days after implantation, the week-old tibia
retains its original architecture. The osteocytes and
chondrocytes are healthy except in the hypertrophied
region where they have disappeared. No osteoblasts can
be found on the trabeculae.

Many of the cells of the marrow are dead or dying
though their outlines are still present. In a few sections
a very light scattering of small lymphocytes'can be seen
in isolated areas.

The two layers of the periosteum appear unchanged.
The osteoblastic layer was thick over the metaphysis
in the control specimens and remains so after three days
in the subcutaneous tissues.

The epiphyseal cartilage at one end of each of three
tibiae has lost its metachromasia except for a small rim
near the articular surface and in the region of calcified
cartilage (Fig. 17). In the other epiphyseal regions,
there is a patchy decrease in the metachromatic staining
apart from two narrow bands of complete loss between
the three zones of the cartilage which makes them even
more distinct (Fig. 14). The layer of flattened cells

over the articular surface has lost its metachromasia
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as have the transitional cell types beneath it and a
narrow band of subjacent cartilage. Scattered mitoses
can be seen in the outermost layer. Only a few small
areas of necrosis can be found in the transitional
zone.,

No new bone or cartilage formation can be seen.

A, - one-day old chick tibia - implanted seven days
Gross Observations

The whole envelope of the now translucent tissue
surrounding the implant was hyperaemic. Eight of the
bones showed some visible growth; three of these only
at the proximal end. The tibiae were more adherent to
the tissue around them, especially at the proximal
end, than those of the preceding group. The two implants
which showed no growth could be bent with moderate ease.
This apparent decalcification seemed to have occurred
mainly in the shaft as the metaphyses were still firm
to the touch.
Light Microscopy

Seven days after implantation all the cartilage
except the mineralized portion has lost its metachromatic
staining apart from small areas of irreqular growth
at the edge ofrthe head in five of the ten specimens

(Fig. 19). The chondrocytes of all but the newly forming
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Fig. 8 - A] - one-day old donor - implanted three days.
From left to right: hypertrophied cartilage
(Zone C), marrow with cell outlines stiil visible,
spicules with calcified cartilage cores, tra-
beculae with viable osteocytes, osteoblastic
layer of periosteum which has increased in
depth (arrow) and finally the fibrous periosteum.
Dilute Wright stain. 110x.

Fig. 9 - A2 - one~day old donor - implanted séven days.
From left to right: trabeculae with osteocytes
in the lacunae, newly forming cartilage, fibrous
periosteum which is less well defined than in
Fig. 8.

Dilute Wright stain. 110x.

Fig. 10 - A4 - one-day old donor - implanted twenty-onec days.
The new cartilage seen forming in Fig. 9 is now
hypertrophied and some of the lacunae héve dis-—
rupted walls. Large dark granules indicative of
calcification can be seen in® some areas (arrow).
Dilute Wright stain. 220x.

Fig. 11 - A5 - one-day old donor - implanted twenty-eight day
The cartilage lacunae are now being invaded by
fibrous tissue and small round cells. Occasional
chondroclasts can be seen (arrow).

Dilute Wright stain. 220x.
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Fig. 12 - Ay - one-day old donor - implanted seven days.
Pale cellular trabeculae covered with plump ostco-
blasts can be seen forming in the tissue above the

old trabeculae in the bottom left-hand corner. Blood

vessels can be seen among the new trabeculae (arrow).
Dilute Wright stain. 110x.

Fig. 13 - A3 - one-day old donor = implanted fourteen days.
New trabeculae can be seen without a covering layer of
osteoblasts. Occasional osteoclasts can also be notcd
(arrow) on the new bone. The old trabeculae can bc
seen at the bottom with no osteocytes in their lacunae
and frequent osteoclasts on their outside surface.
Dilute Wright stain. . 110x.

Fig. 14 - A4 - one-day old donor - implanted twenty-one days.
The new trabeculae now show areas of osteolysis in tihe
centre of many of the trabeculae (arrow). The vas-
cular connective tissue between the trabeculae is
infiltrated with a few small round cells.

Dilute Wright stain. 110x.

Fig. 15 - Ag - one-day old donor - implanted twenty-eight days.
The infiltrate around the trabeculae is now heavier
than in'Fig. l4. Large osteoclasts are present (arcowj.

Dilute Wright stain. 220x.






areas are pyknotic. The matrix of the epiphyses of the
other five bones are now pale or medium pink in colour.

‘The periosteum is less well demarcated. Its fibrous
layer appears to consist of younger, less dense colla-
genous fibrous tissue which forms a continuous capsuic
over both ends of the bone. Peripherally it merges with
the surrounding loose connective tissue. Between this layer
and the bone there is a wide area of very young cellular
tissue. In some areas pale stellate cells such as those
seen in primitive mesenchyme are seen; in others the
cells are more basophilic and polyhedral and appear to
be condensing. Many mitotic figures can be seen in both
these regions. Areas of very immature bone trabeculae
covered by one or even two layers of plump osteoblasts
(Fig. 12) can be found in seven of the ten samples with
adjacent sites of formation of very cellular cartilage
with a deeply metachromatic matrix (Fig. 9). Between‘
these areas, transitional forms which blend these areas
gradually with one another, can be distinguished. Many
thin-walled vessels can be found in this layer.

The osteocytes of the original trabeculae are still
generally healthy (Fig. 9). Some are becoming pyknotic.
There are no osteoblasts lining the trabeculae. Occasional

osteoclasts can be found. Small areas of granular or
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amorphous eosinophilic debris with basophilic arecas
resembling pyknotic nuclei are seen along the diaphysis
and metaphysis. They are usually surrounded by small
multinucleated cells. |

The marrow is acellular and only the outlines of
cell remnants can be distinguished.

In the connective tissue of the capsule, poorly
defined accumulations of cells can occasionally be detected
around small blood vessels (Fig. 20). They are composed
of a few small lymphocytes with a large number of other
cells with a much larger, paler nucleus containing a
large, distinctly eosinophilié nucleolus.

Alpharadiography ‘

The cértilage which stains a pale pink with the Wright
stain is of uniform low density on the alpharadiograpn (Fig. 24).

The bone trabeculae again show decreased density in
the areas which stained basophilic in the histologicél

preparations.

Histochemistry to Demonstrate Mucopolysaccharides in the
Cartilage
Thionine-eosin

This stain shows some metachromasia in the ¥Vascular
channels and in the small areas of mineralized cartilage.

Most of the original bone trabeculae now show some mild
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Fig..16 = Aj = one day old donor - implanted three days.

This specimen shows loss of metachromasia except
from the zone of calcified cartilage and a smalil
patch at the edge of the articular surface.
Dilute Wright stain. 43x.

Fig. 17 - By - one week old donor - implanted three days.

This section shows loss of the metachromatic staining
from the distal part of Zone A and all of Zone B

cartilage. Zone C and a rim at the articular surface
have retained their staining properties.
Dilute Wright stain. 4ix. .

Fig. 18 - By - one week old donor - implanted seven days.
New patches of cartilage can be seen at the meta-
physeal level (solid arrow). Irregular areas of
metachromatic cartilage can also be seen at the
border of the former articular surface.

Dilute Wright stain. 4%x. .

Fig. 19 - A3 - one day old donor implanted seven days.
Areas of very young cartilage in the metaphyseal
area (see Fig. 9) can be seen. One patch of meta-
chromatic cartilage remains at the articular
surface (solid arrow).

Dilute Wright stain. 4ix.
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metachromasia. The edges of the areas of amorphous debris
along the shaft are deeply stained.
PA-Schiff

This stain gives a positive magenta colour in thLe
channels of the blood vessels in the cartilage of the¢ head.
The middle layer of the patches of amorphous debris is also
strongly positive. The mineralized cartilage is deeply

stained as well as the centres of some new trabeculae.

Bz - one week old chick tibia - implanted seven days.
Gross Observations

The envelope surrounding five of the implants was
still oedematous and somewhat hyperaemic. One implant
appeared to have pus around its ?osterior end. All showed
growth and in seven this was marked at both ends giving
them a "dumb-bell" appearance.
Light Microscopy

After seven days in situ, six of the ten specimens
still show some metachromasia of the epiphyseal cartilage
(Zone A) of either or both ends. In six ends which have
lost their metachromasia, small irregular areas of
growth which are still metachromatic can be seen.
Two sections show very eosinophilic accumulations of

cells adjacent to the cartilage of the head. These




contain large numbers of heterophil leucocytes. Their
staining properties are very similar to the amophous
debris seen over the metaphysis in the one day old donor
series. The chondrocytes are becoming pyknotic.

The periosteum is less well defined. Its fibrous
layer now consists of younger less dense collagenous tissue.
A large number of cellular trabeculae have formed beneath
it. Bach trabecula is lined with one or two layers of
plump basophilic osteoblasts (in nine specimens). Areas
of young cellular cartilage with thin-walled lacunae,
whose matrix stains metachromatically, are present
mainly in the metaphyseal regions (Fig. 18). The connec-
tive tissue surrounding the new cartilage and.bone is
very mesenchymal in character near the implant. It becomes
more condensed and appears more basophilic as the periosteum
is approached. It is very vascular.

The osteocytes of the original trabeculae are viable
éxcept for regions close to the marrow cavity where osteo-
cytic osteolysis is occuring. Occasional osteoclasts
are seen along the shaft.

The marrow is acellular and cell outlines are no
longer visible. .

Just outside the fibrous periosteum, a moderate
infiltration of medium and large lymphocytes is present.

In scattered areas about thin-walled vessels, rounded




accumulations of large pale cells can be found which

resemble the germinal centres of mammalian lymphoid tissue.

A3 - one-day old chick tibia - implanted fourteen days
Gross Observations

The small blood vessels in the capsule now were Fower
in number but larger in calibre. The large vein from the
runner feathers was no longer engorged. The capsule was
composed of opaque white connective tissue continuous
with the implanted bone. Four of the ten implants in this
group showed no growth but only two were partly decalcified.
Of the six which showed signs of growth, three grew at
the proximal end only. The three that had grown at both
ends were "dumb-bell" shaped as if most of the growth
had occurred around the metaphyses and over the articular
surfaces.
Light Microscopy

Two weeks after implantation, the edges of the now
more eosinophilic cartilage of the head of the bone are
surrounded by patches of granular debris which are in
turn surrounded by a layer of vacuolated multinucleated
cells with a pale :staining cytoplasm (Fig. 7).

The eosinophilia of this cartilage may be homogeneous
or in the form of a network similar in distribution to
the interlacunar network visualized when the articular
cartilage was stained with PAS and alcian blue (Bélanger .and

Migicovsky, 1961). The original chondrocytes are all




Fig. 20 - Ay - one-day old donor - implanted seven days.
Accumulations of cells with an indefinite rounded
outline can be seen around some of the small
blood vessels in the capsule. Many of these celis
are large with large pale nuclei and a prominent
eosinophilic nucleolus (arrow).

Dilute Wright stain. 220x.

Fig. 21 - B3 - one-week old donor - implanted fourtecen days.
The outlines of the accumulations of-cells are now
more definite. The areas appear darker because of
an increased number of mitotic figures (solid arrow)
Dilute Wright stain. 220x.

Fig. 22 - A4 - one-day old donor - implanted twenty-one days.
The areas now contain darkly staining plasma cells
(solid arrow) as well as small lymphocytes.

Dilute Wright stain. 220x.

Fig. 23 - Bg - one-week old donor - implanted thenty—eight aay
The cells composing the accumulations are now
mainly small lymphocytes. There is also the
beginning of a connective tissue capsule around
each rounded area (solid arro&).

Dilute Wright stain. 220x.







pyknotic. Areas of new cellular metachromatic cartilage
are forming an irregular cap over the ends of six implants
just under the connective tissue capsule. This new
cartilage is separated from the implanted cartilage
by a layer of cellular loose connective tissue (fig. 27) .
The implant is now totally surrounded by a connective
tissue capsule of maturing fibrous tissue rather than a
periosteum. Inside the capsule in the loose cellular tissue,
the cells toward the periphery now appear more like fibro-
blasts with their cytoplasm prolonged at either end into
filamentous processes rather than the stellate mesenchymal
cells which are still present close to the implant. In
eight of the specimens, immature cellular bohe trabeculae
can be found in this layer. These trabeéulae are no longer
covered with osteoblasts and are even, in limited areas,

being resorbed by osteoclasts (Fig. 13). In implants

where these new trabeculae are frequent and well developed,

they appear to be oriented mainly at right angles to the
long axis of the bone. Large numbers of small biood
vessels can be found between the trabeculae.

The new cartilage in the region of the metaphysis
appears to bhe beéoming hypertrophied. Many of the chon-
drocytes it contains have disappeared. Some of the lacunac
are broken and there are large basophilic granules in

the walls of the lacunae as well as in the empty lacunac




themselves (Fig. 10). In a few areas the cartilage is being
resorbed by multinucleated chondroclasts.

The loose connective tissue under the capsule and -
around the new bone and cartilage is infiltrated with a
few plasma cells and some small lymphocytes. Throughout
the capsule rounded accumulations of cells, containing
some small lymphocytes and other cells with a large pale
nucleus and a prominent eosinophilic nucleolus, are
found. Frequent mitotic figures are found within these
areas (Fig. 21). These accumulations are especialily frequent
around the epiphyses just outside the region where the new
cartilage caps are forming. They bear a marked resemblance
to the germinal centres of mammalian primary lymphatic
nodules without the sufrounding rim of small lymphocytes
(Ham, 5th ed., 1965).

Amorphous debris is all that remains of the marrow.

Most of the osteocytes of the original bone are now
pyknotic or undergoing lysis within their lacunae. Along
the outer borders of the shaft, osteoclasts are fre-
quently seen (Fig. 13).

Alpnaradiography

The cartilaée of the head now shows a network of

increased density corresponding to theAnetwork of deepn

eosinophilic material seen in several of the histological




specimens. The trabeculae remain essentially unchanged
(Fig. 25).

The specimen which showed a homogeneous deep cosino-
philic staining of the head in the routine preparation,

on the alpharadiograph shows a homogeneous density (Fig. 26).

Histochemistry to Demonstrate Mucopolysaccharides in the
Cartilage
Thionine-eosin

The network of eosinophilic material seen in the
Wright stain stains metachromatically with the thionine.
The hypertrophied calcified cartilage still retains its
metachromatic stain. Most of the old bone trabeculae now
stain metachromatically.

The specimen with the homogeneously <osinophilic
head also stains with uniform metachromasia with the
thionine.

* PA-Schiff

The network in the epiphyseal cartilage as well as
the layer of amorphous debris at its surface gives a
positive reaction to this test. Fragments of PAS positive
material can be seen in the vacuoles of some of tie muiti-
nucleated cells which surround the amorphous debris.

The uniformly eosinophilic specimen is also homo-

geneously PAS-positive.
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Fig. 24 - Alpharadiograph
A, = one-day old donor - implanted seven dQays.
The cartilage of the head which is pale pink
with the Wright stain is homogencously less
dense than the bone trabeculae seen at the lottom
of the picture.
Decalcified section. 10x.

Fig. 25 - Alpharadiograph
A3 - one-day old donor - implanted fourteen aays.
The cartilage of the head shows a network of cosino-
philic material with the Wright stain. The sane
network is apparent on the alpharadiograph under
high power. At this magnification only a general
moderate increase in density of the cartilage
can be seen.

Decalcified section. 10x.







Fig.

26 - Alpharadiograph
A3 - one-day old donor - implanted fourteen days.
This specimen showed a dark uniform eosinophilia
with the routine Wright stain. On the alpha-
radiograph a much increased density can be noted.

Declacified section. 10x.
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Fig. 27 - A3 - one-day old donor - implanted fourteen days.
An irregular new cartilage cap has formed over
the end of the bone and a patch of cartilage can

be distinguished near the metaphysis. The marrow

cavity is now empty.
Dilute Wright stain. 43x.

Fig. 28 - A4 - one-day old donor - implanted twenty-one days.
A more extensive cartilage cap has formed over
the bone end. Large numbers of new bone trabeculac
can be seen around the shaft (see Fig. 14).
Dilute Wright stain. 4ix,

Fig. 29 - As - one-day old donor - implanted twenty-eight days-;
The original bone.is smaller than when implanted.
The new cértilage at the metaphysis is resorbing
(solid arrow) (see also Fig. 11).

Dilute Wright stain. 43x.

Fig. 30 - Ag - one-day old donor - implanted twenty-eight davs)W
In contrast to Fig. 29 the general architecture
of the bone has been preserved. There has also
been a marked increase in size from that of the
original bone which was transplanted (see Fig. 1).

Dilute Wright stain. 4ix.







The matrix of the new cartilage which is hypertrophying
as.well as areas in the centre of the newly formed trabeculae
are also positive. The edges of the new cartilage caps

are positive also.

B, - one week old chick tibia - implanted fourteen days
Gross Obsefvations

The implants were each contained in an opague
connective tissue capsule which was continuous with them.
The capsule was not oedematous and now had fewer but larger
blood vessles traversing it. The vein from the runner
feathers, though larger than the one on the opposite side,
was not engorged. All the implants appeared to have
increased in size and were more cylindrical than the
previous group except for three specimens which had grown
mainly at the ends retaining their "dumb-beli" shape.
Lignt Microscopy

After two weeks ig‘gigg, the cartilage o the head
is pink and irreqular, surrounded by eosinophilic debris
covered by a layer of vacuolated nmultinucleated cells.
The chondrocytes are mostly indistinct outlines with
a few pyknoticznuclei. Areas of new metachromatic
cartilage distinct from the original epiphysis which
are present in half of the specimens, are losing their
metachromasia at the edges and are being infiltrated

(Fig. 37) by small lymphocytes.
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The connective tissue capsule contains accumulations
of large lymphocytes with frequent mitotic figures. These
a;e'more numerous over the ends of the bone in the region
of the new cartilage cap. The loose connective‘tissue
inside the capsule is infiltrated with a few plasma cclis
and moderate numbers of small lymphocytes.

In nine of the ten bones new bone and cartilage have
formed. Eight of these show loss of the osteoblasts on
the new cellular trabeculae (Fig. 33). Moderate numbers

of small lymphocytes and plasma cells can be seen betwecen

the trabeculae. A few osteoclasts are found on the trakcculac.

The new cartilage is hypertrophied; many of the chondrocytes

bhave disappeared. A few basophilic granules can be scen
within the empty lacunae and their walls.

One specimen with new bone formation has retained its
plump ostecblasts and has only a minimal infiltration cof
its loose connective tissue, (Fig. 31). The tenth.shows
no new bone or cartilage formation anrd has large accumula-
tions of lymphoid cells in its capsule.

Tne old trabeculae contain many pyknotic osteocytes
and cthers which are becoﬁing'indistinct. Large numbers of

osteoclasts are ‘clustered around the shaft.
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Fig. 31 - B3z - one week old donor - implanted fourteen days.
The arrangement of the new bone and cartilage
which have formed around the shaft (lower left
hand corner) can be well seen in this picture.

The cartilage is just uhder the capsule and weitween
it and the trabeculae are areas of hypertrophicd
cartilage.

Dilute Wright stain. 32x.

Fig. 32 - B - one week old donor - implanted seven days.
In comparison with the trabeculae seen around
the one-day old donors (Fig. 12) after this
length of time in situ, these trébeculae are
reiatively mature. The 6steoblasts are flattened
rather thaﬁ being plump.

Dilute Wright stain. 110x.

Fig. 33 - B3 - one week old donor - implanted fourteen days.
The new trabeculae have lost their osteoblasts.

A moderate infiltration df‘small round celis
can be seén between the trabeculae.

Dilute Wright stain. 110x.







Ay - one-day old chick tibié - implanted twenty-one days
Gross Observations

FFive of the specimens appeared smaller than the
original implants and several of these were very rubbery.
One was very brittle and broke while it was being reuoved.
Ohly one implant was noticeably larger than the normal
day-old tibia. The capsule was well supplied by blood
vessels in all cases but did not appear hyperaemic in
any of the specimens.
Light Microscopy

After three weeks in situ the implanted bone is
surrounded by a well vascularized capsule of mature dense
connective tissue. The epiphyses now are smaller.in size

and irregular in outline (Fig. 28). Their staining

properties vary from almost colourless to deeply eosinophilic.

The chondrocytes have either completely disappeared or
show only as faint outlines. The now ragged edges of the
cartilage are surrogp?ed by a confluent area of eosino-
philic debris covered Ey a layer of vacuolatced multi-
nucleated cells. In seven specimens, one of the epi-
physes was not found.

The connective fissue under the capsule is now
infiltrated with moderate numbers of plasma cells ancd

small lymphocytes. Frequent round or oval accumulatioas
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of lymphoid cells are present in the capsule and in the
loose connective tissue just under it, especially about
the ends of the implant. These areas stain more deeply
basophilic than those in the previous group becausc oi
the increased numbers of mitotic figures present. Plasma
cells can also be seen (Fig. 22) within them.

The original trabeculae stain more deeply cosinopniliic
though the outlines of many osteocytes can still be faintly
distinguished. The shaft is surrounded by an almost un-
broken layer of osteoclasts.

The new trabeculae now contain some oseocytes which
are dying. Many areas of osteocytic osteolysis with a
basophilic matrix and metachromasia.éround the lécunae
can be distinguished (Fig. i4). The vascular connective
tissue between these trabeculae is infiltrated with
lymphocytes and plasma cells (Fig. 14). Moderate numbers
of osteoclasts are seen on this bone. The lacunae oi the
new cartilage around the shaft and metaphysis are
recognizable mainly by remnants of their walls in some
of which the granules indicating calcification can be
seen (Fig. 10). Chon@roclasts are present in moderate
numbers. |

The new cartilage around the epiphyses is now losing

its metachromasia at the edges and these pale areas are
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beginning to be infiltrated by small lymphocytes.

B4.— one week old chick tibia - implanted twenty-one days
Gross Observations

At twenty-one days the capsule was not oedematous
anc appeared to have a good blood supply. Six of tnc
implants had grown and were still calcified. Four werc
smaller than the original week-o0ld bone which had been
implanted. Three of these were rubbery and decalcified;
the fourth was brittle and broke during removal.
Light Microscopy

Three weeks after implantation the epiphyseal
cartilage of the original ends of the bone is pink or
deeply eosinophilic. Its outline is.now very irragular
and it is decreased in size. The ragged edge of the
cartilage is surrounded by eosinophilic debris around
which vacuolated multinucleated cells are clustecred.

" Nine of the ten implanted bones show some new bone
or cartilage formation. Around the one which shows no
new growth and one which shows only small remnants of
new cartilage being resorbed near the metaphysis, there
is a neavy infiltration of cells, chiefly plasma cells
with some small lymphocytes. In the capsules surrounding
these two specimens there are large basophilic accumuia=-

tions of lymphoid cells containing many mitotic figurcs




(Fig. 21). The original trabeculae stain eosinophilic
and appear amorphous. Large numbers of osteoclasts
surround the shaft (Fig. 34).

Five of the specimens have a moderate to nheavy
infiltration of plasma cells and lymphocytes around ciom.
New trabeculae are identifiable but the osteocytes are
dead and there are no osteoblasts present (Fig. 35).

In many areas the new trabeculae are being resorbed by
osteoclasts. Tﬂe old trabeculae contain only dead osteo-
cytes; the shaft is surrounded by osteoclasts (Fig. 34).
Moderate to large basophilic accumulations of lymphoid
cells are present in the capsule and just under it,
especially at the ends of the implant. The new cértilage
at the ends, present in about one-half of these specimens,
is losing its metachromasia at the edges and is being
infiltrated by small lymphocytes.

In the remaining four implants the picture is
different in that the cartilage over the ends is stiil
growing and the new trabeculae contain healthy osteocvtes.
This new bone is still lined by plump osteoblasts in
most areas. The lymphoid infiltration is mainly around

the original implant and not between the new trabeculze.

h
[}
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Fig. 34 - B4 - one week old donor - implanted twenty-one days.
The old trabeculae at the bottom have lost their
osteocytes and the outer surface is covered with
osteoclasts. The surrounding connective tissuc is
heavily infiltrated with round cells.

Dilute Wright stain. 110x.

Fig. 35 - Bg - one week old donor - implanted twenty-one days.
The new trabeculaec have lost their osteoblasts.
The loose connective tissue between them is iniili-
trated with moderate numbers of smalli round ceils,
in contrast to the preceding Fig. 34 wncre the
infiltrate was much heavier.

Dilute Wright stain. 1l0x.

Fig. 36 - Bg - one week old donor - implanted twentyv-eight Qays.
At four weeks the large numbers of small round
cells have given way to numerous darkly staining
plasma cells (arrow).

Dilute Wright stain. 220x.

Fig. 37 - Ag - one-day old donor - implanted twenty-eight dars.
The new cartilage cap which was formed (see Tig. 27,
by fourteen days is now losing its metachromasia
and its edges are being infiltrated.

Dilute Wright stain. 110x.







Ay - one-day old chick tibia - implanted twenty-eight days
Gross Observations

‘Seven of the grafts were large and showed obvious
new growth. One of these had grown only at the proximal
end and the distal end was decalcified. The remaining
three were small and rubbery. The surrounding caposule
of all the implants showed fewer blood vessels than tie
preceding group.

Lignht Microscopy

Four weeks after implantation this group. showed
more variation than the preceding ones.

Six of the implants are small. The dense connective
tissue capsule surrounding them-contains large accumulations
of lymphoid cells (Fig. 29). These are now composed chieifly
of small lymphocytes though some mitotic figures are
still present. The loose connective tissue under the
capsule is heavily infiltrated with large numbers of
plasma cells and small lymphocytes.

The epiphyses have been largely resorbed. Some cosino-
philic material surrounded by vacuolated multinucleated
cells is all that remains.

The original trabeculae are more eosinophiiic and
the outlines of the lacunae difficult to distinguish.

Some of the trabeculae are partly resorbed and the shait




is still surrounded by large numbers of osteoclasts.
Granular basophilic material can be seen in patéhes
between the trabeculae.

The connective tissue between the new trabeculae
contains many thin-walled blood vessels and is heavily
infiltrated with lymphocytes and plasma cells (Fig. 15).
In some areas rounded accumulations of these cells are
forming between the trabeculae. Many of the osteocytes
are becoming pyknotic. Areas of osteocytic osteoiys‘s
can be seen as well as many osteoclasts on the trabeculae.
Small metachromatic remnants of the wells of the cartilage
lacunae still remain (Fig. 11).

The new cartilage caps at the ends are losing more
of their metachromasia. The edges are becoming irregular
as they are invaded by small lymphocytes (Fig. 37).

Three of the implants have large amounts of new
bone and cartilage formed around them. The new trabéculae
show healthy osteocytes and are covered with osteo-~
blasts (Fig. 30).

The new cartilage around the metaphysis nas hypex-
trophied and many of the lacunae are empty. The cartilage
over the ends is deeply metachromatic with no infiltraiion
of the edges.

The connective tissue contains some small accumulations




of lymphoid cells. The loose connective tissuc around the
new trabeculae has a light to moderate infiltrate of
plasma cells and small lymphocytes.

The remaining implant has retained much of itsg
original architecture. The cartilage at the cnds is
ceilular and deeply metachromatic. This pProgresses tarough
a zone of flattened cells, then a layer of hypertrophied
cartilage cells to merge with new bone trabeculae coverad
with plump osteoblasts (Fig. 30). |

There is minimal lymphocytic infiltration of the
capsule and underlying tissues.

The marrow spaces of this implant are filled wit
many thin-walled blood vessels and islands of haemato-

poietic cells.

Bg - one week old chick tibia - implanted twenty-eight days
Gross Observations

The capsule surrounding each of tne implants had
noticeably fewer blood vessels than the preceding groups.
Grossly six of the implants had increased in size; two
only at one end, but all, large or small, were very
rubbery and decaicified.
Light Miéroscopy

Twenty?eight days after implantation marked dif-

ferences are noted among the implants.
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Five of the implants show no new bone or cartiluage,
or'at most, minimal remains of new cartilage lacunae at
thé netaphysis. The accumulations of lymphoid cells in
ana just under the thick connective tissue capsule, arec
large and strikingly basophilic. They consist mainly ¢
small lymphocytes and mitotic figures are not promincnc
(Fig. 23). The capsule itself shows fewer vessels than
previously. There is a heavy infiltrate under the capsule
composed of large numbers of plasma cells and a few smalil
lymphocytes (Fig. 36). The lacunae of the old traboculae
are empty. The original shaft is still covered by large
numbers of osteoclasts though it appears smaller than
when implanted.

Four of the remaining implants have new bone
trabeculae which are being resorbed. The osteocytes are

dead or absent. Remnants of cartilage lacunae can be scen

"at tne metaphysis. Where new cartilage is present over

the ends of the bone it is losing its metachromasia

and its edges are‘irregularly infiltrated with lymphocyics.
The capsule contains accumulations of lymphoid cells

among which mitotic figure are frequent. The looser

tissue under it has a moderate to heavy infiltrate o:f

many plasma cells (Fig. 36) and some small lymphocytcs.

The- lacunae of the trabeculae in the original implant




are empty. The original shaft is surrounded by large
nurivers of osteoclasts and is diminished from its original
size.

The tenth implant differs in having new trabeculac
still lined with osteoblasts. The tissues surrounding
the original implant are infiltrated with lymphoid
tissue similar to that in the preceding specimens, but
there is little infiltration actually between the now

trabeculae.

E - Quantitation of the Rejection Reaction and Statistical

Analysis of the Results

Three weeks after implanta;ion, the tibiae of the
day-old chick showed considerable variation bdth in the
anmount of growth present and in the response of the
host, i.e. lymphoid infiltration of capsule and periosteal
proliferations.

Based on a review of the total of ninety-nine specimens
in this group (A4 from Series A was included) a rough
quantitation of the amount of rejection which was present
three weeks after a day-old chick tibia had been implanted
subcutaneously wéé arrived at. The scoring systen used

is shown next.




1l - Estimate of the Degree of Rejection

.+ Category
I

II

IIX

Description

No rejection - either retains original
architecture with minimal or no infiltration -
or - large numbers of bone traccculic covercd

with plump osteoblasts are prescnt - nay

-«

1

have some lymphocytic infiltration wroun
the original implant.

Beginning rejection - recognizable .ow bonc
and cartilage are present - arcas of f.attencd

osteoblasts are still present oa some of the

»
:
’
5
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new trabeculae - the new cartilage i
trophied - some lacunae are broken and cemniv-
light to moderate infiltration with lympho-
cytes and some plasma cells - accumuliations
of lymphoid cells have frequent mitotcic
figures or large pale cells similar to thosc
of mammalian germinal centres.

Established réjection - recognizable ncw bDone

and cartilage still present ~ no ostecoblasts

present on the new trabeculae - the necw

osteocytes becoming pykneotic - only remsants
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of the walls of the cartilage lacunae still
visible - moderate to heavy infiltration

- with lymphocytes and plasma cells - large
accumulations of lymphoid cells - eciltherxr
mainly small lymphocytes or with frequent
mitotic figures.

v - Completed rejection -~ no new bone - only
minimal remains, if any, of new cartilave
lacunae - infiltrate of many plésma celils
and some lymphocytes - accumulations, mainlily
of small lymphocytes, smaller and less
frequent -~ implant appears walled ofif -
fewer blood vessels in the capsule.

There was little difficulty placing each specimen
into the appropriate category though some overlap did occur

between categories III and 1IV.

2 -~ Student's T-test for Paired Variates

Twenty—-eight pairs of implants were scored. Lach paix
had differing hosts but the same donor. A Student's
t-test for paired variates was applied to the diffcrecnces

in category between each pair (Table 1IV).




Table IV - Calculation of the Significance of Differences

Donor
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in Implants from the Same Donor in Varying Hosts.

Student's t-test for Paired Variates.

Host A

IIT
IiI
III
IIX
IIT
I
IIX
Iv
v
IIT
IIT
v
I
IIT
Iv
I1iT
IT
IIT
IIX
IT
v
Iv
IIT
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Iv
iI
IIX
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Host B

Iv
IIT
II
IIT
IIT
I
Iv
IIXI
IIT
Iv
I

I
v
IIiT
iv
IIT
Iv
IIT
IIT
IIT
iv
v
III
v
IIX
III
III
Iv
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D=X-Y

D=X(X - Y) = ED
' n 'n

53 = estimate of the standard deviation of the daifferences

:IZ(D - 5)—‘2
=T

n = number of pairs = 28

<
i

degrees of frecdom

=n -1 = 27

55 =24
\/n.

mg = IDwI(X - ¥Y)=IX -LY =0
N N N N

t=D - mg
ST

a

W

0.7L. - 0 - 13.03
O.l?

for v =27, t.gs5 = 2.052
t.g1 = 2.771

The results thus indicate that there is a sigaiiicant
difference in identical grafts placed in different nosis.

All eighty-nine implants in this series plus the ten
from group A4 which were performed in a comparable maiier
were used to give a total of ninety-nine specimens for

scoring. The figures obtained by Craig and McDermid (1963

s-£four

-

for their total series of three hundred and <if

ot

skin grafts between chickens of varying genetic background

were used as an estimate of expectation. They divided thei:
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results into two main groups: those grafts rcjectecd boefora
eighteen days and those surviving longer. Since thc implunts
inithis experiment were observed on day twenty-one they weio
divided into two groups; |

I and II - viable at twenty-one days

IITI and IV - definitely rejected at twenty-onec aayo.

Craig and McDermid showed 11.6% survival of the skin graits
in their total series for more than eighteen days. A x2 tcst
to measure the discrepancy between the observed freguencics
in this series and the corresponding "expected" frequencics

was carried out (Table V).

Table V - x2 test for the Comparison of Observed and Predicted
Frequency of Rejection of Bone Implants in an
Unselected Population of Chickens.

X2 2 Z(o - e)2

e
Groups o e o-e {o - e)2 {o - @2
LI & II 13 11.48 1.52 2.3104 5.201
III & IV 86 87.52 -1.52 2.3104 0.615
99 99 X220.225 =0.23

for v=1, X2._ = 3.84

Since the closer the agreement between the obsecivad
and expected frequencies the smaller the value of X2 will
be, this result can be interpreted as a good indication

“uat observation agrees with expectation.




Figs. 38 and 39 - one-day old tibiae from one donor
implanted in different hosts.
Both bones showed complete rejection histologically
at three weeks after transplantation.
. Dilute Wright stain. 3x.
Figs. 40 and 41 - one-day old tibiae from one donor
implanted in different hosts.
One bone (Fig. 40) showed growth and the other
was rejected at three weeks (Fig. 41).
Dilu;e Wright stain, 3x;
Figs. 42 and 43 - one-day old tibiae from one cdonor
implanted into different hosts. .
Both these bones showed a large and approximately
equal amount of growth at three weeks. The signs
of rejection were minimal at that time.

Dilute Wright stain. 3x.
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IV - DISCUSSION

A ~ Source of New. Bone and Cartilage Around tho Transnlancad

-

Part of the original purpose of this study was wo
determine the nature of the tissue around bones transolanied
to ectopic sites and, if possible, to elucidate its cource.

By following the progress with time of the transszianted
bones it has been shown in our study that the new pazily
calcified tissue around them described by Migicovsky and
Nielson (1952) is composed of young cartilage and new pone
trabeculae.

The source of the new bone and cartilage at the level

of the zone of hypertrophied cartilage (Zone C) appears

to be the osteoblastic layer of the original periosteum.

£

At three days after implantation this layer shows increasc
activity by "dedifferentiation” of its cells to a foxm
more closely resembling primitive mesenchyme in the meta-—
physeal region. This change is not obvious in the week
old donor group (B1l) since the periosteum in this regioa
presents a dedifferentiated appearance in the unimplanted
control group (Bgy)..

By one week after transplantation this raver of vexry
young tissue formed by the osteoblastic perios:tcum has

increased markedly in depth and extended for some discance
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along the shaft. In the one-day old donoxr group (i) very
young cartilage and pale cellular new bone trabeculac can

be seen condensing from this surrounding tissue in the

manner in which intramembranous bone formatic:s caa bao
visualized in the embryo (Ham, 1965) and in the hcaling

of bone defects (Siffert, 1955). In the one weex old donor
group (B2) the cartilage and bone were more mature suggesting
that some degree of differentiation was already »nrescat

in this layer when the bone was transplanted (5iffert,
Barash, 1961; Balinsky, 1965).

Two weeks after transplantation, the layer of cclls
which now resemble primitive mesenchyme completely surrounds
the entire length of the shaft and new bone trabeculac cre
present throughout this layer. The new bone thus forms a
cuif around the transplanted bone and is continuous witi
the cartilage formed at the level of the hypertrophicd
cartilage (Zone C). |

The origin of the new cartilage cap over the bone
ends is more obscure. This cartilage resembles the original
Zone A cartilage in several ways: the cells towards the
periphery resembie the transitional forms seen between
the flat cells of the articular surfaces and the main
bulk of the epiphysis and the chondrocytes in the centre

are separated by large amounts of metachromatic matri:




unlike the cartilage formed near the metaphysis.
- At one week after transplantation there are irregular,
dividing areas of cartilage at the articular surfaces;

the new cartilage cap is not noted until two weeks alfier

13

transplantation when there is no other sign of the pre-
viously dividing areas. Thus it appears pronabic that the
source of this new cartilagé which does not hypertrophy
is tue irregular growth from the edges of the Zone A

cartilage.

B - Organization of the New Bone and Cartilage

In our study the periosteum adjacent to ihe hypcr-
trophied chondrocytes (Zone C) was the first to proliferate
but instead of bone (Lacroix, 1951) it produced new carti-
lage wnich in its turn hypertrophied in a partial recapi-
tulation of the events seen in the cartilage of Zones B
and C preceding endochondral bone formation. In sonc

reas the large basophilic granules indicative of siow
calcification (B&langer and Migicovsky, 1961ib) could »e
seen in the walls and within the lacunae demonstrating
that this cartilage could also become calcified.

Io¥

1

The new cartilage cap formed over the ends of t

G

bones did not hypertrophy lending support to the concept

of some "organizing substance" (Lacroix, 1951} which is

produced by the hypertrophied chondrocytes. The Ifurihcr

Lo

-




observation from our work that when the hypertrophied
cartilage was implanted alone new bone and cartilage

formed under the periosteum surrounding it also rein-

oo

forces the concept.

In general the new bone trabeculae appecared to arise
de novo out of the surrounding dedifferentiated tissue
which originated from the donor periosteum (Siffecri, 1955).

In some areas, however, where the new tissue was exceptionally
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thick new cartilage could be seen just under the peri
This appeared to hypertrophy and become covered with ostcoid
as the centre of the transplant was approached. These areas
strongly resembled areas of fracture callus wiicn have
out-stripped their blood supply,'formed cartilage and are
then converting the cartilage to bone (Bonfiglio, 1933).
Since this phenomenon appeared around our transplants

only where a large amount of growth was observed, it may

be supposed that the blood supply, while insuificient for

bone formation, could support new cartilage.

C - Vascularization of the Graft

Hammack and Enneking (1960) showed that the perios-
teal cells of cortical bone could survive transplantacion

by means of an efficient extravascular mode of nutrition

until the area became vascularized. In our presesnt scudy




vessels could be seen grossly between the host and the
proximai end of the implant by threc days but in a voiy
limited area, so that microscopically they were not cecn
unless the section passed through that specific sice.
One week after transplantation large numbers of “iin-
walled blood vessels were observed throughout the iescachyvael
tissue between the new trabeculae. Most authorities conclude
that these vessels are of host origin (Hammack, Inneking,
1560; Zeiss et al., 1960) except in the case of small bone
fragments transplanted to the chorio-allantoic wmembranc
of the chicken where, since circulating cells were observed
within the bone within five hours, donor vessels were
assumed to have survived and united with host capiliaries
(Hancox, 1947).

Both the initial formation and the SUDSSCUEntT amounc
of periosteal new bone and cartilage appeared to be reraced
to the early establishment of an adequate vascular councccion
with the host but because of the difficulty of finding
and identifying the tiny blood vessels no reliable quanci-
tative data could be obtained. In this regard injectioa
techniques, such as those developed by Trueta and Morgan
(1960), carried out at varying time intervals during
the first week after transplantation, especially in tho

first .three days (Hammack, Enneking, 1960), could provice
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more information regarding both the number of vesscols
and their pattern of growth.
Grossly the large vein from the runncr feathors apzears
to be the source of the developing vasculature. Derfusion
of this vessel with the injection medium would estvab_isi
the extent of the vascular connection between host and

s

graft and its pattern of development. It would aliso aid
in distinguishing between blood vessels whose walls
consist only of one layer of flattened endothelium a~d <hnc
thin-walled lymphatic channels which folliow loth artciies
and veins in the chicken (Dransfield, 1945). In the present
study many of the endothelium-lined spaces arcund :thc
periosteal proliferations and in the capsule were emoty

of cells and since many had accumulations of lymphoid

cells about them, it was unclear whether there were olood

e

vessels, lymphatic channels or both were presenc.
Unlike the transplanted foetal bones in mammais
(sabet et al., 1961; Chalmers, Ray, 1962) in wiica actual
revascularization of the diaphysis could bc demconstroatced
within the first week the chick bones in our stucdy, sihowed
no signs of revascularization at any period. In fac
they showed no signs of invasion by blood vessels either
which is also dissimilar to studies on mammalian bone

wnich have shown that even cortlcal homografts are invadced

by host vessels (Zeiss et al., 1960). This finding wozs
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confirmed by the radioautographs in which the hosts

had been injected with Ca45. In these the periosteal ncw
bone was highly radioactive but the original honc showaed

no signs of activity so that there can have bcean no .uchange
of Ca%3 between the trabeculae and the bicod. Since =i
microincineration it was shown that the shai:t nad recained
its mineralization, it might be expected that some Coid

exchange, even though limited in extent, would take wlace

if the shaft were supplied with blood vessclis.

D - Reaction of Chick Cartilage to Transpiantation

The epiphyseal cartilage (Zone A) of the wicle chick

-

bones began to lose its metachromasia, showed death of the

&

chondrocytes by one week and by two weeks was being resorbed
by large numbers of vacuolated, multinucieated cellis. In
contrast to the cartilage with the whole bone, wien Thc

Zone A cartilage fragments were implanted alone, the

matrix retained its metachromasia and the chendrocyces
remained viable at three weeks even though some sepcimens
had a moderate lymphoid infiltration in the surroundiag
tissues. In other .words, the cartilage survived and che
appearance of any rejection reaction was greatly delaved.

No growth of the transplanted cartilage was obscrved.

"\

Our observations on the behaviour of the cartilage
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previous findings that homografts of mammalian carcilage,
uniikc homologous grafts of other tissues, could survive
for long periods in the new host with no special precauvcions
(Peer, 1958; Pcacock, 1960).

The death of the cartilage when transplantccd as Da
of the whole bone, appears to be attributablc Lo some inco o=

ference with its source of nutrition since it appoars

the first three days and has an underlying zone of necrosis

at that time, could well be the factor responsible for

tihe failure of the cartilage to survive by causing intericr-

ence with the diffusion of the necessary nutrients.

layer of flattened cells has not been described COVQIing

the articular surfaces in mammalian diarchrodial SOLnTS

put was described by Fell (1925) in the day-clé chick vilia.
The changes in the staining properties of the Zone -

cartilage with time after transplantation, i.e. thco

decrease of metachromasia and the increase of eosinoshiliia,

when investigated by histochemical technigues appear e

represent a loss of the sulphated mucopolvsaccharides

(loss of metachromasia with thionine) and a condensat.c:

of the protein-bound mucopolysaccharides (Pas-positivi),

(Bélanger and Migicovsky, 196la). The interiacunar notwork

.
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of PAS-positive fibers (B&langer and Migicovsiy, 15¢%.a)

was not noted in our unimplanted specimens but was apparcent
one.weeklafter transplantation. The chicks in their ziudy
were at least one week old at the time of sacrifice ond oo

this may well be partly an age difference.

E - Transplantation Immnunity

The loss of the osteoblasts from the newiy for.cd
trabeculae and the lymphocytic infiltration between chomn
are the first signs of bone homograft rejcction (Chaimzis,
1959; Enneking, 1962). Our present observations at two
weeks after transplantation show a very similar nicture
and support our contention that the new bone trascctlo.
and the new cartilage are of donor origin.
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The histological signs of a first sect
phenomenon appear approximately ten days aicer AChologous
sone transplantation (Chalmgrs,vlSSQ). The time segucaca
observed in the histological signs of rejection in our
material agrees well with these previous observations.

At tnree weeks after transplantation the evidences
of rejection were increasingly obvious. The ¢rafts at
this time could be divided into two broad categorics
corresponding roughly to those of Craig and McDermid

(1963): those rejected before eighteen days (twenty-onc
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days in this study) and those either just beginning to
show rejection or showing no signs of reicction at that time.
Thésé differences were postulated in their study to be duc
to the presence of a major histocompatibility Locus in
some way associated with the B-locus erytnrocyts Lntigens.
Since the inheritance of a major histocowpocibility
locus with the B-locus antigens was noted by sSchilormen
and Nordskog (1961) more investigation has rovealed wa
increasingly complex picture. There are ac lcost sevan
separately inherited blood groups in chickens {(Cilmour,
1962) and though the B-locus antigens still apzear we be
the only ones associated with a histocompatibility lccus
at ieast twenty-one specific and'separate alleles arc

involved in the inheritance of this blood group alone

value as a pregraft test of compatibility.
The overall percentage of grafts showing latce
rejection in this present series (Part III - Seccion 2-3)

corresponds rather closely to the total percentage in tha

.-

studies of skin grafting in chickens by Craig and Xcloomald

vl

(1963) . This leads: us to the conclusion that in this groun
of non-inbred chickens, though they were all of the sanc
breed (White Rock), a very similar histocompatibilitcy

locus must be involved in the rejection of whoic bonc
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grafts. This is, in all probability, associated with the
B-locus erythrocyte antigens as no other histccompati-
bility loci of equal importance have becn demonstrated
(Schierman, Nordskog, 1961).

Some studies (Burwell, 1964) have iusiicaced Lol
merrow as the main antigenic factor in homoyralc rcjccuion.
Otner experiments with foetal bone grafting (Sasce c¢v al.,

1561; Chalmers, Ray, 1962) indicate that tihe bono is
readily revascularized and the marrow cavity iavedod waus
bringing the marrow cells into close contact with Louc
cells. In the case of homografts the haematoooictlic Larro
is actually replaced by loose connective tissue. Iin Lnae
cnick bones studied in the presenE experiments, tia
vascularization was confined to the periosteumn.
no invasion of the bone and the marrow cavity remaincd
isolated from contact with the host. Thus it woulcd appour
that the bone and cartilage cells of the periocsteal proli-

aracions are responsible for the rejection reaction lending

Hh

further support to our thesis that the new bone and cartiliage
is of donor origin.
No 1nvest1gatlons have been reported wihich demonstratc

a sex-linked histocompatibility antigen in the chicken suc

as has been found in some strains of mice (Eichwald cx al., 15355,




F - Induction and Cell Survival

_While the origin of the sﬁbpcriostcal new bone and
cartilage is cvidently from surviving cells of the donor
there are unanswered questions as to the source of somc
of the cell types around the grarit. All the DLOOA Ve .ols
supplying the graft have becen assuned to be of host oolgin
(Hammack, Enneking, 1960) but the survival of at ioase
some of the donor vessels already present in thc marioscoun
at tae time of transplantation cannot be completclv dGiscounced.
The large numbers of vacuolated, multinucleated celils
around the cartilaginous ends of the bone which are evident
at one week are probably of host o;igin as there is no
source of precursors of this type of macrophage in that
region of the graft, consisting as it does only oI various
torms Of cartilage cells. The layer of flattencd cellis over
the articular surface might have unexpected potencialiities,

nowever, since it is continuous with the fibrous laver

rh

of tihie periosteum but a major degree of dediifferentiacion
would have to be postulated in order for this specialized
tissue to form macrophages.

More obscure is the origin of the osteoclasts wiich
appear around the original shaft of the bone when most

of the osteocytes have finally died at two wecks arze:

transplantation. They appear at a time, when bccause o
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cell death, the bone is definitely abnorimai und formation
by .modulation of ostecoclasts from the proliferacing
periosteal cells might reasonably be expected {(“orna,
Cronkite, 1961). On the other hand, if they ufc wosi cells
they are an example of induction since their pPrecursors

in that case are the primitive connective tissue celis

30

which accompany the invading host blood vessclis. Thc

}-:

stimulus then is bone which is foreign as wellL as absiormal.
The fate of the fibrous periosteum is alzo .a oono

doubt. At one week after transplantation it appeared Loss

dense and some mitoses could be seen, but by two weelis

the host and graft are completely continucus with no Linc

demarcation. This means that the relative concribuc-ion

O
th

f host and donor cells to the final densc conacchive

o}

tissue capsule cannot be assessed at present. It is
interesting to note that some of the largesi accumulations
oi. lymphoid cells containing large numbers of plasma cells
were Zound within the connective tissue capsule.

In their attempt to answer the basic guestion of
celliular survival versus induction in bone graits, Saunct
and Ray (1963) used tritiated thymidine as a cell marker.
Otner studies (Kember, 1960) have shown that this labecl
nisappears after one week in regions of active endochondrol

boie Zormation and so the suspicion arises that in acciveliv
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dividing tissues, such as foetal bones, this labcol may
be.diluted too rapidly to trace accurately the modulation

and/or induction of various ccll types.

=)

The sex chromatin (Barr, 3ertram, 1949) has boor
found in some species of mammalian bonc, specificalilly
rabbits (Arora, Laskin, 1964; Vernino, ILaskin, 1969},
though not in others, e.g. mice and rats ({3abet, Ray, 1363).
Studies on the incidence of sex chromatin in the cnicxen
(Callius Domesticus) by Kosin and Ishizakh (1959) show that
a good chromatin marker is present in the Jcmale though
it 1s not analogous to the mammalian sex chrciatin

(Ohno et al., 1960). A method of accurately sexing young

chicks by cytological means has been described (Xrishan,

[ o]

1962). This method combined with improved technicues o
staining sex chromatin (Beckert, Garner, 1533 shoculd

rove to be a useful tool in the future investigacion of

transplantation in the chicken.
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V - SUMMARY

1. The nature of the partly calcificd tissue found arcound
whole bones transplanted to ectopic sites by Migicovsky

and Nielson (1952) was studied.

2. Two ectopic sites, subcutancous and introa-zizdomingl,
were investigated in order to find the most reiioble

growth around the transpianted bonec.

& nigu

i

3. Tac subcutaneous site was chosen becausc o
mortality rate among the intra-abdominal group.

4, The new tissue around the transplanted bones was found

to be new bone and cartilage.

5. ragments from various parts of the whole bones were
investigated to elucidate their contribution to new

bone and cartilage formation.

6. The fragments of Zone C cartilage (nypertronhied)
were found to have the largest amount of new bone aanad

cartilage around then.

7. Studies with Ca45 and by microincineration showed
that the original bone retained its calcification
but did not deposit any Ca45 at all though iac nowlir

formed trabeculae were highly radioactive indicating
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rapid calcium deposition.

The progress with time of the new cartilage and bone

was followed from three days to four weeks.

The source of the new bone and cartilage coulid be

seen to be the osteoblastic layer of the periostaeum.

The development of the vasculature has been discussed
and injection techniques suggested as a weans for

further study.

The first histological signs of rejection werc
apparent at two wecks after transplantation and were

well developed by three weeks.

AL three weeks variation in the strengtin of the rejectica

reaction were noted.

A large series of transplants was undertakern o study

the statistical behaviour of the rejection phenomenon.

Tibiae from the same donor transplanted to differcn-s
hosts occasionally showed marked differcnces in the

amount of growth and the vigor of the rejection reacticn.
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17.
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In the total series the percentage of grafts showing

. tolerance at three weeks was remarkably similar to

the total percentage of skin gralits in chickens
which had not been rejected at cightcen days (Craig

and McDermid, 1963).

We have postulated tnat the B-locus ciycarocyte
antigens are probably the histocompatibility locus
implicated in rejection of the transplanted bonas

before three weeks in situ in ouxr study.

Use of the sex chromatin as a cellular lanbel hes
been suggested as a tool for the elucidatiocn of tine

problem of induction versus cell survival.
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