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In the name of Allah, the Beneficent, the Merciful.

Certainly We created man of an extract of clay, then
We made him a small Life germ in a firm resting place.
Then We made the Life germ a clot, then We made the clot a
Lump of flesh, then We made (in) the Lump of flesh bones,
then We clothed the bones with flesh, then We caused it to
grow into another creation, so blessed be, Allah, the best
of‘the creatdrs. Then after that you will surely die, then

surely on the day of resurrection you shall be raised.

The Belijevers, Holy Qoran, Chapter 23, verses 11-16.
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SECTION 1 - INTRODUCTION



INTRODUCTION

I. General

It s almost 100 years since the publication of the
early classic studies of the déveLopment of synovial joints
such as those of Hepburn (1889), Parsons (1900), Lewis
(1902) and Bardeen (1905). Since then, the subject has
been repeatedly restudied, using more refined techniques,
including histochemistry and electron microscopy, and the
experimental analysis of causative factors.

Although there is still much that remains
controversial, the general sequence of events 1is now
established, and +this will be described in broad outline,
as seen in a "typical" synovial joint in a limb, before the
main papers are reviewed in detail.

1. The mesenchymal condensation, or scleroblastema, appears
in the central axis of the Llimb bud, outlining the future
skeleton and joints. This condensation follows a prpximo-
distal sequence.

2. Chondrification occurs in the condensation, proximal and
distal to the future joint, so that the two articulating
bones are now recognizable as cartilage models. The
mesenchyme which surrounds their shafts forms a

perichondrium, which provides for appositional growth 1in
girth.

3. The ends of the two cartilage models are united by a
densely cellular and avascular interzone. This develops

into a three-layered structure: a chondrogenic Llayer



covering each articular surface and a looser intermedijate’
layer. The chondrogenic layer —covering the future
epiphysis is continuous with the perichondrium of the
future diaphysis, and serves the same function, namely
providing for appositional growth of the cartilage model.
Condensed mesenchyme at the periphery of the dinterzone
provides for the formation of the capsule, deep to which is
the Looser synovial mesenchyme. Within the Looser
intermediate zone of the interzone there will develop the
joint <cavity and intra-articular structures, such as

menisci and cruciate ligaments.

Despite the general agreement, outlined above, there
are many remaining questions to be answered:-
1. When the articulating bone rudiments chondrify, what
factors determine the different pathway followed by the
interzone mesenchyme? Does the interzone itself wever-
become cartilaginous?
2. Does the formation of the joint cavity (by cavitation or
"clefting") depend on extrinsic factors, such as muscular
movement, or on intrinsic factors, such as cell death or
"liquefaction” in the interzone, or are both sets of
factors required if the joint cavity is to appear and to
persist? If cell death is involved, d9s it genetically

programmed? What is the origin and role of macrophages in

cavitation?



3. Does cavitation start centrally or peripherally?

4. Do dintra-articular structures arise from the interzone
or from "synovial mesenchyme?"

5. Is the developmental sequence of events in synovial
joint development <closely correlated with developmental
stages of the embryo, as claimed for the chick knee joint
by O'Rahilly and Gardner (1956)?

6. In general do synovial joints, of the most commonly
studied species such as man, Llaboratory rodents and the
chick follow the same developmental pattern, or are there
important variations between species?

7. Within a single species, do all synovial joints develop
in a similar fashion, or are there 1important dindividual
variations e.g. does the femoro-patellar joint follow the
standard pattern? What effect does the presence of intra-
articular structures, such as menisci, or intra-articular

tendons, have on joint development?

III. Review of published work
This is divided into two sections:

a) mammalian synovial joints and b) avian synovial joints,
for two reasons:-

i) because the present study is concerned with the <chick
knee joint, and because the chick has been the animal of
choice for most experimental studies, and 1ii) because it is
important, for a human anatomist, " to relate the

developmental pattern in the chick to that in mammals and

particularly in man.



A. MAMMALIAN SYNOVIAL JOINTS

Bardeen (1905) studied the development of the human
skeleton, and reported that, in general, the development
of the skeleton of the limb passed through three stages,
blastemal, chondrogenous, and osseogenous. In the knee
joint, the peripheral blastemal tissue at the joint became
transformed into a capsular ligament. The blastemal tissue
in which the cartilaginous precursors of femur and tibija
developed, became <condensed at their articulating ends,
while 1in the region of the knee joint, the tissue became
less dense and finally disappeared, leaving a joint cavity.

Keith (1933) studied the development and
differentiation of human Llimb buds and <claimed that the
part of the original blastema which was left between the
cartilaginous precursors of the femur, tibia and fibula,
formed the first basis of a joint, and he named it the
"interchondral disc". The cells in the peripheral part of
the blastema condensed and formed the perichondrium, a
membrane surrounding the growing cartilages. The
perichondrium was continued from segment to segment over
the interchondral disc and became the basis of the capsular
Ligament. He also claimed that, at first, the ends of the
cartilages which projected into the joint cavity were also
covered by an extension of the perichondrium. The
peripheral cells of the interchondraL‘ disc Lined the

capsule and formed the synovial membrane. He also claimed



that there were three interchondral discs in the knee
joint; an internal tibjo-femoral, an external tibio-
femoral and a fibulo-femoral. When the fibula became
excluded from the knee joint, the fibulo-femoral disc, from
thch fibres of the popliteus took origin, was included in
the tendon of that muscle.

Whillis (1940) studied the development of the
interphalangeal joints of the human embryo, and he found
that, at stage 30 mm, the two chondrifying elements were
separated by relatively undifferentiated MesenchymaL cells
thch constituted the "joint disc". The cells of the disc
were arranged parallel to the surfaces of the <cartilage
elements. In the region of the future articular surfaces
the cells were flattened, very closely packed and arranged
Qith their Long axis in the joint Lline. At the extreme
periphery of the disc the mesenchymal cells were arranged
longitudinally and formed the perichondrium. The
mesenchymal tissue which remained between the Jjoint disc
and the perichondrial condensation became much looser than
the <central part of the disc. In succeeding stages,
the peripheral mesenchymal tissue became very Loose
énd cavities appeared within it, while the Jjoint disc
became thinner in its central part so that, in an embryo of
72 mm, it was represented by a single layer of flattened
cells. At 125 mm, the joint disc between the cartilages
Bad entirely disappeared and the two elements were united
across the joint Lline by a primitive type of cartilage, or

"precartilage". He also claimed that the dissolution of



continuity between the cartilage elements was accomplished
by Lliquefaction of the matrix of the primitive cartilage
uniting the two elements. The cause of the Liquefaction
was not explained.

Haines (1947) studied human embryos, and found that
the joints first appeared as interzones, formed from the
remains of the skeletal blastema between the cartilages.
He described each interzone as passing through a three-
Llayered stage, with two <chondrogenous Layers and an
intermediate Lloose layer. The fibrous capsules formed a§
condensations in the extrablastemal tissue near the joints,
which cut off a part of the general mesenchyme to form the
"synovial mesenchyme", and a part of the perichondrium to
form the intra-capsular perichondrium. In a subsequent
study of the early development of the femoro-tibial and
tibiofibular joints of the human embryo, Haines (1953)
found that the interzones for the medial and Llateral
condylar regions are separate from the time of their first
appearance, and are not formed by the subdivision of one
originally single interzone as mentioned by Gray and
Gardner (1950). He also found that, before
chondrification, the fibular and femoral regions of the
skeletal blastema were continuous with one another but,
soon after <chondrification, the fibula was found to be
unattached to either the femur or the tibia. The fibula
never articulated with the femur at 'any stage, but

eventually formed an interzone with the tibia.



Gray and Gardner (1950) studied the development of the
human knee joint, and found that, 4in a 6-week embryo, the
cartilaginous precursors of the femur and the tibia were
separated from each other by an avascular and
undifferentiated blastemal zone. At 63 weeks, due to
continuing chondrification, the <cartilage elements Llay
closer to each other and the interzone became denser in
appearance. At 71 weeks, the interzone differentiated
into a three-layered structure. The middle looser Layer
closely resembled the mesenchyme which was located adjacent
to the joint and with which it appeared to be continuous.
The outer lLayers of the jnterzone arranged along the distal
ends of the cartilage elements were continuous with the
perichondria. They also claimed that there was no apparent
cartilaginous continuity between the femur and tibia, such
as had been described by Bardeen (1905) and by Whillis
(1940), nor did the fibula enter into the formation of the
knee joint, as Keith (1933) had claimed.

0'Rahilty (1951), who studied the developing human
knee joint, found that, in embryos of 15 mm, the tibial
condensation was directly in Line with that for the femur,
and the fibula, which was lateral to the femoro-tibial
axis, appeared to reach the same level as the upper
surface of the tibia. At 16 mm, the fibula Llost its
eccentric posifion and was sijtuated under the femur, and
the tissue between the femur and fibula was arranged as a
three-lLayered interzone. At 18 mm, the femoral condyles

overhung the tibia and fibula on each side, and the upper



end of the fibula reached, or even exceeded, the same level
of the tibja but appeared bent backwards. At 25 mm, the
fibula was separated from the femur by the lateral condyle
of the tibia, and a three layered interzone was found
between the femur and tibia, but the tibia and fibula were
not yet in contact with each other. At 28 mm, a three-
layered superior tibio-fibular interzone was present.

Gardner and Gray (1953) studied the human shoulder and
acromioclavicular joints. In the shoulder joint, a three-
layered 4dnterzone was noted for the firsf time at stage 20
mm, and at stage 22 mm, the capillaries penetrated the
tissue immediately adjacent to the interzone and converted
it into a "“synovial mesenchyme™. In the acromio-clavicular
joint, on the other hand, they did not find a three-layered
interzone in any of the specimens studied. They found that
the acromio-clavicular joint was represented as a wide zone
at 12 mm, and remained as a broad zone 1in specimens between
22 and 45 mm. A cavity in this joint was first noted at
49 mm, and it was unilateral and located much closer fo the
acromion than to the clavicle.

O0'Rahilly (1957) studied wvarious human synovial
joints, and described the formation of the interzone. At
about 5% weeks, the interzone was composed from three
Layers: a loose middle layer, and two chondrogenic layers,
each of which was continuous with the perichondrium of the
adjacent cartilage element. The extrablastemal mesenchyme

was invaded by blood vessels and became vascularised and



continuous with the loose middle layer of the interzone -
that portion of the vascular mesenchyme adjacent to the
blastemal dinterzone, called "synovial mesenchyme”. In a
subsequent study of the human knee joint, O'Rahilly (1968)
described the formation of the interzone. He found that
the blastema between the femur and tibia became a
homogenous interzone at (Carnegie) stage 19 (16-21 mm), and
recogniéed it as a three-layered structure at stage 21 (22-
24 mm). At stage 22 (23-25 mm) all the constituent
structures of the joint were recognizable although
cavitation did not occur until stage 23 (27-31 mm).

Gardner, Gray and O'Rahilly (1959) studied the
skeleton and joints of the human foot, and found the
interione to develop in a manner similar to that described
by previous workers. They claimed that cavitation beganlin
a few Joints during the embryonic period, but that
formation of three-layered dnterzones, followed by
cavitation, began in most joints during the early fetal
period. Capsules and ligaments were present as cellular
condensations before cavities appeared and, in some, before
the appearance of a three layered interzone.

The findings of more recent workers support previous
results on the early formation of the interzones.
Andersen (1961, 1962a,b, 1963, 1964), in his histochemical
studies on the histogenesis of the knee, elbow, shoulder
and acromio-clavicular joints in human foetuses, described
the formation of interiones in detail. The cartilaginous

centres of the individual skeletal structures were Llaid



down in the condensed mesenchymal <cord, or "skeletal
blastema", and underwent appositional growth 4in all
directions. Part of the original blastema was left between
them, and this condensed mesenchyme was called the
articular interzone. The cells of this interzone had round
or oval nuclei and a very sparse, basophilic cytoplasm. At
the outset, they were not arranged according to any
definite plan, but, owing to the growth of the adjacent
cartilaginous primordia, the cells of the interzone_
gradually became oriented with their long axes transverse
to the Llong axes of the skeletal primordia. Then a
striking change took place in the interzone. Its cells
began to secrete a highly metachromatic and alcian-blue
stained dintercellular substance, forcing the cells apart,
especially din the central layer. Now the interzone was
distinctly three-layered, consisting of two chondrogenous
layers serving as appositional growth Llayers for the
epiphyses adjacent to the interzone, and continuing at the
periphery of the joints into the ordinary perichondria of
the cartilage (Anderson, 1962). Between the two
chondrogenous Llayers, there was an dintermediate Llooser,
more highly metachromatic and alcian blue-stained Layer
made up of Long spindle-shaped cells. This Llayer was
continuous towards the peripheral marginal layers of the
interzone with a similar tissue which was clearly
separated, by the deep staining of its dintercellular

substance, from the surrounding vascular general

10



mesenchyme. This separating zone was at the site where the
joint capsule was formed by the peripheral areas of the
skeletal blastema, originally as a cellular strand
continuous with the perichondria of the cartilages
concerned (Anderson,1961). The intercellular substance of
the interzone <consisted of chondroitin sulphate A or ¢
(possibly both), and not hyaluronic acid. Cavity formation
started centrally after the intermediate Llayer of the
interzone became incorporated on each side with the two
chondrogenous layers, which in turn were incorporated in
the epiphyseal cartijlages. Later on the epiphyses faced
each other in the central parts of the joint, by smooth,
hyaline cartilaginous surfaces, separated only by a narrow
central joint cavity. He also found that the tissue of the
interzone which had been completely avascular, was invaded
by vessels from the surrounding general mesenchyme so that
the peripheral areas of the interzone were converted from a
dense cellular tissue to a looser vascular structure called
"synovial mesenchyme”.

Anderson and Bro-Rasmussen (1961) reached similar
conclusjons din their study of the hand and foot of human
fetuses, but they considered the synovial mesenchyme as
apart from the surrounding general mesenchyme, projecting
wedge~-shaped into the peripheral parts of the joint. The
joint cavity first appeared in the central area of the
joint, then spread peripherally, where the synovial

mesenchyme projected into the joint.

Schneck (1965) studied the knee and ankle joints of

11



the rabbit and reported that, in their development, the
joints went through the typical mesenchymaL,’ pre-
cartilaginous and cartilaginous blastemal stages, with the
formation of a characteristic interzone at the site of the
developing joinf. A capsular condensation was observed
prior to the development of the three typical layers of the
interzone.

0'Rahilly and Gardner (1978) 4in their review of the
embryology of movable joints, reported that a number of
synovial joints differed from the general process in their
development. Some, especially some of the small joints,
showed <considerable delay between differentiation and
cavitation. Some of these, such as the acromio-clavicular,
might never display the usual homogeneous and three-layered
interzones. Others such as the sternochondral joints,
showed cartilaginous continuity across the interzone 1in
early stages, and might or might not subsequently develop
cavities. Some joints, such as the temporo—mandibuLar,
developed where a continuous blastema never existed.

Mitrovic (1978) studied the development of
diarthrodial joints in the rat, and described the events in
the development of the interzone. He found an early wave
of cell necrosis occurring immediately after
differentiation of the interzone, and thought that this
cell death might serve one (or both) of two purposes: i)
to prevent chondrification of the interzone by getting rid

of <cells with chondroblastic potentialities; and i) to

12



provide for Loosening of the dnterzone and for the
differentiation of a three-layered dinterzone. He also
claimed that the '"synovial mesenchyme" formed from the
general mesenchyme by an jinvasion of blood vessels into the
mesenchymal tissue at the peripheral parts of the joint;
this invasion did not extend into the interzone between

the cartilages at any stage of development.

B. AVIAN SYNOVIAL JOINTS

Hepburn (1889) 4in his study of the development of
diarthrodial joints in birds and mammals, noted the close
similarity in the morphogenesis of the early knee joint in
mammalian and avian embryos.

Fell and Canti (1934) din their classic study of the
development in vitro of the avian knee joint, described its
normal early histological development. Cartilage matrix
was first seen in a Llimb bud about 2.8 mm in Length; the
rudiments of the tibijia and fibula were still directly
continuous with that of the femur, whilst the knee-joint
region still consisted of a dense mass of undifferentiated
mesoderm. Very shortly after this stage, 1in a 3 mm Llimb
bud, the first sign of the future knee-joint appeared. The
articular boundary of each bone rudiment became faintly
indicated in the knee-joint region by the flattening of the
terminal mesoderm cells and their orientation along curves
which were roughly parallel with the future articular

surfaces. There was still, however, direct continuity

between the densely cellular ends of the three rudiments.
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In a 4.3 mm limb bud, they found that cartilage matrix of a
very young and immature type extended right across the line
of the joint, so that the articular surface of the femur
was still united to the articular surface of the tibia and
fibula. In a 6-day Limb bud, they found that the cartilage
was well developed throughout the epiphyseal region, except
in the dinterzone mesenchyme, where <chondrification was
still at an early stage. This dense chondrifying interzone
showed signs of transverse dijvision and became
differentiated into a thick layer of highly cellular early
cartilage <covering the articular surfaces. The narrow
space between the articular surfaces was occupied by rather
loose tissue, which later on disappeared.

O0'Rahilly and Gardner (1956) 1in their comprehensive
study of the development of the knee-joint of the chick and
its correlation with the staging of embryonic development,
also described the mode of formation of the interzone. By
stage 26 the early cartilaginous blastema was segmented
into three portions, thereby indicating the site of the
future knee joint as an interzone or dintercartilaginous
blastemal disc. The interzone was a dense cellular region
which, on its first appearance, was uniform or homogeneous
in structure. At stage 27, beginning chondrification 1in
the future bone elements accentuated the homogeneous
femoro-tibial and femoro-fibular interzones of the knee,
and din some instances the primordia of the future bones

seemed to be continuous, owing to an appearance of
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chondrification extending partly across the interzones. It
is important to note that they found that a typical three-
layered interzone was quite difficult to recognize in the
knee of the chick embryo. Gardner and O'Rahilly (1962) 1in
their study of the development of the chick elbow joint,
found that, at stage 29, a three-layered interzone was
established, and the central portions of the humero-radial
and humero=-ulnar part of the interzone were Llooser in
texture, and presented blood vessels in their peripheral
parts. At stage 37, <condensations for the capsule, and
for the medial and lateral ligaments were noted, and loose,
vascular tissue was observed deep to these <condensations.
This was believed to be early synovial tissue.

Henrikson and Cohen (1965) studied the chick
interphalangeal joint, and they found that occasionally the
interzone showed a three-layered structure, two compact
cell Llayers forming the chondrogenous Layers for the
adjacent cartilage =elements, and an dintermediate Llayer
lLying between them. They also found that a band of
metachromatic substance was occasionally present in the
joint dinterzone. This area was shown by the -electron
microscope to be structurally distinct from the
metachromatic phalangeal cartilage. They thought it Llikely
that this metachromasia was a distinct entity, and not an
extension of the articular surface. They claimed that the
differentiating joint dinterzone idincluded blood vessels
which extended from the synovial mesenchyme, which was

present in the peripheral parts of the joint.
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Mitrovic (1977) studied the chick meta~tarsophalangeal
joint. The events are similar to those which he described
in the rat embryo (1978) (see p. 12).

Several ~authors have considered the presence of
vessels within the interzone during deveLOpment.
Henrikson and Cohen (1965) in the <chick <dinterphalangeal
joint, found blood vessels within the differentiating joint
interzone. They suggested that, even if vessels do not
play a direct role in synovial space formation, their
presence may be necessary, in some as yet undefined
fashion for the initiation and sustenance of the articular
space. Mitrovic (1977) who also studied the chick
interphalangeal joint, frequently found some blood vessels
and free erythrocytes 1in the axial part of the joint.
These findings in the chick contrast with those of several
studies on mammalian joints e.g. 1in the rat, Mitrovic
(1978) reported that blood vessels were confined
engusiveLy to the periphery of the joint, in the synovial
mesenchyme, a finding in agreement with those of Haines
(1947), Gardner (1950), O0'Rahilly (1957) and Anderson and

Bro-Rasmussen (1961) among others.
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II. THE FATE OF THE INTERZONE

Two questions have been frequently raised: do intra-
articular structures arise from the interzone or from the
"synovial mesenchyme" and does the synovial mesenchyme
form from the interzone or is it really a separate entity?

Some workers have <claimed that the "synovial
mesenchyme"” is formed by the invasion of blood vessels into
the peripheral parts of the interzone, which are thereby
converted into a vascular and looser tissue: (e.g. Anderson
1961, 1962, 1963 and 1964). Others have claimed that the
synovial mesenchyme is formed from the general mesenchyme
at the peripheral parts of the joint e.g. Haines (1947),
Gray and Gardner (1950), Gardner & Gray (1953), O'Rahilly
(1957), Schenck (1965), Gardner & O'Rahilly (1968) and

Mitrovic (1978).

Some authors have <claimed that intra-articular
structures arose from the interzone e.g. Bardeen (1905),
McDermot (1943), Andersen (1961), Schenck (1965) and
Mitrovic (1978). Others found that the intra-articular
structures arose from the synovial mesenchyme e.g. Haines

(1947), Gardner & Gray (1950).

Bardeen (1905) studied human skeletons, and found
that, in 20 mm embryos, the cruciate ligaments and the
menisci were differentiated directly from the blastema.

The peripheral blastemal tissue of the joints became
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transformed 1into a capsular Lligament, strengthened in
front by the tendon of the quadriceps.

Keith (1933) regarded the menisci as remnants of the
interchondral discs, projecting into the gap between the
articular surfaces. According to this author, the backward
extension of the femoral condyles toward the popliteal
space isolated a posterior part of the capsule, which came
to lie within the joint and formed the cruciate ligaments.

McDermott (1943) concluded that the menisci and the
intra-articular Ligaments, as well as the <capsule, were
differentiated directly from the blastema which remained
after the formation of the joint space.

Andersen (1961) studied the human knee, and found
that at 23 mm, the cruciate ligaments and the menisci were
developed in situ, as a cellular condensation 1in the
interzone. Schenck (1965) studied the rabbit knee, and he
also observed that the cruciate ligaments and the menisci
developed jin situ from the interzone.

Mitrovic (1978) studied rat embryos, and reported that
the peri-articular ligaments, capsular, and synovial tissue
differentiated by a distinct and usually retarded
segregation of the cells of the mesenchyme that surrounded
the 4dnterzone, but that the menisci and idintra-articular
Ligaments differentiated from the cells that constituted
the interzone.

On the other hand, Haines (1947) thought that the

fibrous capsules which developed as condensations in the
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extrablastemal tissue near the joints, cut off a part of
the general mesenchyme to form the synovial mesenchyme, and
that it was this which gave rise to the more central parts
of the synovial cavities, the synovial and sub-synovial
tissues and all dntracapsular structures including
ligaments, tendons, and fibro-cartilages. Gray and Gardner
(1950) studied the human knee, and claimed that at 7%

weeks, before a fibrous capsule is formed, and due. to
increase in joint size, adjacent mesenchyme became dntra-
articular in position. At 8 weeks of development, the -
menisci and cruciate ligaments arose from the

characteristically vascular synovial mesenchyme.

b. Avian synovial joints

0'Rahilly and Gardner (1956) studied the chick knee,
and found that the synovial tissue, cruciate ligaments, and
the menisci, arose from the synovial mesenchyme which
became incorporated 1in the joint from the vascular
extrablastemal tissue. They also said that the lack of a
clearly defined capsule in the development of the knee
joint of the chick Llends support to the <contention that

capsule formation dis not necessary to the dinclusion of

synovial mesenchyme within the joint.

B. CAVITY FORMATION

The question has been frequently raised, does the
formation of the joint cavity depend on either extrinsic

factors, such as muscular movement, or intrinsic factors,
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such as cell death or "liquefaction' in the interzone, or
are both factors required if the joint cavity is to appear
and to persist? Also does cavitation start centrally or
peripherally? Many authors have suggested that mechanical
factors are important in joint development basing their
studies on experimental analysis, while others basing their
studies on normal histological material, have attached

greater dimportance to intrinsic, genetic, factors.

0*Rahilly & Gardner (1978, in their study of the
embryology of movable joints, quoted Wassilev's (1972)
finding that, 1in the development of the knee joint of the
rat, <cavitation proceeded with degenerative <changes of
mesenchymal cells in the central part of the interzone, but
gave no detail of the mechanism of degeneration.

Rajan and Merker (1975), in a brief abstract, reported
on joint formation of the human embryo digits in culture.
They found that there was evidence of materjal in the
joint cavity, which was acid mucopolysaccharide in nature,
with occasional <cells showing pyknotic nuclei Llining the
cavity. Under the electron microscope there was single
cell necrosis with evidence of loss of glycosaminoglycans.

They did not give any detail for the -evidence in their

findings.
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Mitrovic (1978) in his study of the development of the
diarthrodial joints in the rat embryo, noted two waves of
cell degeneration. The first, which occurred was after
differentiation of the joint tissue he thought might serve
one (or both) of two purposes, i) to prevent
chondrification of the interzone by removing cells with
chondroblastic potentialities; and i) to provide for
loosening of the dinterzone and the differentiation of a
three-layered interzone. A second wave was noted
immediately preceding and accompanying the joint -
cavitation. These <cells showed pyknotic nuclei, poorly
stained cytoplasm, and "fuzzy" Llimits. He also reported
that the Later stages of <cell death, such as cell
disintegration and macrophagocytosis, were not seen during

the second wave, and he suggested that these cells either

disappeared or changed their staining pattern and
constituted a surface cell Layer of the articular
cartilage. He <claimed that these dead cells might have
played some role 1in the <cavitation process, and he

considered them as a type of physiological <cell death
comparable to that found by others in the interdigital
areas.

TenCate, Freeman and Dickinson (1977) din their study
of the development of the sutural joints in rat embryo,
found that cell death occurred in the central part of the
suture associated with newly differentiated osteoblasts,

engaged din phagocytosis of the <cellular debris. They
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claimed that these cells were implicated in the development
of the suture and considered it as programmed cell death,
but they did not give any detail of the cytological changes

in dying cells.

O0'Rahilly and Gardner (1956), in their study of the
development of <chick knee joint, did not give any
explanation about the mechanism of cavity formation, which
started as a femoro-meniscal cavity, at stage 33. They
found pyknotic cells in the joint region in only 2 embryos
out of 122 embryos at stage 34, and did not comment on
their nature or significance.

Mitrovic (1977), in his study of the development of
the metatarso-phalangeal joint of the chick embryo, found
two waves of cell degeneration: an early wave, which was
noted after differentiation of the joint tissue, he
thought might provide for loosening of the interzone and
the differentiation of a three-~layered interzone. A second
wave which was noted immediately preceding and accompanying
the joint cavitation, he thought might be implicated in
some way in the cavitation process. These cells under the
light microscope showed pyknosis, basophilia and
vacuolization. Under the electron microscope, these dead
cells showed strong basophilia, electron opacity and
enlarged endoplasmic reticulum. He suggested that these
dead cells either rapidly disintegrated and were

phagocytosed by the surrounding cells, or cells remained
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after the joint <cavity was fully differentiated as a
discontinuous cover for the articular surfaces. Alsc in
addition to cell degeneration, he found the presence of an
organic component, presumably mucopolysaccharide, 1in the
primitive synovial fluid, which was ‘thought might be
implicated in cavitation at the sites of its accumulation.

Mitrovic (1982) in a subsequent study of the
development of the articular <cavity 1in paralysed and
cultured Limb buds of chick embryo, found dead cells in the
joint region and thought that these were involved in the

cavity initiation.

B. CAVITY FORMATION DUE TO "LIQUEFACTION!'

Several workers have suggested that "liquefaction" of
cells was responsible for cavity formation, (e.g. Retterer,
1902; Keith, 1933; Walmsley, 1940; Whillis, 1946; McDermot,
1943; Haines, 1947; and Schneck, 1965).

Retterer (1902) (cited in a review by Haines, 1947)
found that the dntercellular network was composed of
scattered strands containing irregularly disposed nuclei.
Some of the <cells were eventually destroyed, but most
became attached to one or other of the walls of the cavity,
and persisted as its Llining. This view was supported by
Haines (1947), who studied the human synovial joints and
found that the synovial surface was ragged, and that
strands of tissue floated out from the surface into the

synovial cavity. Some of the cells in the interior of the
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cavity appeared to be dying, and the synovial fluid
contained cellular debris. He also reported that when thé
articular surfaces were fully chondrified, the remains of
the liguefied tissue of the dnterzone or synovial
mesenchyme came to form a thin fibrillar layer overlying
the <cartilage, containing flattened cells some of them
pyknotic or reduced to debris. Eventually these flattened
cells disappeared.

Keith (1933) studied the development of various human
synovial joints and found that, during the 3rd month, the
skeletal blastema between the chondrified bases of the
bones, by a process of "vacuolation within and between the
cells", opened out dinto a cavity and formed the joint
cavity.

Willis (1940) studied the development of human and rat
synovial joints and found that the two elements 1in the
joint were united for a time by primitive cartilage. The
dissolution of <continuity in the later stages of joint
formation was accomplished by "liquefaction" of the matrix
of the primitive cartilage uniting the two bones. The
cause of Liquefaction and its nature was not explained. He
suggested that movement alone did not cause breakdown of
the bond of union between the two cartilage elements, but
that it might play an ancillary part in the process.

McDermott (1943) found in human embryos that, at the
age of 60 days, the dinterchondral disc (interzone) had

begun to show early and small degrees of decreased density
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and drregular Lloss of cellular substance anteriorly and
posteriorly. These changes appeared to be in the nature of
a rapid and complete dissolution of the cells in the area,
without finding cells in different stages of
disintegration. This loss of substance was the first sign

of the formation of the cavity of the joint.

Henrikson and Cohen (1965), 4n their study of the
developing chick interphaLangeaL joint, found that the
joint <cavity was first seen either between or lateral to
the articular surfaces, and emphasised that there was no
sign of liquefaction or cell degeneration preceding cavity
formation. They found blood vessels within the
differentiated Jjoint 1interzone and they suggested that
their presence may be necessary for the initiation of

cavity formation.

Several workers have studijed the effect of extrinsic
factors, such as muscular movement, on the development of

the synovial joints wusing one (or both) of two

experimental methods:

i) culturing the embryonic Llimb bud in vitro; and ii) by

paralysing the embryo.
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a. Avian synovial joints

Experiments performed by Murray and Selby (1930), and
those subsequently made by Fell and Canti (1934) and by
Hamburger and Waugh (1940) using chick embryo limb buds,

n vitro, all showed that the joint mesenchyme

cultured i

(interzone) underwent normal development but that
separation of skeletal anlagen does not occur. In the
absence of movement the joint tissue underwent

chondrification, progressively disappearing through fusion
with the adjacent cartilaginous gkeleta( elements.

This result was supported by Bradley (1970), who
cultured chick embryo Limb buds on the chick
choriocallantoic membranes. He found that,
morphologically, Limb development was retarded by at Lleast
1 day, although feather development was normal for the
graft age. He concluded that the skeleton of the <chick
limb may be regarded as capable of self-differentiation,
since chondrification and the first phase of ossification
proceeded normally in the absence of innervation. He also
found that joint formation was sometimes almost perfect but
the presence of fusions in the majority of cases supported
the suggestion that proper maintenance of the
differentiation of a joint depended on 1its undergoing
movement.

Lelkes (1958) cultijvated knee joints of 6-7 day old
chick embryos, either 1in a watch glass, or in flasks

containing a mixture of fowl blood-plasma and fowl

26



embryonic extract as a medium. In each case ‘the two Limbs
of the same embryo were explanted in the same watchglass or
flask, and one Llimb was subjected to passive movement,
while the other served as control. He concluded that, 1in
the control explanted Llimbs, where no movement was

externally applied, <cartilaginous fusion across the joint

of the skeletal parts was generally found. Movement
prevented this fusion. An articular cavity was sometimes
formed in the moved explants but not in the controls. He

concluded that movement exerted a formative effect on the
shape and structure of the articular surfaces, and on the
histotypical proliferation of cartilage tissue.

This hypothesis was supported by Drachman and Sokoloff
(1966), who produced paralysis of embryonic movement of the
chick embryo through administration of decamethonium
bromide, botulinus toxin, or by spinal medulla section.
They observed that an articular cavity did not form and
that the foot =sesamoids were absent. Their results
underlined the dimportance of skeletal muscle contraction in
both the formation of articular cavities and in
determination of the form of articular surfaces. This view
was supported by Sullivan (1966), Murray and Drachman
(1969), Drachman et al (1976), Rauno-Gil et al (1978) and
more recently by Persson (1983) who produced paralysis of
the embryonic movement of the <chick embryo through
administration of decamethonium iodide. He found that all
embryos whose movements were paralysed, showed regression

of the articular cavity and . its replacement by
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mesenchymatous tissue; this regression also affected all
para-articular structures such as the capsule, Ligamenfs
and menisci. He concluded that the skeletal muscle
contractions were necessary to maintain the articular
cavity and para-articular formations.

However, other workers reported the presence of small
cavities at the periphery of joints of paralysed embryos,
suggesting that some degree of cavitation had occurred even
under such conditions of paralysis.

Murray and Drachman (1969) while studying the
development of head and neck joints in paralysed chick
embryos, found that, in a few cases, joint cavities
underwent complete development. This was supported by
Mitrovic (1982) who produced paralysis of chick embryos by
administration of decamethonium bromide, and then cultured
the Llimb buds on the <choricallantoic membrane. In
general, he found that 1in embryos paralysed prior to
differentiation of the joint cavity, the first stages of
development of the cavity were not inhibited, but that the
initial cavities did not progress further, and were rapidly

invaded by blood vessels and loose connective tissue, and

finally disappeared. Fusions across the joint developed
after a few days by a process of fibrosis and
chondrification. He suggested that jntrinsic factors were

important for differentiation of the early stages of joint
cavitation, and that movement appeared to be the necessary

condition for full differentiation and maintenance of the
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joint cavity.

b. Mammalian synovial joint

Yasudas (1973) cultured human limb buds in nutrient
agar medium for four to eighteen days, and found that the
differentiation of mesenchyme into cartilages or bone
primordia and other supporting tissues took place, 1in a
similar manner to that seen in vivo. He noted some
developmental retardation, to a lesser degree in the lower
Limbs than in the upper Llimbs.

Rajan and Merker (1975) observed the development of
normal cavities in cultured human embryonic digits. After
10 days in culture, the joint cavity appeared and this was
in the absence of movement. They also found that the joint
cavity contained some acid mucopolysaccharide material,
with occasional cells having pyknotic nuclei, and thought
that this <cell death might be dimplicated 1in <cavity
formation. They concluded that, as the organ cultures are
devoid of blood supply, nervous control and movement, these

factors were not essential to the formation and

differentiation of the joint cavity.

Several workers found that cavitation was seen first
in the peripheral region of the joint e.g. Haines (1947);

Gardner and Gray (1950, 1953); Gray and Gardner (1950) and

Schneck (1965).

29



Haines (1947), 4in various human synovial joints, found
that, at 29 mm, just before the joint cavities appeared,
the three layered interzone became sharply distorted. In
the intermediate layer the cells became flattened and at
the same time the matrix of this tissue prepared for
"liquefaction". At 30 mm, the tissue matrix of the
peripheral regions of the interzone broke down and small
cavities were formed. In general, he concluded that the
cavities of the larger joints appeared at, or soon after,
the onset of periosteal ossification in the long bones, and
that, in the smaller joints, the cavities appeared in later
stages than the larger joints.

Gray and Gardner (1950) who studied the development of
the human knee joint, found that in one of three fetuses of
8 weeks, a small space was present between the medial head

of the gastrocnemius muscle and the femur, and another 1in

the infrapatellar region. At 9 weeks, definite and
extensive cavities were present, mainly femoro-patellar
and femoro-meniscal in location. They also reported that

the first cavities were irregular in outline, and that they
frequently contained strands of tissue and scattered cells.
They concluded that cavitation started 1in the synovial
mesenchyme before it appeared in the interzone. They did
not explain how the cavity was formed.

Gardner and Gray (1953) who studied the development of
the human shoulder and acromioclavicular joints, found
that, in the shoulder joint, cavities were first seen at 25

mm, located in both the anterior and posterior parts of the

30



joint. They also reported that cavitation was preceded by
the Lobsening of the middle layer of the interzone in its
peripheral part. In the case of acromioclavicular joint,
they found that a joint cavity first appeared at 49 mm,
and it was wunilateral and located much cLoéer to the
acromion than to the clavicle. They also reported that the
acromfocLavicuLar joint differed significantly from the
typical pattern exemplified by the shoulder joint, 1in its
rate and manner of QeveLopment. A three-layered interzone
was not seen at any stage.

Schneck (1965) who studied the development of the
rabbit knee Jjoint, also found that <cavitation first
appeared in the peripheral parts of the knee joint, through
a Lloosening of the tissue, both above and below the
menisci, while the central parts of the joint, where the
femur and tibia were in tight contact, showed no
cavitation.

Other workers however, have found that <cavitation
started centrally in the interzone (e.g. McDermott (1943),
Andersen (1961, 1962, 1963, 1964) and Andersen and Bro-
Rasmussen (1961)).

Andersen (1961) found that din the human knee joint at
34 mm, the intermediate layer of the interzone consisted of
only one Llayer of cells centrally, while peripherally,
between the menisci and the femur, as well as between the
menisci and the tibija, it consisted of 2-3 layers. At 35-

41 mm, the intermediate layer of the interzone disappeared
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centrally and a cavity was first seen in the central area
of the joint, and +then spread towards the periphery.
Cavity formation was preceded by the formation of Large
guantities of chondroitin sulphate in the three layers of
the .interzone and in the loose jnfrapatellar tissue. He
found no sign of cell degeneration or of "liquefaction"” in
the interzone. In subsequent studies of the development of
the human elbow joint (1962) and shoulder and
acromioclavicular joints (1963) he again found that
cavitation began in the central part of each of these _
joints. In the case of the elbow joint, a small cavity was
observed <centrally din the humero-radial joint at 28 mnm,
thereafter extending to the radio-ulnar and humero-ulnar
joints. In the case of the shoulder joint, a small central
cavity appeared at 28 mm, and the <cavity subsequently
extended to the peripheral parts of the joint. In the
acromioclavicular joint, a small cavity was first seen
between the articular disc and the acromion at 45 mm, while
the cavity between the disc and the clavicle did not appear
until 68 mm. He also reported that in the acromio-
clavicular joint a distinct three-layered interzone could
not be seen, the articular disc being formed as a fibrous,
vascular strand extending through the joint and dividing it
into two parts. In all the joints which he studied, he
found that cavity formation was preceded by the
accumulation of large amounts of acid mucopolysaccharides,
and that there was no sign of <cell degeneration or

liquefaction appearing in the joints. The same conclusion
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was reached by Anderson and Bro-Rasmussen (1961) who
studied the development of the hand and foot joints in
human embryos.

Others such as Mitrovic (1978) reported a compromise
view. In the rat embryo, he founa that the first cavity was
seen as a small and narrow cleft. In single joints, such
as the shoulder or dinterphalangeal joints, the cavities
were first seen in the periphery of the mesenchyme, while
in the more complex joints such as hip, elbow, knee and
tarsal jointé, they were seen simultaneously 1in 'fhe
periphery and in the centre of the joint, as two or even
three separate clefts. He also found that, at any
particular stage of development, the larger joints were
more advanced than the smaller ones. He claimed that
cavity formation was preceded by cell degeneration in the
interzones and he thought that <cell death might be

implicated in the cavity formation.

0'Rahilly and Gardner (1956) who studied the
development of the chick knee joint, found the first cavity
in the femoro-meniscal region at stage 33, but gave no

explanation of the mechanism of formation.

Gardner and O'Rahilly (1962) found that in the ~chick
elbow joint the cavity was first seen in the humeroradial

region at stage 35, but again offered no explanation of

the mechanism of cavity formation.
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Henrikson and Cohen (1965) found, in the <chick
interphalangeal joint, that the first cavity was seen in
the dinterzone as a narrow cleft either between or Llateral
to the phalanges at stages 37-41. This early cleft
contained small amounts of <collagen, thin <cytoplasmic
processes which extended from the lining cells and free
cells without ény connection with the walls of the cavity.
They also found blood vessels in the intermediate lLayer of
the 1Jinterzone and thought that they might play a role in
cavity formation. Like Andersen (1961, 1962, 1964) and
Andersen and Bro-Rasmussen (1961), +they found no sign of
cell degeneration or Lliquefaction preceding cavity

formatione.
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THE PHENOMENON OF CELL DEATH

I. GENERAL

It is now well established that cells may die "by

accident or by design"”, (Wyllie et al, 1980, 1985). When they

die "by accident" e.g. as a consequence of environmental
trauma or disease, the process is called necrosis. When a
cell dies '"by design" as the result of events occurring

within itself, apparently as part of a genetically determined
programme, the process is known variously as physiological or
Although the distinction between necrosis and apoptosis
is a real one, and has proved valuable in our understanding
of events both in normal development and in pathology, it is
not an absolute distinction, because, for example:
(1) although the immediate cause of apoptosis seems to be
endogenous (i.e. genetically determined), in many situations,
described later, an external stimulus is involved.
(2) both processes show some changes 1in common e.g. the
phagocytosis of dead or dying cells, and their digestion by

lysosomal enzymes.

A. Necrosis

Wyllie et al (1980, 1985) in their comprehensive review
of cell death, described the morphology and mechanism of cell
necrosis. The early changes which occur in cell necrosis
marginal clumping of loosely textured ~nuclear

include
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chromatin, dilatation of the endoplasmic reticulum and mild
dispersal of ribosomes. The subsequent evolution is
accompanied by rupture of nuclear, organelle, and plasnma
membranes, the appearance of flocculent and sometimes also
granular matrix densities in mitochondria, and the
dissolution of ribosomes and Llysosomes; as the nucleus
swells, the masses of clumped chromatin may become slightly
dispersed, but they soon disappear altogether. The chromatin
often initially appears fairly uniformly compacted, but with
swelling of the nucleus and rupture of 1its membrane, the
marginated chromatin. masées may become evident as small
discrete masses. ALL basophilia is then Llost, Leaving a
faintly stained nucleus (karyolysis). The swollen cytoplasm
also Lloses dits basophilia, and cell boundaries become
indistinct. Typically a number of contiguous cells are
affected, and exudative dinflammation develops in the
adjoining wviable tissue. The remainder 1is eventually

phagocytosed and digested by specialized phagocytic cells.

Necrotic cells have Lleaky membranes through which
intracellular constituents escape, and normally excluded
extracellular molecules enter. At an early stage of dying,

there is potassium loss and sodium entry, due to failure of
the plasma membrane ATP-dependent sodium-potassium pump. The
calcium entry dis the more significant, as it is known to
inhibit the membrane sodium—-potassium ATPase, and thus
calcium in abnormally " high concentration might abruptly
amplify the dintracellular sodium gain and potassium loss. It

appears more likely however that the primary site of action
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of the dincoming calcium is on membrane Llipids, activating
phospholipase and thus 1initiating the dissolution of
membranes which is observed morphologically.

These <changes can be produced by several <conditions,
such as severe hypoxia and ischemia. Kerr (1971) who studied
the effect of hypoxia on the rat liver, found that Lligation
and complete obstruction of the hepatic artery produced
hepatic necrosis. Other agents, such as raised temperature,
have been shown to cause necrosis of lymphocytes (Shrek et
al, 1980). Mcbowell (1972) found that administration of
sodium fluoro-acetate in the fat caused necrosis of the

proximal convoluted tubule of the kidney.

The phenomenon of programmed cell death has long been a
subject of speculation among biologists, who found it
difficult to believe that this process was a normal
occurrence in living organs, and particularly in connection
with morphogenesis.

Since dead cells often assume the appearance of dense
granules, which stain intensely with nuclear dyes and often
Lie within the cytoplasm of a phagocyte, they were variously
interpreted by earlier workers either as invading leukocytes
living in symbiosis with host cells, or as intracellular
deposits, or as "concentrated protoplasm"”, or as "mitotic
metabolites" (i.e. granules formed as cell breakdown products

during mitosis) (see review by Glucksmann, 1955). Some early
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workers recognized cell death in varjous regions of
vertebrate embryos, although it was not always appreciated
that the degenerating cells were usually within macrophages.
Glucksmann (1951) has reviewed the many examples of
morphogenesis in which cell death is involved. He reported
that <cell deaths occur regularly at certain deveLopmentaL
stages of all vertebrate embryos. They cannot be considered
as artifacts, due to fixation or other <conditions of
handling, since they occur in the best fixed specimens and
can also be detected in the lijving embryo. He suggested a
classification of normal cell death as follows:

i) morphogenetic degenerations are related to the shaping of
organs, e.g. during the invagination of the optic cup, the
formation of the crystalline lens, the olfactory pit, the
neural tube, etc.

ii)  histogenetic  degenerations are related to  the
differentiation of tissues and organs, €.g. sex
differentiation of the dindividual involves the partial
degeneration of the Mullerian or of the Wolffian ducts.

ii1) phylogenetic degenerations are of two types:  those
which occur 1in vestigial organs and those involved in the
regression of larval organs. The difference between them 1is
merely the stage which a particular structure has achieved
before it regresses. The best examples for the first group
js the degeneration of the paraphysis in higher vertebrates.
Examples in the second group are the degenerations 1in the

pronephros and mesonephros in higher vertebrates, of ganglion

cells in the branchial region, and of the conjunctival
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papilla. -

He said that the process of dying in an individual cell
might take from less than 1 hour to about 7 hours, when only
a small proportion of a living tissue dies, but may be
prolonged to days when numerous cells die simultaneously and
their resorption is delayed, and the number of dead cells
varies in individuals of approximately the same stage.

In addition to occurrence of apoptosis during normal
development, many workers found that apoptosis <can be
produced by aﬁ external minor stimuli.

Kerr (1971) found that careful ligation of the hepatic
artery could produce striking atrophy of the liver, with much
apoptosis, while rapid occlusion of the blood supply produced
hepatic cell necrosis. Shrek (1980) also found that exposure
to temperatures between 370C and 43OC produced apoptotic
degeneration of Llymphocytes, while higher temperatures
produced necrotic degeneration.

Recently Wyllie et al (1980, 1985) described the
morphology, mechanism, and causes of apoptosis, 1in ‘their
comprehensive review about cell death.

The main differences between necrosis and apoptosis are

given in the following Table (1), from Wyllie et al, 1980.
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Table 1

Differences between Necrosis

and Apoptosis.

Necrosis

Apoptaosis

— Causes

— Mechanisms

~ Histological
appearance

~ Ultrastruct-
ural changes
Chromatin

Nucleolus

Nuclear
membrane

Cytoplasm

Environmental trauma,
disease, toxins

Irreversible failure of
membrane selectivity,
uncontrolled entry of
calcium, influx of water,
activation of phospholipasse
and secondary lysosomal
degradation.

Usually affects tracts of
contiguous cells. Eosino-
philic "ghosting" of
entire cells.

Exudative inflammation
usually present.

Marginate in small, loosely
textured aggregates; dis-
appears eventually, when
nuclear membrane destroyed.

Evident as compact body
until cytoplasmic degradation
advanced.

Retains pore structures until
cytoplasmic degradation
advanced; eventually destroyed
with other organelles.

Swelling of all compartments
followed by rupture of
membranes and destruction of
organelles. Mitochondrial
matrix densities character-

istic.

In normal development -
physiological and homeo-
statically regulated. Can also
be triggered by relatively
minor external stimuli.

Initiate through new gene
expression. Nuclear chromatin
is digested by an endogenous
nuclease, and the cell surface
undergoes biochemical modific-
ation which permits recognition
by phagocytes.

Characteristically affects
scattered individual cells.
Affected cell represented by
one or more roughly spherical
cytoplasmic masses, some also
containing basophilic particles
of condensed chromatin. They
lie both in the intercellular
space and within tissue cells.
Exudative inflammation absent.

Marginates in condensed, coarsely
granular aggregatess; confluent
over entire nucleus or local-
ized to large crescentic caps.

Disperses to shower granules
while cytoplasm structurally
intact.

Pores retained adjacent to
euchromatin, but lost next
condensed chromatin. Eventually
becomes discontinuous, so that
dense chromatin masses lis
among cytoplasmic organelles.

Endoplasmic reticulum may
dilate focally. Structurally
intact mitochondria and other
organelles compacted together;
protuberances from cell surface
separate to form apoptotic
bodies.
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II. CELL DEATH IN EMBRYONIC DEVELOPMENT

Cell death occurs before and during the gastrulation
process in the chick embryo, when some yolk endodermal cells
degenerate. Dead cells are also found during the
transformation of the neural tube, first into a groove and
then into tube, and in the course of differentiation of the
retina and the lens (Glucksmann, 1965); these are all cases
where evagination or invagination take place. Another
situation is where openings are temporarily closed by a solid
mass of epithelfaL cells, e.g. in the formation of oLfactory
organs, or by membranes 1in the case of the pharynx and
cloaca. Here, the cells blocking these openings break down
by degeneration. Hamburger and Montalcini (1949) have
studied cell death during the differentiation of the cervical
and thoracic spinal ganglia in chick embryos. This process
ijs at dits peak at 5 and 6 days of incubation and is
accompanied by macrophages. No such degeneration occurs 1in
those ganglia which innervate the limbs. The same conclusion
was reached by 0'Connor and Wyttenbach (1974) who studied
cell death in the visceromotor neurons of the cervical region

of the chick embryo's spinal cord.

Dead beLLs have been found in the branchial arches of

human, rat, and chick embryos (Menkes et al, 1965). By
using vital staining with Nile blue, they ddentified dead
cells undergoing phagocytosis 1in these regions. They
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concluded that these areas of physijological necrosis were
likely to play an important part in the normal morphogenesis
of the cervical and cephalic regions.

Garcia-Porrero and Ojeda (1978) found physiological cell
death during the early development of the retina 1in the
chick embryo, and they observed that these cells were
eliminated by phagocytosis.

Pexieder (1975) also found physiological cell death in
the bulbar cushions of the normal chick embryonic heart.
These dead <cells were characterized by the presence of
numerous prenecrotic <cells with cytosegresomes. Later on

many macrophages appeared.
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Because <cell death in the developing knee joint is the
principal theme of this thesis, the general phenomenon of
cell death in Limb morphogenesis is dealt with separately and

in detail in the following section.

ITII. CELL DEATH IN LIMB MORPHOGENESIS

At an early stage of development the Limb buds consist
of two <components, an_inner core of mesenchymal tissue,
covered by a thin layer of ectodernm. At the end of the bud,
the ectodermal layer consists of a crest-like thickening of
pseudo-stratified epithelium (the apical ectodermal ridge,
AER) .

The dimportance of cell death in Llimb development has
been recognized in several studies: in the <chick embryo
[Saunders, Gasseling and Saunders (1962); Saunders (1966);
Saunders and Fallon (1966); Dawd andHinchliffe (1971); and
Hinchliffe, 1974; 1in the rat embryo [Ballard & Holt, 19681,
and in the human embryo U[Kelley (1970) and Hinchliffe
(1982>1.

Cell death occurs in the following areas:

i) in the apical ectodermal ridge - AER.
ii) in the Llimb mesenchyme:-

a) Interdigital areas.

b)Y The anterior and posterior necrotic zones (ANZ and PNZ)

¢) Along the central axis of the mesoderm.
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Cell death has been observed in the chick AER, either by
vital staining (Hinchliffe and Ede, 1967) or by histological
or electron microscope studies (Saunders, 1948; Zwilling,
1961' Jurand, 1965). Zwilling (1966) claimed that cell death
was found in the regressing AER, but in fact dead cells seem
to be found during the period of its maximum activity. Cell
death also occurs in the AER of other species. Dead <cells
have been found in the mouse AER [Chang (1939); Forsthoefel
(1959); Jurand (1965) and Milaire (1962, 1967a)l.

Milaire (1967a) found that dead cells were more numerous in
the AER of the syndactylous mutant than in the normal. Chang
and Hwei-Yan (1964) reported the presence of dense bodies,
which were probably dead cells, in the AER of the mouse. The
authors considered these dense bodies, which were positively
stained for acid phosphatase, to be lysosomes or cytosomes
but, as we shall see later, it is more probable that they
were digestive vacuoles containing dead cells phagocytosed by
neighbouring ectodermal cells. Jurand (1965) reported
similar events in the chick AER. Dead cells were also found
in the AER in the rat and the mole (Milaire, 1962).

Recently, dead cells have been observed in AER by Todt and
Fallon (1984, 1986) in both Lleg and wing buds of <chick
embryo. They found that ectodermal cell death was not
evident until stage 20 in the leg bud ridge, but could be
seen at late stage 18 in the wing bud apical ectoderm. At

earlier stages, ectodermal cell death was not assocjated with
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the loss of ridge morphology, which continued to develop even
in the presence of cell death. Regression of the ridge did
not begin until much later in development. They suggested a
possible relationship between ectodgrmaL cell death and the
regression at the extreme ends of the mammalian apical ridge.
1) cell death in the limb mesenchyme

Cell death has also been found 4in the superficial
mesenchymal tissues, such as the interdigital areas found in
many species and in the posterior and anterior areas between
the Llimb bud and the body wall of the chick embryo (posterior
necrotic zone - PNZ, anterior necrotic zone - ANZ).

Cell death has been observed in the interdigital areas
of <chick Llimbs at about 7.5 days (Saunders et al 1957;
Saunders, Gasseling and Saunders, 1962; Saunders and Fallon,
1966; and Zwilling, 1960). Massive areas of <cell death
occurred along the anterior border of digit II, between
digits II and III, at the posterior edge of the phalanx of
digit IV, and later between digits III and IV. By contrast
in the hind Limb buds of the duck which develops webbed feet,
there 4is very Little cell death in the area between the
digits.

Zwilling (1960) suggested that the AER played an active

role 4in determining mesenchymal cell death, either by

withholding some vital metabolite or by providing some

inhibitory substance in the localized regions between the

digits. In the developing Llimbs of other species, the

interdigjtal zones show abundant cell death prior to and
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during the emergence of the digits, e.g. in the mouse (Chang,
1939; Forsthoefel, 1959; Millaire, 1962, 1967a, Menkes,
Deleanu and Ilies, 1965; Saunders, 1966 and Ballard and Holt,
1968), in the rat and mole (Milaire, 1962), and in man

(Menkes

[[t]

t al, 1965 and Kelley, 1970). In all cases, the
dead cells seem to be engulfed and digested by phagocytes.
Milaire (1962) has suggested that cell death in these
interdigital regions 4is due to the regression of the
overlying AER. Milaire (1965, 1967a) has also noted the
absence of cell death 1in the 1interdigital areas of
oLigosyndactyLous’ and syndactylous mutant mice. Cell death
is thought to play an active role in carving the contours of
the Llimb and separating the digits, through the removal of
the mesenchyme lying between thenm. The failure of
interdigital cell death to occur results in a degree of soft-
tissue syndactyly, and in those species, such as the duck,
with webbed feet, there 1is reduction or absence of
interdigital cell death. Further evidence for this Llast
poin¥ comes from the observations of Deleanu (1965), and of
Saunders and Fallon (1966) who found that absence of cell
death is correlated with the presence of webbing. A massive
area of cell death occurs in the area between digits which
are free of webbing (digits I and II), while between digits

connected by webbing only shallow zones of necrosis are

found.

Some support for this suggestion comes from the

observations of Menkes and Deleanu (1964), Deleanu (1965),

and Saunders and Fallon (1966). They injected chick embryos
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with Janus green. Syndactylism was induced beginning with a tota
dose of 3-3.5 ug; it appeared in 88% of treated embryos by
using a dose of 4=5 ug and in 100% following administration
of Sf6 ug. Survivors showed a high frequency of soft-tissue
syndactyly in the hind Llimb with thin webs remaining between
digits, and an examination by using vital dyes at suitable
stages showed the absence of macrophages interdigitally. The
failure of digital separation was clearly observed. According
to the authors, this was due to a toxic effect on the
interdigital mesenchyme, "inhibiting the macrophage reaction
and disturbing ecto-mesodermal relations”. It has to be said
that since this suggested mechanism of action was dJtself
speculative, it 1is uncertain what weight to attach to the
experiment.

The interaction of mesenchyme and ectoderm Wwas
illustrated by Zwilling's (1960) experimental combination of
duck mesoderm and chick ectoderm; there was Little
interdigital necrosis and duck-like webbed feet developed,
while the reverse combination of chick mesoderm and duck
ectoderm, resulted din some suppression of interdigital
necrosis. Both Zwilling (1960) and Saunders and Fallon
(1966) concluded that duck ectoderm inhibits the necroses of
the chick interdigital mesoderm and that treatment of chick

embryos with Janus green produces a rather similar effect,

thus producing a webbed foot.

Other areas of superficial mesenchymal necrosis in chick
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embryos have been found, by vital staining, to be located in
the anterior and posterior zones, 4in the area of attachment
of the limb-buds to the body wall.

Saunders et al (1962) originally suggested that these
areas play an active role in the shaping of the upper arm and
forearm in the wing. In subsequent work, however, Saunders
(1966) was able to prevent the occurrence of necrosis in PNZ,
by grafting dorsal wing tissues between the mesoderm of the
PNZ and the ectoderm overlying it posteriorly. This did not
affect the shaping of the wing, which developed normally-.
Thus Saunders concluded that cell death in the PNZ was not
essential for the shaping of the Llimb.

Another suggestion about the ANZ and PNZ was that they
may play a role 1in the mesodermal—-ectodermal inductive
interéctions claimed to be responsible for Limb morphogenesis
(Zwilling, 1961). Zwilling <claimed that the AER had an
inductive effect on the underlying mesenchyme causing it to
proliferate, but that the AER was still dependent on a
maintenance factor (AEMF) from the mesoderm. Gasseling and
Saunders (1964) suggested that the PNZ was not a source of
AEMF on the basis of their experimental grafting of PNZ under
the AER, which then flattened. This suggestion was
supported by Hinchliffe and Ede (1967), who observed that in

the normal chick hind limb bud at stage 24, the AER was a

series of irregular waves over the PNZ, and could be seen to

be breaking down, subsequently disappearing at stage 265

Hinchliffe and Ede (1967) also suggested that the talpid

mutant provided evidence for the jdea that PNZ is not a
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3
source of AEMF, In the talpid mutant, ANZ and PNZ are

absent, and the AER showed progressijve enlargement at 5-6
days. It was suggested that this progressive extension was
due to an abnormal increase in the area of tal.pid3 mesoderm
concerned 1in AEMF production or distribution as a result of
the failure of cell death to occur in the area of mesoderm
which underlies the termination of the AER anteriorly and
posteriorly in normal embryos.

It has also been suggested that the fore limb PNZ may
have some responsibility for the pattern of Limb symmetry
(Gasseling and Saunders, 1964). This suggestion was baéed on
experiments din which the PNZ was grafted preaxially din the
wing-bud rim, resulting din the appearance, immediately
posterior to the graft, of a supernumerary wing tip of left-
hand asymmetry, mirror dimaging the normal right-hand.
Hinchliffe (1974, 1982) in reviews of the patterns of cell
death in chick and vertebrates Llimb morphogenesis, concluded
that the study of mutants, in which the pattern of cell death.
in Llimb development is affected, makes it clear that foci of
cell death are under genetic control and that they <can be
either extended or restricted, thus causing major alterations
in Llimb form.

¢) Cell death along the central axis of the mesodernm

Fell and Canti (1934) described an area of degeneration

in the region of the prospective knee joint of the <chick

embryo. They briefly mentioned a similar zone in the elbow

joint subsequently described in more detail by Saunders gt al
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(1962) and Dawd & Hinchliffe (1971). These areas are known
as the opague patches because of their opacity to
transmitted Llight in the living embryo. Fell and Canti
(1934) described the morphology of the opaque patch and its
appearance in relation to the mesenchymal condensation in the
chick embryo hind Llimb bud. They reported that tﬁe
significance of the opaque patch in knee joint development
was not known.

Saunders et al (1962) claimed that the <corresponding
opaque patch iﬁ the fore Limb is of 1importance in the
differentiation of the elbow joint, but gave no critical
evidence to support this view. Also Dawd and Hinchliffe
(1971) suggested that the opaque patch may play a role in the
initial separation of mesenchymal condensations for radius
and wulna, and 1in suppression of <chondrogenesis 1in the
mesenchyme between the two bones.

Thorogood (1971) and Hinchliffe and Thorogood (1974)
examined the situation in the talpid limb bud, which Lacks
the opaque patch of cell death, and in which, in subsequent
development, the radius and ulna are fused. Although this
area of degeneration has not been described in Limb

development of most other tetrapods, it seems to be present

in the mouse and the rat. Milaire (1967b) demonstrated an

area of necrosis at the end of the 11th day of development in

the central mesoderm. At 12 days, he stated that important

degenerating areas may be demonstrated in the central

mesoderm of the zeugopodium between the presumptive tibia and

fibula.
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Also Mitrovic (1977, 1978, 1982) described two waves of dead

cells in the central axis of Limb buds of rat and chick.

IV. CYTOLOGY OF CELL DEATH

Several workers have studied the morphology of cell
death in vertebrate embryos by light, transmission and
scanning electron microscopy.

Glucksmann (1951) made the first adequate
classification, wusing the Light microscope, of the various
stages in the cytology of embryonic degenerative processes.

He distinguished three stages:-

1 - The initjal stage, which he <called chromatopyknosis,

consisted 1in the —condensation of nuclear <c¢chromatin 1into
Larger granules and finally into a single mass. The non-

chromatic material seemed to liquefy and to form confluent

vacuoles.

2 = These nuclear changes resulted in the appearance of a
single chromatic mass sitting as a cap on the vacuole formed .

by the non-chromatic material. This stage was described as

hyperchromatosis of the nuclear membrane. Both the nucleus

and the cytoplasm shrank by the loss of fluid.
3 - After gradual shrinkage a more chromatic granule

persisted, which Lost its affinity for nuclear stains, became

Feulgen-negative, broke up and disappeared; this was

chromatolysis. Glucksmann stated that the changes could take

place 4in an isolated cell, or in a degenerating cell

phagocytosed by a neighbouring cell.
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Observations of cell death by using both Llight and
electron microscope have been published by Bellairs (1961),
Franchi and Mandl (1962, 1964), Weber, (1964), Jurand (1965),
Ballard (1965), Saunders and Fallon (1966), Dawd and
Hinchliffe (1971), Hammer and Mottet (1971), Mitrovic 1977,
1978), and, more recently, by Wyllie et al (1981, 1984).
Bellairs (1961) studying cell death and phagocytosis in the
early blastoderm of the chick by electron microscopy, found
similar nuclear changes and noticed several changes 4in the
cytoplasm which generally seemed denser than that of normal
cells. The mitochondria seemed more electron-opaque than
those in normal cells. The <cell membrane of these
degenerating cells was found to be dntact, despite the
degenerative changes which had taken place inside the cell.
The dead cell appeared to be surrounded by a single membrane
(i.e. its own membrane) before becoming engulfed, but when it
was 1in the process of being phagocytosed, it appeared to be
surrounded by two membranes. ~ One was the invaginated cell..
membrane of the host, while the other was the cell membrane
of the degenerating cell.

Franchi and Mandl (1962) studied germ cells of foetal

and neonatal female rats, using electron microscopy, and

found several stages of cell death. Cells presumed to be at

mitotic prophase at an early stage of degeneration showed

condensation of the nuclear material and contained 1in the

cytoplasm Large rounded or irregularly shaped vesicles

surrounded by a double membrane. Cells presumed to be in a
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more advanced stage of degeneration showed swollen vesicles
of endoplasmic reticulunm, disrupted mitochondria and
granulated cytoplasm. The first sign of phagocytosis was
indicated by partial or total engulfing of a degenerating
germ cell by a neighbouring somatic cell. The somatic cell
seemed to change to a phagocyte and the nucleus frequently
became dirregular in shape. The cytoplasm of the phagocytic
cell contrasted sharply with the abnormal cytoplasm of the
degenerating germ cell; the two were frequently continuous
due to the fragmentation of the cell membrane. The engulfed
germ cell was found to be diminished in size until only a
small mass of electron dense nuclear material persisted,
which. appeared to be the final stage of digestion.

Weber (1964), working on the tails of Xenopus tadpoles,
reported that the first regressive changes were in the tail
muscle, where the myofibrils lost their cross striation, the
mitochondria were eroded and the sarcoplasm disintegrated and
was shed dinto the intercellular space. Later, phagocytes,
presumably differentiated from mesenchymal cells, were
responsible for the digestion of debris from the muscle cells
in "phagosomes" rich in acid phosphatase.

Jurand (1965) studying the apical ectodermal ridge of

chick and mouse limb buds, claimed that the first signs of

cell death occurred in the cytoplasm and not the nucleus.

These changes consisted of the successive development of

lysosomes, Golgi groups, and then cytolysosomes, all of which
were positive for acid phosphatase. The cytolysomes

contained mitochondria and eqdopLasmic reticulum, which
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suggested that the cells were undergoing autolysis.

Ballard (1965) studied the course of cell death and
digestion in the mesenchymal interdigital tissue of the rat
foetus, using both Light and electron microscopy and
suggested the foLLoQing sequence of events:-

1. Cells died and initially remained spaced out in the tissue
as in Life and then shrank by the Lloss of fluid which
‘collected in vacuoles. These seemed either to empty their
contents into the intercellular space or to be extruded whole
into it.

2. The dead cells were then engulfed by similar, but viable,
neighbouring mesenchymal cells, that resembled the other non-
phagocytic mesenchymal both in their acid hydrolase activity
and in thedir morphology and ultrastructure.

3. These phagocytic cells differentiated and became typical
macrophages. This process was reflected in the altered
appearance of their nuclei which became denser and more
indented, and 1in an increase in cytoplasm and - cytoplasmic
ﬁrganelles (mitochondria and endoplasmic reticulum), and in
increased acid hydrolase activity. Additional dead cells
might be ingested at any stage in this process.

4. The dead cells were digested within phagocytic vacuoles by
the acid hydrolases of the macrophages until no visible

structures remained, apart from myelin figures. These

appeared to be extruded from the macrophages 1into the

intercellular space. The same suggestions were reported by

Dawd and Hinchliffe (1971) 1in their study of the opaque patch
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in the centrét mesenchyme o; the developing chick limb.
Saunders and Fallon (1966) studied, by EM, the
cytological details of the posterior necrotic zones (PNZs) of
Limb buds of chick embryos. They identified dead cells, at
. first isolated, and Llater being engulfed by macrophages.
Macrophages were found containing fragmentary remains of dead
cells, which appeared to be in various stages of digestion.
Hammer and Mottet (1971) also observed degenerating
cells in the interdigital areas of the developing chick Limb,
that appeared most often in the stage of hyperchromatosis of
the nuclear membrane. Dead cells, Llocated within macrophages,
were quite evident under light microscopy. Mitrovic (1977,
1978) also described some changes which occur in dead <cells
in metatarsophalangeal synovial joints, in both chick and rat
embryos. He reported that these degenerating cells exhibited
marked pyknosis, basophilia and vacuolization, wunder the
light microscope. On the electron micrographs these cells
showed considerably <4increased opacity and appeared to be

profoundly altered, with marked -cytoplasmic and nuclear

retractions. They rapidly disintegrated and were

phagocytosed by the surrounding cells.

Recently, Wyllie et al (1981, 1984) in their study of the

nuclear changes in apoptosis in murine Llymph cell lines and

rat thymocytes, described the morphology of chromatin 1in

apoptosis. The <cell nucleus normally possessed a Llarge

nucleolus and contained little peripheral heterochromatin.

The earliest recognized change was dispersion of the

nucleolus into a shower of osmiophilic fragments, and the
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appearance of aggregates of granular, condensed chromatin
immediately subjacent to the nuclear membrane. Sometimes
these aggregates appeared to fill blister-like protrusions of
the nuclear membrane. Nuclear pores were absent from the
nuclear membrane overlying the condensed chromatin. Adjacent
to the crescentic peripheral masses of condensed chromatin,
but apparently distinct from them, roughly spherical masses
of finely granular osmiophilic material were frequently
observed. The authors were uncertain about the nature of

this material, but they thought it might have derived fronm

the nucleolus. Cells at what were presumabLy.Later stages
showed deeply convoluted nuclear profiles. Eventually the
nucleus was represented by several discrete masses of

condensed <chromatin, 1initially membrane bounded, but Later
with incomplete or absent nuclear membranes. Cells at this
stage frequently showed degenerative changes in the
cytoplasmic organelles such as mitochondrial swelling and
rupture of the <cristae, but the earlier nuclear changes
tended to occur in cells with compacted but structurally
intact cytoplasmic organelles.

These studies on the cytology of cell death suggest that
there 4s a common pattern of degenerative changes in
cytoplasm and nucleus. After the <cell has died it s

phagocytosed and later digested by a macrophage, which may

have differentijated from a neighbouring cell of the same type

as the dead cell.
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Several workers studied dead cells by scanning electron
microscopy. Hurle and Hinchliffe (1978) presented a general
survey of the PNZ under the SEM. Within the area, healthy
mesenchymal cells, rounded dead cells and cell fragments and
large macrophages could be easily identified. Healthy
mesenchymal <cells had a typical stellate appearance, with
numerous cell processes. In the PNZ they formed a Lloose
mesh-work within which were located the different types of
degenerative cells. Cells 1in the inijtial stages of
| degeneration tended to lose their stellate profile, became
rounded and showed constrictions which suggested that they
were in 1initial stages of fragmentation. Cells in a more
advanced stage of degeneration were clearly recognized as
fragmenting cells and appeared to consist of four or five or
more rounded bodies detaching from each other. In addition
to these changes jn cell surface structure, the surface was
frequently pitted with small holes. Macrophages were clearly
differentiated from mesenchymal cells by their round shape,
lack of <cell processes and large size; they had ovoid

protrusions, ‘'probably representing recently ingested dead

cells". Similar results showing budding and fragmenting

cells have been obtained by Pexieder (1975), Garcia-Porrero

and Ojeda (1979) and Kaplan et al (1975).
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V. GENETIC CONTROL OF CELL DEATH

It is clear from the examples cited that cell death is a
normal part of many morphogenetic processes, and that it may
be regarded 1in some organs as an end point of cellular
differentiation. One expects, therefore, to find evidence
that <cell death dis under genetic control, and .this is
provided by a group of mutant genes which affect cell death,
usually dncreasing normally occurring cell death, but more
rarely suppressing it.

Zwilling (1949) studied the wingless mutant 4in chick
embryos, and found that the number of dead cells was greater
than normal seen in the apical ectodermal ridge (AER). This
augmented cell death lLed to degeneration of the AER during
the third day of embryonic development, and therefore to
failure of wing development, since the AER plays an important
role in induction of Limb development. A group of mutations
in the mouse cause shortening or complete disappearance of
the tail, and sometimes of part of the posterior body. These
mutations are more severe in the case of the homozygote than
in the heterozygote. In all of the above mutations the gene

acts either by directly causing necrosis in the notochord,

and simultaneous, or consequent, necrosis of the somites and

neural tube (reviewed by Gruneberg, 1963) .
In the case of another mutation of the fowl, cell death

is suppressed rather than increased. In the polydactylous

3

talpid mutation, the PNZ and ANZ, which are present in the

superficjal mesenchyme of normal limb buds of chick embryos
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at stages 21 to 29 (3.5 - ¢ days), are absent in the case of
3 .

talpid embryos at this time of development. 1In addition the
"opaque patch" of necrosis of the deeper mesenchyme of the
Limb (Fell and Canti, 1934) is either suppressed or very much

3
smaller in talpid embryos (Hinchcliffe, 1967).
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VI. MECHANISMS OF CELL DEATH: THE ROLES OF LYSOSOMES AND OF
MACROPHAGES

Embryologists have frequently attempted to account for
cell death, but the question remains unresolved.

Glucksmann (1951) suggested that certajin stimuli for the
cell proliferation and for the differentiation of organs were
active for Llimited periods only, and that, when these stimuli
cease, cells fail to divide and complete théir
specialisation, and thus age and subsequently die. There is,
however, no critical evidence for this theory.

More recently, the discovery of Llysosomes has led to new
approaches to the problem of the cause of cell death. It has
been suggested that Llysosomes may release, dintracellularly,

enzymes capable of killing and digesting the normal viable

cells.

Lysosomes were first discovered in rat liver by de Duve,

using differential centrifugation to determine the

distribution of the enzymes involved in the metabolism of

carbohydrates. The first of the enzymes to attract attention
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was acid phosphatase. At first it was believed that the
particles containing acid phosphatase were mitochondria, but
later it was discovered that they formed a distinct group of
cell particles different from both mitochondria and
microsomes. By the aid of electron microscopy} de Duve et al
(1955) didentified the dense particles and gave the name of
"lysosomes".

Lysosomes are defined as having the following

characteristics:-

1 - diameter 0.4 - 0.5 ph.

2 - contain hydrolases with an acid pH optimum.

3 - possess enzyme Llatency, related to the limiting
lipoprotein membrane, which retains the enzymes and resists
the penetratijon of small molecules from outside.

4 - function as the dintracellular digestive system of the
cell.

Rat Lliver for a long time was the most common material
used for study, both qualitative and quantitative, of the
hydrolytic enzymes. Rat liver lysosomes are now known to
contain at least twelve acid hydrolases, which together are
capable of digesting all the major cell constituents.

The question which has been frequently raised, is

whether all these enzymes are present together in all

lysosomes, as claimed by de Duve (1963a), or whether there

exist several kinds of Llysosomes, differing qualitatively in

their enzymic equipment.

single

An important characteristic of lysosomes is the
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lLipoprotein membrane; enzymes can be released from Llysosomes
both in vitro and in vivo, by treating them with certain
agents which appear to act by decreasing the stability of the
lysosomal membrane. Amongst the factors having this effect
are repeated freezing, detergéhts'(Wéttiéux et al, 1963); uv-

irradiation, streptolysins, some steroids (de Duve, 1963 and

Weissman et al, 1964) and excess vitamin A in vitro or

- o m an -

l—

in vivo (Dingle, 1961; Fell and Dingle, 1963; Weissman et a

- -

By contrast, some other substances have been found to
increase the stability of the Llipoprotein membrane of
lysosomes, thus slowing down the rate of release of enzymes.
Such substances include <chloroquinone, <cortisone, cortisol

(Weissman et al, 1964), cholesterol (de Duve et al, 1962).

The role of acid hydrolases released from Llysosomes, 1in
embryonic cellular degeneration, is controversial. It has
been suggested that if the lysosomal enzymes are released

v{nto the cytoplasm of the cell in vivo they will cause damage

or even the death of the cell. This dis the so-called

"suicide bag" hypothesis (de Duve, 1959; 1963, and de Duve

and Beaufay, 1959).

Zwilling (1964) supported this view. Jurand (1964) also

implied that the acid phosphatase activity was closely

associated with the cellular degeneration 1in the apical

ectodermal ridge cells of the chick embryo.

However, more recent work has not supported this view.

For example, Ballard and Holt (1968) studying the dead cells
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within the interdigital zones of the foetal rat foot, found
no increase in acid phosphatase activity of the degenerating
cells prior to the onset of phagocytosis. Dawd and
Hinchliffe (1971) reported that isolated dead cells, and dead
cells recently ingested by macrophages, contained no more
acid phosphatase activity, either discrete or diffuse, than

either neighbouring living mesenchymal cells, or mesenchymal

cells which had ingested 1-3 dead <cells. Increased acid
phosphatase activity was found, however, within the
macrophages, where activity was Llocalized within the

digestive vacuoles containing the dead cells, and within the
Golgj apparatus and Golgi vesicles.

Hammar and Mottet (1971) also found no lysosomal
actjvity din the interdigital cells prior to phagocytosis of
the dead cells. Once phagocytosis occurred, however,

intracellular digestion appeared very active.
Pannese et al (1976), in their study of the lysosomes in
normal and degenerating neuroblasts of the <chick embryo

spinal ganglia, reported that a diffuse distribution of acid

phosphatase activity was only found in a limited number of

cases during the terminal stage of the process. Thedir

results indjcated that lysosomes do not play a primary role

in the degenerative process.

Most recently, Umansky (1982), in his study of the

genetic programme of cell death, said it had been shown for

many cases that degradation of the genetic material occurred

in morphologically intact cells and was not the —consequence
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of activation of hydrolytic enzymes in dying cells.
Role of phagocytes in cell death

Whatever initiates cell death, the digestion of necrotic
tissue is apparently completed by lysosomal enzymes, by one
of two methods. The first is an autophagic process, in which
cell components are digested by the enzymes of the same cell
within autophagic wvacuoles, which shut off the hydrolases
from the rest of the cell and from neighbouring cells. The
second method 1is by a phagocytic process 4in which the
degenerating cell or cells are ingested by a phagocyte within
which the digestion of deaa cells is carried out by the
numerous Llysosomes of the phagocyte. The dead cells, which
are 1in digestive vacuoles with a high hydrolytic enzyme
activity, are found at different stages of digestion.

Ballard (1965), Ballard and Holt (1968), and Dawd and
Hinchliffe (1971), wusing both Llight and electron microscopy,
identified isolated dead cells which showed the same number
of lLlysosomes and the same distribution of enzyme activity as
normal viable mesenchymal cells. Then the isolated dead cell
was engulfed within the pseudopodia-like projections of a
neighbouring viable mesenchymal cell. At this stage the
engulfing mesenchymal cell did not shoﬁ any changes, but soon

after 1dingesting the dead cell, the Lliving mesenchymal cell

became enlarged, its nucleus and cytoplasm more intensively

stained and its nucleus sometimes distorted by the ingested

dead cells. An increase in the number of lysosomes and the

association of hydrolytic enzymes with the ingested dead cell

or cells was observed at this stage within the mesenchymal
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cell, which was now regarded as showing all the
morphological features of a macrophage.

According to the differences in hydrolytic enzyme
activity and distribution and the stages of digestion,
Ballard (1968) studied cell death and digestion in foetal rat
foot, and he classified the phagocytes into three stages:
Stage 1: phagocyte with lLeast enzyme activity containing
large pyknotic nuclei showing Little sign of digestion.

Stage 2: phagocyte showing intermediate enzyme activity and
contafning mixed types of dead cells, some in early , and
others in later stages of digestion.

Stage 3: phagocyte with most enzyme activity containing dead
cells showing the most pronounced signs of digestion.

The digestion of dead cells by macrophages which have
differentiated directly in situ from mesenchymal <cells, has
also been described by Hammar and Mottet (1971). Hinchliffe
and Ede (1973) and Mitrovic (1977; 1978) all working on
various aspects of limb development.

This phenomenon, the phagocytosis of dying cells by
neighbouring cells, which are not macrophages in the strict
sense, has also been described in other situations:-

(i) Schluter (1973) found engulfment of dead cells, in the

closing neural tube, by neighbouring neuroepithelial cells.

L (1979) described phagocytosis of

(1Y)

(ii) Garcia-Porrero et
dead ectodermal epithelial cells by their neighbours, 1in the

process of invagination which leads to Llens vesicle

formation.
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(iii) Hurle et al (1977) found that, in the developing
heart, apoptotic myocardial <cells are dingested by their
healthy myocardial cell neighbours.

(iv) in dinvolution of hormone dependent epithelia e.g. breast
and prostate, dying cells ére ingested by their normal
neighbours.

Saunders (1966) and Saunders and Fallon (1966) reported
that dead cells of the PNZ undergo digestion in macrophages,
but they provided no evidence to show whether these
macrophages had differentiated in situ, from mesenchymal

cells, or had migrated into the tissue.
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VII. SUMMARY

What general conclusions emerge from this survey of cell
death?
1) That physiological or prpgrammed cell death (apoptosis)
can be distinguished from necrosis (caused by external
environmental change).
2) That apoptosis is widespread in embryonic development, and
plays an essential part in the shaping of organs and in the
removal of redundant, transient, structures.
3) That apoptosis also occurs postnatally, contributing to
the continued remodelling of structure during growth, and to
processes of tissue atrophy (e.g. of muscle after
denervation) and of involution (e.g. of endocrine dependent
epithelia.
4) That 1in apoptosis, the first changes to be seen are in the
nucleus, followed by changes in cytoplasmic organelles. Cell
death s not initiated by endogenous Llysosomal activity (the
"suicide bag hypothesis").
5) Dead and dying cells are ingested by phagocytes, which are
often normal neighbouring cells, and not conventional
macrophages. Digestion of cell remnants is lysosomal.
6) Apoptosis is preceded by evidence of nuclear (genetic)
activity, and 4its dimmediate cause seems to be genetically

determined, although external triggers have been identified

in some cases, and may yet be found in others.
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IV. DEVELOPMENT OF THE PATELLA AND THE FEMOROPATELLAR JOINT
There is disagreement in some of the published papers
about both these topics.
The main question is this:
"Is the patellar primordium independent of the quadriceps

tendon, or is it an intra-tendinous sesamojd?"

A. MAMMALIAN SYNOVIAL JOINTS

Some authors, e.g. Andersen (1961), Schneck (1965), and
Doskocil (1985), claimed.that the patellar condensation was
formed independently to the quadriceps tendon, and that a
secondary 1invasion of the tendon took place Later. Other
workers have considered that the patella develops initially
within the tendon, e.g. Bardeen (1905), Walmsley (1940) and
Haines (1947).

Gray and Gardner (1950) studied the human knee joint and
found that the patellar condensation appeared in front of the
femur at 7.5 weeks and that it was separated from the femur,
by a Loose mesenchymal tissue, from the outset. The patellar
condensation became precartilaginous at 8.5 weeks and
cartilaginous at 10 weeks. They did not give any explanation
about the relation between the patella and the quadriceps
tendon.

Andersen (1961) also studied the human knee joint, and
found that the patellar primordium originated in the blastema
distinction 1in

behind the quadriceps tendon with a sharp

nuclear morphology between the patellar cells and the cells
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of the quadriceps tendon, which were elongated with Long
spindle-shaped nuclej. He also found that the patellar
primordium was separated from the femur by a typical three-
Layered interzone. He suggested that secondary invasion of
the quadriceps tendon took place later. |

Schneck (1965) reached the same conclusion 4in the
rabbit. He found that the developing patella consisted at
first of cells of the prechondral variety, which exhibited
no definite evidence of lacunae, and that the dense cellular
condensation of the quadriceps tendon and patellar Lligament
lay on dits anterior surface. Posteriorly the patella was
separated from the femur by a typical layered interzone.

More recently, Doskocil (1985), 1in his study of the
formation of the femoropatellar part of the human knee joint,
found that the anlage of the patella was associated at the
very beginning of its development with the blastema of the
lower end of the femur, from which it separated at the early
prochondral blastema stage. The anlage of the quadriceps
tendon formed in front of the anlage of the patella. The
tendon of the rectus femoris lay in front of the patella, the
tendons of the vastus medialis and Llateralis <dinserted in
connective tissue discs on either side of the patella, the
vastus intermedius inserted in the upper edge of the patella.
In.view of these findings, he claimed that the patella is not
a sesamoid bone.

In contrast to all these findings, several workers (e.g.

Bardeen, 1905; Walmsley, 1940; Haines, 1947) have considered
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that the patella develops in the quadriceps tendon.

Bardeen (1905) found that the human patella first formed
in the quadriceps tendon, in embryos of 17 mm. Walmsley
(1940) studied the development of the human patella, and
found that a precartilaginous patella was present in the
deeper part of the quadriceps tendon at the level of the
lower end of the femur, at 20 mm stage. The quadriceps
tendon was separated from fhe femur by a Layer of Lloose
tissue which was continuous below with Lloose mesenchymal
tissue. An articular disc was secondarily formed, at the
35-40 mm stage, between the patella and the femoral condyles
by the fusion of the patellar and femoral perichondria.

Haines (1947) also found that the patella was formed in
the quadriceps tendon, and separated from the femur by a
broad lLayer of loose tissue.

Patterson (1945) mentioned in his abstract that the
mammalian digital sesamoids develop within the articular
capsule and their association with the tendon is a secondary
one. Gardner, Gray and 0'Rahilly (1959) reached a similar

conclusion about the origin of the digital sesamoids in human

embryos.

B. AVIAN SYNOVIAL JOINTS
Niven (1933) studied the development of the avian

patella in vivo and in vitro, and found that the patella was

formed by a mesenchyme in front of the femur isolated from

the surrounding tissue at the beginning of the 11th day.

Patellar chondrogenesis began between the 11th and 12th day,
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and it was surrounded by a perichondrium at the end of the
12th day. In cultures of the whole patellar mesenchyme, the
cartilage appeared 1in the explants in all cases, and it
resembled that seen in the normal devetqpment. In cultures
of parts of patellar mesenchynme, cartilage appeared, but the
size of the cartilage mass was smaller and the form did not
resemble that which developed in cultures of the undjvided
patellar mesenchyme. Articular surfaces did not appear in
the cultures even after 7 weeks cultivation.

0'Rahilly and Gardner (1956) found that the anlage of
quadriceps tendon first appeared in the chick at stage 28,
while the patellar anlage appeared later, at stages 29-30,
as a densely cellular condensation deep to the expanded
quadriceps dinsertion. They also found that, from its first

appearance, the patella was separated from the femur by Lloose

vascular tissue. At stage 36, the patella showed early

cartilage and had a perichondrium. They suggested that the

patella s a peri-articular rather than an dntratendinous

sesamoid.

A. MAMMALIAN SYNOVIAL JOINTS

According to some authors, the patella was separated

from the femur at the outset by much Lloose tissue (e.g.

Haines, 1947; and Gray and Gardner, 1950) .

Others have found that the patella and femur were

separated by a typicél jnterzone (e.g. Walmsley, 1940;
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Andersen, 1961; Schneck, 1965).

Haines (1947) found that development of the femoro-
patellar joint differed from that of more typical joints in
that no dense interzone was formed at any stage, so that the
loose tissue which separated the patella from femur persisted
as such from an early stage of development. The same
conclusion was reached by Gray and Gardner (1950), who found
that the patella was separated from the femur by Lloose
mesenchymal tissue from the outset until cavity formation
began, and the joint did not form in blastemal tissue nor did
a typical intérzone arise. The cavity was first seen in the
10 weeks embryo, extending for a short distance proximal to
the patella, and at 14 weeks the suprapatellar recess reached
the Level of the transition of the femoral perichondrium to
periosteum.

Doskocil (1985) also found that the patella was
separated from the femur by loose connective tissue, and that
expansion of the extracellular spaces and destruction of the
cells between the patella and femur gave rise to spaces which

were the anlage of the future joint cavity of the

femoropatellar articulation. The femoropatellar cavity was

the first cavity to develop in the knee joint, and from the

outset it formed a single entity with the suprapatellar

bursae.

Walmsley (1940) recognized a typical articular disc

(interzone), which formed secondarily between the patellar

and femoral perichondria. The patello-femoral synovial

cavity developed in the articular disc by "liquefaction™ in a
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manner which he regarded as typical of the diarthroses.
Haines (1947) disagreed with Walmsley and regarded such
fusion of the two cartilages as an artifact.

Andersen (1961) found that the femoro-patellar cavity
formed in the blastemal interzone between the femur and
patella and passed through a three-layered stage. He found
that cavity formation was preceded by the formation of Large
quantities of <chondroitin sulphates A and C in the three
Layers of the interzone. Schneck (1965) also found that the
patella was separated from the femur by a typical Layered

interzone, and that the cavity was formed by loosening of the

interzone cells.

B. AVIAN SYNOVIAL JOINTS

Niven (1933) found that 1in the early stages of
development. the anterior and posterior surfaces of the
patellar rudiment were convex but during the 16th day of
incubation two concavities developed on the posterior surface
for articulation with the condyles of the femur. He did not
expLain‘how the cavity was formed.

0'Rahilly and Gardner (1956) found that the patella was
separated from the femur by a very loose and vascular tissue

from the outset. The cavity was formed as an extension of

the knee joint cavity at stage 36.
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V. THE CHICK AND HUMAN KNEE JOINTS COMPARED

The chick knee joint shows two main differences from the
human knee joint:

i. In the chick, the fibula articulates with a groove on the
lateral condyle, and the lateral meniscus shares in part of
this articulation.

ii. the tibijalis anterior tendon 4is dntra-articular and
arises from the lateral femoral condyle.

Table (2), adapted from Gardner and 0'Rahilly (1968) and
O0'Rahilly and Gardner (1956), summarises the sequence 'of

.events in development of the human knee joint, wusing the
criteria for staging devised by Streeter (1951) and compares
the sequence with that for the chick, according to criteria
for staging devised by Hamburger and Hamilton (1951).

In interpreting this Table, it must be stressed that it
is the seguence of developmental events which dis being
compared: the stage numbers have no absolute value for
interspecific comparisons, since they are based on the
external features and are particular to weach species.

Attention is directed to the following points, marked by

asterisks on the Table:-

the first appearance of cavitation.

*% Gardner and O'Rahilly (1956) did not find a typical
three-layered interzone in the developing chick knee joint.

*** In the chick, chondrification of the patella begins much
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Later, relative to other developmental events, than it does
in man; it appears at H.H. stage 36, later than the time of
periosteal ossification in the femur, tibia and fibula, and

after cavitation has begun.
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Table 2 . ?omparative sequential development of human knee
joint and that of chick embryo.

(The data relating to Gallus domesticus are from O'Rahilly

and Gardner, 1956).

(The data relating to human are from Gardner and O'Rahilly,

1968) .
Homo Gallus

Feature stage stage
Lower Llimb bud 13 17
Ectodermal thickening and ridge 13-18 18-30
Skeletal chondrification 18 27
Femorofibular proximity 18-19 27
Quadriceps insertion 18-19 27
Tibjalis anterior 1in knee - 27
Ambiens in knee - 29
Homogeneous 1interzone 19-20 26
Patellar condensation 19-20 29-30
Intracapsular ligaments,
crucijate and menisci 19-20 30
Embryonic movements 20 early 30s%*
Three layered 1interzone 21 ? k%
Chondrification in patella 21-22 36 *kk*
Diaphyseal bone collars 22-23 28-29
Cavitation 23 34 +

——— ————— — ——————— > — T P W s G G S S e T S S S W e S S e e

Homo Stage, according to Streeter (1951).

Gallus Stage, according to Hamburger and Hamilton (1951).
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SECTION 2 - MATERIALS AND METHODS



MATERIALS AND METHODS

Chick embryos were obtained by incubating fertile eggs
from a commercial source (Ross Poultry, Aberdeen) in a
"forced draught” fype incubator (Westernette) which provided
hourly rotation of the eggs and'maintained a humid atmosphere
at 380C.

Embryos were staged, according to Hamburger and Hamilton
(1951) . In this study, a total of 117 embryos was used,
arranged from stage 27 to stage 40.

Both lower Limbs were removed. In the younger
specimens, the entire lLimb was processed, while in the older
ones, the knee joints were isolated by cutting through the
thigh at a level between the upper 2/3 and lower 1/3 of the
femur, and through the leg between the upper 1/3 and Llower
2/3 of the tibia and fibula.

In most cases one knee joint from each embryo was
studied, but in some, both were examined.

The following methods were used:-

I. PARAFFIN WAX HISTOLOGY
A total of 68 knee joints was studied by serial wax

histology. Procedures:~ A. H & E, PAS, and selective stain for

- e e e SR o

1. Fixation:~ embryos were fixed directly 1in Bouin's

fixative, (for H & E and PAS stains), or modified Bouin's

fixative (for mitotic figure stain), for 24-48 hours.

2. They were then placed in 70% ethanol for 1-2 hours.
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3. Staged, using a dissecting microscope.
4. Both lower limbs were removed. In younger specimens, the
entire Llimb was processed, while in older ones, the knee
joints were isolated by cutting through the thigh and the
leg.
5. The Llimbs, or the knee joints were dehydrated through an
ascending series of ethanols, then cleared in amyl-acetate,
using an automatic tissue processor and embedded in paraffin
wax, lateral side downwards.
6. Ser{aL sagittal sections were cut on a Jung microtome at a
thickness of 5-7 um, stretched in a water bath and mounted on
albuminised glass slides (serially for H & E, interrupted
series for PAS stain and for mitotic figures), dried for 24
hrs, in an oven at 3?°C.
7.Slides were dewaxed in xylene, hydrated, and then stained
with one of the following stains:-

a - Haematoxylin and eosin:- a total of 42 knee joints

was stained.
b - PAS, using H & E as a counterstain:- a total of 10
knee joints was stained.
c - A selective stain for mitotic figures (Frazer,

1982):- a total of S5 knee joints was stained.

8. Slides were dehydrated, cleared in xylene and mounted 1in

Histomount. L[For details of the procedures, see Appendix 11.

a total of 11 knee joints was stained.

1. Embryos were fixed in formal/Ca fixative for 24-48 hours,
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and staged.

2. Both knee joints were isolated, and decalcified in 10%
)

buffered EDTA at 0 C, changed each day for 2-4 days.

3. Dehydration, clearing and embedding:

50% acetone 2 hrs.
3 changes of absolute acetone 2 hrs. each.
acetone/wax 2 hrs.
1st wax 2 hrs.
2nd wax 3-4 hrs.

and embedded in wax, lateral side downwards.

4. Serjal sagittal sections were cut on a Jung microtome at a
thickness of 5=7 um. An interrupted series was stretched in
a water bath, mounted on albuminised glass slides, dried for
24 hrs, 1in an oven at 3?0C, dewaxed in xylene, hydrated
through decreasing concentrations of acetone to water and

stained by the Azo-dye method (Barka and Anderson, 1962).

[Details of the procedure are given in Appendix 11.
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II. SEMI-THIN HISTOLOGY

A total of 26 knee joints was examined.
Procedure:-
1. Embryos were fixed by immersion in cold 5% glutaraldehyde
in Millonig's buffer (pH 7.4) for 24-48 hours.
2. They were then placed in the same buffer for a further 24—~
48 hours, and staged under a dissecting microscope.
3. Both Lower Limbs were removed, the knee joints isolated,
and post fixed in 1% osmium tetroxide for 1.5-2 hours.
4. The knee joint specimens were dehydrated through a graded
series of acetone. Acetone was used rather than the more
usual ethanol series because it had been shown to give better
results in previous projects involving chick Llimbs.
5. Embedded in Spurr's resin, lateral side downwards.
6. Serial sections were then cut on a Reichert-Jung Autocut
(Mod. 1140) wultramicrotome at a thickness of 1.2-1.5  unm,
using 6 mm wide glass knives of the Latta—-Hartman type. Most
of the knee joints were cut in the sagittal plane.

7. Sections were mounted on glass slides and left to dry.-

They were then placed in a solution of saturated sodium

hydroxide in absolute ethanol for 15-20 minutes.
8. Staining:-
Sections from each specimen were stained by one or other
of the following:
a) Haematoxylin and Eosin.

b) Periodic acid Schiff (PAS):-

As a control for the success of the staining procedure,
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a piece of rat Lliver was processed in identical fashion to
the knee joint.
¢) Azur blue II stain.

Some specimens were ;tained by Azur blue II only.
[Details of the staining procedures are shown in Appendix

IIJ'
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III. TRANSMISSION ELECTRON MICROSCOPY

A total of 21 knee joints at various stages (27-40)
was examined.

This "method was used principally to study the detailed
cytological events which occurred during cell death 4in the
interzone.

Procedure: -

1. Embryos were fixed by immersion in cold 5% glutaraldehyde
in Millonig's buffer (pH 7.4) for 24-48 hours.

2. They were then placed iﬁ the same buffer for a further 24
hours, and staged.

3. Both Llower Llimbs were removed, and the knee joints
isolated.

4. The knee joint specimens were post-fixed 1in osmium
tetroxide buffered with phosphate (pH 7.4) for 1.5-2 hours,
dehydrated through a graded series of acetone, and embedded
in Spurr's resin, lateral sjde downwards.

5. After the desired area for study had been determined from
semi-thin sections, the block was trimmed with a razor blade

and sections were cut at 60-80 nanometers, using a Reichert-

Jung Ultra-cut microtome and a diamond knife.

6. Sections were mounted on to uncoated 200 mesh copper grids

and stained with uranyl acetate and lead citrate (Reynolds,

1963). Sections were then examined by TEM on a Jeol TEM

100s.

[For details of the staining procedure, see Appendix IIIJ.
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IV. SCANNING ELECTRON MICROSCOPY

23 knee joint specimens at various stages (30-40) of
development were studied.
Procedure:-
1. Embryos were fixed dintact in 5% glutaraldehyde 1in
Millonig's buffer (pH 7.4) for 24-48 hours.
2. They were then placed in the same buffer for a further 24-
48 hours and staged.
3. Both lower Llimbs were removed, the knee joints isolated,
dehydrated 1in a graded serjes of ethanols and embedded in
paraffin wax, lateral side downwards.
4. The blocks were cut on a Jung microtome at a thickness of
5=7 um. At intervals, a section was mounted on to a glass
slide and examined unstained under the light microscope. The
process was repeated until the required area was reached,
when the section was mounted, Lleft to dry, then dewaxed 1in
xylene and stained with H & E.
5. The remainder of the block was then placed in an oven at
600C to melt the surrounding wax. The specimens were then
placed in xylene for 2-3 days, in a 370C oven. The specimen
was transferred to fresh xylene frequently to ensure complete
removal of wax.
6. Each specimen was then transferred to a clean bottle of

absolute ethanol for 4 hours and critical point dried, using

ethanol as a transition fluid. Each specimen was placed in a

membrane basket to minimise damage.

7. Dried specimens were examined under a dissecting
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microscope to determine the cﬁt surface, then each specimen
was mounted on to an aluminium stub, wusing double-sided
Sellotape or conductive-silver paint, with the cut surface
uppermost.

8. The specimen was then sputter-coated with gold, wusing a
Polaron sputter-coater, and the specimen was then examined
using a Jeol T300 scanning microscope.

[For further details see Appendix 1IVI.
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SECTION 3 - RESULTS




RESULTS

As a preliminary to an account of the embryonic
development, a description of the main features of the
internal structure of the joint, based on a number of
personal dissections of late fetuses, is included.

As shown 1in Figure 1, there are two major differences
between the chick and human knee joint:

1) The head of the fibula articulates with a groove on the
lateral condyle of femur and the lateral méniscus shares, in
part, in the articulation between them.

2) The tibialis anterior tendon, which arises from the
anterior surface of the lateral condyle of femur, 1is an
intra—articular structure.

The developmental events in the normal chick embryo knee

joint have been studied in a total of 115 embryos, of stages

27-40.

I. SURVEY OF DEVELOPMENT OF VARIOUS CONSTITUENTS OF THE KNEE

JOINT.

In this section, description is deliberately restricted

As will emerge later, a major factor contributing to the

internal shaping of the cavity of the joint and of dintra-

articular structures is the phenomenon of cell death. The

role of cell death in the histogenesis of the joint is dealt

with separately in Section Il.
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[N

Stage 27 (5 - 5

days)

At this stage, the distal end of the femoral blastema
was expanded dndicating the future form of the femoral
condyles (Fig. 2). The femoral blastema was bounded by a
layer of <closely packed cells, somewhat elongated 4in a
direction tangential to the blastemal surface, and with
basophilic nuclei. The cells in the enlarged distal end of
the blastema showed relatively darkly basophilic nucleid,
contained scant <cytoplasm and showed a fair amount of non-
staining matrix between the cells (Fig. 3). By contrast, the
cells 1in the shaft portion of the blastema showed early
chondrogenesis: the <cells had larger pale staining nuclei
with somewhat larger amounts of eosinophilic cytoplasm and
were more closely packed. The tibia and fibula showed many
layers of deeply basophilic cells around their shafts, and,

within the shafts, large cells with pale nuclei and

eosinophilic cytoplasm. The cells of the distal end of the

femoral blastema and the proximal ends of the tibial and

fibular blastemata merged insensibly into the interzone

region which appeared as an area of continuity between the

three blastemata (Fig. 2)>. The dense marginal layer of cells

(future perichondrium) around the tibial and fibular blastema

was continuous across the periphery of the interzone with

that around the femur. At this stage, therefore the site of

the future knee joint was seen as a dense cellular, avascular

interzone, whose cells were uniformly distributed, without

any special orientation. There was occasional mitotic

activity present throughout the dinterzone and at the
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articular ends of the pre-cartilaginous models. The mitotic
figures showed no specific localization. There were also a
few darkly stained cells scattered in the interzone, located
in the area bounded by'the femorgl, tibjal and fibular
blastema. Most of these "dark" stained cells seemed to have
been engulfed by macrophages (Fig. 3). There was no
indication of the differentiation of future dintra-articular
structures, such as the menisci or cruciate ligaments. There
were early signs of the differentiation of the major muscle
groups, ‘and the quadriceps femoris condensation was
recognized 1in front of the femoral blastema, and separated
from it by Lloose and vascular mesenchymal tissue (Fig. 2).
A number of blood vessels extended between the tibial and
fibular shafts.

€2

N

6 days)

Stage

n
100

The shafts of the femur, tibia and fibula were

cartilaginous. Femoral and tibial condyles were

recognizable, but the tibial tubercle was not prominent. The

d{staL end of the femur, and the proximal ends of the tibia

and fibula showed large cells with pale nuclei and a moderate

amount of eosinophilic cytoplasm, indicating the

differentiation of precartilage at these sites. There was no

sharp demarcation between the cartilaginous and

precartilaginous parts of the three skeletal blastemas. Most

of the cells of the interzone were orientated transversely to

the Llong axis of the Limb, especially along the future

articular surfaces of the cartilage models, forming the
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chondrogenous layers, which were continuous with the
differentiating perichondrium at the periphery of the
interzone (Fig. 4). The perichondrium was clearly visible

around the shafts; it stained densely with Azur blue II, and

the chondroblastic and fibroblastic layers were
distinguishable (Fig. 5). Occasional mitotic activity was
noticed throughout the interzone, especially in its

chondrogenous layers, and at the distal end of femur and
proximal ends of tibia and fibula. In a few sections,
occasional "dark" cells were seen scattered in the interzone
(Fig. 6). A condensation of cells extending from the
anterior part of the lateral femoral condyle to the tibia
probably represented the primordium of one of the <cruciate
ligaments (Fig. 4). At each end of this Lligament, 1its
eLongatéd cells passed into continuity with those of the
chondrogenous Llayer of the interzone. The cells of this

cruciate Lligament primordium showed mitotic activity, and

seemed to have developed in situ, from the mesenchyme of the

interzone. No definite condensations indicating the menisci

or the tibialis anterior tendon were seen. There was a

condensation of closely packed elongated cells, extending

between the quadriceps femoris tendon and the tibija, which

indicated the position of the future patellar Ligament (Fig.
5).

The mesenchymal tissue deep to the quadriceps femoris

muscle was Loose and vascular, and no definite patellar

Small blood vessels were

4).

anlage was seen at this stage.

present near the peripheral parts.of the interzone (Fig.
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[V

Stage 29 (6 - 6

days)

Appearances were, in general, similar to those at stage
28, with slight progress in development. The form of the
femoral and tibial condyles was well established, but the
tibial tubercle was not prominent. The shafts of the femﬁr,
tibia and fibula were cartilaginous and the chondrocytes were
beginning to wundergo hypertrophy, prior to endochondral
ossification. The distal end of the femur and the proximal
ends of the tibja and fibula were still precartilaginous.
Towards their free surface, their cells became increasingly
elongated din a direction tangential +to the surface, and
gradually merged with the <chondrogenous Layer of the
interzone, where the cells were still more closely packed and
elongated. There was no sharp dividing line between the pre-

cartilaginous end of the cartilage model and the

chondrogenous LlLayer of the dinterzone. Occasional mitotic

activity was noticed, and the mitotic figures were scattered

throughout the dinterzone, chondrogenic Llayers and the

artijcular surfaces of the cartilage models. No dark stained

cells were seen in the dinterzone. The interzone was devoid

of any stainable material with PAS stain, while dn the

cartilaginous elements of the femur, tibja and fibula, the

intercellular material was faintly stained by PAS. A

marginal condensation of cells continuous above and below

with the femoral and fibular perichondria, indicated the

posterior part of the fibrous capsule of the knee joint (Fig.

7), while the anterior part was formed by the patellar
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ligament. This capsule separated the mesenchymal tissue at
the periphery of the interzone from the surrounding
mesenchyme. The femoral inter-condylar fossa showed discrete

condensations of cells which clearly indicated the Llocation

and direction of the cruciate ligaments. There were no
definite condensations to 4indicate the menisci or the
tibjalis anterior tendon. The tissue deep to the quadriceps

femoris muscle and tendon was still vascular and loose, and
no definite patellar anlage was seen. Blood vessels were
seen in the surrounding mesenchyme, adjacent to the periphery

of the interzone (Fig. 8).

[N

W
1o

Stage (63 days)

T tibial tubercle was prominent and its <cells were

>
D

arranged in elliptical rows at its junction with the shaft.
The femoral btltastema was still not fully <chondrified.
Cartilage had differentiated leaving a narrow transitional
zone which intervened between cartilage ditself and the

chondrogenous Layer of the interzone. In this transitional

zone the cells became increasingly flattened in a direction

tangential to the surface, and became more condensed. This

transition zone gradually merged with the chondrogenous Llayer

of the idnterzone, where the cells were even more closely

packed and flattened. The chondrogenous zone of each of the

carfi[age models showed occasional mitoses which were also

seen scattered throughout the interzone. The dinterzone

showed no material stainable with PAS.  In the perichondrium

around the mid-portions of the shafts of the femur, tibia and

fibula, the first signs of periosteal ossification were seen.
’
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The interzone showed a condensation for the lateral meniscus
(Fig. 9). In the central area of the meniscus, the cells had
round to oval nuclei, while at its periphery they had
flattened nuclei and were continuous with those of the
chondrogenic layers of the blastemata. The meniscus seemed
to have developed in situ from the mesenchyme of the
interzone. Condensations were seen, for the first time,
forming the ©primordia of the posterior menisco-femoral and
posterior menisco-tibial ligaments. A bifurcated
condensation was seen, one Limb representing the posterior
menisco-femoral Lligament, +the other the posterior menisco-
tibial Lligament. The posterior cruciate Ligament <crossed
medially to the angle of djvergence between these two Llimbs,
on its way to attachment to the posterior intercondylar area
of the tibja (Fig. 10). Another condensation of cells
extending from the anterior surface of the lateral condyle of

femur downward and between the tibjia and fibula, represented

the primordium of the tibialis anterior tendon (Fig. 11). At

jts attachment to the LlLateral condyle of femur, its elongated

cells passed into continuity with those of the chondrogenous

layer of the condyle. The tendon of the ambiens muscle was

also seen immediately in front of the site of origin of the

tibialis anterior tendon from the lateral condyle of femur.

The tendon of ambiens muscle crossed the front of the

patellar condensation, and, running downwards, traversed the

ligamentum patellae, from medial to lateral. The mesenchymal

tissue deep to the quadriceps tendon was still vascular and
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loose, apart from the site of the patellar primordium, where
it was densely cellular and less vascular medijally (Fig. 12).
The dntercondylar fossa was well vascularized and some of
these primitive vessels were associated with the anterior
cruciate Lligament near its attachment to the Lateral femoral
condyle (Fig. 13). Blood vessels were seen posteriorly,
closely related to the interzone. A very few blood «cells
were seen in one sectjon only, within the interzone itself
(Fig. 13). Careful study, focussing_up and down, showed that
these were not 1in blood vessels, but had probably been

extravasated from adjacent blood vessels.

Stage

1
-

(7 days)

T articular ends of the femur, tibia and fibula were

o
®

gimilar to those found at stage 30, and the <chondrogenic
Léyers of the interzone were still formed by closely packed
cells elongated tangentially to the surfaces of the adjacent
cartilages. The interzone was still homogeneous, especially
that between femur and fibula. The collar of periosteal bone
Qas well established around the middle of the shafts of the

femur, tibja and fibula (Fig. 14). Part of the Llateral

meniscus appeared between the Llateral condyle of femur and

fibula. Occasional mitotic figures were seen scattered

throughout the menisci, cruciate Ligaments, and the

chondrogenic Llayers of the interzone. A condensation of

cells extending between the head of fibula and the tibia,

represented the interosseous tibjo~fibular Ligament (Fig.

15) At the ends of this tibio-fibular Lligament, its

elongated cells passed into continuity with those of the
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chondrogenous Layer of the interzone. One specimen showed
what might be interpreted as the first sign of a small cavity
between the Llateral condyle of the femur and the Llateral
meniscus. It is difficult to be absolutely sure that this
was indeed the first sign of cavitation and not an artifact.
However the edges of this "cavity" showed several "dark"
cells, which at later stages were regularly found within, and
adjacent to, areas of cavitation (Fig. 16). No PAS stainable
material was seen in the interzone, while the <cartilaginous
elements of the femur, tibia and fibula showed faint staining
of the intercellular material.

The patellar condensation had become more dense and was
differentiating to precartitage. Some mitoses were seen in
the condensation. On the anterior surface of the patellar
condensation there was a dense cellular condensation,
forerunner of the quadriceps tendon and patellar Lligament.
Posteriorly the patellar primordium was separated from the

femur by loose vascular mesenchyme which, Like the femoro-

tibio-fibular interzone, showed no material stainable with

PAS.

As at the previous stage, blood vessels were seen in the

intercondylar fossa and at the periphery of the interzone

(Figs. 16, 17).

Stage 32 (7  days)

At this stage, the central part of the diaphyses of the

femur and tibia showed further subperiosteal bone formation,

while the fibula still showed only 2 thin collar of
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periosteal bone.

It was at this stage that the first unequivocal evidence
was seen of the appearance of small cavities 4in the
interzone. Localized cavitation was seen between the lateral
condyle of the femur and the lateral meniscus (Fig. 18) and

between the medial condyle of femur and the medial meniscus

(Fig. 19). Elsewhere the interzone was still homogeneous,
especially that between femur and fibula. Associated with
both cavities were small numbers of "dark" cells; neither

cavity showed any PAS positive material. One specimen showed
loosening of the interzonal tissue between the Vlateral
condyle of femur and the fibula (Fig. 20). Intra-articular
structures showed some progress in their development: the
closely packed cells of the cruciate ligaments were elongated
in the long axis of the ligaments. The meniscus had started
to separate from the articular surface of the femur at the

site where cavitation had begun. The patellar condensation

was still separated from the femur by loose and wvascular

tissue, and blood vessels were still closely related to the

peripheral parts of the interzone. One specimen showed

prominent blood vessels localised in the inter-condylar notch

of the femur posteriorly, and penetrating the superficial

layer of the perichondrium (Fig. 19). Some blood wvessels

were seen on the superficial posterior surface of the medial

meniscus (Fig. 19).

8 days)

Nl

W
W
t~

Stage 4

The femur, tibia and fibula showed further thickening of
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the periosteal collar. The articular surfaces of the bones
were covered by a layer of densely packed cells, tangentially
arranged. The interzone tissue between the lateral condyle
of femur and fibuLa showed further Lloosening, so that a
typical three-layered interzone became distinguishable (Fig.
21) . Localized cavity formation was seen at a number of
sites (see e.g. Fig. 22). ALL the visible cavities were
lined by "dark" cells and none contained any PAS stainable
material.

Fine collagenous fibres, stained dark bltue with Azur II
and pinkish with PAS, were detected in the tendon of tibjalis
anterior and 1in the <cruciate Lligaments. The patellar
condensation was still precartilaginous and was separated
from the femur by very loose and wvascular tissue. Blood
vessels were still confined to the peripheral parts of the
interzone, penetrating the periphery of the menisci and the
superficial Llayers of the cruciate lLigaments near to their
bony attachments. Prominent blood vessels in the posterior
aspect of the femoral intercondylar notch penetrated the
superficial layer of its perichondrium.

Stage 34 (8 days)

Appearances were, 1in general, similar to those at stage

33, but there was further progress in the development of the

joint cavity. The superficial zone of cells on the femoral,

tibial and fibular articular surfaces maintained their

tangential orientation. The mesenchymal interzone Llocalized

between the Llateral condyle of femur and fibula had become

very Lloose and one specimen showed a very small cavity 1in
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this situation (Fig. 23). Most of the specimens showed
cavity formation in various parts of the femoro-meniscal and
tibio-meniscal regions (the sites of cavitation are

summarized din Table 3). ALl the cavities were Llined by

"dark" cells, and contained remnants of loose tissue (Fig.
24) . No PAS stainable material had accumulated inside the
cavity. (Fig. 25). Due to loosening of the mesenchymal

interzone tissue and cavity formation, the menisci were now
clearly defined as wedge-shaped sectional profiles. The
mesenchymal tissue surrounding the cruciate ligaments aﬁd the
tibialis anterior tendon had become very loose, and in one
specimen a cavity had appeared along the posterior surface of

the tibialis anterior tendon. This cavity was bordered by a

layer of "dark™ cells (Fig. 26).

The patella was more defined but was still neither
surrounded by a perichondrium nor fully chondrified. The
tissue between the patella and femur was very Lloose and

vascular, but there was still no definite cavity. The site

of the future supra-patellar recess was indicated by Lloose

vascular mesenchyme. The cruciate Lligaments showed a

capillary plexus in their superficial Layers, adjacent to

their bony attachments, and the menisci also showed a

capillary plexus in their peripheral parts (Fig. 23). The

blood vessels in the intercondylar notch of the femur had

penetrated most of the thickness of the perichondrium.

Stage 35 (8 = 9 days)

At this stage, the knee joint Llooked in most respect
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Like a miniature replica of the adult joint. The

chondrogenous zone was further reduced in thickness to 2 or 3

layers of cells, which maintained their tangential
orientation. Deep to them, the cells were arranged more
randomly. In one specimen the cells deep to the

chondrogenous zone of the femoral condyles were arranged 1in
columns perpendicular to the surface (Fig. 27).

Almost all embryos showed cavities at all articular
sites except at the femoro-patellar region. Small cavities
were present between the lateral meniscus and the Llateral
condyle of femur above, and the fibula below (Fig. 28)
between the anterior cruciate ligament and the lateral tibial
condyle (Fig. 30) and along the posterior surface of the
tibialis anterior tendon (Fig. 31). ALl these cavities were

bordered by Llines of dark cells. When traced 1in serial

sections, the Llateral meniscus was seen to form a complete

disc, while the medial meniscus was a C-shaped structure.

Tangentially to the posterior, superior, and anterior

surfaces of the patella was a cellular condensation

indicating the primordium of its perichondrium (Fig. 32).

The patella was still separated from the femur by a wvery

loose and vascular strip of tissue, continuous above with

similar tissue occupying the site of the future supra-

patellar recess (Figs. 32, 33). Blood vessels din the

posterior aspect of the inter-condylar notch of the femur had

now penetrated the condylar cartilage and lay within

cartilage canals (Figs. 30, 32). Small blood vessels

the perichondrium of the posterior aspect of the

penetrated
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tibjal condyle.

Y
Stage 36 (10 days)

At this stage, cavitation was completed at all aspects
of the knee joint, including the femoro-patellar joint. The
articular surfaces of the bones showed three zones of cells:
a deep zone of cells arranged in columns perpendicular to the
surface; an intermediate zone of randomly arranged cells and
a superficial layer of cells tangentially arranged. The small
cavities which had appeared in various sites in the joint had
extended, and coalesced to form'a single more or Lless
continuous cavity. However the cavity between the Lateral
condyle of femur and fibula, although well formed (Fig. 34),
appeared 1in most specimens to be still separate from the
general cavity. Most parts of the knee joint cavity were
lined by "dark" cells, and contained tissue remnants.
Cavitation was also well advanced between the intra-articular

ligaments which were therefore much more clearly defined,

especially the menisco-tibial and menisco-femoral Ligaments

(Fig. 35). The menisci showed chondrogenic cells in their

central parts, and fine coltagenous fibres appeared in their

superficial Llayers. The gastrocnemius muscle appeared to

take the place of the capsule posteriorly (Fig. 36). The

loose infra-patellar tissue, loose tissue posterior to the

cruciate tigaments, the dintra-capsular tissue 1in the

peripheral parts of the joint, and the tissue surrounding the

supra-patellar recess region, were all characterized by the

presence of numerous blood vessels, indicating the primitive
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synovial tissue or "synovial mesenchyme”. An early synovial
lining was detected in some places as shown in Figure 37.
The synovial lining was formed from cells of variable shape,
most of them were flattened, but others oval or rounded in
shape. A very small amount of metachromatic material
appeared in sections stained by Azur blue II 4n the

peripheral part of the joint closely related to the synovial

lining. This material 1is dnterpreted as precipitated
synovial fluid. The patella showed chondrification
centrally; its anterior, superior and posterior boundaries

were well defined by perichondrium while its inferior border
was still not sharply demarcafed from the dinfra-patellar
tissue (Fig. 36). An dimportant new development was the
appearance of the femoro-patellar joint cavity, continuous
above with loose and vascular tissue of the supra-patellar
area, and inferiorly with the main joint cavity, but
separated from it by tissue strands (Fig. 36). The cartilage
canals 1in the distal end of the femur had become more

prominent and penetrated further into the condylar cartilage

than at the previous stage. Blood vessels penetrated the

posterior aspect of the medial condyle of the tibia (Figs.

35, 36).

Stage 37 - (11 days)

At this stage, the joint cavity was almost a continuous

space. The articular surfaces were covered by two layers of

flattened cells, arranged tangentially to the surface, while

the deeper cells were arranged in columns.
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The articular surfaces appeared more condensed than at the
previous stage, due to compaction of the <cells and the
appearance of the collagen fibres between them. The shafts
of the femur and tibia showed radiating bony trabeculae,
while the fibula still showed a perjosteal collar bone. One
specimen showed the cavity between the lateral condyle of
femur, fibula and Llateral meniscus, still lined by dark
stained cells. The central part of the menisci showed
chondrocytes in lacunae (Fig. 38). The joint cavity showed a
synovial Lining in certain areas, and a capillary network
lay 1immediately beneath the synovial Llining cells. Some
areas showed synovial folds projecting into the cavity. The
patella was more defined, and chondrification was advanced.
The femoro-patellar cavity, still crossed by tissue strands,
showed a slight -extension superiorly toward the supra-
patellar connective tissue which continued to Lloosen (Fig.
39). The distal end of the femur showed more further advance

of cartilage canals which extend from the posterior aspect of

the 4dinter-condylar fossa, but still did not reach the

articular cartilage zone. Blood vessels penetrated the

medial condyle of the tibia from various directions.

Stage (12 days)

1N
100

T main changes were:

>
1]

i. there was an increased vascularity of the synovium, with
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many vessels lying immediately deep to the synovial Llining

cells (Fig. 40).

ii. the femoro-patellar cavity now extended superiorly to
form the suprapatellar recess.

iii. cartilage canals were more numerous in the distal end
of the femur (Fig. 41) and the proximal end of the tibia.
Stage 39 (13 days)

Appearances were similar to those at stage 38. The
articular cartilage surfaces showed more fine collagenous
fibres. -The joint cavity was well formed, and the Llining of
synovial tissue showed more synovial villi (Fig. 43). One
specimen showed obliteration of the cavity in some aspects
due to contact between the articular surfaces (Fig. 42).
This contact is post-cavitation, most probably due to static
posture of the limb of the embryo at that time.

Stage 40 (14 days)

At this stage, the knee joint looked like the adult one

(Fig. 44). The articular cartilages became more dense, with

more fine collagenous fibres between the cell <columns, and

the superficial area of the articular surfaces was formed by

a very flattened cell layer (Fig. 46) . The bony collar of

the shafts of the femur and tibia extended approximately to

the Llevel of the epiphysis. The fibular shaft showed bony

trabeculae in its centre. The menisci showed more

collagenous fibres and were now fibro-cartilaginous

structures, but still very cellular. The intra-articular

ligaments appeared as dense fibrous structures. The joint

cavity showed more synovial villi and folds. The femoro-
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patellar cavity and supra-patellar recess were well formed
and continuous with each other, but still partly separated
from the main cavity by tissue strands. The patella was well
formed, and penetrated by blood vessels from its anterior and

superior surfaces (Fig. 45).
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IT. CELL DEATH IN THE HISTOGENESIS OF THE INTERZONE

Particular attention was paid to the presence in the
interzone of cells which were initially identified simply as
‘"dark cells". In serial wax sections, cut at 5 um and
stained routinely Qith H& E, these "dark cells" were small,
with darkLy stained nucleus and cytoplasm. As the study
proceeded, wusing semithin plastic embedded sections and TEM,
it became evident that the "dark cells" were, 1in fact,
undergoing apoptotic cell death. Once this became clear, it
was decided to determine:-

1. the distribution of dark cells within the dinterzone

2. their relative numbers at each major site of distribution,

and to relate these two parameters to 3. the stage of

embryonic development and 4. the stage of appearance of the

structures.
The use of three techniques - serial wax sections,
semithin sections and TEM - was essential to the completion

of this study. The true nature of the "dark cells" could

only be determined by TEM; the details of their distribution

and relative numbers could only be determined in serial wax

sections The results from serial wax and semithin sections

are presented first.

102




The distribution of dead cells, their relative numbers
at each main site of the knee joint, their relation with the
stage of embryonic development, and the time of appearance of
the various components of the joint cavity, are summarized in

Table 3.

Explanation of the Table:-

Dark cells were seen in scattered foci in the interzone.
It was important to have an assessment of the following:-
1. The 'deveLopmentaL stage at which the various foci first
appeared in éach region of the joint.
2. The stage at which "dark" cells were most numerous in each
joint.
3. The stage at which "dark" cells were no longer seen at

each focus in each joint.

4. The relationship (if any) between the time and site of

cavity formation and time and site of appearance of the

maximal number of "dark'" cells.

Assessment of site and approximate density of ‘"dark"

cells was done as follows:-

Each joint was systematically studied in serial

sections. When a focus of "dark" cells was found, it was

followed in successive serial sections and the number of

"dark” cells was estimated in a sample of the sections.

The mean number counted in the sections of a particular focus

were expressed on the following scale:

+ very occasional dark cells 1-2 cells/focus
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+ 4+ small numbers of dark cells 3-10 cells/focus

+++ moderate/large numbers of dark cells 11-30 cells/focus

++++ wvery large numbers of dark cells > 30 cells/focus

Scoring of dark «cells present at each developmental
stage: -
i) In each embryo (numbered 1,2,3, etc. at each stage), foci
of dark cells found anteriorly and posteriorly in the joint
were assessed separately. The total "score" of dark cells at
eaéh developmental stage was obtained by adding all the +'s
iﬁ éLL fhe embryos studied at that stage.
ii) This total "score" obviously had no absolute value, since
the nﬁmber of embrybs at each developmental stage wvaried.
The fotéL score Qas therefore expressed as a proportion of
the mg&imgm possible score thch could have been achieved at
each sfége calculated by:

number of joints x [(4 +'s Canterior) + (4 +'s (posterior)l

- e e e —— oo oo -

L.c.f. Lateral condyle of femur
fib. fibula

L.é.tiﬁ. Lafera[ condyle of tibia
M.é.f. Medial éondyLe of femur
M.é.fib. Medial condyle of tibia

L.m. Lateral meniscus

Mom. Medial meniscus
anf. anterior

post. posferior

¢ cavity

(a and b) bofh knees belonged to the same embryo
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Table 3.

Distribution and relative numbers of "dark" cells at each
stage and time and site of cavity formatian.

Stage

L.c.f. & fibula

L.c.f. & L.m.

L.c.tib.

& L.m.

M'C.fﬂ

& M.M.

M.C.tib.&n

30

ant.

post.

ant.

post.

ant.

post.

ant.

post.

ant.

A AN

NRE:

SCOTE
pOSS:I‘ﬂEX.

Stage
31

aprENBE

Ilili

+ 1+ T+

EEEE:

seet T

II+II

Fro+st

Ilil'l-

L+ e

L+ o+

I++Ij:

SCOoTre
pOoss.maxe.

14
40

8l
jun) Iss]

Stage
32

1
2
3

++

11

T+t

++ 1

Fit

EE

++C

++ ¥

+F 3

score
poss.max.

12

10
24

11
24

N
Rlo
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Table 3 (Contd.)

stage | L.c.f. & fibula] L.c.f. & L.m. {L.c.tib. & L.m.|M.C.f. & M.M. M.Coetib«&Mum
33 ant. post.| ant. | post. ant. | post. | ant. | post.| ant. post
1 B : =T SRR -+ ++ ++ ++ ++  +++GC
2a + SR ++ ++C |+ ++ - ++C - +
20 N T - S | 4t ++ ++ +
4 ++ - + ++ ++ ++C T+ " S +
5 ++ At - -+ - ++ ++ ++ - +
| score 21 23 21 18 18
poss.max. 40 40 40 %0 70
Stage
34
la ++ +++C +++C ++ i -+ ++C ++C ++ + 4
1b -+ 4+ +++C ++C -+ +++C + + - + 4
3 - - ++C i+ - ++ ++C ++C +—=+  ++C
4 ++ -+ +++C ++ H+ + - ++ H+ o+ +
S + ++ ++ ++ - ++ o+ +— - ++(
6 ++ + +++C ++C e ++C pe ++ - ++
7 -+ 4~+C ++C =+ - ++ - ++ =+ o+
| seore 42 37 30 24 22
pOSS.Mmax. 56 56 56 56 56
Stage
35
la +++C ++C | ++C +C +++C ++C +++C| +HC | ++C  ++C
1b +++C +++C ++C ++C -C ++C -C| ++C | ++4C +C
3 +++C ++C ++C ++C +++C +++C ++C| ++C | ++C ++C
4 S N - ++ - -+ - + + +
5 4L +++C | +HC ++C +C | ++C +++C| ++C H~C +C
6 ++ H+ | ++C | +C +4C | +C | ++C| +HC | +1C
7 +++C ++C +~C | +C +#+C | ++C =C| ++C | +HC
.8 4L +++C 1] ++C | +C -C +C | +C | ++C ++C
score 49 38 36 32 _g_%
Poss.max. 64 64 64 6
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Table 3 (Contd.)

§Stage t.c.f. & fib. {L.c.f. & L.m. |L.c.tib. & L.m.|M.C.f. & M.M.I|M.C.tib. & M
| 36 ant. post.| ant. past. ant. past. ant.| post. ant. pos
1 +++C +++C ++C +++C -C ++C ~C =C -C ++C
2 ++C ++C ++C ++C ++C 4+C -C -C -C ++C
3 +4+C +4+C +++C | ++C -C ++C ~C ++C ++C ++C
4 +++C +++C +C +++C -C ++C -C -C -C ++C
5 4—+C ++C +++C ++C ++C ++C ~C -C -C ++C
fa +++C +++C ++C +++C -C ++C -C -C -C ++C
&b +++C +++C +C +++C -C ++C -C ++C ++C ++C
8 ++C ++C +++C | ++C -C ++C -C ++C ++C ++C
score 42 43 20 _5 22
poss.max. 64 64 64 64 64
Stage
37
1 +++C -C +++C -C -C -C ~C ~C -C -C
2 -C -C -C -C -C -C -C -C -C -
3 -C -C -C -C ~C ~C -C -C -C -C
, score _3 _3 0 ] il
' poss.max. 24 24 24 24 24

t

Notes- The use of the symbols +, ++, +++, and ++++ give only

a very general indication of the extent of cell death.
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On the

basis of the detailed results shown in Table 3,

certain general statements can be made:

Apoptotic <cell death was first seen, to a Llimited

extent, at stage 30 (6% days), between the Llateral
condyle of femur and lateral meniscus (Fig. 9.

The number of apoptotic cells increased steadily, to

reach maxima, in each site, at stages 34/35 (8-9

days), declining rapidly thereafterv to negligible

levels at stage 37 (11 days), at which apoptotic cell

death was seen, to a limited extent only between the

lateral condyle of femur, lateral meniscus and fibula.
The Llargest numbers of apoptotic <cells were seen

befﬁeen the lateral condyle of femur and fibula (Figs.

47-50), and between the lateral condyle of femur and

Lateral meniscus (Fig. 60).

The smallest numbers of apoptotic cells were seen
between the medial condyle of femur and medial
meniscus.

The numbers of apoptotic cells varied not only in

the knee jointg of different embryos of the same stage,
bﬁf also in the two knees of the same embryo.

fhe signs of joint cavity formation were seen, at one or
tﬁo sites only and in a very small number of embryos,
at stages 31, 32 and 33 (7 -8 days) .

At s{age 34 (8 days), a cavity between the lateral

condyle of femur and lateral meniscus, was present in six

out of seven embryos. This was the first site at
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which cavitation was generally present at fhis stage.

e At stage 35 (9 days), almost all embryos showed cavities
at all sites of the knee joint except the femoro-patell
region.

® At stage 36 (10 days) cavitation was completed, by

coalescence of the cavities at various sites.

There follows a more detailed examination of the
possible relationship between apoptotic cell death and joint
cavity formation.

The signs of cell death always preceded signs of joint
cavity formation, at each of the main sites analysed in fabLe
3, (but not at the femoro-patellar joint, see later). Cell
death <continued to be seen, accompanying the process of
cavitatijon, up to stage 37 (11 days), when the joint cavity
was completely formed. Cell death was seen earliest between
the lateral condyle of femur and lateral meniscus at stage 30
(6 days), which was also the site at which cavitation was
first generally established at‘stage 34 (8 days).

The first Llarge ‘concentrations of cell death were
localized between the lateral condyle of the femur and the
fibula, at stages 31-35, and cavitation in this region was
seen, in only a very small number of embryos, at stage 34 (8
days), and was generally established at stage 35 (9 days). A
possible explanation of this long interval is that the region
between the lateral condyle of femur and fibula was filled by
to

mesenchymal tissue which had to be completely eliminated

form a joint cavity, and the lateral meniscus only shared in

part of the articulation. By contrast, other regions of the
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joint were occupied by both menisci and cruciate Lligaments,
and many fewer mesenchymal cells lay between the articular
surfaces and the dntra-articular structures. This may
explain why cell death was smaller in amount, and generally
absent at early stages, between the medial condyles of femur
and tibja and the medial meniscus.

Besides the 5 sites analysed in the Table, foci of cell
death were also seen in association with developing intra-
articular structures, such as the tibjalis anterior tendon
and the cruciate ligaments.

At stage 30 (6% days), a limited amount of apoptotic
cell death was first seen in relation to the condensation for
the <cruciate Lligaments in the middle of the interzone (Fig.
1.

At stage 31 (7 days), in one specimen only, Llimited
signs of apoptotic cell death were seen, localized in the
area between the posterior cruciate Lligaments and the

posterior menisco-femoral and menisco-tibial Lligaments (Fig.

100 .

days), signs of cell death were first

[N

At stage 32 (7
seen, in relation to the surface of tibialis anterior tendon,

to a limited extent (Fig. 53). Two specimens showed a small

amount of cell death in relation to the surface of the

cruciate Lligaments, especially at their attachment to the

condyles of the femur and tibia.

8 days), signs of cell death were seen, in
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most of the embryos, in relation to the surface of the

110




cruciate Lligaments at various sites, and in relation to the
surface of the tibjalis anterior tendon, especially along its
posterior surface, and at the site of its attachment to
lateral condyle of femur (Fig. 54).

At stage 34 (8 days), signs of cavitation were seen in
relation to the surface of the tibialis anterior tendon (Fig.
26). The tissue surrounding the cruciate ligaments generally
became very loose at this stage.

At stage 33

I~
o

days) signs of cavitation were present,
in relation to the surface of the tibialis anterior - tendon
(Fig. 31), and the surface of the cruciate ligaments (Fig.
300, in most of the embryos.

At age 36 (10 days), cavitation in relation to the

[ [%2]
It

surface of cruciate ligaments was generally westablished.
Signs of cell death still appeared in relation to the surface
of the cruciate ligaments at various sites (Fig. 55). The
intra-articular Lligaments, were much more clearly defined
(Fig. 35) at this stage. Cavitation in relation to the

'surface of the tibiati§ anterior tendon at this stage was

seen 1in most of the embryos along the posterior surface of

the tendon (Figs. 56, ©57), but some showed cavitation along

its anterior surface (Fig. 58). A moderate amount of cell

death was still seen in relation to the tibialis anterior

tendon in various sites (Figs. 56-58) .

At stage 37 (11 days) signs of cell death were no longer

seen in relatijon to the cruciate Lligament, while they

declined rapidly to negligible Llevels in relation to the
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tibjalis anterior tendon (Fig. 59). At this stage the intra-
articular structures were well formed and looked like those
of the adu[t; the tibialis anterior tendon was surrounded by
a cavity like a sheath.

In complete contrast, no sign of cell death was found,
at any stage, 1in the developing femoro-patellar joint. From
the outset, the patella was separated from the femur by
loose and vascular mesenchymal tissue, which became
progressively looser wuntil stage 36 (10 days), when a
definite <cavity first appeared between the patella and the
femur.

The results described so far, were derived from study of
routinely stained wax sections. Material stained by PAS, by
a selective mitotic stain, and for acid phosphatase activity
provided a limited amount of additional information.

1. Periodic acid Schiff. PAS

The results were largely negative. Before <cavitation,
the dinterzone showed no PAS positive material, although the
intercellular material of femur, tibia and fibula were
faintly positive. When cavities were established, there was

no PAS positive material within them (Figs. 25, 63, 64).

2. Selective mitotic stain

This was used for two purposes:
j. in the early stages of the study, before the nature of
"dark" cells became clear, it was helpful in distinguishing

between "pyknotic" nuclei and those in mitosis (Figs. 65,

66) .

ii. When the nature of "dark" cells was recognized, it became

112




important to know if cell death 4in the 1interzone was
accompanied by cell division. In fact, mitoses were few in
the interzone, and certainly insufficient to make good the

loss of cells by apoptosis.

The method used allows only a general assessment Qf the
distribution of the enzyme, without intracellular detail.

Figures 67 and 68 show the interzone between Lateral
condyle of femur and the fibula at stage 34. Faint pink
staining was seen in the chondrocytes of the cartijlage
models (Fig. 67); in the condensed mesenchyme of the two
chondrogenic zones (Figs. 67 and 69) and in normal
mesenchymal cells in the loose tissue of the interzone (Figs.
67 and 69).

"Dark"™ <cells were recognized by their more darkly
stained, compact nuclei as in routine H & E sections. Their
scanty cytoplasm did not show a level of staining any greater
than that of the adjacent normal mesenchymal cellls.

Only 6ne or two cells in the interzone showed a strong
staining reaction: these are interpreted as macrophages.

Similar strong staining was seen in cells which are
morphologically recognizable as macrophages, in the synovial
mesenchyme Llining the joint cavity (Fig. 69) and within the
joint cavity (Fig. 70) both in an embryo of stage 37.

These findings are based on study of material from a
total of 11 knee joints. They indicate that "dark" cells do
not show increased amounts of acid phosphatase activity,

within the limits of the method used.
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IIT. CYTOLOGICAL CHANGES 1IN CELL DEATH IN THE INTERZONE,
STUDIED BY TEM.

Once the distribution, and the timing of the cell death
in the interzone had been determined in serial wax and
semithin sectijons, the detajled <cytological events were
studied by TEM.

The material studied was taken from embryos of Hamburger
and Hamilton Stage 27, before any foci of cell death were
detected as in either wax or semithin material, and from
embryos of several intermedijate stages, up to H-H Stage 40,
when dead <cells were no Llonger seen at all by Light
microscopy and the joint cavity was fully developed and
similar to that of the adult knee.

The same region of the knee was selected for study at
each stage, namely the interzone between the femur and the
fibula. This was chosen for three reasons: (i) it was the
site at which <cell death was seen wearliest by optical

microscopy, (i1) it showed a high concentration of dead

cells; and (iii) the knee joint was most conveniently
embedded with its lLateral side downwards; this therefore
became the cutting face, and the laterally placed femoro-

fibular articulation was the first part of the knee joint

reached when semithin sections were sampled to select a

suitable region for thin sectioning.

As already described in the wax and semithin material,
cell death is seen during quite an extended period, beginning

before cavitation is seen, continuing during and beyond
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cavitation. The EM's which illustrate the following account
have been_ chosen to show the sequence of events, from the
normal mesenchymal dinterzonal <cell, through the wvarious
degenerative changes, to disintegration and/or phagocytosis
and digestion. Two general points should be noted:

i the sequence of changes is not necessarily reflected 1in
the stage number of the material illustrated; because
degeneration is a continuing process, late cytological events
may be seen at early H-H stages (and vice versa).

ii. the only region examined by TEM was the femoro=-fibular
interzone: however, from the matefiaL studied‘by optical
microscopy, this dis believed to be representative of the

process in other areas of the joint.

A) NORMAL, VIABLE MESENCHYMAL INTERZONE CELLS

At early stages (27-30), the interzone <consisted of
loosely-packed, homogeneously dispersed mesenchymal cells,
without special orientation. The cells were variable in
shape: some were elongated or rounded but many were stellate
in sectional profile, and they contacted each other either
by cell to cell attachment or through their cytoplasmic
processesa.

The <cell nucleus was large and usually had one or two,

but sometimes three or four nucleoli, and the nucleo-

cytoplasmic ratio was high as shown in Figure 71.
The intercellular spaces were Large and electron

translucent. Thin membraneous structures as well as electron

dense granules were occasionally observed (Figs. 71, 75).
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At later stages (31-36) the interzone consisted of more
compact mesenchymal cells, which were arranged tangentially
to the ends of the adjacent cartilage models. Most of the
mesenchymal cells were elongated, especially in the centre of
the dinterzone, but some were rounded, especially in the
peripheral parts of the 1interzone, and intercellular
connections between the mesenchymal cells were much Lless
frequent.

The dintercellular spaces were reduced and filled by
sectional profiles of both normally stained cytoplasmic
structures, and darkly stained cellular structures, which
showed various degrees of degeneration (Figs. 72, 73).

At a higher magnification, viable mesenchymal cells
showed the following characteristic features:-

1 - The nucleus.

The nucleus was relatively l