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GENERAL INTRODUCTION

The skeleton of the embryonic fowl is particularly favourable
material both for the study of the nomrmal histogenesis of cartilage
and bone and for experiments with the tissue culture technigue.

Fowl embryos are easy %o obtain at any stage of development required,
the bones are less hard than those of most mammaliasn embryos so that
except in the later steges they can he sectioned without previous
decaleification and fowl embryonic tissue is more suitable for culti-
vation than any other owing partly to the ease with which large quan-
tities of suiteble culture medium can be prepered aend partly to the
readiness with which the tissue grows under the conditions of life

in vitro.

The first part of this thesis consists of an account of the
normal histogenesis of cartilege-bone, of non-ossifying cartilage
and of membrane bone; the long-bones of the limbs, the distel part
of leckel's cartilage and the mandibular membrane bones have been
pelected as examples of these three types of tissue. This work was
undertaeken in order to provide & basis for a series of tissue cul-
ture experiments of which the morprhological results are described in
Parts II and I1I. Some of these latter studies were correlated
with biochemigal investigations by Dr. R. Robison of the ILister
Ingstitute and the relation between Dr. Robison's results and my own
morphological observations is considered in & section of the discus-
sion.

Tissue culture, which provides & valuable method for approach-
ing an immense number of biological problems, was initiated by Ross
Harrison in 1907 when he published his classieal experiments on nerve

outgrowth in vitro. Harrison's original technicue has been developed



by Burrowe and Carrel and others so that it is now possible to ocul-
tivate meny types of tissue from many sepecies of animal and in some
cases to maintain the cultures indefinitely.

The essential principles of the tissue culture technique are
gimple . A fragment of tissue - the explant - is removed from the
body, and 1s transferred to a smell quantity of nutritive medium
contained in a suitable glass vessel. The culture medium which per-
mits the most prolific and consistent growth is a semi-solid clot
formed by a mixture of blood plasme end saline extract of embryonie
tigsues., Tor srowth %o take place freely the explanted tissue must
be kept at the normal body temperature of the animel from which it
has been taken. If the cultures are %o be maintained for a lonz time
the medium is reonewed every few days and the tissue fragment on reach-
ing a certain size is cut out of the clot and explanted in fresh
vessels sometimes after being subdivided into two or more pleces.
Strict asepsis has to be maintained in all menimlations.

Tigsues In vitro show two types of growth which are sometimes
termed "uncontrolled" and "somatie" respectively. TUncontrolled
growth is perhaps more characteristic of tigsues cultivated in vitro
and has been more extensively studied. It involves a progressive
simplification of the original histological structure of the explant
correlated with & diffuse outzrowth of the cells into the culture
medium and inecrease in volume is by eell multiplication only. The
experiments recorded in this thesis refer almost entirely to the
aooond'type of growth viz. somatic growth, 8l1so known as "controlled”
(Thomson '14) ox "organotypie"™ (Meximow '25). A tissue fragment
undergoing somatic growth beheves to & great extent as if it were
8till part of the body. It may increase in sige by any or all of
the three methods observed in vivo viz. by the multiplication of



cells, by the enlargement of cells and by the formation of inter-
eelluler material, and if it is undifferentiated when explanted, its
histologicel development may proceed almost nommelly. Both uncon-
trolled and somatic growth often ccour simultaneously in the same
explant, uncontrolled growth taking place &t the periphery and somatic
growth in the centre.

Tissue culture as & morphological technicue has two important
advantages: (a) 1t enables the observer to study the structural
ghenges in the living tissue with = precision that is impossible by
any other means and (b) 1t provides him with a method of investigating
the developmentel potentislities of undifferentiated or partly differ-
entlated tissue when removed from the general influence of the body,
i.e. when deprived of a vasocular gystem, nerve supply and association
with normelly adjacent paris.

Comparatively little was known concerning the bhehaviour in
culture of the various types of skeletogenous tissue and it seemed
likely that s study of these tissues undaf the conditions of life in
vitro might efford perticularly interésting information in view of the
fact that the histological and gross snatomical development of the
gskeleton are often regarded as being controlled largely, if not en-
tirely by local envirommental factors., The experimente described
below were accordingly undertaken end fall into two groups, one
(recorded in Part II) to investigate the capacity of different forms
of embryoniec skeletel tissue for histological differentiation in vitro
and the other (recorded in Part III) to investigate the capacity of
isolated skeletal rudiments for gross anatomicel development in vitro.



PARYT I

FORMAL HISTOGENESIS

Object of investigation. ‘o study the normal histogenesis of

typlcal exmmples of cartilage bone, of non-ossifying cartilage

and of membrane bone.



Chapter I.

The oytology and histological development of cartilage and bone in
the normel embryonie long-bones.

Introduction. Work om the development of avian cartilage and bone is

limited and references %o this subject are rare in recent literature.
The general histology of cartilage resorption anl osteogenesis in the
embryo of the bird wes first descoribed by Strelsoff in 1873. Ven der
Strieht ('90), working on the articular cartilage of birds, refers
briefly to cartilage resorption and the fate of the cartilage cells.
In 1893 Brachet published & more deteiled account of the resorption of
cartilege and the develomment of the long-bones in birds, his study
extending from the tenth day of incubation until the tenth day after
hatching. Parsons ('05), in & paper on pressure epiphyses, gives &
short deseription of the process of ossification in the limb bones of
the pilgeon, but supplies mo histological deteil. I have been uneble
%o find any publications previous to my own (Fell '25), which deel
with the oylology and finer histology of eartilage and bone in birds,
and such resoxrds are comparatively rare in the 1§tcraturo of memmalian

osteogenesis.

Material and methods. Thirty embryos of sges ranging from fifty-two

hours, and one day-o0ld chick were used for this investigation, the
bones of the leg being usually seiected for study.

With the exception of the tiblotarsus and knee-joint of the
day-old ohick and the wing and leg bomes of 2 twenty-dey-old embryo,
which were fixed in Bouin's solution and decsleified in piero-nitric
acid, the materiel was cut without previous decasleification. In

order to insure good penetration in the case of older embryos, the



bones were rapidly stripped of musele before fixing, but the limbs
of very young embryos were not detached from the body.

For the study of nuclear structure and general histology,
material was fixed in Allen's modification of Bouin's fluid at 38%¢.
dehydrated by the drop method, end embedded in peraffin wex. Most
of the sections werd sgtained either with Melloxy's triple stein or
with iron heematoxylin alone or followed by van Gieson's stain, but
o ther methods were also employed. In order to demonstrate mitochon-
dria, tissue was fixed in Flemming's solution less acetic acid, post-
chromed for twenty-four hours, and the sections were stained with
iron haematoxylin (long method). Da Fano's gilver impregnation
method was employed successfully for the demonstration of the Golgi
apparatus, and preparations fixed by this method and stained with
methylene blue were found to afford exzcellent material for the study
of the cartilage matrix.

-Sections were usually out at thicimesses ranging from 4 p, in
the case of very young specimens, to 7 1, in the case of older embryos.

The structure and oytology of the primitive mesenchyme. The limb-bud
of an embryo of fifty-two hours consists of & mass of undifferentiated

mesenchyme cells glightly condensed in the proximal region and covered
externally by the columnar epithelium of the epidermis. When fixed
with Allen's solution, the mdsenchyme cells appear to fom & syncytium,
the cell bodies being connected by delicate threeds of protoplasm,

but in tissue fixed in Flemming's solution without acetiw acid ana
stained for mitochondria with iron heaematoxylin this structure s
found to be artifsct end the cells are seen to consist of a central
oval or pyrifo:m mess and one or more much elongated filaments which,

while usually intertwined, are not fused with those of neighbouring
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cells; the somplete structural independence of each cell is readily
demonstrated (Plate I, Fig. 1).

The nucleus forms the main bulk of the mesenchyme cell. It is
ovel in chape and conteinsg two large, irregular nucleoli and several
small chromatin grenules. HNumerous long, filamentous mitochondrie
are present in the cytoplasm and a Golgi apparatus which appears to
have a reticular structure lies to one side of the nueleus.

. As deseribed by Johnson ('83), the first trace of chondrification
eppears in the proximel portion of the 1limb and the development of the
skeleton is always most sdvenced in this region. As a preliminary
to cartilage formetion the mesenchyme condenses to form a compact
mess of cells which marks the site of the future cartilage and merges
- at the periphery with ths surrounding uniifferentiated tissue.

In some areas, both of the prechondral mess and of the surround-
ing tissue, numerous groups of cells are to be seen which are under-
going degeneration. The nugleoli and chromatin granules enlarge
greatly, while the nuclear membrane Shrinks and in some cases appears
to dissolve. The cytoplasm rounds off and the cell appears as a
gnall spherical structure occupied by several large, deeply staining,
gphericel or elliptical bodies; in some instences the cytoplasm
breaks down gompletely, leavinz the chromatim granules lying free
among t%he unaffected cells. Vith Da Fano's technique these degenerate
cells are conspicuous objects, owing to their heavy impregnation.

The development and degenerstion of the chondroblasts. As in mammals,
chondrogenesis and osteogenesls begin at the centre of the shaft.

When the prechondral maess of mesenchyme is first formed, the cells
are still undifferentiated and are arranged according to no definite

plan. The cells at the centre, however, soon become elongated in



g ‘direction at right angles to the long axis of the cell mass (Flate I,
rig. 2.), while at the same time narrow intercellular spaces appear
denoting that the fomation of cartilage matrix has commenced. The
structure and development of this material will be congidered in the
following section. Toward i1ts extremities the bone-rudiment is still
composed of undifferentiated mesenchyme which grades imperceptibly
into the surrounding tissue, but the boundary of the cartilage is now
fairly sherp in the central region where the perichondriel membrane

is beginning to appear. The trensverse elongation of cells soon
spreads to the ends of the disphysiel portion of the shaft, and
gimultaneously & slightly different srrangement of the cells is seen.
Their long axes no longer lie along straight, transverse lines, but

on allipsea convex to the future eviphyses; at% the centre of the
diaphysis is a narrow lozenge-shaped aree, occupled by more or less
polyhedrel cells, where the two series of ellipses meet. This ellip-
tical configuration is most merked towanrd the end of the dlaphysis
where the curvature of the lines is greatoét. and serves t indicate
the future dividing line betwean the diaphysis and the epiphysis.

The latter region is composed of stellate cells scattered throughout
the matrix, which merge imperceptibly into the surrounding undiffer-
entiated embryonic connective tissue. At this stage the oytological
features of the young cartilage cells are still elmost identical with
those of the original mesenchymetous elements. FEach possesses &
large nucleus with two nmueleoll, surrounded by a thin film of cytoplasm
which is prolonged into delicate processes. The Golgi apparatus
usually appeers to consist of & cearse network at one side of the
nuoleﬁs. but in certain cells the epparatus has the appearance of a

loose aggregation of rods rather than of & reticulum. Mitotic fig-



uresg are everywhere abundant.

The next stage in development (Plate I, Fig. 3) is characterised
by the formntion of three zones of cells and the ellipticel arrange-
ment is lost except at the extreme ends of the diaphysis., The cells
in and near the central lozenge-shoped area, referred %o above, enlarge
and ceage %o divide. They are at first polyhedral in outline, but
soon become rounded and they show no linear or columnar arrangement,
being evenly distributed throughout the matrix (FPlate I, Fig. 4).

Some exhibit degenerative changes: chromatolysis and partisl disin-
tegration of the cytoplasm. This constitutes the first zone. The
gecond zone lies on either side of the first and consists of longi-
tudinelly flattened, plate-like cells (Flate I, Fig. 5) meny of which
are in mitosis; at the extreme periphery the cellsare polyhedral.
The third zone is the epiphysial region which is composed of roumd or
polyhedral cells (Plate I, Fig. 6) in very active proliferation. The
Golgi apparatus of these qlements is shown in Flate i, Fig. 7. Toward
the extremity the cells of this zone are élosaly epproximated and at
the surface become slightly flattened, thus delimiting the cartilage
_of the epiphysis from the still uniifferentiated tissue by which it
is surrounded. There is no sharp line of division between the three
zones which are all conmected by transitionsl elements. The first
signs of ossification appear at this stage, being represented by a
thin lemina of osteoid tissue beneath the perichondrium investing
zone 1 and part of zZone 2.

As growth proceeds the hypertrorhied cells in the centwe of
Zone 1 increae@ to nearly three times their original diameter (of.
Figs 2 and 4, Plate I); the mueleus is clear end contains somewhat
enlarged nucleoli; a few long mitochondria are present in the highly



vacuolated eytoplasm; the centrosome appears as & more or less cre-
nated sac in which lie two large centrioles; a8 few small fat globules
are sometimes seen im between the vacuoles. These large cells
eventually degenerate (Fflate II, Fig. 1); the nucleoli are often
extruded from the nucleus, which then appears a5 an inconspicuous
gshrivelled vesicle, the centrosome becomes considerably enlarged, and
the Golgl apparatus, which appears granular and condensed, chows a
sorresponiing inorease in size (Plate II, Fig. 2). It is aiffiocult
to ascertain how far this granulation and condensation of the Golgi
apparatus is an artifact, since the extreme density of the matrix =t
this stage no doubt renders cartilage very unfavourable materiel for
the study of the Golgi apparatus. The mitochoniria break down into
gnall particles and finally disappeer. As previously recorded by
Brachet ('93), mitotic figures are only occasionelly found in this
zone; in some instences the chromosomes are broken down into granules
and are hardly recognisable, while in other cases they appear compara-
tively normal. Binucleate cells are not ﬁmommn. Camera-lucida
drawings show that the cells of zones 2 and 3 are also appreciably
larger than those of very early cartilage (ef. Figs. 2, 5 and 6, Plate
I).

The cellular hyper trophy charscterising zone 1 graduslly extends
into gzone 2, the flattened cells of which lose their compressed appear-
ance and become vacuoleted and distended. The zone of enlarged cells
thus incresases in size until it comes t occupy ebout one-half of the
total length of the shaft. The epiphysisl portion (zone 3) is now
quite sharply defined. The flattenéd cells at the artisuler surface
become still more compressed end form a distinet layer which is inwerdly
continuoue with the ordinasry eartilage.
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Erosion of the diephysial cartilage begins at this stage, and
this process and the further development of the epiphysis will be

degeribed later.

The gtructure and formation of the cartilage matrix. In preparations

fixed and stoined by ordinery histological methods, the matrix of the
cartilege either remeins colourless or steins so faintly that the
structure is indistinguisheble. In later cartilage the stain is
more readily taken and the matrix then appears % be composed of &
glose network of fine fibres. If material is fixed by Da Fano's
gilver impregnation method, however, the cartilage becomes highly
chromaphil and presents & remarkable appearance. The best differ-
entiation, in the writer's experience, is obtainaed by staining sections
with methylene blue. By this method the cells appeay a vivid emerald
-green and the matrix s deep bluish violet. By empleying this tech-
nigue the matrix can be demonstrated in its earliest stages of fomma-
tiom. |

Cartilege matrix in such specimens first appears as & delicate
film over the surface of the olosely asggregated chondroblasts and
thelr protoplesmic processes. The capsulses of adjecent cells are
in continuity end, as the cells seperate, the capsules appear to he
drawn out into strands and irresulaey 1§m1naa end tubes perforated by
circular and oval holes (Plate II, Fig. 3). As the smount of matrix
increases, a close, intercellular sponge-work is seen which becomes
progressively denser as development advences. ‘

In the older cartilage the matrix composing the intercellular
rertitions in zome 1 appesrs yellowish brown in unstained, untoned
premrations fixed by Da Fano's technique, thereby conxrasting with
the colourless metrix in the other regions. At this late stage 1t
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steine very deeply with methylene blue; the spomge-work is extremely
dense (Flate II, Fig. 2), the emall interstices being almost obliter-
ated; the outlines of the partitions have become very sharp and the
celle are usually invested by lightly staining, loose, spongy matrix
connected with the intercellular wall by numerous radiating strands.

In zone 2 & similar appearance 1s often seen, the flatitened cells
being separated on either gide from the dense matrix with which they
ave connected by numerous branching strands of intersellular materiel.
These strands can also be distinguished in deeply stained preparations
fixed by ordinary methods. The matrix, though at first looser than
in zone 1, ultimately becomes equally dense. In the epiphysial region
(zone 3) the rounded cells lie in & close, regular network which in a
young embryo becomes feinter and more diffuse towards the periphery,
finally being indistinguishable as the cartilage merges with the
undifferentiated tissue with which it is surrounied. As the epiphysis
agsume & definite confour, the matrix becomes of egqual density through-
out. In the artiocular cartilage the majiix is present in very small
guantities only, and toward the free surface appears to vanish com-
pletely.

The structure of the metrix of hysline cartilage has for long
been a matter of dispute. The earliest observers regarded cartilage
matrix es a simple, homogeneous substence, but later histologists
recorded the pfeaance of fibrila permeating the ground-substance and
fibres proceeding from the chondroblasts into the matrix were also
noted. . The neture of these latter structures was the subject of
considerable diversity of opinion and by some they were regeried as

solid fibres, by_othars ag hollow lymph channels interconnecting the
capsules,
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Retterer ('17) describes the metrix of memalian hyaline carti-
lege ss & spongy network, the meshes of which contain amorphous
moterial, and his asccount of the structure and development of this
network corregronds feirly closely with that described above in the
cage of the fowl. Retterer, however, considers the intercellular
gsubstence as an extension of the cytoplasm of the cartilage cells.
My own results fall to endorse this view and suggest that the matrix
is merely the product, or secretiom of the chondroblasts., Although
in ordinarxy preghrations the reticulum of eartilaginous material
extending from the chondroblasts to the wall of the capsule sppeers
to be continuous with the eytoplasm of the cell, in sections fixed
by Da Fano's method and stainsed with methylene hlue the contrast in
golour between the bright green protoplasm and the purple matrix is
g0 sharp thet it 1s comparatively easy t tell where the cytoplasm ends
and the reticulum of matrix hegins. 1% is found that an irregular |
film, like & thin coagulum, covers the surface of the cell, being
closely adherent to the oytoplssm and that this film extends into
branching strands continuous with the wall of the oczpadle. Although
speciel attention was paid to this point, I was unable t observe
any sign of the strends from the surface film of the matrix being in
direct contimuity with the cytoplasm, and no material intermediate
in steining reaction was %o be found maiting the two substances.

Whether the reticular structure of the matrix seen in sections
of fixed material really representsthe structure of the matrix in
life or 1s merely & coegulation artifact due to fixation, is at pres-
ent impossible to decide. As will be described later no such retic-
ulum is distinguishable in the intercellular substance of living
cartilage growing in vitro. This, however, is no evidence that
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such & structure does not exist.

An intevesting cheracicristic of the matrix of ossifying certi-
1age in evian long-bones ncted by Niven (unpublished) is the complete
eboence of caleification excent in the distal perts of the shaft durim
the later steges of develoment. In this recopect avian meterial dirf-

fors from ossifylng cartilege in the mammel.

The development of the perichondrium. Az previously stoted, the

cartilage whon firet foxmed hos no Asfinite perichondyrial membrene,
but passss gradually into undiffgreniiated meseonchyme. The first
trece of this structure appears around the midile region of the
disphysial part of the cartilage, where the mesenchyme gives rise to
an indistinet layer of oblong cells with their long axes parallel with
thet of the cartilags. This layer is outwardly continuous with the
surrounding undifferonticted tissue end iaverdly meyges with the
young cortilage through & gradation of intermedlate olements ani e
ghort distence on either pgide of the mi&ﬁlé region its identity is
lost in the general mese of embryonic connective tissue investing
the cartilage.

This radimentery perichondrivm enveloping the middle region
of the certilage (zonme 1 and pari of zZome 2) soon begins %o exhibit &
two-leyered structure (Zlate I, Fig. 3 and Plate II. Fig. 4). The
outer, oblong cells become aArawn ownt into & fusiform shape and ave
gradually tmnéfoma& into Tibroblests, while ceriein of the intemed-
iate elemonts show an incremsed emount of oytbplasm. agsume &n oval oy
rounded form, and finslly give rige to osteoblasts. The two layers
are fairly sharply defined, both from one enother and from the certi-
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lege. Irregular, clefi-like spaces lined by endothelium eppear
which represent developing blood vessels, and are falrly numerous

in the outer layer of the perichondrium. The fibroblastic layer,
although inwardly compact, is very diffuse towerd the periphery and
fades into the general conmective tissue of the limb. Although the
perichondrium is now distinguishable as far as the future epiphysis,
where it passes into the uniifferenticted tissue surrounding that
rvogion (Plate I, Fig. 3), its double structure is lost around the
distel helf of zone 2, lwhere it is composed entirely of undifferent-
iated, elongated cells.

Ag soon ag the two-layered condition of the perichondrium is
attained, the first signs of ossification appear, and at the same
time delicate white fibres begin to form in the fibroblastic region,
The development of the osteoblaste and fibroblasts surrounding the
middle portion of the cartllege is now complete and no further change
takes place i'n these cells except the transformation of certain of
the former elements into bone cells. This will be dealt with later.
The cytology of the perichondrium, which can now be termed the peri-
osteum, may therefore be conveniently described at this point.

The osteoblasts are usually oval in shepe and slightly com-
pressed in a d:l_.reétion at right angles to the surface of the cartilage
(Flate II, Fig. 5), end are seen best in tangentisl sections. The
spherical nucleus usually lies toward ome end of the cell and contains
one or more nucleoli end seversl smeller chromatin gramles. On one
side of the mucleus is the spherical centrosome, in whieh lie two
minute centrioles and round which are aggregated large numbers of
filamentous mitochondria. Prepverations made by Da Feno's method
show that the centrosphere is esssocisted with & Golgi apparatus eimi-
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lar in structure to that of the choniroblasts. The fibroblastes are
very similar to the osteoblasts in structure, though not in shape.
They consist of an elongated nucleus with nueleoli and chrometin
granules, enclosed in & film of cytoplasm prolonged at elther end
into filamentous processes. A small reticular Golgl apparatus lies
neay the nucleus, and mitochondria are present both in the processes
and in the perinuclear film of cytoplasm.

Ag osteogenesis proceeds, the fibroblastisc layer hecomes more
condensed and more sharply defined at the periphery, where, however,
it is continuous with the intramuscular connective tissue. 1% also
bocomes very tough, owing to the formation of increasing quantities
of intercelluler fibres. The vasocular clefis mentioned above become
more regular and aevaiop into small blood vessels of the usual type.
As the epiphysis begins to assume 1ts characteristic contour and to
differentiate from the embryoniec conrmective tissue around it, the
perichondrium by which it is covered becomes much more digtinet and
is seen % be continuvous with the cap of flattened cells investing
the articular surface of the cartilage. The perichomlrium investing
the ends of the diaphyeis is still composed of & single coat con-
sisting of uniifferentiated, elongated cells, and remeins in thia.oon-
dition until cartilege erosion is far advenced. Ultimately, however,
the double-layered structure eppesrs throughout the diephysisl region
but the osteoblastilc “layer stops rather abruptly at the boundary of
the epiphyeis end diaphysis. The outer layers of the fibroblastiec
coat are in continuity with the fibrous tissue of the epiphysial
verichondrium, while the inner layers pass into the cartilage of the
epiphysis where the fibres merge with the matrix.

Periosteal ossification. The progress of bone formation is resdily
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followed in preparations fixed in Allen's ox Fleuming's solution and
gtoined with Mallory's triple stain. In such material the osseous
matter stains a deep blue.

Asm stated above, the first signs of ossgification appear in
the osteoblastic layer investing the middle regilon of the cartilage,
where the osteoid tissue is formed as deliocate, undulating laminae
composed of fine interwoven fibres cemented together by an amorphous
material which becomes more conspicuous as develoyment advances
(Plate II, Fig. 4). These laminae are intercellular structures
running parallel with the long axis of the cartilage, and are first
developed near the line of Junction of the cartilage and perichondrium,
The choniroblasts at the extreme eircumference of the cartilage are
flattened transversely, and 1%t is sometimes gifficult, therefore, to
distinguigh between 2 central osteoblast and & peripheral chondro-
blest with the ordinary techmigues. In preperations fixed by Da
Fono's method end steined with methylene blue, however, the line of
division is fairly sharp, since the cartilage at&iha & deep purplish
blue, while the osteold tissue is either not coloured or stains a
light green.

The central osteoid laminee become gradually thicker, other
lamellae ~ as yet very delicate - appecr among the periphexal osteo-
blasts and the ossification begins to spreed toward the ends of the
diaphysis, where the process is a2lways much less advanced than in
the middle region. 1In transverse or longitudinal sections the
laminse are almost indistinguishable from young white fibres, and
their lameller structure is only demonstrable in tangentisl sections.

The centrel leminee soon come in contact with each other both
terminally and laterally, and fuse to form & thig, compect osteoid
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eylinder between the perichonirium end the cartilege (Flate I, Fig.3).
Meny osteoblasts are included in the substance of this osseous layer
as it increases in thickness and give rise fo bone cells.

Osteoblasts imprisdned 4in this way become compressed in &
direction at right angles to the bone, and are therefore seen best
in tengentiesl sections (Plate II, Fig. 6). The nucleus reméins
gtructuraslly unchanged, but assumes & still more eccentriec position,
go that it comes %o lie at one end of the cytoplasy. The centro-
gsome apprears as & small ceircular arxea rather more lightly steining
than the rest of the protoplesm and contains twd mimite centrioles.
Large numbers of filamentous mitochoniris radiate from the neighbour-
hood of the centrosome and show a fairly regular fan-like arrangement.
A%t intervals the surface of the eytoplasm is produced into small
points; these are gradually prolonged into delicate branching pro-
cesses extending into the intercellular substance.

The central bony eylimder increages in thickness pertly by the
depogition of fresh material on ite outer Isurra.eo by the contiguous
osteoblasts and partly by fusion with the younger peripheral lemellae,
until a fairly stout layer of bone is formed around the middle region
of the cartilage. At this stage the osteoblastic layer becomes some-
what diffuse. This is probably due to the fact that cell Aivision
ceases early in the middle region of the cartilage, with the result
that the diameter of the future diesphysis is now nearly half as large
agein at the extremities as ot the middle. The membranous fibro-
blastic layer becomes drawn away from the cartilage in the midadle
region by the enlargement of the ends of the diaphysis and in longi-
tudinal sections appears as two slmost straight lines on either side
of the someWhat hour-glass shaped cartilage. The osteoblasts cease
to form & compaet layer around this middle part of the cartilage and
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become scatiered in the enlarged space between the fibroblasts and
the bome, with the result thet osseous deposition upon the central
eylinder becomes very irrvegular. A% the same %time the osteoblastie
layer begins to be richly veseularised. The osteoblaste become
broken up into intervasecular groups which give rise %o short iregular
trabeculae of bone fused 2t one end with the central cylinder and
having & general tendensy to radiate from the original centre of
osei fication. As the vessels increase in length and dlameter, the
space intervening betweem the fibroblestic layer and the inner tube
of bone widens, the transverse trabeculae become correspondingly
longer, and at the seme time & second series of laminae is fommed
goncentric with the circumference of the cartilage. This second
series is fomed in the layer of osteoblasts lying between the fibrous
layer of the perlosteum and the developing vasocular plexus, and does
not give rise % a continuous tube. At this stage of development
the first trace of the erosion of the cartilage appears (see next
gection),

~ From the foregoing account it will be seen that ossification
always followe the plane of least resistance. In the earliest stages
of osteogenesis this plane must obviously lie between the compact
porichondrium ani the oartilagé. gince the direction of pressure will
be at right angles to the surface of the latter; as we have seen,
bone first eppears in this region and gives rise to the contimmous
tube desceribed above. When the intervascular groups of osteoblasts
are formed, the plane of least resistance will be tangential to the
walls of the growing vessels. As the blood vessels develop, the
intervascular osteoblasts become arranged in two ways: (2) in irreg-

ular trensverse columns end, (b) in an irrvegular layer between the



vessels and the fibrous coat of the periosteum. 1In (a) the line

of leaét resistance will be more or less at right angles to the sur-
foce of the cartilage, while in (h} 1% will lie between the fibrous
tissue and the vageular plexum. Osgification begins in the inner
ends of the columns of intervascular osteoblasts, thus foming the
short trensverse trabeculae, ond extends to the layer of osteoblasts
wedged between the fibroblastic eeat end the plexus of the blood ves-
sels where the second series of lemellse consentric with the orifinal
bony eylinder sppear. It has been stated thet the transverse trabec-
ulae show & tendency to radiate from the originsl centre of ossifica-
tion. This tendency increases as development procesds and, as sug-
gested by previous authors, is probably the result of tension due to
the terminal growth of the cartilage.

Ultimately the cartilege enclosed by the osseous tuve ig con-
pletely removed ezcépt at the extremities, while early porioataai
ossification can now be seen as far as tha_epiphyaea. In the middle
region the radiating transverse trabeculae become so much inclined
that many are aotqally rarallel with the long axis of the bone. At
the same time the various protuberances projJecting from the surface
of the trabeculas become enlerged until they fuse with neighbouring
trabeculae. A sories of incomplete tubes is thus gradually built
up around the vessels, which are continuous on the one hand with the
original oylinder and on the other hani w;th the peripheral laminse
- beneath the fibrous layer (Flate III, Fig. 1). The blood vessels
ocoupying the spaces (Haversian spaces) between the trabeoulae are
composed of & single layer of much flattened endothelisl cells sur-
rounied by delicate strands of connective tissue. Toward the peri-
phery the bony network is thickly covered by osteoblasts, but in the



more central parts these cells are oomxératively sparsely scattered.

The original tube of bone retains its contimuity except in those placee
where an irrupting blood vessel has foreed a possege into the central
cavity which is occupied by thp developing marrow. As ossification
continues, the bony trabeculas become thicker end thelr interconmections
inerease in size and mmber until at length the blood vessels hecome
completely enclosed in continuous radiating tubes - the rudimentary
Haversian cenals. The periosteal bone inewesses in thickness pertly
by the formetion at the periphery of additional osseous trabeculae

and partly by the enlargement of those already Tformed.

The formation of the marrow cavity. A striking feature of bome for-

mation in the fowl is the sbsensce of endochondral ossification in all
but the extremities of the diephysis. As soon as ﬁhe formation of
the periosteal bone is fairly wallladvanoed, the en&lésed cartllage
begins %0 be eroded and is not replaced by honﬁ trahaaulaa_as in the
mammal., Erxosion begins in the middle region of the cartilage. The
blood vessels of the periostesl bone at intervals burst through the
central osseous oylinder carrying with them osteoblasts and stramds
of connective tissue, end meke their way into the substance of the
cartilage, the matrix of which appears %o dissolve before théir pas-
sege. As the vessels penetrate farther inwards, they brsnch re-
peatedly and come %o ocoupy large irregular cevities. Marrow tissue
now begins to inorease in gquantity and non-grenular lymphoid elements
in active mitosis are to be seen both in the vessels and in the inter-
vaseular tissue whigch they appear %o reach by penetrating the walls
of the vessels, Erythrbblasta and granular cells in all stages of
formation are also seen both in the central marrow cavity and in the

the
spaces of/periosteal bone. As the excavations in the certilage
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enlarge, they gradually come in contact and fuse to form a single
large, irregular cavity occupying the middle region of the diaphysis
within the central osseous eylinder (Plate III, Fig. 1). The spece
contains & complex system of anastomosing thin-walled vessels communi-
cating with several larger 1ongituﬂinai veine and arteries. The inter-
vascular tissue becomes more abundant, large numbers of grenular cells
are formed, and young adipose cells of the usual type also begin to
appear. Fumerous osteoblagts, many of which are in degeneration, are
scattered among the marrow cells or lie between the marrow tissue and
the eroded cartilage. Multinuoleated glant cells are also present,
both lying freely in the marrow and applied to the surfaces of the
periosteal bone end the degenerating cartilage. The structure and
origin of these elements will be eonaidered.later. At the surface

of the erosidmn there is a belt of rather degenerate tissue, the

nature and gomposition of which can only be determined by the study
of very well-fixed material; 1less favourable preparations render
reliable observation impossible. The results of the present investi-
gation indicate that this tissue is composed partly of the invading
cells of the marrow and partly of liberated chondroblasts. The 1lib-
erated cartilage cells form a narrow diffuse layer between the merrow
end the surface of the matrix (Flate III, Fig. 2). Many of the chon-
droblasts when first liberated are slready in & degenerate condition
and soon disintegrate altogether. The cytoplasm becomes very grahu-
lar and diffuse and the mucleus so shrunken asnd distorted as to be
almost indistinguishable; the nucleus finelly breaks down and the
cells are represented by floecculer masses of protoplasmic debris.
Owing to the rapidity with which the cartilage cells degenerate and
disappear after being liberated from their cepsule, they ocoupy & very
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restricted region and the progress of their degeneration 1s easily
overlooked and can only be followed satisfactorily by the careful
study of material in which shrinkage due to fixation is negligible.

The excavation of the cartilege goon spresds from the middle
rogion towards the ends of the diaphysis. This extension is the
result of erosion by the vessels slready present in the central cavity
end the lateral irruption of new vessels from the periosteal bone is
comparatively rare. Finger-like, vascular processes grow outward
toward the extremities and in trensverse section are seen to occur ot
feirly reguley intervels around the eircumference of the cartilage
.immadiately within the inner tube of the periocteal bone, while one or
gsometimes twe pess up the centre; in this way are formed the 'carti-
laginous cones' deseribed by previous workers. At the same time the
marrow cells multiply steadily and at length give rise to a compact
mass of tissue composed mainly of granuler and adipose cells. The
fate of the cartilage cells is much less readily studied in the distal
oxteonsions of the marrow cavity, as ﬁhe-degeneration of the chondro-
blasts before liberation is not so far advanced toward the ends of the
diaphysis as in the middle region. The condition of these cells when
first set free varies. Some are comparatively nomeal but in others
the nucleus is reduced %o an empty vesicle or has become pyenotie, and
in certain cases the whole cell has shrunk into 2 crenated, deeply
steining mass showing no oytological structure. It is often impossi-
ble to distinguish the less abnormal chogdroblasts from the other
elements compasing the mass of somewhat degenerate tissue covering the
surfece of the cartilage.

According to some authorities (Ven der Stricht '90, Brachet '93)
the liberated chondroblests develop into osteoblasts or cells of the
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‘marrow retioulum. I have been unable to find any evidence of this
in my material.

in meny regions there is no zone of degeneration such as that
described above. This 1s particularly the case in the later stages
of cartilage exzcavation where the marrow tissuve is dense. Conneat-
ive tissue cells of the marrow, osteoblasts, and in some ocases small
blood vessels erowd into the breaking-down capsules and the enclosed
cartilege cells can be seen dlsintegrating in situ, while the invad-
ing tissue shows little degeneration.- :

The destruction of the cartilage matrix is very well seen in
preparations fixed by De ¥Fano's method and stained with methylene
blue. As described above, the matrix at this late period appears
ag an extremely dense spomge-work which steine a deep violet with
methylene blue. For & short distance beneath the eroded surface,
however, the metrix is almost colourless, and in gome 8reas masses
of granular substence, steined & pale violet, are seen among the
neighbouring celle, possibly representing Ithe débris of the matrixz.
I% would seem thet several types of marrow cells exert & chondrolytic
action. It is possible that the multinucleated gisnt cells may
have a destructive effect upon the cartilage, but in the earlier
stages of the formation of the marrow cavity these structures are
not sufficiently mumerous to constitute the only, or indeed the
chief asgents of erosion, and the excavations at this period usually
contain only blood vessels, connective tissue, and oatooﬁlaata.

In some areas ths tissue forming the walls of the blood vessels

appears %o be chiefly involved in the resorption of the cartilege;
i% is pressed closely sgeinst the matrix and fills the cavities of
the capsules opening on the wroded surface. FElsewhere the blood-
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vessels are seperated from the cartilage by a fairly wide space
which, as desoribed above, is occupied by connective tissue, hoemo-
poietic cells, and osteoblests some of which have forced thelir way
into the disintegrating metrix.

The later development of the epiphysis. While the marrow cavity is

being formed in the diaphysis, medullary spaces are also being exca-
vated in the epiphyses. Blood vessels make their way into the
cartilage where in longitudinal section they are seen as & row of
brenching cavities in the inmer part of the epiphysial region. These
¥essels are not derived from those of the disphysial marrow cavity,
but for the most part pass into the epiphysis from its pos#orior
aspect, while others enter at various points on the surface. For
some time, therefore, as Brachet points out, there is no comrmnication
between the marrow spaces of the disphysis and those of the epiphysis.
Besides blood vessels, the epiphyeial marrow spaces contein only con-
nective tissue, liberated cartilage cells and non-granular wandering
cells; osteoblasts were not observed. These cavities soon remify
throughout the epiphysis, forming =2 system of more or less eylindrical
canals (Plate IV. Fig. 1).

The finger-like vascular processes which extend toward the
oxtiremities of the diaphysis eventually penetrate into the epiphysis,
but hﬁve not advanced far in material from the day-0ld chick.

- As the diephysisl excavations enlarge and become more nﬁmeroua.
the cells of the terminal regions of the diaphysis lose their former
compressed appearance and become swollen and vacuolated. At length
the gzone of flattened cells becomes reduced %o o belt of cartilege
which gredes imperceptibly into the region of hypertrorhied cells on
the one side and into the epiphysis on the other.
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The zone of flattened elements gradually becomes more restricted
and more sharply demarcated both from the epirhysls and from the
rest of the diaphysis. At the seme time the cells become more closely
approximated and begin to show & limear arrangement, the columns
being parallel with the long exis of the bone. In the day-old chick
the boundaries of this intemediate cartilage are quite definite and
the linear arrangement of the discoidal cells very marked (Plate IV,
Fig. 1). Some of the cells show degenerative changes, but mitotic
figures are occasionally to be found.

The epiphysis at this stege consists of & somewhat narrow,
flattened cap of cartilage varying in shape in different bones. The
cells, which are evenly distributed through the matrix, are rounded,
contain & large gppherical nucleus, and, although mitosis is rare,
ghow mo sign of degeneration; the matrix is extremely dense and
stains more darkly with aniline or methylene blue, the ascid fuchsin
of van Giemen's stain, ete., than does thgt of the diaphysial carti-
lage.

The layer of flattened cells covering the artiocular surface
geen in younger embryos ultimately develops into the articular carti-
lage of the adult. Fibres begin to appear smong the cells and are
continuous with the matrix of the unierlying hyaline cartilage in
which their identity is graduslly lost. As development proceeds the
number of these fihres increases considerably and in the day-old
chick they form feirly stout bundles between which lie columns of
oblong or, toward the sides of the epiphysis, spindle-sheped cells.
On 1%s inrer side this fibrous articular cartilege passes impercepti-

bly into the hyaline cartilege through & series of intermediate
elements.
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It is usually steted in snatomicel mblications dealing with
the subject that the long bones of birds are devoid of epiphyses.

Ie Demeny ('03) writes: "Les femurs des oiseaux n'ont pas de points
épiphyseires”. Trersons ('05) states that "as far as I know there

is only one instance of a true epiphyeis in their long bones and that
is in the upper end of the tibio-tersus of the Gasllinaceme and Ratitae".
Other writers state that there are independently ossifying structures
agsociated with the lower end of the tiblotersis and the upper end

of the tersu-matatarsus which, however, are to be regerded as fused
tarsal elements, and not as true epiphyses.

Brache$, on the other hand, refers to the epiphyses of birds
without ddscussing the question of whether or not such structures
exist in this group of vertehrates. This disparity between the
records of Brachet and those of enatonmical workers is probebly due
to the fact thet in most of the avien lonzg bones the epiphysis is
small, remains cartilaginous, and can only be distinguished in histo-
logical preparations. A histogenetical study of the long bones,
however, affords almost convineing evidence of the formetion of a
structure homologous with the epiphysis of mammels. Up to & certain
point the embryonic development of the epiphysis in the fowl and in
the memmel is identical in 21l essential points. In both, the
epiphysis at first consists of & region of cartilage with rounded
cells, which is directly continuous with the disphysis through o zone
of elements imtermédisde in type. In the later embryo, in both fowl
and mammal, this epiphysial region gives rise to & more or less inde-
rendent structure sharply sepaxeted from the diaphysis by a well-
defined belt of cartilege known in memmalisn histology as the inter-

mediate cartilage (Schafer '29) or rroliferative zone. In the case
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of the mammel , however, the intemmediate cartilage usually persists
for a considerable period after birth, while the epiphysial cartilage
unjergoes independent ossification. In the fowl, on the other hand,
the intermeidiste cartilage is a relatively transitory structure which
1g soon penetrated by the numerous longitudinel outgrowths of the
diephysial Marrow . Moreover, with tpe exceptions referred to above,
the epiphysis does not ossify independently of the diaphysis. Parsons,
in his account of ossification in the pigeon, writes: "As life goes
on, the oséification exteonds towards the bases of the cones (of carti-
lage - H.F.) but for @ short time i% is checked a} some little distance
from the articular end: +this of course is the equivalent of the epi-
physial 1line of other vertebrates, but it is comparatively transitory
and ossification creeps on until the articular end is reached, except
for a narrow strip of articular cartilage”.

: Parsons enmploys the term "articular epiphysis" to mean ™an ossi-
fication in the cartilage at the artiouiar end of & long bone™, and
in this sense the 1imb bones of the fowl certainly cennot be said to
rossess 'true' epiphyses. On the other hand, if by 'true' epiphysis
we mean a structure homologous with the epiphysis of mammals, then
the fact that in the young chick the distal cartilage of all the long
bones is differentiated into a distinet cap precisely similar in
gtructure and development to the umwssified mammalian epiphysis, seems
to Justify the conclusion that in early life true, if poorly developed,
epiphyses ococur in all the long bones of the fowl.

Endochondrel ossification. The endochoniral ossification at either

end of the diaphysis occupies about one-sixth of the total length of
the diaphysis and is not very far sdvenced in the bones of the day-old
chick., It begins in the interhal part of this region and is not
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complete at the end for a considersble time after hatching.

As previously stated. finger-shaped outgrowths from the marrow
penetrate into the cartileginous extremlties of the dlaphysis, giving
rise to longitudinel marrow spaces. A% first théae outgrowths occur
at fairly regular intervels round the periphery, not more than one or
two being present in the centre of the cartilage. They usually con-
tain one or more small arteries, severzl large, thin walled vessels,
hoemopoietiec cells, gient cells, and osteoblasts most of which are
arranged in a layer applied tc the surfage of the cartnage: A thin
1lénina of bone is deposited on the eroded cartilage matrix (Flate IV,
Fig. 1). In the internal portion of the region of endochoniral
ossificetion large simple cevities ere formed by rapid latersl ero-
sion, and the osseous well by which they are 1lined is continuelly
broken through and removed as soon as it is formed. 1In the teminal
parts of the longitudinal marrow spaces, however, & fairly stout
layer of bone is depogited in which oateoblasta becone included and
form bone corpuscles. This layer is very incomplete, as it is rup-
tured at frequent intervals by outzrowths of the marrow.

The finger-shaped marrow cavities soon become oconnected by
irregular trensverse spaces ani ab the same time the central mass of
cartilage is penetrated by numerous small blood vessels accompanied
by marrow cells, connective tissue, =2nd osteoblasts. The small
camals thus formed in the central cartilage enlarge, while the larger,
olongated cavities extend into longitudinal and transverse brenches
until the distal end of the Alaphysis becomes honeycombed by 2 system
of lomgitudinel, intercommuniceting marrow spaces which increase in
mamber and complexity as they approach the extremity (Flate IV, Fig.l).

In the meantime bone fomation is proceeding rapidly in the
internal perts of the region of endochondral ossification., As the



lateral excavation of the cartilege advances, the bony lining of

the longitudinal marrow spaces, as described above, is 1n some arese
broken through and destroyed. art, however, remains and resorption
of the cartilege Pprocesdes on the other side. This ruptured osceous
barrier is often reinforced by further depositiom by the osteohlasts
on its outer side, and finally develops into & fairly stout, irregular
trabeculum. In this way the certilage is gradually replaced by
cancellated bone derived from the incomplete osseous walls of the
merrow spaces. This replacement is not very extensive in the day-o0ld
chick. The osseous 1lining of the merrow spaces becomes very thinm

as the excavations approach the extremity of the diaphysis, while only
in the internsl pert of the area of enfdochoniral ossification ars com-
plete trabeculae occasionelly found. In this region, where large
gimple marrow cavities are formed by rapid lateral erosion of the
cartilege, very 1little endochondral bone is deposited and the tra-
beculse ere few, becoming progressively wore numerous end more complex
in structure as ossification sprecds toward the end of the diaphyeis
where the marrow cavities are smeller ani more numerous.

The cartilage matrix surrounding the marrow cavities is slumost
alweys heavily infilireted for & short distance inward with celcium.
salts. In some areas osteoblasts enter the oapsules opening to the
eroded surface, and the capsule end the surrounding chofidroid metrix
: become infiltrated with osseous material. This, however, does not
teke place %o any great extent end usually only the superficial cap-
sules are involved, '

The vacuolated and swollem chondroblasts are for the mdst part
destroyed in situ in the region of endochonirael ossification, 2nd the
capsules at the @roded surface of the certilage may often be seen to
contain a disintegrating cartilage cell along with one or more osteo-
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blasts or the pseudopodium of 2 giant cell. The chondroblasts are
finally broken down into =2 diffuse mess of granular detritus. De-
generating chondroblaets are also seen between the layer of osieo-
blaste end the laminse of bons leid down on the cartilaginous matrix

and, more rarely, lying free in the marrow spaces.

The strusture and formation of the multinuclesated glant cells. 1In
the earxlier a-tagos of osteogenesis giant cells are comparatively rare
and 4o not become .numeroue until the resorption of the cartilage is
well < edvanced. The giant cells in the embryonic bomes of the fowl
differ 1ittle in strmoture from those of the memmel (Plate IV, Fig. 2).
They usually consist of large irreguler messes of protoplesm extending
into long branched prooeéses and containing from ten to twenty nueclei;
the central oytoplam is ocrowded with degenerate mitochondria which
have & swollen appearance and are often reduced to a globular condition
similar to that of the granular mitochondrie which Dubreuil ('10) des-
cribes in the osteocclasts of the (7) mammal. ¥at globules are almost
always preéent in the peripheral eytoplesm, sometimes in very large
guantities., Many of the nucleil are grouped together in the centre of
the « toplagp end in structure are for the most part identical with
those of the osfeoblaéta. The multinucleated cells are usually
found olosely 'gppliid %o the resorption surface of the cartilage or
to & trabeculum of bone. They appear %o be strongly Phﬂsoéytio and
often contein erythroeytes. |

Many Ixiaws es to the origin of osteoclasts have bbon pat for-
ward, the most 1;;jbrtant of which are summarised in a publication by
L.B.Arey (l’;'zol. Most modern observers regard the multinucleated
giant 96'11"& of developing bone s the products of cell fusion. Arey
daso;tibed these elansnts as being fommed by the fusion of a large
ma.a’s of agglut:l.nato& osteoblasts. Iecoste ('23), however, working on
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the osteoclests of the skull of the foetel sheep, states thet "les
ostéoclastes dérivent des eellules rondes mobiles du tissue conjonc-
tif" and describes as the steges in their formation bl-, tri-, and
emell plurinucleated cells, which last "peuvent s'aceroitre en incor-
porant dans leur masse d'autres cellules jeunes uni ou plurinuclédes”.
According to Iacoste, the osteoclaste develop in 'régions formatrices'
of the connective tissue of the marrow.

The results of the present study accord with the observations
of Arey. In the fowl the first stage in the formation of the multi-
nucele ted gleant cells is represented by groups of osteoblasts inl close
association, but still showing the cell boundaries; the mitochondria
in such cells are aggregated around the nucleus instead of around the
centrosome. The next stage i8 seen in & mass of osteoblasts in which
the outlines of the compnent celle, although indistinguighable in
plages, have largely dlsappeared, wh_flle the mitochondria show the
swollen and distorted appearance mentioned above. Finally, the cell
boundaries vanisgh c;ompletely. aend the mass of egglutinated cells thus
gives rise % & multinucleated gilant cell. Although in the later
stages of osteogenesis the osteoclasts are the chief, they are not the
only elements involved in the formetion of giant cells; connective
tissue celle of the marrow are slso to be found in essociation with
the fusing masses. In the earlier stages of osteogenesis the few
giant cells present at that period appear to be composed mainly of
gonnective tigsue colls: as Arvey and other workers have already
pointed out in the case of the mammal.

The bi- and trinucleated cells deseribed by Lacoste in the
sheep are also to be found in the long bones of the fowl. In the
present study the possibility that these elements might represent
the earliest stages in the fommation of the multinucleated giant
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- gells was investigeted but nmo setisfactory intermefiate steges could
be found linking the bi- and trinucleated cells with the glant cells,
and the exsminstion of serial gections almost inveriably showed that
whet had apmared to be a small multinucleated cell was, 1n reality,
the process of & large giant cell.

Brechet regards the multinucleated cells in the embryonic
bones of the fowl as 'bourgeonnements vasculaires' and describes them
28 being in continuity with the blood vessels of the marrow., It i1s
true thet these cells are not uncomonly found adhering to the walls
of vessels, as they adhere % any s011id objest, but I have been unable
to find any evidence whatever of thelr origin from sush a source.

The swelling and distortion of the mitochoniria and the somewhat
exteonsive elaboration of fat indicate that the giant cell is & degen-
erative structure. In these cells the nucleli degenerate later than
the mitochondria., The first sign of nuclear degeneration is the
enlargement of the nucleolus which continues %o increase in sige,
while the nucleus shrinks., The nuclear mémbrane at length dis-
appears and the nucleclus is geen as & large granule lying in the
general mass of protoplasm. These observations lend support %o
Arey's view of the foxmation of osteocclasts in the mammal, vigz. that
"the entire course from the time of osteoblastic coalescence is one
of progressive decline". Jordan ('21), on the other hand, stetes
that "the younger osteoclaste exhibit no signs of degenerative
changes, either oytoplasmic or nuclear”, In material fixed by
ordinary histologieal methods such as those employed by Jordan degen-
eration cannot be detected in the younger giant cells, but,as shown
above, if technique suitable for the demonstration of mitochondria

is employed, pathologicsl changes are to be seen in the sgglutinated
cells even befors fusion has taken place.
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summoxy of stages in the development of cartilege and bone.

Stege . Synchronous events.

1. Condensetion of prechondral mesenchyme.

2, Pirst sppearance of qar-tilage me trix.

3. Transverse alo:igation of cells in middle of prechondrel mass.
First signs of perichonmdrium appear around middle region of mass.

4, Tormetion of three zones of chondroblasts: epliphysial, flattened
and hypertrophied.

pifferentiation of middle region of perichom¥rium into fibro-
blastic and osteoblastic cosata.

Appeearance of osteogenic fibres smong osteoblasts.

5, Uniom of fibrous, osseous lamellae to form bony eylinder
encloging ceartilage.

Demarcation of epiphysis from surrounling mesenchyme, end for-
metion of rudimentary, fibrous articular cartilege.

Eerichonﬂrinm diatinguiahab}.e ag far as epiphysial region.
6. Cartilage resorption begins at middle of shafst.

Formation 'of" ghort, rediating, intervasoular, bony trabeculae
endd thickening of eentral cylinder.

Incressed restriction of zone of flottened cells.

Future boundary between ddephysls end e piphysis becoming
distinguishable .

y 2 cartil'ase oﬁcios‘aa by reriosteal bone completely excavated in
middle two-thirds of sheft and repisced by marrow.

First | '-gné' of endochondral ossification in proximel part of
o’art;fﬁgimns extremities. =

Epip@jyéia?? sharply merked off from diaphysis.

Zone of flattened cells reduced %o well-defined belt of carti-
/1-389 petween epiphysis and diaphysis.

Oqﬁeab stic and fibroblestie layers of periosteum recognisable
as fgr as limi¢ of ddephysis.

In ’T‘iﬁ&h region of shaft intervascular trabeculae of bone
th qifkened end extended to fom Haversian cansls.
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Cheptey e

The histological development of the noxmal embryonic mandible -

introduction. Although there are several accounts of the general

anatomical development of the avian mendible, I am umeware of eny

literature dealing with its histogenesis.

Material and methods. The lower Jews of a series of thirty embryos

ranging in age from the fifth day of incubation up to the time of
hatehing were used in this study.

The material was fixed in Bouin's or Zenker's solutions and
gections were stained with Mallory's triple stain or with safranin
and plero-indiso-carmine. A numher of epecimens were fixed in neutrsl
formelin, treated by wvon Tossse's method for the dsmonstration of calei-
fication, and mounted whole after being cleared in cedary wood oil.

General structure of the embryonic meapdible. In the late embryo the

lower Jaw consists of a rod of cartilage, known e Meckel's cartilage,
which is surrounded by & cheath composed of four membrane bone - the
angulare, supré angulaye, operculare and dentale (Flate V, Fig. 1).
lleckel 's cartilage itself is mo ¢t oseified exzcept at the proximsl end
where it gives rise %o & Yypical cartilege bone - the articulare
(rillie, '19). 1In the mandible, therefore, it is possible to study
not only the da?elbpnent of cartilage bone similar % that described
above in the cage of the 1limb, but also the histogenesis of mn-ossi-
fying cartilage and of membrene bone.

Histogenesis of lMeckel's cartilege. At the fifth day of develomment
leckel's rod is distinguishable as a short, stout bar of very early

cartilage in which comparatively little matrix is present and which is
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not sherply defined from the surrounding mesoderm.

In & well-developed six-day embryo Meckel's cartilage 1s very
distinet (Plate XIII, Fige. 1). At this stage it consists of smell,
rather irreguler cells scattered in fairly esbundant matrix and is
covered by & cellular perichonirium; &t a short distance from each
end of the cartiloge rod & zone of rather flattened cells is seen.
The 13 increases in size partly by eprositiom of new cells from the
perichondrium and partly by the formetion of 2dditional intercelluler
naterial . '

After the 8%th dsy of develomment the perichonirium surrounding
the hon-ossifying distal pert of lMeckel's cartilage becomes less
conspiocuous, the outer region growing yvather diffuse and indisting-
uighable from the surrounding connective tissue whilst the inner
cells give rise %o an extremely thin fibrous membrene. The develop-
ment of this part of the perichondrium is therefore different from
that of the perichondrium investing an ossifying ocartilege such as
the femmr or quadrate, vhich differentiates into a periosteum com-
wsel of an outer fibrous and inner osteoblastic layer.

The ossification contre of the artioculare does not appear until
about the 14th day of incubation tut is usually fairly distinet by
the 15th day. At this staege of development the ossifying cartilege
shows & sherp demarcetlon into & niddle region of large rounded,
vacuolated cells, on either side of which 1s & broad belt of fliattened
cells passing into e region of emall, round chondroblasts, The area
of hypertrorhic cells is covered by o two-layered periosteum whigh
lizaa fomed & gheet of osteoid tissue on the surface of the cartilage.
As the histological development of the ossifying articuler cartilage
closely resembles that of the distal pert of sn oseifying long-hone
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rudiment from 2 1inb it need not be described in deteil. The cells
in the non-ossifying distel rod show mo sign of hyper trophy (TFlate V,
Pig. 1)«

In 2 2-day post-embryonie mendible the histologieal structure
of Veckel's certilage is essentlally the same &g in a 15-day speci-
men, except that the ossification of the articulere (Flate V, Fig. 2)
ig mugh more advenced. The elongated distel part of the cartilsge
{flate V, Fige. 3 & 4) shows no sign of periosteal ossification and
conteine somewhat flattened but irresularly shaped chondroblas ts whibh
are larger than the cells of the unossified parts of the proximel end,
but are smeller then end differ moerkedly in appearance from the
gwollen, vacuclated cells of the ossifving vortion (ef. Figse. 4 & 5B,
Plete V.)

Histogenesis of membrsne bone. The formation of membrane bone begins

near the articulation of the Jaw. In & well-developed 6-day embryo
osteoblasts and Ia few fine osteogenic fibyes can ususlly be &isting-
uighed in this region, but elsevherse the sites of the future membrane
bones are indicated by rather diffuse condensatioms in the connective
tissue. TFrom the 6%h to the 9th day ossification advances very
rapidly and by the end of this paria& ooteold ¥icssue is present as

fer as the apex of the jew. Celoification begine near the articula-
tion at about the 8%h day and caleified bone is well developed through-
out the mandible by the 15t%h day of incubation.

The histogenesis of the bome is briefly as follows.

The cells ecomposing a condensed ares of commective tissue,
rYepresenting one of the four rudimentaery membrane bones, are at first
- similar %o those of the surrounding tissue. Very shortly, however,
the cells in the centre of the mess enlarge somewhat snd their eyto -
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plasm becomes more deeply steining. Thege cells arve the osteoblasts
and a delicate intercellular network of osteogenic fibres rapidly
forms amongst them.

The osteogenie fibres ineresse in mmber and give rise fto
rather irregular lamellee (Flate VI, Fig. 1). Blood vessels then
grow into the ossification centre and the osteoid tissue assumes an
irregular trabecular structure. The intercelluley materisl increases
~in density, its fibrous stmcﬁzra being less obvious then in the
earlier stege, anl at the seme %ime many osteoblasts become enclosed
in the metrix as embryonic bone cells (Plate VI, Fig. 2).

The process of ossification, which is slways more &dvanced in
the original centre of osgification, extends outwards until the whole
rudiment of the membrane bone is involved.

maring the subsequent stoges of development the intercellular
material becomes more and more plentiful whilst at the seme time the
bone undergoes & continual resorption and redeposition resulting, at
about the 15th day of inoubation, in the fbrmation of a large central
narrow cavity running parallel with the length of the Jjaw, from which
radiate fairly stout trabeculee hetween the medullery spaces (Plete VI,
Fig. 3).

In the 2-day embryonic chick these trabeculae are very thick
and reguler end the bone cells ave scattered rather spercely in the
matrix, The marrow speces are 2180 larger and better defined.

From this account of the ossification in the jaw it will be
seen that there is no essentisl difference between the histogenesis
of the mapdibular membrane bone and that of the so-called Teartilage
bone' of which the long bones of the 1limb are composed.
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summery of Results (Paxrt I).

Ossifying eartilege, non-ossifying (Meckel's) cartilage and
membrane bone all develop from localised condensations of the
primitive mesodemn.

Oassifying cartilege differentiates into three Zones: emall cells
(epiphysiel), flat cells (intermediate) and hypertrophic cells.
Bone is deposited on the surfece of the zone of hypertrophic cells
and the cartilage 1as then excavated and replaced by marrow.
Endochondral osgification is very slight in the fowl.

Te cartilaginous epiphyses of the long bomes do not ossify
independently in the fowl. |
The non-ossifying part of Meckel's certilage does mot differentiate
into three cell zones bhut contains stellate chonlroblasts only.

A gheath of membrane bone is formed arouni the non-ossifying pert
of Megkel's cartilege bhut is not laid down directly on the surface
of the cartilage. |

The mn-oasifying part of Meckel's cartilage persists throughout
embryonice life and is not replaced by marrow.

The strusture and development of embryohic mandibuler membrane
bone and the- periosteal bone of 'ossifying' cartilage are essen-
tially the seme.



PART II.

HISTOGENESIS IX VITRO

Object of emperiments:

To investigate the capecity for histologi-

cal differentiation of various types of skeletogenous tissue when

deprived of & circulatory system, nerve supply and association

with nomelly adjecent structures.



Chaptex 1.

Chondrogenesis in vitro.

Introduction. The behaviour in vitro of certilege has been investi-

gated by severel workers. Carrel and Burrows ('l10) cultiveted conju-
gal certilege and described the outgrowth from the original fragment
of "a piece of new cartilege 2 mm. long™. Tischer ('22) worked on
eultures of the sclerotic cartilege of the embryonie fowl and Chlopin
('22) explanted the limbs of mermelimn embryos; both these workers
found that the sartilage matrix disintegrated during growth in vitro
whils$é & proportion of the chondroblasts wandered into the medium and
became free smoehbold cells. Demuth ('28) deseribed caleificetion in
cartilage cultures; he aleo stujied the effect of various ehamioal re-
agents upon the growth in vitro of isolated cartilaginous segments
from the limb-skeleton.

The behaviour in vitro of unaifreren_tiated chondrogenic mesen-
chye was first studied by Strangeways and Fell ('26) who cultivated
entire limb-bud yudiments in tubes, The technicue employed in this
work, the results of which will be deseribed in e later chapter, pre-
cluded any microscopie study of the living tissue and I therefore made
further experiments ('28) using a different culture ‘I:eol:uﬁ.cmo.."l These
later investigations together with some unpublished results ere des-
eribed in the present chapter.

Material and methods. fl!he tiseue was obtained from the umiiffer-
entiated limb-buids of 3-day fowl embryos.

® These experiments were underteken at the suggestion of Dr. W, H.
Lewis of Beltimore, who pointed out that it would be interesting to
know whether cartilage would develop in mesenchyme undergoing sctive
outwandering on & coverslip.
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cultures were mede by Cerrel's henging drop method using No. 1
T in, square coverslips and 3 x 1 inch hollow ground slides. The
explants which were grown in 2 mixture of equal parts of plasma and
embryo extract, were transferred to fresh medium every 48 hours and
wore cultivated for periods up % 3 months. MNost of the mesenchyme
cultures were divided into two after either 48 hours' or 8 deys'
growth tut otherwise the originzl explent was kept intsct throughout
the period of cultivation sc that in trensplantation only the zone
of outwendering was cut.

The cultures woere fixed at verious steges of growth in either
Bouin's fluid or Zenker's solution less acetic acid. Some of the
specimens were then mordsnted in 224 iron slum, steined in dilute
thionin and mounted whole. The remainder were serlally sectioned;
in the case of the older cultures fixetion was followed by immersion
for 3 hours in picro-nitrio scid. In order % embed the cultures
with the minimun demege the explents werd not removed from the cover-
glass on which they had been growing until they had been cleared and
infiktrated with paraffin wex. The coverslips were then removed
from the psraffin and the adherent wex was allowed to set, but not
completely %o herden. The explont, infiltrated and covered with wax,
was reedily peeled off the glass with a sherp knife after which 1t
was dropped bagk into hot molten wax and embedded and cooled in the
ugual way. Tissues removed from the coverslip in this manmer showed
comparatively little distortion, tearing or folding.

Sections were stained with iron heemetoxylin, haematoxylin and
van Gieson's stain, safranin snd plero-indigo-carmine or Mallory's
triple stain.

In order to investigate the chonirogenic capacity in vitro of
very small fragments of mesoderm, a series of experiments (unpiblished)
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were made in which essh limb-bud was teased into numerous pleces
wvhich were then explanted in & henging drop culture in a fluid medium,
Bach culture thus contained a large number of smell explants. The
culture medium wes prepared es follows. Tw parts of plasma were
mixed in & sterile tube with three parts of embryo extract and the mix-
ture wes allowed to clot. The clot was then broken up with a sterile
rod or knife and incubated at 38° ¢, for sbout 10 mimutes,at the end
of which time & considerable emount of fluid hed ezuded. This fluid
was removed with a capillaxy pipette for use. The cultures were
incubated with coverslips ’'downwards for the first 48 hours of growth
in order % allow the tissue %o become adherent to the glass. Every
48 hours the explants were washed on the coverslip with a large drop
of embryo extract which was then pipetted off and replaced with & drop
-of fresh oulture medium. The tissue was maintained undisturbed in
this way for 14 deys et the end of which time the cultures were fixed,
staimed with dilute thionin and mounted whole.

Obgervations on living cul tures. Cartilage wes seen to develop in

over sixty c¢f the large explan%s cultivated in plaana and extract.
When first explented the tiszsue consisted of & smell, compact
nass of mesenchyme. After 24 hours' growth most of the explants
whilst showing & certain smount of ontgrowth, were still somewhet
rounied but by the end of 48 hours' in vitro the entire fragment of
tissue had spread out into a thick plate. Some times the explants
8pread out more rapidly end during the first day's incubation, geve
rise to thin plates of tissue whieh after 48 hours' growth hed expanded
into delicate sheots of mesenchyme conteining elight locel thickenings
of precartilage, =nd bordered Ly & regged margin of migrating cells.
The blood veseels could still be distinguished as flattensd, branching



cavities conteining & few blood cells. In some ocultures the ectoderm
spreed out over the coverslip in an 'epithelial veil' but in most
cases, although partislly covering the membrane, it tended %o contract
into flat pockets end islets in the substance of the explant.

After 4 days' cultivation the explents were still spread out
into thin sheets it in many of the sultures small areas of 'epithe-
lioid®* cartilage had eppeayed in the centre of the masses of pre-
cartilage mentioned sbove. This cartilage, which congisted of poly-
hedral cells separated from eash other by thin pertitions of refract-
ile, colourless and apperently homogeneous matrix, passed imperceptibly
into the surrounding mesenchyms,

The masses of cartilage were much larger after 6 days in vitre
~and towards the cemtre of the nodules the cells were separated by
broader partitions of matrix. In places the aartilage st111l merged
with an asggregation of undifferentiated cells, tmt elsewhere the sgur-
rounding tiscue had given rise % & perichondrial membrane of elong-
eted cells, which wes continuous with, but oleerly differentiated from
the ocartilage. The rest of the explent was still expanded into a
sheet; there wes usually en extensive zone of migrating cells which
wore of two types - fibroblasts and smell, roumd, weanlering cells.

A =mall proportion of the cultures beceame completely invested
by rartly keratinised ectoderm after shout 8 days' growth. 1In such
ceses the estodern was dissected off and the explant continued to form

-

zones of outwandering.

The cartilsgimous nodules enlarxged fairly rapidly until sbout
the tenth day, after which growth proceeded more slowly. The smount
of certilage matriz had grestly inecreased by the 10th day end most of
the nodules were completely surrounded by a definibe perichondrium in



whieh fibres could be distinguished. The bread zone of growth con-
gisted of elongated, rediating fibroblasts ani wanlering cells; the
wandering cells were larger and more branched then those of the younger
cultures and had the appeerance of typical mecrophages. Chlopin ('22)
also notes this change in the size and sppearence of the wandering
gelle in his cultures of early embryonic memmelian 1imb-tissue.

in cultures of 28 days' growbth the cartilage was very haerd to
the touch and was usually enclosed by & capsule of extremely tough
fibrous tissue. The zone of growth was rather varisble in extent
end tended to become orgenised into fibrous tissue unless the clot
was very fimrm; mitosis was active smd numerous brenched wendering
cells were geen.

During the last few weeks of the oculture period very little
increase in sgize Wok place; the maximum length attained by ﬁodu:l.es
of cartilege was 2.5 - 3 mnm. ;

In some cases the cartillage matrix remained extremely hard
but in o smell proportiom of the cultures Iit underwent a curious
gsoftening so that the nodules felt gelatinous when touched with a
sterile knife.

The cartilage was usually surrounded by a very tough fibrous
capsule. DPatches of what appeared %o be fat cells ocourred in the
connective tissue and seeed to be derived from wandering cells., The
zZone of outgrowth was usually smaller then in the younger cultures,
but consisted, as before, of fibroblasts end wanderirg cells.

In the case of the teased limb-buds grown in & fluid mediwm,
some of the fragments adhered to the coverslip and spresd out as smell
sheets whilst others floated in the medium end were lost when the
culture medium was changed. Cartilage wes seen to develop in asbout



thirty of the attached explents, the course of development being the
came 88 deseribed asbove, Some of the chondrifying fregments were
extromoly smell and et ths time of fization usially consisted of &
$iny central nodule of cartilage from which rediated strands of
amoeboid cells. Many of the explents, however, showed mo eign of
chondrogenesis and 1% was interesting to note thet the ogccurrence

of chondrification wes not in eny way correlasted with the gige of the
explants.

Observations on fixed meterial. a. Whole mounts. A sgtudy of twenty-
eight cultures steined with dllute thionin and mounted whole confimmed
the ohservations made on living meterial.

Forty-eight hour specimens were expanded int thin sheets of
tissuwe (Flate VII, Fig. 1) :lnaompietely covered by partly contracted
actoderm. The masses of early preceartilege and the remaine of the
blood woesels were well seen. There was no trace of the red, meta-
chromatic staining charscteristic of cortilage matrix.

In 4-day cultures (Flate VII, Fig. 2) the arees of praoartilage
were 1arge_r and even more dense and in some cuses matrix which atained
& parplish red had appecred in the contre of the thickenings. The con-
traction of the ectoderm was umally more pronounced. |

After 6 days growth (Flate VII, Fig. 3) almost all the pre-
cartilage had become transformed into cartilage as shown by the meta-
chwomatic stalning. Where the cartilege was covered by a definite
perichondrium the purple colouration terminated ebruptly et the sur-
face of the nodule but where the nodule was still econtinuous with
precertilage the metachrometic staining faded swey gmdnﬁlly. The
rest of the explant retained its sheet-like form.

By the 10th day the much enlarged modules of certilage were
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usuelly completed invested by perichondrium and their limits were
therefore clearly defined by the metachromatic staining of the
natrix.

In 24 days o0ld cultures the cartilage nodules were stained
glmost black and conitrasted very sharply with the green fibrous
perichonirium, and the broad zonse of outgrowth.

In specimens fixed after 10-12 weeks' growth (Plate VII, Fig.4)
the metachromatic steining was sometimes confined to the central
rogions of the nodules of cartilage, the peripheral metrix being
golourless. The chondroblaste were well seen in these unstained
areas and asppeared nmomal; in ome gpscimen they were arranged in
groups &8s in adult cartilage. The cartilage in one cu%;gre con- .
sisted of & small mass which was known %o heve been soft/gelatinous
in 1ife; the intergellular substance was colourless throughout this
mdule and was seen % contein large numbers of c¢losely distributed,
unshrunken cells. In most of the older explants, however, the
metechrometic staining was very pronounced. Each cartileginous
nodule was surrounded by a thick capsule in vwhich yellowish fibres
could be seen.

The fixed preparations ogmoulturoa of teased mesoderm showed
pronounced me teghromatic steining of the metrix in the smellest
nodules of cartilags. Some of the nodules were so minute that the
number of choniroblasts present could be counted. The smallest
splent studled consisted of o tiny central mass of cartilage con-
tainirg only thirty chondroblasts, from which rodiated strands of
amoebold cells attached to the surfece of the glass.

b. Histologieal sections, Serial sections were made of fifty-one
of the large explants grown in clotted medium.
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A section through a typical 4-day culture showed a thin plate
of mesenchyme pessing greduslly into e delicate zone of outgrowth.
The blood vessels were geen as irregular cavities lined by & single
layer of endothelium and eontaining rather degenerate blood golls.
Tunerous degenerating cells were scattered in the inmer pert of the
explant. A mass of late precertilage was prosent and coneisted of
conpactly errenged cells which were rather larger than those of the
surrounding mesenchyme.

in e culture of 6 dayse' growth early cartilaege was present
but 8t the veriphery faded into the ‘surrounaing me senchyme .

After 10 days' cultivetion conslderably more matrix was pres-
ent in the esrtilege which was surrounied by a perichondrium con-
taining numerous intercellular fibres; the surrounding connsctive
tissue was looser and showed a reticulum of fine Wit well marked
fibres. The cavities of the blood vessels were still visible.

The sctoderm ghowed early keratinisation.

The cartilage in 18 day oultures ooﬁtaima rathe r more inter-
cellular substance andl in some cases the choniroblasts were rather
larger; the perichonirium was denser ani more fibrous.

After 28 days' growth the large, vounded or oblong nodules of
cartilage were still in a healthy condition. The peripheral chon-
droblasts were of ten arranged in groups of two oxr four but the more
central eells were still diffusely scattered. 1In a fow oultures
the ocartilsge co ntained numerows amall, spherical cavitieé which
wore lined by flattened cartilage cells and hed no commnication
with eech oth_er or with the surfsace. Some of the larger cavities
contained & fairly dense cosgulum. The histological appearance
in such cases suggested that the chomiroblasts themselves were dis-
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golving the matrix.

Three of the fifteen cultures fixed enl sectioned after 10-12
woeks in vitro were partially ossified and will be described in the
next chapter. Of the remaining twelve, two conteined relatively
heelthy cartilage (Flate VIII, Fige. 1 & 2) whilst in the other %en
many of the choniroblasts were greatly shrunken. Sometimes the
deganerate cells ocourred in definite traets, but in other explants
they were seattered throughout the cartilage nodule. INumerous
amooboid chondroblasts often ocourred in the degenerate tracts having
a.ppa.renily migroted there from nomal regions. In one specimen
there was & curioms thin, superficial layer of heel thy cartilege
containing round cells, which overlaid but was sharply maerked off from
an area of degeneration; +the origin snd significance of this layer
was obscure. The cartilage in all the mon-ossified cul tures was of
the small-celled type found in the norqal epiphysis and there was no
gign of localised cellular hypertrophy. The chondroblasts were either
evenly distributed throughout the matrix or formed smell groups of
two to four cells (Flate VIII, Fig. 1); the grouping was usuelly
mogt eonspicuous near the surface of the module. The connective
tissue encloging the cartilaginous nodules sometimes formed & loose

network and sometimes & dense fibrous eapsule.
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Chepter 2.

Ossification of cartilage in vitro.

L s

Introduction. Ags stated above Demuth ('28) observed calcoification

in his cultures of isolated embryonic limb-bone rudiments but he

- mekes no mention of bone formation. This worker, who prepared the
cultures primerily for biochemical investigations, records very few
histological data and gives no sccount of the histological develop-
ment of the explants during cultivation.

The development of trme bone in essociation with 1limb cartilege
was first deseribed by myself (Fell '28) and I later (Fell & Robision
130 ) studied the histological development and ossification in vitro
of the isolated formr rudiment. The results of these investigations
| are dessribed in thig chapter. .

My resulis obtained in the cultivation of the femur rudiment,
have gince been confimmed by M.levi ('30) who has cultivated various
parte of the cartilsginous skeleton of early fowl embryos ani by
Wiven ('31) in her work on the vepeir in vitro of embryoniec cartilage
and bone. In the case mammplian eartilege, Freidheim ('3 ) has
recently found that the perichonirium of explanted fregments of limb
cartilage from the embryonic rat forms bone when cultivated in assoc-
iation with leprosy backllus.

section A. Ossification of smell masses of cartilege in hangdnz-drop '
cultures.

laterial and methods. The cartilage used in the following experiments
consicted mainly of the umossified extremities of the long bones of
8-8% day fowl embryos; the epiphyeial region and often a very emell
part of the diaphyesis was removed from either end of each of the

larger bones. As stated in the previous chapter ossification of
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cartilage was elso observed in three cultures (referred to as Nos. 1,
2 and 3) originelly derived from the chonlrogenic mesenchyme of the
uniifferentiated 3-day limb-bud.

The cultural and histological technigues were the seame as those
deseribed in the wevious chapter except that all the cultures were
sectioned and none were mounted whole. The cultures were meinteined

for 10-12 weeks.

Observations on the living eultures. Although the greater rart ofi

the surrounding tissue hald been dissected away from the 8-8% day
cartilage at the time of explentation a certain amount of perichon-
drium remeined adherent and after 48 hours in vitro gave rise 1o &
broad zone of outgrowth consisting o_f fibroblasts and numerous highly
smoeboid wandering cells. This sctive outgrowth continued, with
intervels of depression, throughout the maximum pericd of cultivation .
In order to maintain this outwandering of cells it was necessary to
cultivate the tissue in & relatively sitiff elot; when explanted in

a softer medium the Zone of growth tended %o invest the nodule of
cartilage and become orgenised into a capsule of fibrous tissue
instead of migrating outwards.

During cultivetion in vitro the cartilage nodules usually in-
creaged to three or four times their original size; growth was most
rapid during the first ten days in vitro after which it proceeded at

2 progressively slower rate and towards the én& of the culture
period altogether ceased.

8ix of the explants underwent ossification during cultivetion
in vitro. 1In five of these cultuves the process %o some extent
-eould be followed in life. For convenience of description the ossi-
fying eultures ere numbered 1-6. :
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The first indication of ossification im vitro was moted in
explent Fo. 1; after sbout ithree weeks' cultivation & patch of
whitish, opaque material which appeared black when observed by trans-
mitted 1light, was seen on the surface of the dlaphysial porticn of
the cartilage. This deposit, at first mot very dense, graduslly
became thicker and spread over the surface of the nodule until it
formed & sheath inves ting the fragment of diaplysis but stopping
short at the border of the diayhysis and epirhysis. 1In RNos, 2-5,
which belonged %o another series of cultures, & similer deposition
wes observed after about & month's cultivation. This deposition
took place over the entire surface of the cartilage in the case of
No. 2, but in Fos. 3, 4 and 5 1% was confined %o shout ons half of
the nodule - the diaphysial fragmen®; the bone was not very regu-
laxly laid down, in some places forming comparatively thick mounds,
elsewhere & thin sheet, whilst in some places it was altogether
absent. The bony deposit was found %o be very hard whenm touched
with a sterile Ikmife. |

In three of the ossifying explants Fose. 1, 2 and 3, the certi-
lage enclosed by the bone was largely or comple tely excavated by
the surrounding tissue after 6-9 weeks in vitro. This excavation
in the case of Nos. 1 and 3 was greatly sccelerated, if not actuslly
begun by the zone of outgrowth which, after the eulture had beemn
changed on ome occasion, suddenly migrated into the cartilage within
the sheath of periosteal bone, instead of wandering out into the
medium in the usual wey; it is probable that the diaphysial carti-
lage enclosed by the bone had become softened before this invesion
Yook place. This phenomenon was perhaps most strikingly seen in
Fo. 1, & section of which is reproduced in Plate IX, Fig. 2; in this
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specimen in the course of 48 hours the bony tube surrounding the
invrided cartilege was pulled downwerds by the inwandering tissue
until 1% made an angle of sbout 60° with the epiphysis and the cover-
glags; coventuslly the diaphysiel bone was completely reflected over
the surface of the epiphysial certilage thue hecoming once more parée-
1lel with the coverglass after s rotation of 180°, The removel of
the cartilage was rather more gradusl in the case of No. 2 in which
the cartilage wes completely covered with bone, and the progressive
gsoftening of the contents of the irregulayr, bony capsule could be
followed by touching the explant with a sterile kmife when changing
the oulture; the sensation resembled that of touching an egg in
which the membranes are intact but the shell broken (& section of
this culture is shown in Plate IX, Fig. 3).

The excavation of the csriilage caused e contraction in the
glameter of the sheath of bome but the thickness and the consequent
opaclty of the bony wall continued % increase. )

puring the removal of the cartilage fhe zone of outzrowth, as
might be expected, was greatly reduced and in the case of Wos. 1 and
3 was practically sbsent for a considerable time: this was doubtless
due to the large number of cells that were migrating into the carti-
lage dinstead of into the medium.

Osteogenceis was seen in the living tissue in only two of the
three ossifying explants (Fos. 1 and 3) originally derived from
undifferentiated limb-bud mesenchyme. Ossification was first ob-
served in Wo. 1 (Fig. 4, Flate IX. was drawn from a section of this
explant) after about 5 weeks' cultivation. The cartilege in this
specimen consisted of 2 single pesr-sheped nodule the apex of which
was twisted %o one side. A saddle-shaped deposit of bone was Seen
%o form on the surface of the nodule in the angle of this apieal bend
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anl graeduelly increased in thickness and extent. In the case of
No. 2 (a section of which is shown in Fig. 1, Flate X) the cartilage
was composed of several nodules fused together. On the smallest
of thase modules & white sheet of bone appeared in the usuel way but
gs this part of the explant was rathex; fo‘&;ssc;%rfei% a‘b%oc;?nnec tive tissue
it wee not possible to observe the propress /in-wy detail.
Ossification of the certilage formed in cultures of 3-day mes .
demn was greatly deferred as compered with nomel ossification in vivb.
In normal development the firsé esigne of bone-formatiom are to be
o‘nsorvéel arvound the middle portion of the largsy cartilege shafts at
about the 6th day of incubation in well developed embryos; in the
explanted limb-bud fragments, on the other Land, ossification was not
seen un¥il the third week of cultivation. This deley was probably
due %o the lese favourables conditions of growth ia vitro as compered
with the conditions in the embryo. As will be seen from the next
section the delay was greatly reduced when cartilege was grown in o

large voRkume of medium.

Histological gtrusture of fixed spocimens. Sectlons of the five
cultures of 8-day embryonic cartilage in which suspected ossification

had been observed in every case ghowed the presence of well developed,
tyrical bone; very early ossification was alep found in another speci-
men (No. 6). Two of the cultures(Fos., 1 and 6) were fixed after

84 days' cultivetion, the remainder after 70 days',

Ho. 6 ghowed the earliest steges of ossification. This explant
congisted of an epiphysis fitting cap-like over s small fragment of
diaphysis. The diaphysial cartilaBe containing hypertrorhied cells
was shrply marked off from the small-gelled epiphysis and there was
no intemediate regiom of flattened cells. Towarde the apex of the
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nodule the cartilage had begun to break down; apparently under the
influence of the chondroblasts themselves; the matrit cshowed large
branched eavities having no connsction with the surface and eontain-
ing emoeboid cells some of which could be seen Just migrating from the
capsules. The centre of these cavities was some times occupied by a
laxrge, round mass of cosgulum. A thin, irregular deposit of hone
overlaid by & somewhet diffuse layer of osteoblasts covered ons side
of the diaphysial cargilage. The entire nodule was enclosed by &
dense, rather thick capsule of fibrous tissue.

fwo other specimens, Nos. 4 and 5, showed ossifieation without
extensive erosion of the cartilage. Both explants were comparatively
elongated and were differentisted into &an epiphyeial region, which
wes rather degenerate, an intermediate zone of flattened cells end a
diephysial region of hypertrophied cells; in No. & the three regions
were sharply defined but in No. 5 their bounderies were indefinite.
The perirhery of the dlaphysial fragment in both cases eonsisted of
& broad tract of smIler-cel erg ??bl cified cartilage. 1In No. &4 the
tip of the Adiaphysial fragment remote from the %true epiphysis was
eovered by & small eap or typical and very healthy smaell-celled carti-
lage. The bony deposit varied in thickness; in No. 4 1% formed patcles
on the surface of the diaphyeis but in No. 5 (Flate IX, Fig. 1) it was
1aid down in & continuous sheath; a definite osteoblastic layer was
not seen in either culture. No. 4 showed the begimming of cartilage
erosion. In th;s explent various irregular cavities occurred near
the surface of the eartilage which were f1lled with amoeboid cells
consisting pertly of invading fibroblasts from the perichondrium and -
partly of liberated chondroblasts. r The ossification was wholly of ghe

periostesl type in the case of No., 5, but in Fo. ¢ 1% was pertislly
endochondrel since the deposition of bone sometimes took place on the
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walls of the small exeasvations described above.

In three specimens, as previously stated, the cartilage ensclosed
by the bone haed largely (Nos. 1 and 3) or completely (Fo. 2) disappeared.
To. 3 was fixzed three days after the invasion of the oarti;ago by the
entire sZone of outgrowth. Sections of this culture showed that the
cortilage was highly degenerate amd fthet the bounlaries of the three
zonss weve imperfectly defined. The diaphysial region was enclosed
by & fairly stout, incomplete tube of ne. One side of the dla-
vhysiel cartilege had comple tely disappeayred, leaving the bony wall
intee$:; the space previously occupied by the cartilage contained a
loose coagulum smongst which ley & large, denso mass of cells repre-
senting the fomer zone of outsrowth. A% one point the mass of
inveding cells was continous with the supsrficisl comneltive tismme.
In No. 1 the epighysial cartilege though partly necrotic was present,
but the certilage of the diaphysis had completely disappesred and was
repremented by bome only. (Flate IX, Fig. 2). The bne in this ocul-
ture was rekarksbly healthy and well developed and consisted of en
inconplete, deeply staining outer tube enclosing an irregrnler, tra-
beculaxr mass of more 11ght1j steining bone; a loose reticulum of
connective tisme filled the eavities, TFNo. 2 (Plate IX, Fig. 3) con-
teined mo vestige of cartilege and wes composed of an irreguler block
of very healthy bone showing a two-layered structure, the outer layer
being thick and deeply staining, the inmer layer itreguler and more
1lightly coloured. 1In one part (shown in the figure) the immer layer
was abgent and its place was oecupied by loose commective tissue.
uul timmcleate osteoblasts (Flate IX, Figs. 2 and 3) were fairly numer-
ous in both Nos. 1 and 2.

The three ossifying explents derived from undifferentiated 1limb-
bud mesenchyme were fixed after 84 days' growth in vitro.
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In one epecimen (No. 3) only the earliest stages of ossification
were seen. This explant consisted of & large, complex, rather degen-
ercte nodule of cartilege surrounded by fibrous tissue. 1In ome amm ‘
of the nodule two ossification centres were present. The cartilege
of one of these centres contained typicel hypertrophied chondroblas is;
at the periphery 1t showed & few smell cavities filled with inveding
connective tissue cells and om the waells of these excavations e thin
layer of bone had been laid dowm. In the other ossification gentre
only the peripheral choniroblasts showed & limited enlargement, the
inner cells being chrxunken and degenercte; eondochondral bone-formeation,
gimiler to that observed in the centre desoribed sbove, ocourred here
also.

A gsection of the deposit of bone formed on the single pear-
sheped cartilage nodule of explant No. 1 is shown in Plate IX, Fig. 4.
The broad end of the nodule displayed o median tract of healthy,
rounded ceolls sandwiched between two extonsive areas of degener2tion.
The chondroblasts in the apical portion waéa hypertrophisd and
enclosed in deerly staining capsules; there was m sharp boundsyy
between the rogions of small and large celle. As already daaoribed.'
the bone formed & thick, compaet layer on ons side of the apieal rert
of the cartilage. Rather dense fibrous tissue enweloped the entire
mdule and the comnective tissue cells had almeady begun to invade
the cartilage of the ossification centre forming pocket-like excava-
tions in the madrix,

Bzplant No. 2 eontained & relatively large, complex block of
cartilage formed by the fusion of seversl smeller masses, Conpare -
tively advanced ossification wes seen &% one end of this nodule
(Flate X, Figs. 1 a2nd 2) where o stout but incomplete layer of bone
had been laid down on the surfece of the cartilsge. As in the
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previous culture the cartilage of this ossification centre consisted
of & laxge, degenerate choniroblasts encapsuled by deeply staining
metrix. Much of the cartilage in this ares hal been excavated,
however, 1ts place being represented pertly by am oval space con-
taining cosgulum and pertly (Plate X, Fig. 1) by numerous invading
connective tissue cells. The rest of the cartilage nodule, which
was in & fairly healthy state, showed no ossification and the cells
were mot enlaré;ad. The nodule was surrounded by rather loose con-
nective tissue.

Tye histologleal structure of the bone formed in vitro differed
very little from that of nommal embryonic bone. It was deposited
in & less regular manner but in histologicael struature it was almost
indistinguishable from the bone of the late fowl embryo (Fell '25).
The bone cells (Flate X, Fig. 2) possessed the same cytoplammic
branches rumning into the intercellular meterial; the intercelliular
substence itself had the same closely fihrous texture and exhibi ted
precisely the same sieining retctions as in normel bone.

The principel difference between osafication in the cultures and
ossification in vivo was the absence in all the explants of the defi-
nite two-layered periosteum seen in the normel embryonic long-bones.

It was interesting to note that in s8ll the cultures chowing
osgification the bone waes invariesbly laid down in associeation with an
area of hypertrophied chondroblasts.

Section B. Histologicel develoyment end ossification of isolated
fermr rudiments in watch-glass oultures.

Material and methods. The materiesl explanted consisted of the iso-
lated femora of 53- and 6-day fowl embryos.

The tissue fragments were grown in a relatively lerge volume



of medium contained in & watch-glags., The culture method which is &
modification of one tried by the late NMr. T.S.P.Strangeways, wes &s
follows. A watch-glass, with its convex surfagce painited black %o
facilitate maeroscoplic observetion, wes placed on & layer of cotton
wool 2t the bottom of &« Petri dicsh 8 om. wide &2nd 1.5 onr. deep.
After sterilisation of the oulture vessel 30-40 c.c. of sterile dis-
tilled water was pipetted into the Petri dish where 1% was abeorbed
by the cotton wool; in this way 2 highly effective moist chamber wes
produced. The culture medium,congisting of 10 drops of plame and
10 drops of embryo extract,was then introduced info the watsch-glass
with eapilllery pipettes and allowed % clot. EBither three or four
explants were placed on the surface of the clot in each watch-glass

which was then inocubsted. The tissues were transferred to watch-

Ye ‘br‘i moist
dish cotton wool
explent wateh-glass
medium

Text-fi_-g_d 10

Photograph of & watsch-glese preparstion o show the ayrengenent of
thd culture vessel, culture medium and explent. (for pho tographie
re2sons thic was not taken from an actusl living culture).



glasses contaiming fresh medium every ihree days. This was effected
in the following way. Bach explant was first loosened from the

clot either by 1ifting with a2 paiy of fine forceps or by running the
point of a cataract knife erocund the periphery of the cartllege so as
to separate 1t from the zone of outgrowth; This latter method pre-
vented the fometion around the cartilage of 2 larpge mess of con-
pective tissue and minimised Alstortion during cultivation. The
explant whon loogened from the medium was sucked into = wide-bore
pipetite, washed in extract and with the same pipette placed on the
surface of the clot in a mew culture vessel.

Explents woere removed from the watch-glasses at different
periods of cultivetion and were fixed in Zemker's fluid. They wore
then enbedded in paraffin wax and cut into serial sections; the
glides were steined with haenatoxylin and van Gieson's stein, safre-
nine and piero-indigo-carmine or with Mallory's triple stain.

Ohservations on living cultures. The rate of growth of the Temora

during cultivation in vitro was studied by determining the increase
in length 2t intervals of three days, the meamurements being made
by the a8id of a micrometer eyepiece without removing the cartilsges
from the culture medium. For this experiment 16 femora of 5i-day
embryos and 18 femore of 6-day embryos were used, cultivetion being
contdmied during 27 days. The growth curves shown in Text-fig. 2
are plotted from the average lengths of the femora, those in which
serious curvature developed bsing omitted from the ealculetions.
The S5;-day femore incressed in length from 1,54 mm. o 5.03 mm.
during 27 deys' while the 6-dsy femora increased from 2.47 mm. %0
5,54 mu, during the same periocd. The sbsolute incresse in length
was therefore slightly greater for the 5i-dsy %than for the 6-2ay
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Average length of femur (mm.)

Duration of cultivation (days)

gﬂﬂ-fiﬁ. 2:

gurve A, Average 1mreasa in length of s-aay mbryonic femors during
27 deys’ cultivation in vitro.

. Cuyve B. Average inoresse in lengih of 5i-day embyyonic femors during
27 daya' cwltivation in vitro.

femoye. | Relatively to their initial size, however, the S5i-day
femora grew much more rapidly, increawing in length by 67¢ during
the first three dasys against 36% for the 6-day femora, while in

27 days' ocultivation the increase smounted %o 2264 and 124% respect-
ively.

The rate of growth in vivo was also detemined by measuring
the length of & number of femwwa of fowl mbxwos af ter reriods of
1mbation from 6 to 21 dm In this series the length of the
6-day femora was 1,5 mm. and of the 9-day femora 6,0 mm,, the
inorease during three days in ovo exceeding that during 27 days
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in vitro. A% 21 days, the chicks having hatched ,the average length
of the femore was 23,3 mm.

Although the wateh-glass technicue makes it possible to oulii-
vate a mush larger volume of %tissus then cen be grown by the honging
drop method, 1t is not suiteble for a deteiled microscopls study of
the 1living tissue. Thus the only evidence of ossification dinting-
uishable in the living materisl was the eppearsnce affter o few days'
cultivation of & whitish band serosg the middle of the shaft. This
band incressed in width and opacity during subsequent cultivation.

On the other hand, the generel anstomisal development of the
femora which is deseribed in Pert III, could be readily followed in
the living culfures.

Observationa_on fixed material. The 6-3day embryonic femora used for

this part of the work were all alightly subnexmal in develomment,
having reached shout the seme stage a&s an ordinary 5i-day specimen.

In this seriles of cultures throe femora were explanted in each
watch-glagss., Bvery thres days one of the cul tures wes sacrificed,
two of the explanted femore (the largest and smellest specimens) being
used by Dr. Robison for bilochemicel inmvestigations (see discussion)
and the third being fixed end sectioned.

Sections of ome of these 6-ioy embryonic femora (0-day) showed
a8 very early type of cartilage (FPlate XI, Fig. 1). The sheft was
better developed than the two ends end conteined slightly larger cells
gerarated by rather broader pertitions of matrix. 1Most of the cells
in the shaft appesved more or less ovel with their long axes at right
angles to the long axis of the femur bhut towards the end of the carti -
lage the chondroblasts were rounded snd irregularly adisposed. There
was no sign of demarcation into epiphysis and aiephysis = thet the
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younz cartilage of the future epiphysis merged gradually into the
hetter developed cartilage of the future diaphysis. The periphery
of the shaft was not sharply defined but passed into a fgirly broad,
sompact region of indifferent cells intérvening be tween the cartilage
on one sidg?%he rudimentery musele on the other. The outlines of
the diephysial regions were still less distinot and faded impercep-
tibly into a dense mess of undifferentiated mesenchyme. There was
no trace of hone and no definite perichondrial membrane. - :

the fermr fixed after 3 days' cultivation (Plate XI, Fig. 2)
showed 2 mavked advance in development as compered with the control.
The outline of the cartilage wss more distinet, the matrix was rela-
tively sbundent end the first indication of the three regions of
cartilege cells - rounded, flattemed and hypertrophie - characteris-
tic of nommel development had appeared. The region of hype rtroph;lea
cells ococupied about one-fifth of the total length of the cartilage;
the cells were very irreguler in foyrm and the enlargement was not
very grveat. The zZones of flattened 'collsl compressed in the direction
of the long exis of the sghaft, lay one on either side of the region
of hypertrophy, each extending through about one-fifth of the length
of the femur. The two ends of the cartilage contained mmeller,
rounflied cells. There was no sharp border line between the three
zones which passed into each other very graduslly. A perichondrium
of somewhat elongated cells covered the surface of the femur and
was contimious inwerdly with the eartilage and outwardly with e thin
layer of loose connective tissue.

After 6 days' cultivation the Zone of hypertrophiec chondro-
blasts had come to comprise abhout one-third of the Rength of the
femur whilst the cells were much larger, rounded in form and showed



the sharacteristie vacuolation of the cytoplasm., The flattened
eloments were rmuch more plate-like then in the 3-day explent and
occupled a more sharply defined aree which ended at the border of the
epiphysial region containing snall, rourmded cells; there was thus

a fairly aistinet aivision into epiphysis and diaphysis. A very
thin, conspicuwous, rather simuous sheet of early bone (or osteold
tissue) covered the surfaece of the certilage in the region of the
gone of hypertrophy. fhis sheet was overlaid by & layer of irrvegu-
larly cshaped cells resembling osteoblests and these agein were
sovered by & dense layer of gpindle-chaped fibroblasts extending over
the entire surface of the femur.

The specimen from the 9-day culture (Flate XI, Fig. 3) showed
no striking histologicel chenge,

In the l2-day explent the cartilege matrix was everywhere more
sbundant then in the younger specimens and the demarcation betwean
epirhysis and Aiaphysis wes more pronounced. The cartilege wes
enveloped by a layer of connective tissue which was thin end compact
over the surface of the epiphysis and loosely reticular over the
shaft. The zone of enlarged cells wes overleid by & thin layer of
bone covered by & fairly well-dcfined veriosteun. :

The femur from the 15-day culture (FPlate XI, Fig. 4) was found
to be much less developed then that fixed after 12 @ays in vitro;
the reason for this imperfect develomment was not clear but it was
probably due to some techniecal flaw in that particular oulture. The
region of hypertrophic cells was very restricted, there was no sherp
division between epiphysis end dlaphysis and an osseous layer could
hardly be distinguished. -As-will be-geen-later, This subnormal
differentiation was interesting in view of the fact that the two
correspofiiing femora from the same culture showed & lower phosphatase
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In the femur fixed after 18 days in vitro, & comperatively
gtout layer of bone had been 12id down on the surface of the carti-
lege avound the zone of hypertrophy; this zone composed about one-
helf of the totel length of the femuyr. The bone was thickest
around the miadle of the shaft whers 1% contained typiesl branching
hone-cells and was eoverad by o periosteum conslsting of am outer
fihrous and sn innor osteoblastic layer. The %wo Zones of flattened
shonirohlasts wexe relatively merrow and torminnted abruptly at the
borders of the amall-calléa epiphysia, A leoose highly fibrous mesa
of conneotive timsue surrounded the shaft and was contimmed over the
artionler surfaces of the opirhysis as 2 thin compeot perichondrium.

The fermir from the 2l-day eulture (Plate XI, Fig. 5) showed &
much thicker layer of bone than was seen in the 18-day specimen. In
one place tho oosification had spreed into the surgounding fibrouns
tisesue and had formed 2 sheet of less densely staining (probebly
uncnloified) bony material ruming mrallei with the sheeth of »eri-
osteal bone covering the cartilage: & similer phenomenon was ohserved
in an older (27-day) eculture from the seme peries and in another 27-
doy qultura from 2 @ifferent series.

The cartilage itself presented little change.

Up to the 21s% day in vitro the explants showed m more degen-
eration than is seen in the mma:_l. embryonic limb-gkeleton; indeed
1% was surprising to find that suwch & relatively large volume of tis-
sue could remeln so remarkably heslthy under the confitions of l1life
in vitro. 1In the 24-day explant, however, & limited number of
shrunken eells were seen in places in both bone and cartilage, &l~
though elsewhere (Plate XII, Fig., 1) the tissue was still relatively
healthy. This degeneration was still more extensive in the oldest
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‘(27-8ay) femur (Flate XI, Fig. 6) which otherwise resembled the 21-day
explant in histological structure; aimilar.dagenerative changes were
seen in four 27-day ocultures from aenother series. It seemed probable
thet this necrosis was due to an increasing density of the infercellu-
lar material of the cartilage, bone and connective tissue, which mno
doubt interfered with the proper diffusion of food material and excre-
tory products and with the gaseous exehange.

In order to determine whether the osseous material laid down
in vidbo was caleified, four femora (from 54-day embryos) from another
geries of cultures were fixed after 27 days' growth in vitro and were
then stained whole by von Kossa's silver nitrate method. O0f these
one showed no blackening, another showed a single pateh, whilst the
remeining two displayed & broad belt of caleification around the mid-
dle section of the shaft (Plate XII, Fig. 2).

_ In most of the older explanis a few scattered muscle fibres
of considerable length and showing beautiful cross striation were
geen in the connective tissue surrounding the ghaft. At the time
of explantation only very simple early myoblasts were present so
that the muscle fibres of the explants, which were often indisting-
uishable from isolated normel fibres, had differentiated during
cultivation in vitro.

For purposes of comparison a series of nommal embryoniec femore
were histologiocally examined. It was found that differentiation
proceeded more rapldly in ovo than in vitro, especially with regard
%o bone-formation.

In an 8-3ay normal femur, which would be equivalent in age to
an explanted 6-day femur oultiveted for two deys, the region of
hypertrophlc cells was better developed than in the 3-day oculture
(equivalent in age % a 9-day normal embryonic femur) deseribed above
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and was already covered by o two-layered periosteum and delicate
gheath of bome gimilar to that seen in the 6-day eulture. By the
twolfth day of growth the periosteal bhone had formed & fairly thiek
and highly vaseular, trabecular layer emveloping the zone of hyper-
troghy whilst at the same time ingrowing blood vessels, connective
tizsue and marrow had bgeun to exeavate the cartilage enclosed by

the bone. In the equivalent 6-day culture, &s previously mentioned,
the bone formed merely a delicate membranous sheath around the middle
sognrent of the shaft.

On the other hand, the cartilafe in the nomel l2-day femur and
in the equivalen® 6-day oculture was &t the ssme stage of differentia-
tion. The zone of hypertrophlec cells occupied rather less relative
spece in the ekplant than in the nmomel ggnge;ﬁt the epiphyses were
quite as clearly defined and the zone of flattensd cells was on the
whble rather more pronounced in the explent. By the eighteenth
day of incubation two-thirds of the Aiaphysial cartilage of the normal
foemur hed been e xcevated and repleced by marrow whilst trabeculae of
periosteal bone beitween the blood vessels were rolatively long and
gtout. A marrow cavity was not fomed in any of the femora explanted
in vitro and ossification was maver so advanced 2s in vivo; oven in

the oldest oultures the periosteal bone was represented by nmo more

than the single compact laysr deseribed above in the case of the 21-
27-day ocultures.
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Chapter 3.

The development in vitro of the distal (non-ossdfying) part of
Meckel's cartilage.

Introduction. I have been unable to find any previous work on the

eultivation in vitro of Meckel's cartilage.

The results recorded in this chapter were obtained by myself
and form pert of a morphological and biochemical study published by
Fell &% Robison ('30). As desoribed in Paert I, Chapter 3, the
histological structure of the non-ossifyinzg part of Meckel's carti-
lage in the nommal Jaw differs from that of ossifying cartilege in
the ebsence of the zZone of large, vacuolated chondroblasts which is
80 conspicuous in & developing cartilage bone. It seemed possible
that this difference in histological structure might be dune, not to
any. 1nhefant difference in the two types of cartilage, but to some
urknown factor in their ?ea'pootive exvironmental conditions. ¥For
this raa.son it was decided to investigate the development of Meckel's

rod when removed from its mormal enviromment and cultivated in vitro.

liaterial and methods. The eRplants were %ekem from 5%~ and 6-day

embryos and in every case the articuler end of the cartilage, which
nomally ossifies, was out off and rejected. Each batch of cul-
tures of NMeckel's rods was controlled by & similar batch of eultures
of either the pelato-gquadrates or fomore from the seme enbryos.

The tissue was cultivated by the wateh-glass technique des=
eribed above. The oulture vessels (14 imch watch-glesses in 3 inch
Potri dishes) were somewhet smeller than those used before, and the
culture medium consisted of only four drops of enbryo extract and

four drops of plasma., Four explants were grown in each watoh-glass.
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In some experiments the specimens wore transferred to fresh medium |
every three days but better results were obteined when the medivm
wae chenged every 48 hours.

Bxplants were wemoved from the culture medium et infervals and
fized in either Bouin's or Zenker's solution. Sections were steined
with M81lory's triple stain or with safranine and picro-indigo-carmine,
In ell, sections were made of 36 leckel's rods controlled by 36 |
pslato-quadrates and of 10 Meckel's rods controlled by 9 femoxe.

Observations on living cultures. MNeckel's eartilages isolated from

6-day embryos increased considerably in length during cultivetion
in vitro, slthough this increase was very much less than in the case
of the explanted femora.

In one experiment the entire cartilage rods from both sides of
the Jaw were removed from a number of 6-day embyyes, explanted in a
series of Watah-glaéses and neasured at 3-day intervals during 21
days? ecultivation. Twenty-four rods were explanted, 8 of which
became curved and distorded during sdbsequent growth emd had to be
rejected. The average length of the r0ds at the time of explentation
was 3.4 mm. and after 21 days' cultivation was 5 mm., showing en
inorease of 47/. The greatest increase in length of any individual
specimen was 80%. | The originel average lemgth of the explanted 6-day
femoras (Fell & Robison, '29) was 2,47 mm, and during 21 days' culti-
vation this length inoreased by 1187.

The experiments with pelato-qusdirate sontrols were perbaps the
more 1ntereat;_ng owing to the fact thot the quadrate and Meckel's wmd
are adjacent structures. R

In & 6-day embryo the palato-quadrate already <l = its typical
t_ri-radiate form which was usuelly preserved during ke first 8 days'
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growth in vitro during which time the cuasdrete increased considerably
in size. After this pariod, however, the explants usually became
rather deformed owing to twieting end bending of the arms. The
explants of Meckel's cartilage also tenled %o become slightly &is-
torted after this stage (Flate XIII, Fig. 2) usually by 2 hook-like
benaing of one or both ends, Taie distortion was probadbly due to
the inorsasingz toughmess of the fibrous capsule by which the growing
cartilage was surrounded.

Afﬁor each subeulturse the explanis became attached to the
clotted culture medium by an cutgrowth of eells from the perichon-
dttal tissue.

Obgervations on fixed material. 1HNo histologilcal difference can be

distiaguished between the quadrate and the Meckel's rod in the 6-day
enbryo (Flete XIII, Fig., 1). DBoth consist entirely of msmell-gcelled
cartilege showing no trace of periosteal oﬂsificé.tion.

After 2 dags’ in vitro the siructure was still essentially the
same in both types of explents. DBoth showed an increased amount of
metriz and contained rather irregularly shaped chondroblasts, some
of which showed mitotie figures., All the explants were covered by
& leyer of comnective tissue.

After 4 days in vitro the lieckel's rods and some of the smeller
quadrates were unchanged in miseroscopical appearanse but in the lar-
ger gquadrate controls 2 glight swelling of the cells ocoupying the
middle reglon of one of the three arms could be observed, associsted
with & flattening of the cells bordering this area.

In 8-day cultures & striking difference in the histological
stracture of the two sets of explants ‘was ceen. Sections of the
six palato-quadrates fixed 2t this stage all showed, 88 in the normal



development of this cartilege in vivo, & well marked differentiation
into three eell zones, viz. & middle region of round vacuolated,
hypsritrophic cells bounded on each side by & belt of flattened cells
which in turn passed into an area of smell, round chondroblesis. In
some eases 2 delicate layer of osteoid tissue had heen depesited on
the surface of the hypertrophic recgion. The Meckel's cartilages,
on the other hand, still consisted of irregularly shaped cells
soattered in feirly plentiful matrix. :

In the older (16-20 day) explents the same contrast between
the Meckel's rods and the mlato-quadrates was observed. All the
quadrates (Plate XIII, Fig. 3) showed the three definite regions of
smell, flattened and hypertrophic chondroblasts charscteristic of
normal "cartilege bone" rudiments (Plate XIII, Fig. 4), whils%}%ha
lMeckel's cartilages (Flate XIII, Fig. 2) contained only irresularly
shaped cells similay % those seen in Meckel's cartilege of a nor-
mal late embryo (Plate V, Figs. 1 and 4). Most of the quadrates
ghowed & certain amount of periosteal ossification. The only ossi-
flcation ever observed in the explants of Meckel's cartilage wero
smell areas of membrane bone in the surrounding tisswe, which were
guite unasgociated with the cartilege; eouch areas only occurred in
a few isolated cases and disappesred aAuring the later steges of
cultivation.

In those experiments where the femnors insteed of the gquedrates
were used as controls, similer results were obtained, i.e. well
developed zZones of amell, flettened and hypertrophic cells were seen
in all the femorel oultures tmt A4id not eppear in a single explant
of the Jaw cartilege. :

From these results 1% was clear that the siriking contrest
in histological structure between the non-ossifylng part of Meckel's
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rod and ossifying ocertilage such ag the embryonic quedrate or femur
cannot be due %o the influence of envivormental factors sinee each
typre develops its characteristic histology when isoleted from the
body and growing in a watch-glags.



Chapter 4.

The osteogenic cspacity in vitro of isolated embryonis
periosteun.

Introdustion. The behaviour in vitro of periosteum isolated from
the bone has been very little studied. Iolicard and Boucharlet ('25)

grew periosteum which in some experiments was denuded of bone, but
stete that osteogenesie d4id mot oceur. several investigators have
cultivated fragments of bone %o whieh veriosteum was attached but
osgification was never observed.

The primery object of the present study (Pell '31, 4in press)
way to investigate the osteogenic capmeity in vitro of embryoniec
periosteum of the limb-bones of the fowl st different stages of
development.

Hateriel and methods. The periosteum was removed with fine needles
end cataract knives from the middla third of various long bones the

endsof which were cut off and rejected. The hanging-drop method
wag employed thromughout the imvestigation. Iarge 1} inch squere
coverslips were used and 3 x 1} inch hollow ground siides. The

wex saal

coverslip

Toxt-fig. 3.

Ehﬂf-og!ﬂﬂl of a mmm-ﬂop preperation to show the arre t of
the culture vessel, culture medi - PESIANS &
from en aotuel living cultare). — . Crront. (this was not teken
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el ture mediwn consisted of & mixture of equal perts of fowl rlacme
and embryo extract and the explants were usuelly transferred %o
fresh medium every 48 hours. Throughout the culture period the
central pert of the culture wes kept intec’ end 2t suboultivetion
only the peripheral growth wes cut away, The objJect of this pro-
gedure was to leave the middle region of the culture undisturbed and
thus provide favourable conditions for organisation and differentia-
tion.

Both oultures and controls werse fixed in acetic Zenker's solu-
tion. Heavily ossified material was hardencd in alcohol after &
short fixzation in ecetic Zenker and wes then decaleified with forgol-
nitric 2¢id. This technique gavs very satisfactory resulis.

A fow of the cultures were stained with dilute phosphotungstie
2old hasnatoxylin and mounted whole. Others were fixed in meutral
formalin and were mounted whole after treatment with either sodium
elizarin sulphonate or von XKossa's silver nitrate method, to demon-
strate caleification. The silver nitrate-apaoimena were pho tographed
innediately after mounting.

The cultures to be sectioned were mt removed ‘from the cover-
slips until after infiltration with peraffin wax (Fell and Robison
130). They were cut either parallel with or at right anglea to the
plane of the coverslip. MNost of the slides were stained with safra-
nin end piero-indigo-cermine, but Hallory's pvhosphotungstic acid
haenatoxylin was also used.

A. Behaviour in vitro of 6-3sy embryonic periosteum.

Contrels. The 6-3ay embryos from which the material was obtained
were very well developed for their sge. Tissue for explantation
wag taken from a2ll the limb-bons rudiments except the tersal and
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carpél elements and Aigits, but the best resulis were obiained from
the fermyr, tibla and humerus.

In order % determine the ozact state of development of each
rudiment from waiich pexiostesl tissue was removed, one cartilege was
nguelly taken for dlssection whilst the corresponding cartilaé:a from
the opposgite limb of the samé embrye was fixed end sectioned. simi-
lerly in order o aseertain how much of the periosteum had been
explanted, the fragment of certilege from which the tissue ha"a._\‘oeon
stripped was, in many ca2seg, 8lso fixzed end sectloned. The pa.%'los-
teel tissue removed from each rudiment wes explanted separately \"‘ao
thet each oulture had thus & double control (Flate XIV, Figes 1 and 2).

gerial sesctioas of the fixst set of controls, 1.8. the qgi*ti-
lege rudiment fixed entire, usually showed the Tfollowing hiatoib;gi-
cal structure (Plate XVI. Pig. 1). There was & nmiddle mrtimi_l-\'-?'?“‘
oacupying one-third of the total longth of the rudiment, in whigh
the cells had begun to hypertrophy end to assume the 1ir9.<3uaacl.tztot!'ii
eppearance characteristic of the chondroblacsts of "ossifying™ carti-
lege; this regiomn of enlarged cells wes continuous on each s;ide with
two regions of flattemed cells, which in turn passed graauany\%nto
the mﬂl;ﬁﬁeﬂ areas of the future epiphysds the articulay pm.:'ta of
which were/composed of undifferenticted mesodemm. The first sign
of osteogenesis had appeared around the middle third of the rudiment
where the perichondrium had become diffeventiated into two layers -
a.nc_l imer stratum of polyhedral cells, the early osteoblasts, and a
thick outer layer of elomgated cells representing the rudimentary
fibrous coat of the periostemn. A very delicate sheet of osteogenie
fibres wes present on the surface of the cartilage immediately beneath
the ostecblastic layer; in some ceses osteogenic fibres also ren
outwards among the osteoblasts. fhe two-layerel stmoture of the
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perichondrium 448 not persist throughout the length of the shaft

but become much less distinet over the area of flattened cells and
disappeared on approaching the future eplphyses. In some of the
controls development was less advanced; the enlargement end vacuo-
lation of the celle oceupying the middle third of sueh rudiments

wes only very slightly marked and the layer of osteogenic fibres was
hardly distinguishable; the perichondrium covering the middle regiom
had, however, assumed its two-layered structure. Examination of

the second set of controls, i.e. the fragments of cartilage from
which the periosteum had been removed for explantation (Flate XIV,
Tig. 2) showed thet the region from which the e riosteum had been
teken usually consisted of the eree of hypexrtrophic cells and & small
part of the two Zones of flattened cells. The ocartilage wes rerely
denuded completely of osteogenic fibres and osteob_laata and in most
cases all or most of the leyer of osteogenic fibres and some times a
large proportion of the osteoblsstic leyer were left behind. Thus
the actual explent usually conslsted of a—ﬁyoblasts and connective
tissue, the rudimentary fibroue coat of the periosdeum and mart of
the osteoblastic layer.

Observations on living cultures. Ossificatiom centres developed in

many of the ocultures; in some cases cartilege appearsd &s well and
in other specimens cartilage @lons differentiated. In the most
successful experiment out of a otal of thirty-sim eultures,
eighteen developed ossificetion centres and mo cartilege, three
formed both cartilage and bone, five gave rise %o cartilage only
end ten formed mo skeletogenous tissue, although growth was as
vigourous &8s in the ossifying or chondrifying specimens.

The tissue when first explented consisted of ono or more
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rather diffuse, irregular frogments in which the original site of
ettrohment to the cartilage was sometimes distingulshable &z & smoo th
gemi-gircle.

paring the first 24 hours' growth the oxplents usually spread
out into flaé vlotes with s very narrow, merginal fringe of amoeboid
cells. Many specimens contaimed a compact mass of ratle r rounded
eells which later proved %o be osteogenic or chondrogenic, from which
vadiated mtrands of myoblests intersperced with capillary vessels and
loose connective tissme; in other cultures 1t was impossible to
distinguish different histological types.

After 48 hours' in vitro the explants &l expanded into very
deldcate, more or less circuler cheets 1-2 mm. in diemeter. 1In some
cases the cells composing the compsct areas mentioned above (Flate
XV, Fige. 1) had enlarged somewhat and had essumed the appearance of
osteoblasts; they conteined a layge ephe rical nucleus with one or
more vounied nucleoli, showed & finely gran_ular ocytoplasm and wers
separated from one another by delicate, slightly refractile per-
titions in which & fibrous structure was not apparent. These osteo-
ganie regions were not sherply demorcated, but merged into the sur-
rouniing tissue; they varled in thickness, in some cases being as
thin as the rest of the explant and in other cases forming definite
lumps. _

Occasionally one of the condensed areas meen after 24 hours!
oultivation, by the end of the second day hed differontisted into
very early cartilage. These cartilege nodules which were rounded
or oval in shape, differed from the ossification centres in the more
regulay, rounded shape of the cells end in the higher refractive

index of the developing metrix which gave the nodule a charscteristic
glistening appearance.
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Almost all the two-day oultures showed rather extensive cell
degeneration which was probably due to the Injury inflicted on the
tissue by the original dlssection.

After four days' cultivation most of the degenerate cells
hed venished and the tissue seemed to have recovered completely.

The ossification centres previously observed wers congiderably more
advenced (Plate XV, Fig. 2). Delicate osteogenie fibres had appeared
among the cells, forming rather irregular, very refractile, branching
bundles. When the tissue wae transplanted to fresh medium it was
found that this early intercellular materiel hed & certain amount of
rigidity even in an extremely thin ossification centre. After beling
cut out of the plasma clot the delicate sheet-like explant contracted
groatly except in the vregion of the ossification centre which, though
showing a few narrow creases, remaimned as?fairly flat plate around
which the ecoft, contracted mesoderm wes erumpled in & ring 1like the
parchment cover of & jam pot.

Occasionally osfteogenssis begen as 1#‘&0 as the 7th day in vitro,
but most of the ossification cen'trea wore distinet by the 6th aday of
cultivation, although their degree of development varied considerably.
Bone -formation in cultures of 6-day embryonic periosteum was slmost
inveriably diffuse, i.e. the osteoblasts spread out into the surround-
ing tiesue so that osteogenic fibres radiated into the explant in
all directions (Plate XV. Pig. 4). As 2 result slmost every siage
in osteogenesis could often be seen simultaneously in the seme ossi-
fication centre. Thus in a six-day culture the middle regioh might
conpgist of compact osteold tissue in which the fibrous structure of
the mairix was obscured by the deposition of & refractile, inter-
£ibrillar cement (of. the develomuent im vitro of membrane bone,

Fell & Robison '30) whilst towards the perirphery only & fine network
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of osteogenic fibres could be distinguished amcng the osteoblasis.

1t was interesting to note how the deposition of bone wes modl-
fied by the mechanicsl eonditions of cultivation. As stated above,
narrow folds sometimes formed across the early, fibrous, semi-rigid
ossification centre owing to the contractiom of the explant whon re-
moved from the plasma olot for suboultivation. ‘he raplid exrension
of the explent whieh slways followed transplentation did no t cause
these folds %o flatlton out 2gein anl they gave rise to hard ridgea_
which usually persisted throughout the culture period. In the larger
cultures the contraction alsc esometimes formed irregular more or less
coneentric folds separated from one another by comparatively flot
areag of osteold tissue (Plate IV. Figs. 1-4). These concentric
folds, one of whiech appeared after each subeulitivetion, were probebly
due to the fact that the mlddle region of an ossgificationm centre, as
deseribed above, was further developed and therefore more rigid than
the fibrous outer zone, so that the letter 'p.naer the influence of
the genersl contraction of the explont, tended to form a cireuler
wrinkle arouni the former. Before the re-expansion of the explant
gould pull thie fold flet again, advancing osteogemesis transfoymed
1% into a2 herd, permanent ridge.

The ostecid tissme frequently appreared healthy after eighteen
days' cultivation. Small ossificetion centres in the periostesl
explants often diseppeared before the sighteenth day bui the larger
ones continued to inerease in sige partly by the deposition of more
intercellular material end partly, as dsseribed &bove, by the forma-
tion of mew bome at the periphery, until in some cases they resched
a2 dismeter of over 1 mm.

Caleification could sometimes be detected by the 8%h or 9th
day and in good specimens was quite conspicuous by the 12th aay.
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Celeification was seenm &s a deposit of brilliantly refractile granules
4n the matrix of the oldest, more highly developed parts of the ossil-
fication centre. Caleified areas appesred & chalky white by reflected
1ight and elmost black by transmitted light (FPlate XV. Fig. 5).

In & few cultures an ossification centre differentiated very
elose %o the margin of the explent, some days affer osteogenesis was
well aavenced in the other specimens; occasionslly an ossification
centre would formm in the interior of the explent at the usual time
and a2 peripheral one would develop several days later. It is probable
that at the time of .explantation osteoblasis were sometimes present
at the edge of the tissue fragment and wandered into the medium in
the zone of outgrowth. When the tissue was suboul tivated the inner
¢ells of the originel zZone of cutwandering became incorporated with
the main explent, whilst the outer cells agein crawled into the cul-
ture medium. If osteoblasts were present in the originsl Zone of
cutgrowth they would be unlikely to form bone until they had become
included in the orgenised tissue of the culfuro. since ¢ells under-
going uncontrolled growth in vitro seldom differentiate. This might
rossibly account for the delayed appearsnce of these periphersl ossi-
fication eéntma.

48 desoribed eabove, cartilage nodules developed in a minority
of the cultures. Such nodules were mot introduced into the cultures
along with the perlostesl tiscue et the time of explantation, but
differentiated in vitro, all stages of chondrogemesis being seen in
the living material. Sometimes cartilage ond osteoid tissue osccurred
in the same explant, in which case the two tissuss were not associated
but formed separate modules; in o'ther specimens cartilage only pas
present. The cartilage generally beceme invested by & fibrous pori-
chondrium but occasionally merged directly with the surrounding tissue,
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gome of the modules, usually those without a perichonirium, disappeared
after & few days' growth but the majority continued to grow and
remained healthy up to the end of the eulture perlod.

Ag development advanced the explants increased in thickness and
the general stroma beceme denser and more fibrous. The origimal
capillaries persisted as numerous branching clefts lined by endothelium
and the myoblasts were also distinguishable after eighteen days'
growth., Iarge numbers of wendering cells crawled out after each
suboultivation and divided actively in the medium.

Observations on i:ist-olog:loal preperations. Histological preparations

wore made of most of the specimens containing ossification centres
or cartilage, and many of the culturés in which skeletogenous tissue
did not develop. Thirty-two explents containing ossification cent:oa
only were serially sectioned and three mounted whole, ten cul tures
eontaining both oart‘ilago end bone and eight conteining cartilage
only, were sectioned. Most of these cultures were controlled by
sections of the corresponding limb-bone r@diment from the opposite
g8ide of the same embryo and sixteen had the 'double controls' des-
eribed ebove.

The histological findings confimped the observations made on
osteogenesis in the living material.

The youngest specimen fixed end sectioned was a 2-day culture
in which an ossification centre had just appeared. The osteogenic
tissue consisted of an elongated mass of cells which 2% one end of the
ness were similar to those of the surrounding stroma and at the other
end were differentiated into typicel osteoblasts emong which were
Seen marrow, irregular partitions of matrix stained bright blue with
phoro~-indigo-carmine. The reet of the explant consisted of gpindle-
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sheaped connective tissue cells, scattered myoblasts, and blood ves-
sels which formed irreguler spaces lined by endothelium and contain-
ing & few bloed cells; no comective tissue fibres were seen.
Mitoslis was active throughout the culture.

Sligh$ly older (three-and four-dsy) specimens presented e simi-
lar eppesrence but the ossification centres contained more infter-
cellular material.

In the six and seven-dey explants the osteold tissue was very
well developed end contained tyﬁica.l ‘stellate bone cells scattered
in abundant matrix; 1t was covered externally by & layer of osteo-
blests end ususlly hed a somewhat trabecular structure owing %o the
presence of large, irreguler cevities lined by osteoblasts. The
ogsification centre was not covered by & fibrous membrane, In some
cases & thin sheet of rather diffuse osteold tissue rah out fiom the
méin mess into the surrounding tissue. The general strom& of the
explent wes denser at this stage and contained intercellular fibres
and gsometimes compact masses of lﬁyoblasta. I

Pen~-day cultures (Plate XV. Fig. 6) showed little change, except
that the stroma was still more dense and fibrous and the cavities
lined by endothelium were more complicated.

Seetions of the older {eighteen- &nd nineteen-day) specimens
showed that the ossification centres were usually 84411 healthy
(Plate XVI. Fig. 2) and two specimens which were stained with slizerin
and mounted whole exhibited & fairly extemsive central region of
caleification surrounded by & peripheral umealeified zone. The gen-
eral stroma was loosely reticular in some regioms but elsewhere, |
especially in the neighbourhood of an oseification centrs, it showed
dense fibrous areas; the osteoid tissue was not, howcvu;. surrounded

by & contimnmous fibrous membrene. 1In one specimen the ossificetion
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asentre had & rather interesting histological structure. A large
plete of bone had been fomed, which &% en earlier stage had been
hent over at one end. The internal angle of this bend was occupled
by & smell mess of tissue heving the staining reaction and histologl-
cal appearance of cartilage. The bone was not deposited on the
gurface of the cartilagimous tissue as in the nomal development of
the lib-skeleton, but gradually merged with 1%. The cartileginous
material seemad %o have be.en fomed from the stroma, with which 1t
was internally contimous.

The isolated mowdules of eartilage which, &s previously des-
eribed, sometimes appesred in cultures of 6-day periosteum, were
found on section to be of the hyaline type and were emclosei by &
fibrous perichondrium. Even in eighteen-day cultures the cartilage
showed neither cell hypertrophy wor periosteal ossificafion. When
a nodule of bone wes present in the ssme culture (Plate XVI. Fig. 3)
the cartilage and bone were guite separate.

B. Behaviour in vitro of 10-dey embryonic periosteum.

Controls. Material was obitaiped from all the long bones fxom one
side of a 10-dsy embryo with the exception of the digits, and from
the femur and tible from one leg of amother embryo. Several peri-
osteal explenis were made from each of the larpgor bones. The corres-
ponding bones from the opposite side of eech embryo and in most cases
the pleces of shaft from which the periosteum had been removed were
fized end sectioned &s controls.

The embryo from which the tibiae and femora were removed was
rether better developed than the embryo from whioch all the long ~-bones
were taken. In both embryos the periosteum (Plate XVII. Fig. 1)
consisfed of a fairly thick end tough fibrous layer overlying an



osteoblastic layer which was rathor irregular in thickness ani some-
what diffuse along its inner surfece. The periosteal bone was
merkedly trabecular in all the larger bone-rudiments bui in the cer-
pele and tarsals of the less advenced enbryo the trebecular structure
had only just begun to appear and the osteoblastic layer of the peri-
osteun wes consequently more compact and reguler then in the larger
rodiments. In the case of the more advanced embryo the cartilage
was completely excavated from the middle region of the femur eand
tibie but in the less developed chick excavetion in this region was
orly pertiel in the larger bones and had nct begun in the tarsal
apnd carpsl elements.

sections of the fragments of shaft from which the periosteum
had been dlssecteld for explentetion showed that the flbrous coat had
been removed and the osteoblastic leyer partielly so.

Obgervations on living cultuxes. In the best experiment boro-forma-

tion took place in seven cultures out of twelve and all stages in the
process of ossification could be studied in the living material.

The originsl explants consisted of rather tough, irreguler
fibroug fragments w which minute pieces of bone sometimes adhered.
After 24 hours' cultivetion the original fragments which were =till
rathor dense, had become surrounded by & Zone of outwandering eells.
During the next 24 hours' growth the culture began to spread out
over the surface of the coverslip, whilst at the seme time the fibrous
tissue showed signs of disintegretion, the inte rcelluler materisl
assuning a chersoteristic gramuler sppesrance indicating thet resorp-
tion of the fibres was in progress. Early ossification centres
were sometimes visible in 2-day cultures &s rather large, commact
masses of cells in which, 24 hoprs later, osteogenic fibres appesred.
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in 4-day oculturss the remsins of the original fibrous tissue
were 5%111 visible but the explents were ususlly much more homogenoous,
celluley end expenied, although & few contained a thick opaque centrel
region in whieh very little higtologicsl detell could be distinguished.
As & wile, the explents of 10-dey periosteum did not spread out into
guch thin sheebs &s the explants of 6-day materiel, and in many cases
1% was therefore difficult to follow the stages of osteogenssis in
deteil. sSomcotimes, however, the whole course of bone-formation
eould be obsorved very readlly.

Mogt of the ossification centres were already present by the
6%h day of cultivetion, but in one specimen an ossification centre
appeared nesy the periphery of the growth on the l4th aay. some of
the centres were compact, i.8. they congisied of & mass of ogleoid
tissue govered by a layexr of osteoblasts enveloped by & fibrous rem-
brane; others were compact et o end and diffuse at the other,
whilet others again were ontirely diffuse. The ossification centres
seemed %o arise quite independently of the éxnall gpicules of hone
which were sometimes aceidently included in the explent and vwhich
showed no further growth and eventually disappeared.

The osmification centres formed in vitro by 1l0-day embryonis
periosteun were rather thick and by continued deposition in some
regions and resorption in others umuslly developed & trabeculer
'stmturo. The detalls of osteogemssis were essentielly the seme
as in the eulimres of 6-3ay periosteum and need not be described.

By the 12th day 1n vitro all the ossification centres disting-
uishable were seen % be rertially celeified. Outwandering from the
maxgin of the explent still continued sctively, with %the formetion of
2 broed Bone of outgrowth, but the misdle region had usually hecome
so thick and opaque by this stage of cultivation that in several
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caces an ossification eentre ohserved ot an earlier period had become

completely cbscured.

Observations on histological preparations. Nine of the cultures

conteining ossification centres were fixed end sectioned and one was
gteined with aligerin to show caloification, and mounted whole.

The younzest specimen fixed, whidh had been growing in vitro for
6 days (Plate XVII, Fig. 2), contained & large oblong mass of osteold
fiseue in whio§7§veral large irregulor cavities filled with osteo-
blesis. The surfece of the developing bone was covered by a compact
layer of osteoblasts outside which was & continucus fibrous membrane.
The rost of the culture consisted of & rather thin, dense sheet of
cells and intercelluler fibres with a few small elefts lined by endo-
tholiun,

liogt of the explanis were fixed after fourteen daya' cultiva-
tion, although one wes carried on until the sixteenth day. In these
gultures the bone and ositeoid tissue showed & marked trabeculery
strmeture. In the contre of the ossification centre there wes usually
8 rogion vhich steimd very deeply with piero-indigo-carmine and prob-
ebly represented {true bone; this wes surrounded by a broad, more
lightly ammﬂ_ #one of probably ungalcified ocstecid tissue. Iarge,
fairly dense m@aéﬁ of fibrous tissue were sometimes present in the
inner part of the explent, whiech were readily distinguishable from
the osegification centres.

One fourteen-day specimen in vhich no ossification centre wes
present, contained a &urious nodnle whieh in life strongly resembled
hyaline cartilege. 1In sectione sthined with safrenin and viero-
indigo~-cornine this nodule wes very similar to hyaline cartilage
in 1%s histologicel structure eni consisted of rather rounded cells
embedded in an apparently amorphous metrixz. On the other hand,
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unlike truehyaline cartilage steimed by the same %teohnique, the matrix
was green in colour instesd of bright pinmk. This was the only case
in which any stmicture vesembling cartilage was found in & culture

of 10-day embryomic pesriosteum,

¢. Behaviour in vitro of late embryonie and early post-embryonie
verios teum .

Gontrols. The pariostoum was obtained from the femur ami tibia of
a 17-d8y embryo, the femur of a 2l-day embryo and the tibia of & day-
0ld ghick, In each experiment the femur or tibie from one side of
the body wes fized and sectioned whilst the pexiositenm of the corres-
ponding bone from the opposite side was removed and out up into frag-
ments for explantatioa. The shaft from which the perics teum had
boen token was also -i‘ixed end sectioned,

Sections of the entire honee showed that the pericsitemn (Flate
ZVII. Fig. 3) consisted of & fairly thick coat of dense fibrous tis-
gue covering and merging with & rather thinner leyer of very flat
cells. Between the flattencd cells and the bome was a thin styotum
of osteoblasts. The underlying hone contained mmerous leyge, rather
i}'regular Hoversisn spages tending %o radiate from the centre of the
shaft and bounded by falrly thick wells of well developed bone. The
sypaces were lined by a layex of oasteoblasts and enclosed thin-walled
blond vessels. Only the middle third of the shaft was completely
filled with marrow, the future medullary cavity in the distal thirds
being oscupled by partially eroded cartilage.

In sectlons of the shaft from which the periosteum had heen
stripped for cultivation, it wes seen that the fibrous coat and its
assoclated layers of flattened cells hed been completely removed.

In some places & thin layer of osteoblasts remained attached to the
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bone which in other areas was covered by the remains of torn anmd
decenerate cells; eolsewhere the outer surface of the bone was com-

ple tely denuded.

Obgervaetions on living oultures. The periosteum in the 0ld embryos
and newly-hatched chick, which was more firmly attached to the bone
than in the case of the 10-day embryos, was removed and out info smell

square explanis to which the ends of muscle fibres usually adhered.

A few cells emerged from the fibrous explant after sbout 24
hours in vitro, and by the third day the original fragment had become
surrounded by o halo of rather scattered growth. After 6 days' cul-
tivation the scattered outzrowth had increased toc form & broad sheet
composed of spindle-chaped fibroblasts and & small proportion of
wendering cells; the ouftline of the originel explent appecared less
gharply defined mear the periphery and the intersellular fibres were
undergoing & granular disintegration.

A broad zome of actively dividing cells continued %o wanier
into the medium after each suboulftivation whilst the cells in the
interior of the culture became heaped up around the now greatly
gontracted original fregment, to form & central lump of organised
tissue. ‘

In most capes the culture was out in helf after 6 days in vitro,
the two halves being placed side by side 2t & little distance from
each other. The helves rapidly fused anéd the finsl result of this
procedure was %o produce a relatively large mass of organised tissue
derived from new growth, in which the original half explants were
seen as small contracted islets which beceme smeller and more opaque
as the age of the culture advanced.

Over fifty cultures were observed for periods up to one montﬁ
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but A1lthough the majority grew profusely eni appeared heelthy,
osteogenesis was seen in two cases only. In one culture it was
noted after nine deye in vitro as & patch of enlarged cells embedded
in refractile metrix and lying in the new growth near one helf of

the originel explant; the specimen was fixed immediately. The other
case of bone formation was not observed until the 20th day of growth
when a gmall fibrous mess was noticed in the outer part of the organ-

ised region of new growth. Typieal osteogenic fibres began to spread
from this nodule into the surrounding tissue and by the 27th day a large

kidney-shaped ossification centre similar to those seen in cultures
of 10-day periosteum, had been fommed. The ossification contre was
not @ssociated with the halves of the originel explant whioch were
eonspicuous as two very opague mesges in the centre of the growth.
The oculture was fixed ot this stage.

Obgervations on histological prepamtions_. FPourteen cultures of
the late embryohic (17- and 21-day) pericsteun were fixed after
periods of cultivation venging from 12 to 28 days end were serially
sectioned.

In the poumger (12-14 day) specimens the original exvlent was
seen as a dense fibrous mass in the centire of the eculture. It was
surrounied by much less fibrous, very cellular connective tiscue
derived from new growth which was sometimes compact and sometimes
loosely reticular. Sectione mede at right engles to the plane of
the coverslip showed this centrel region as = hump tapering on either
gide into the narrow Zone of umrgenised oﬁtgrowth. In some places,
especially in the case of the cultures which had basn out in helf at
an earlier stage, the originsl explant or half explant, whilst often
preserving ite ountline intact, had begun to lose its fibrous neture

i



end to give rise %o a gonpact mass of cells. Mitosis was usually
getive throughout the culture. 1In some specimens numerous degen-
erative cells were rresent in the interior but othemshowed 1little or
no degeneration.
in the two oldest (28-day) eultures the fibrous character of

the original fragment had sompletely disappeared and only a flattened
oval nodule composed of lightly staining cells was seen in the middle
of the organised new growth.

‘ Osteold tissue occurred only in the two cultures in which it
had been observed during life. The younger apeairgg:;ltglxed after
12 days' cultivation, consisted of a relatively large/mass of orgenised
new growth on either side of which lay two rounded fibrous lumps -
the two halves of the original explant, which had alreedy begun to
disintegrate. The ossiflcation centre lay in the newly formed orgen-
ised tlssue between the halves of the original explent and consisted
of a rounded group of typleal osteoblasts among which early osteoid
matrix had been 18id down. The surrounding tissue conteined o
fibres and consisted merely of a mess of healthy cells. In the older
(26-day) specimen the original helf explents had become reduced to
gmall, compact areas in which m fibrous structure was seen, sur-
rounded by & large mess of conmective tissue with fathor lightly stain-
ing,gelatinous intercelluler materiai, formed by the new growth., The
osgification centre whisch lay %o one side of this fibrous tissue, was
much larger and better developed than that in the younger culture and
the matrix stained more deeply with pioro-indigo-carmine. The nodule
appeared heelthy and showed very few degenerate osteoblasts.

Criticism of vesults. From the foregoing vesults 1t appeared that
the osteogenic capecity in vitrxo of isolated embryonic periosteunm
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aiminished with age. This required explemation. The diminished
osteozenic power might he attributed %o various possible causes :-
(8) To complete &bsence of osteoblasts in the origlmal explant.

Ffhie wes unlikely, since histological exemination of the con-
trole chowed that the layer of osteobleoste vhich is present under
the fibrous membrane even in the early post-embryonic periosteun,
wae at least partially removed when the periosteum was dissected owaey
for explantation.

{b) To & less healthy condition of the cells in culfures of older
perioateun. |

The majoxrity of oultures of late embryonic and early post-
enbryonie periosieum, however, grew 2ctively and appeared &s healthy
as the bone-forming cultures derived from 6~ and 1l0-day embryos.

{e) Po the osteoblasts in late embryonic 1life being less able %o
form bone nmier the ebnormal conditions obitaining in vitre, than the
osteoblasts from early embryos.

This possibility wes supporied by the fact that on the whole,
early embryounic tissue 1S more reeadily adaptable to the conditions of
life in vitro than similar tissue from late embryos.

(d) To severs mechanicel damege being inflicted inm the osteoblaatie
layer when removing the periosteum for explantation, and thus prevent-
ing the multiplicetion and development of the osteoblasts during
cultivation in vitro.

In late embryos and young chicks the periosteum is tough end
rather fimly attached %o the bone, so that mechanical Adsmage might
easily result from stripping off the membrane. Surviving groups of
osteoblasts might have little chance of recovery and differentiation
owing %o the profuse over-growth of fibroblaste from the fibrous coat.

The only way to decide which of the last two alternatives wes



gorrect, wes %o obteinm undamaged osteoblasts from the lete embryonie
an? early post-esmbryonic linbegkeletorn and investigate their osteo-

genic capacity vnder the same experimants;l eondiftions. The oxpori-
ments recorde? in the next chapiter were unierteken with this objeect.
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Chapter 5.

The osteogenic capscity in vitro of late embryonic end
eaxly post-embryonic endosteum.

Introduetion. The endosteun of the Haversien spaces seemed ideal

naterial for obtaining undemeged osteoblasts from late embryos and
younz chicks. From the work of previous investigators (quoted in
chapter 4) 1%t was clear thet the soft tissme contained in the cavities
of bone migrated inte the culture medium emd there grew actively. As
moentioned in ahaiater 4, the Haversian spaces of & nomal late embryomnic
long-bone are lined by & layer of osteoblests (the endosteunr). It
seemed probable, therefore, that a lerge proportion of the cells
forming the zZone of outgrowth from = bone fragment would consist of
osteoblasts whieh, being protected by the bony walls of the Haversian
spaces, would have sustelnsd lititle or no damege when the bone was

out into smell pileces suitable for cultivation.

Method. The %ibla was dissected from the 1o§ of & late embyxye or
newly hatehel chick and the two ends of the bone was cut off and re-
Jected, leaving only the middle thirg. The paricsteum was then
stripped off and in three of the seven engrimo’nta performed was cut
up into fragments which were explanted :ln'vitro as & control series
of oultures. -

The plece of shaft from which the periostewm had been romovet_l
was split open longitudinally eund the merrow was carefully scraped
away. The bone thus cleaned was ecut into =msll oblong fragments,
the long axes of which were &t right engles to the long exis of the
tibie, as this method of cutting involved the greatest mmber of
Heversisn spsces and was found to give the beet outgrowth on subse-
quant cultivation. The fregments were then explented into a large
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drop of pleeme 2nd extract in & learge hanging drop culture and incu-
beted for three days, by which time & fairly broad zone of outgrowth
had appsared. The oultures were cut out of the elot at this stage,
tronsferred to fresh mediur apd grown for esmother two or three days.
After & totel of either five or six deys' cultivation the origi-
nal bone fragment was removed from the Zone of outgrowth by means
of =2 needle and cataract knife and was rejected. The ring of growth
left behind was out oui of the clot and transferred to fresh medium.
The cultures thus produced were meintaimed forxr various periods unp to
twenty-eighé days. The tissue which was transferred to fresh medium
avery 48 hours, was never subdivided and only the outer part of the
growth was cut away in subeultivation. Owing to the very profuse
growth of these cultures and their tendency to liquefy the clotted
medium i% was found necessgry %o grow them in a&as large & volume of
culture medium as the coverslip would hold and %o make the clot
rather stiff by mixing & drop of umsually concentrated embryo extract
with a rather lerge drep of plasms. :
In the three experiments in which & confrol series of periosteal
explants were cultivated simmltensously with the explants of bons,
the periosteal cultures were treated in s pmoiselﬁr gimilar fashion
to the bone cul tures. There wes uvsually more variation in the size
of outgrowth in the periostesl cultures. The original explants of
the most swtively proliferating specimens were removed and rejected
et the same time &s the origimel explents of the bome growth, but
cultures showing less sctive proliferetion were 2llowed to grow for
& few days longer before removel of the original tissue.

Observetions on living cultures. The bone when first explented
wasg seen &8s & amall, flat, recienguler mass in which the Haversisn
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peees were distinguishable as lighter bands. running parallel with

the shorter sides of the rectangle. wo days after oxplantation

e vrather sparee ontgrowth composed of sells resembling fibroblaste h
gnd of & npumber of loucocytes cand other wandering cells had eppeared
from the %wo lonmger sides of the explant, i.a. the two sides which

cut the Heversian spaces at right englos; very little growth fook
tlece from the other (shorter) sides. The periosie2l controls usually
ghowed considerably lees ouitgrowth &% this stage tham the bone ocul-
tures., DBy the third day the bone had become surrounded by e Zairly
broad zZone of cells, but the outgrowth from the periostesl controls

wes s%ill sperce. The culiures were then transferred o fresh medium .

Growih become much more profuse after the first subculture and
by the fifth or sixth doy in vitro the bone &nd many of the periosteal
explante hed become surrounjed by quite & wide halo of cells. It was
interesting %o ndfe the difference in habit of growth between the
"bone and periosteal cultures. The bone (Plate XViII. Fig. 1) was
elways surrounded by & broad sheet of irroguiarly shaped, compactly
arrangeﬁ cells forming & ring of tissue, Tyom the reriphery of wvhich
strands of elongated cells radisted into the clot. Tho outgrowth in
the periostes]l culltures, on the other hand, only rerely showed traces
of a dofinite cheet of tissue end consisted entirely of long rediating
cords of spiandle-chaped cells rumning out from the explent ia 2ll
direetions.

As stated asbove, the origimml bone was removed either on the
fifth or sixth day of cultivation. In meny cases no trace of honme
was left, but in other specimens & few mimte spiewles were present
whailch underwent no further development during subsequent oultivetion,
remaining in the ewlture as foreign bodies. In the later experiments
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owing to improvement in the menipuletive technique, it was usually
possible to re-explent the sone of growth after it had been cut out
of the 0l1d clot, 88 & complete ring: in the earlier experiments the
ring wes often twisted and distortel when transferred %o the fresh
goverslip. The same was true of the control periosteal eultures.
It wag interesting to find thet these cultures ossified in 100

par cent of cases, and bone or osteocid tissue has now heen observed

in over fifty specimemns. |Tone of the periosteal controls, however,
ghowed any trace of bone formetion.

For the seke of convenlence the cultures derived from bone
have been termed "endosteal™, btmut this does not imply that osteoblasts
only were present in the growths which also included cells derived
from the Haversian vessels.

All steges of osteogenesis could be observed in the living
tisswe (Plate XVIII, Figs. 1-4).

hen the cultures were éxsmined about 20 hours after the
removal of the bone (Plate XVIII, Fig. 2) the reripheral cells were
seen to be wendering outwerds in the usual way, whilst the hole left
after dicsecting away the explant, wos completely or partieslly filled
by & centripsital ingrowth of cells from the inver margin of the ring.
In exceptional cases the medium liquefied in the central hole, in
which csse the ingrowth of cells a1d not take place until the culture
waalcha'ngea. The periosteal controls showed the seme outward and
inwerd migretions of cells.

Forty-eight hours after dissection the hole was in most cases
completely filled by cells, slthough its site was usually still dis-
tinguishable as & thin pateh in the centre of the culture. At this
stage of growth, and sometimes even earlier, the first signs of osteo-

genesls became visible, and when the tissue was examined under 2 high
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power 2 n@twork of delicate osteogenic fibres was seen to pemeate
the culture. These fibres were sometimes vexy clearly &and beautl-
fnlly sesn in the thin ceantral vatch, Ian the thick ring of tissue
surrounding this area, they often formed cireulsr hands, whilst in
the outer parts of the culture, where they were much more srarce,
they tended %o raa.iatp towards thepg_?;-gg?e.al No such fibrillery
network wes distinguishable in control/cultures of the same age &nd
from the seme %ibia,

On the fourth day following the removal of the originel bone,
osteold tissvne wos e2sily reaogn;sa‘ble in 8ll the endosteal cultures.
The metrix et this stage appeered in the middle region of the cultare
88 en irreguler mess of refractile lumps and ridges in which the orig-
inel fibrous structure vas almost indistingunishable. The site of
the hole left by the removel of the explant seldom vanisghed completely,
28 the osteoid matrix usually rem2ined aperce and d4iffuse in this
area, A network of osteogenic fibres rsdiested eutwerds from the
main osteoid mass into the broad sheet or oi‘g&nise& tissue by which
i% was surrounded. The osteold tissne in the middle of the culiure
gometimes showed thick coriugations radisting from the centre. This
weg & mechanicel effect gimiler in origin to the concentric ridpes
deseribed &bove in the case of cultures of 6-day embryonie periosteunm,
and was produced &s follows. When the ring of new growth was removed
from the origimal bone, the tisswe, which like most forms of tissue
culture had been growing under tension, contracted considersbly, and
if the eirculer sheet wee broad and thin 1t became puskered into
radiating folds when released from the clot. Before these folds
could be straightened out again by the re-expansion of the tissue, they
beceme partially ossified snd persisted &s rigid bars.

In the earlier experiments the endosteal oultures gave rise %o
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osteoid tissume only - calcification was never obhserved. This wes
found to be due %o an inadequate supply of culturs medium and conse-
quently in the later experiments, 8s described in the section ~n
methode, the size and stiffness of the clotted drop was considerably
increased with mueh better resulis. The cultures appeered healthier,
grew more &ctively, and in almost every cose formed true caleified
bone (Plate XVIIX, Fig. 4).

In these later experiments c2loification was frequently well
advanced by the fifth aey after ramovel of the original bone frag-
ment (Plate XVIII. Fig. 3). It often progreased veory vapidly, and
it was not uncommon %o ses only & alight opreity in the matrix one
day and quite & domnse caleification the next. A typicel periosieal
control culture at this stage eppeared as & flat nass of elongh ted
calls somewhat resembling & hefp of straw and presenting & merked
contrast to the regular gheet of compactly srronged cells which sur-
rounded the new bone in the endomteal culitures (Flate XVIII. Fiz.3).

Ag the age of the culture advenced the mess of bone in the
centre enlarged, partly by peripheral depositiom of new bons ond
pertly by incresse in the guantity of intercellulsr materisl, Une
ealeified osteold tissue was often resorbed some ten or fourteen
doys after the removal of the originsl fragment, hat celeified bone
could persist intect for at least 2 month afier the dissection (the
longest period for which the culiures were maintoined).

The aontr&l periosteal cultures grew very vigorously during
the first t‘qrtnight after removal of the explant, often forming =
large mound of eells in the midile, 8nd completely obliterating sll
traces of the hole from which the original explent was taken, 2
degenerate spot sometimes appearsd in the centre of this lump of

tissue, ond some of the innermost cells were ceen to be fotty or
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necrotic. Sometimes this rather opague, necrotic area would spread
to & comperatively large size and them at a later stage of growth
would aprerently be largely resorbed and eventually reduced %o @
gmall, vather hysline nodule in which miclei were embedded, 2 nodule
of this type was reedily distinguishable from csteold tiseue.

Ohgervations on histoldgicel preparations. The observations nadd

on the living materiel were checked by histological examination of
cultures fixed at verious stages of growth. Most of the endosteal
cul tures were sectioned, but others were mounted whole after either
steining with dilute phosphotungstic scid haematoxylin or tre2itment
by von Xosse's gilver nitrate method for demonstrating caleification.
In all, thirteen eultures were fixed and sectioned before removel of
the explant and three were stained with phosphotungstic acid haeme-
toxylin and mounted whole, fifty-three were sectioned at various
stages after removal of the orig:lnal bone, and whole mounts were made
of three specimens stainéd with Mallory 's hagmatoxylin and of eleven
treated by von Kossafs method. The pariosteal controls were 2lso
histologically studled, three cultures being fixed and sectioned
before vemoval of the explent and thirty-nine being sectioned after
removel.,

As previously described, bone from the middle mgion of &
late embryonic or early post-embryonie tibia.aontains nuMerous more
or less eylindrical Heversian sreces tending to radiate from the cen-
tre of the shaft; each Haversian space is lined by & layer of osteo-
blagte (the endosteum) and encloses delicate, endothelial vessels.

Seetions of bome cultures fixed after five or six days' growth,
thet is, a-t- the stage im'sdiately before removal of the explent
(Plate XIX. Figs. 1. and 2), showed that both the oatéoblasta and
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enddéthelial cells of the Haeversiman spaces had migrated sctively into
the surrounding medium. A large proportion of the actusl bone cells
appeared degenerate. It is possible that some of those near the cut
odges of the bone or close %o the Haversian spaces might have emerged
from the intercelluler meteriel and entered the culture medium, but
by fer the greater part of the zone of outgrowth was obviously derived
from the tissue in the Haversian spaces. 1In one experiment in which
growth hed been rerticularly sotive, 21l three cultures fixed on the
fifth day showed osteogenic fibres slready formed by the new tissue
around the original bone, and in two cases the fibres were quite well
marked in caftain areas of the culture. Osteogeneais was not obser-
ved in the living specimens before fixation, owing probably to the
thickness of the zone of outgrowth in the neighbourhood of the explant.
In enother experiment where growth had been rather less profuse, no
gign of newly formed osteogenic fibres was seen in any of the eight
cultures fixed after six dsys in vitro.

Dsteogenic fibres were present in seven out of the eight oul-
tures fixed l4-24 hours after removal of the bone fregment (Plate XIX.
Fig. 3). They were seldom distinguisheble in the living cultures at
this stage, owing probebly to the contracted condition of the tissme
during the first 24 hours following removal of the bome. The hole
from which the bone hed been dissected was filled either by & rather
looze metwork of cells or by & plug of culture medium, and the osteo-
genic fibres formed & diffuse mat, stained blue with plero-indigo-
camine, in the tissue surrounding this area. Specimens cut at right
angles to the coverslip were seen &s & rather flat plate of tissue in
which the osteogenic fibres formed either thin flat lamellee rumning
Perallel %o the coverslip and sendwiched between layers of osteoblasts
or fairly thick, irregular messes in which lay scattered osteoblasts.
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Both the specimens fixed three days after removel of the bone
were thidker then the 24-hour cultures, and the ostecld tissue was
moxre abundant. In some areas the osteoid matrix was comparatively
dense &nd deeply staining, but olsewhere it consisted merely of early
oateogenic fibres.

By the fifth day after dissection (Flate XIX. Fig. 4) the osteoid
tigsue in the interior of the culture hed in places assgumed the cher-
acter of young bone.'anrl by the seventh dsy (Plate XVIIi. Fig. §)
most of the osteoid tissue in the centre had become transformed into
true bone which, &8 desoribed above, was seen to be heavily caleified
in 1ife.

Eloven days after the removael of the bone frogment (Plate XX .
Fig. 1) quite broad and dense partitions of bone matrix had been laid
flown which stained & very deep blue with piero-indigo-c&rmine. Osteo-
blasts in mitosis (Plate XX. Fig. 1) were £till seen even in the best
developed parts of the bene. In some cases the depodbion of fresh
bone was taking place fairly extensively at thé periphery of the mein
mass, but usually the culfures showed signs of & diminished osteogenic
activity at this stege, and the zZone of mewly fommed osteoid tissue
surrounding the central mass of bone wes more restricted than im younger
cultures.

One culture was fixed 21 adsye after removal of the original bone
(Plate XX. Fig. 2). The wodule of bome which hed fomed during this
period was very weil developed and healthy, but osteogenesis appeared
to have stopped &s the outline of the bone was sharply marked off from
the rest of the culture. The bone was surrounded by & broad, lightly
staining, fibroug region which resembled ordinery connsctive tissue

rather than osteogemic tissue.
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Four cultures were fixed on the twenty-eight day after dissec-
tion. In two of them the bone was fairly healthy, but in the other
two 1% showed signs of aegenerat;@on. :

The eleven cultures treatedl by von Kosso's method were fixed
et periods ranging from eight to eleven daye after removel of the
originel bone. ALl the specimens chowed dense blackening in the
aress where caleification was suspected in the living culturse
(Plete XX. Figs. 3 end 4).

The histology of the periosteal controls wes very different
from that of the ondosteal eultures.

Three periosteal oultures were fived after 6 days in vitro, 2%
the stege immediztely before wremovel of the explant. Thoy showed
& dense, deeply etaining, coersely fibrous explent, on one side of
which, in one case, were tags of musele, and from the edges of which
extended the broad zone of outgrowth.

Your specimens fiwmed 14-24 hours after removel of the original
tissue consisted of & sheet of rather loosely errenged cells cmong
which no intercellular fibres were seen. By the fifth dey the colls
had become much more closely pecked &and the cultures had increcseld
in thickness forming, as previcusly @emcribed, & kind of hump in the
centre which was very comspicuous in sections made &t right anfles
to the viens of the coverslip. A few fine intercellulsr fibres,
gteined 1ight blue with plero-indigo-cermine, could jJust be disting-
uighed in the demser parts of the tissue.

The central lump had become reletively large ten or cleven days
efter removal of the explant, and the lightly staining intercellular
fibres rumning emong the densely packed ceells were more plentiful.
In two oultures an aree of degenevation ocourred in the interior of

the central lump. In one of these cases, where degeneration was
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less advensced, the cells in the neserotic are2 were highly vacuolated
and in 1ife probably contained fat. The intersellular material,
whioch stained more deeply then in the surrounding healthy tissue,
appeared &g rather stout, simous bands ruming among the vacunolated
cells. The other culture showed 2 later stage in this degenerstive
ProGess. In this specimen the necrotic region waes asmeller and more
compae.; the cells were highly vacuclated and the intercellular
meterial , which stelizned & derk green with picro-indigo-cormine, wes
less plentiful than in the heelthy parts of the culture &nd appesred
to have contracted. In two of the cultures fized on the twelfth
dey this type of degeneration wes even more clearly shown. In the
middle of these specimens was ap ovel module composed of the grammlar
remeins of cells in which somewhat shrunken muclel were still seen,
end emong which ré&n numercus pEYTOW, intercellular partitions of
emoyphous, deeply staining meterisl representing the contracted
remains of the lightly steining interceliular fibres seen in healthy
cultures. Workers unnsed.to the histology of this mater;tal'might
at first misteke such necrotlic areas for some differentistion of a
chondroid or osteclid nature.

Vaguolated , degenerate cells nocuryved in most cultures fixzed
after the eleventh or iwelfth dey following removal of the explent,
although in some instonces only very few Jdegenerate cells were pres-
ent and the centre of the culiture was comparatively healthy (Flate XX.
Fig. 5).

Ho sign of ossification was seen even in the oldest eulturea; :
which had been maintained for twenty-five days after removal of the
| explant. Except in the necrotic arese described above the inter-
cellulay substance remained &8 & lightly steining, finely fibrous
meterial totally different from thet of the bone or osteoid tissue
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present in endosteal cultures of the some &age.

criticiem of resul¥s. From the results recorded in ¥his chapter
it is clear that undameged endostesl osteoblasts from the limb

gleloton of late embryos and young chicks form bone in vitre as
readlily as perio.atelal osteoblaste from early embryos. It might be
argued thet in the writer's exzperimenis the endosteal osteoblasts
formed bone in vitro end %the periosteal osteoblesis feiled %o do so
hecause the former were ocultivated for some days in asssociation
with differentisted bonme which in some way induced an osteogenic
copacity in the surrounding cells. On the other hand, the two posi-
%ive results obtained with cultures of isolasted leate embryonic peri-
ostoum, together with %he fact that ossification ook plagce recdily
in cultures of periosteum derived from 6-day embryonic limb-bons yudi-
ments in which #rue bone had not yet been formed, showed clearly that
contact with differontiated bone is mo% an essential condition for
osteoblasts o manifest their osteogenic function in vitro.

The vesulits desoribed in this chapter &lso fail o exclude the
possibility thet the capecity for bonme fometion, &lthough possessed
by the endosteal osteoblasis, might be rertislly or completely lost
by the periosteal osteoblaste in the later stages of development. Im
this case the two positive results obieined with the late embryonic
periosteoun might be explained by assuning that endostesl osteoblasts
hed been dragged out of the Haversian gpaces when the periosteum was
stripped off. Histological exrmination of normel laste embryonic &nd
early post-embryonic 14mb bones showsg,however, that oateo.geneai is
very active immediately benecath the fibrous periostewn which mskes
1t aifrioult %o believe het the mormsl osteogenic capacity of the
periosteal osteoblasts is seriously diminished at this stage.
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It seems more probable ﬁmt' in the writer’s experiments the
failure of late embryonic and early post-epbryomic periosteum to fomm
hone in vitro exeopt in rare cases, wes merely due to mechenicel
demage inflicted on the delicate osteoblastic layer when stripring
off the tough ﬁ‘ﬁmus covering membrane.
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Chapter 6.

The development in vitro of mendibuler membrane bons.

Introduction. Very little work hes been domne on the cultivation
in vitro of membrane bome. Tolechansky ('29) studied eultures of

anbryonic fowl membreane bone, but although the soft tlssue in the
bhons grew readily forming broed zones of outgrowth, the formation of
new bone was not observed. Fischer end Parker ('29) cultivated for
prolonged periods %tissue derived from the os frontelis of the embryonio
fowl ., They found that such cultures completely lost their original
histological structure and when grown in the usual culture medium
consisting of plasma and embryo exiract showed active proliferstion
and migration of cells bubt ne signs of differentiation. On the other
hend, if such "dedifferentieted” cultures were transferred fo & medium
congisting of plesme only which restricted all pwliferation, herd
nedules, regarded by the authors a8 chondroid or osteoid in neture,
developed in the centre of the explents. The results of Fischer
and Parker are, however, opelt %o criticiom &8s some, 8t least, of the
appearances which they figure and describe suggest degeneration rather
then @ifferentiation.

The development in vitro of membhrane bone from undifferentiated
osteogenic mesodem woas studied by myself (Fell and Robison '30) and
the results obtained are deseribed below.

liaterial and methods. The meverial wes obteined from 6-day fowl

embryos. The mendible was vemoved from the head &and its articular
ends were out off and rejected. As nmuch 88 possible of the ectodemm
wags stripped away from the wnierlying mesodem which was then carefully
dissected from Meckel's cmrtilege and cut into fragments for eﬁ:planta-
tion.
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The explants were grown in 1&:30 henging drop preparations
(11 inch square coverslips, 3 x 1% inch hollow ground slides) im &
medium composed of equal perts of plesma and embryo extract. In the
earlier experiments the tissue was suboultiveted every three days
but better results were obtained by transplanting to fresh medium
every 48 hours. puring subcultivation the central region of the
culture was carefully kept intact and not subfivided. Two series
of cultures were prepared in whiech neutral red was present in the
medivm in the proportiom of 1 in 50,000 end 1 im 100,000 respedtively.

gome of the cultures of osteogenic mesoderm were fixed in neutral
formalin, treated by von Kossa'g silver nitrate method for the demon-
stration of calgification and exemined whole after being mounted in
Ferrant's medium. HMost of the specimens were fixed in eithey ¥lem-
ninds, Zenker's or Bouin's solution, they were then embedded in
paraffin wax by the method described in Chapter 1 ang were serially
sectionod in & planme at right apgles %o that of the ooverslip._ Sec-
tions were stained with Mellory's triple stain or with safranin amd
picro~indigo -carmine.,

Controls. In most of the experiments two explants wbre made from
each half jew and two entire Jaws wers fixed and secotioned to serve
as controls. In some experiments cultures were made from half the
Jaw whilst the other half was fixed and sectioned so that each peir
of cultures had & control. ZTwenty-three entire or half jaws were
used &s controls in this way.

Exemination of the jJaws and helf Jaws fixed as controls showed
that in some ceses there was no trace of ossification at the time of
explentation, but in the better developed specimens a small erea of
osteoblasts with &8 fow osteogenic fibres could be aiatinguishai neay
the articulation of the jJew though elsewhere the future membrane
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bones, a8 deseribed above, were indicated only by diffuse condensa-

tions in the conmective tlssue surrounding Meckel's cartllage.

Observetions on living cultures. About 657 of the explants developed

osgification centres. Ossification was observed in over 180 cul-
tures end the verious steges in the process which closely resembled
that seen in the periosteal &nd endosteal cultures, could be readily
gtudied in the living tissue.

When first explanted the tissue, consisting mainly of con-
noctive tissue and myoblests, was usually rather diffuse, but after
24 hours' growth 4ipn vitro 1% had contracted into & more or less com-
ract mags of cells of whieh the outexrmost had begun %o wander into
the medium forming & narrow fringe of outgrowih around the central
fragment.,

Daring the next 24 hours' cultivation the compeet mass graduslly
spreed over the coverslip im & sheet of tissue which usually showed
in pleces one orx more feirly large asggregetions of cells merging
imperceptibly into the surrounding tissue (Plate XXI. Fig. 1). Sub-
gequent observation showed thet in many instences such & group of
cells reprosented the first appearance of an ossification centre.

In these cases the group rapidly beeame more distinet and more re-
stricted and after 3 days in vitro wes often seen as & well defined,
usually ovel arxea of somewhat closely packed cells which, as in the
case of the periosteal and endosteal cultures, seemed to be separated
from each other by & slightly refractile and apparently smorphous
intercelluley substance. The cells of the ossification centre took
up neutral red %o about the same extent as the surrounding connective
tissue cells.

The mext stage in development, which usually took place within
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the following 24 hours, was the differentiation of the cell mass

into two regionse - an inner Yert composed of polyhedral cells and &n
outer eapsule of elongated cells continuous with the surrounding tissve.
In eultures in which neutrel red was present in the medium the inner
eells were conspleuous owing to the veediness with which they stained
with the dye.

A few hours later (Plate XZI. Fig. 1.b) very delicate inter-
gollular fibres - the osteogenic fibres - @appesared in the region of
the osggification centre. These inoreased in numbey until they formed
a failrly fine network between the closely packed cells. TUsually the
inner region mnow consisted of 2 single peripheral layer of osteoblasts
surrounding a central mass of early bone cells embedded in the osteo-
genlc fibres, whilst the outer vegion hed given rise %o & typical
fibrous ocapsule of connective tissme. The osteoblasts snd the young
bone cells in the neutral red cultures stained even more deeply anpd
exemination under high power showed that the eytoplasm wes filled with
rather fine, spherical red granules, '

This type of structure wes attained by about the 4th or 5th dsy
in vitro (Plate XXI. Fig. 1.0).

The next stage observed (Plate XXI. Fig. 1.4) was the formation
of an apparontly smorphous cement between the ositeogenic fibres., Inm
one culture where & veyxy thin ossifieation centre was present the
various stages in this process could be followed particularly well in
the living meterial. It was found that the eriss-cross notwork of
delicate fibres originally seen became aggregated into refractile
bundles in which the individual fibres were difficult to distinguish,
Fooussing on the surface of the capsule with the high power of the
microsecope the metriz wos seen to have & matted structure very diffor-

ent in appearance from the delicate network observed some 24 hours
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previously. The density and refraotion‘ of the metrix progressively
inoreased whilst the fibres beceme less and less conspicuous, being
probably obscured by the cement in whioch they were embedded.

As the age of the ossification centre advanced 1t was found
that in some areas the original intercellulsy partitions were resorbed
end reprlaced by small cavities filled with osteoblests, in other
places they remeined appsrently umltered, whilst elsevwhere they
became thickened to form fairly stout, irregular walls &and columns.

In this way the developing bone gredually assumed an irreguler tra-
beculer structure which was ususlly well seen about the 9th or 10th
day in vitro. Whilst these shanges were taking rlace in the general
gtructure of the matrixz, & certein proportion of the ostecid nodules
underwent partial end occasionelly (FPlate XXI. Fig. 3) extensive
galeification. Refrectile grenules appesred in the intercellularxy
meterial and increased in number until the bone appeared almost

black when viewed under the low power of the misroscope by transmitted
1ight. When examined unier high power the bomy trabeculee were seen
to have a nodular appearance owing to the brilliant granules embedded
in the tissue.

Besides the compact ossification centres described above, diffuss
osgification centres 2lso ocourred, though less ffequently. In such
cages there was no definite periosteum and a2t the margin of the
developing bone the osteogenie fibres passed inbo the surrounding
connective tissue in 2ll directions. A compect and a2 d4iffuse centre
were sometimes present in the seme culture, and in other cases the
same ossification centre might be compact 8% one end and 3iffuse a2t
the other.

The rate of development of the bone varied considerably in
different cultures so that one explant might take 9 days %o reach &
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gtage of differentiation atteined by enother after 6 days in vitro.

The %issue surrvounding the ossification centres was complex
and consigsted of connective tissue, myoblasts, wandering cells and,
whon embryos of coloured breels were used, branched pigment cells,

In some cases the bone vemeined in a feirly healfhy condition
up to the l4%h &@nd more rarely up to the 24th day of cultivation,
Usnally, however, the ossificatior centres wers more prone to resorp-
tlon than those found in the periosteal and endosteal cultures and
began %o disappeaxr 2fter about the 12%h dey in vitro.

Observations on fixed material. Histological preperations of cul-

tures fixzed a2t different stages of develomment confirmed the obser-
vetions mede on the living explants (Plate XXI. Fig. 1).

An early ossification centre sueh sz thaet sometimes present
in & 2-day culture (Plate XXII. Fig. 1) appeared in sections &s an
oblong mess of cells of somewhat irreguler shepe and w:ltl; rather
deoply steining eytoplasm, which were slightly flattened in a direection
8t right angles %o the coverslip. A few osteogenic fibres which
stained dark blue with Mallory's stain or with picro-indigo-c2rmine
ocould be distinguished esmong %the cells.

In sections of & 4-5 d2y culture (Plate XXiI. Fig. 2) in which
ossification was more advanced the Tibrous capsule and &djacent layer
of ostecblasts described in the case of the living ecultures were well
seen. The inmmer maéss of developing bone was about 4-8 cells thick:
_ the oblong or polyhadral bone cells were set closely and fairly regu-
larly in the fibrous intercellular meterial which with Mallory's
stein and with 8afranin &nd picro-indigo-carmine gave exmctly the
same steining reactions 2s in the normsl Jew.

In cultures fixed at 2bout the 6th day of growth (Plate XXI.
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Fig. 2 and Flete XXII. Fig. 3) the bone weas seen to contein irregular
speces filled with osteoblasts and connective tissue cells. The bone
cells were noxrmel in appearance and scettered throughout the dense
metrix which was hard and difficult to out.
The structure of the bone in older (12-14 day) cultures was simi-
lay but more intercellular meteriel was present (Plete XXII. Fig. 4).
Some of the specimens whish in 1ife appeared to be caloified,
when treated by von Koss&'s silver nitrate method showed & dense
granulay deposit of silver in the regions where calcification hed
been suspected (Plate XXI. Wig. 3).

Summaxy of Results (Part II)

1. Undifferentiated mesodermm from the 3-day embryonle limb-bud, even
when teased into mimute fragments, is able %o chondrify during
cultivation in vitroe.

2. Cartilage formed in vitro from such undifferentiated mesodemn,
with rare exceptions, is of the smell-gelled type and does not
ossify.

3. Unosgified cartilege from the distal parts of 8-day embryonic
limb-bone rudiments, may oseify during cultivation in vitro and
the original cartilaoge may then be completely removed from the
shell of periosteal bone by invasion of the surrounding connective
tissue.

4. The early (5-6 dsy) femur rudiment umiergoes extensive histological
devglomant including ossification when cultivated in vitro.

5, Unddi fferentiated maso.dem from the 6-day embryonic mendible ossi-
fles during growth im vitro. |

6. Periosteum removed from 6-10 day embryomie limb-bone rudiments
is able %o ossify in vitro.
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7. Periosteum from late embryos and young chicks mey grow profusely
in vitro but only oesifiec in rare cases, probebly owing to severe
demege being inflicted mechenicelly om the osteoblestic leyer
vhen stripping away the tough, fimly attached fibrous membrene.

8. Undanaged (endosteal) osteoblasts derived from the Haversian
speces of lote embryonic and etrly post-embryonic tibise resdily

form bone in vitro.
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PART III.

ORGANOGENRBSIS IN VITRO

Object of experimente: To investigate the :ﬁnpor‘hance of extrineic

factors in the develomment of gross anstomicel fomm.
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Chapter 1.

The anstomical development in vitro of the undifferentiated
1imb~bud.

Introduction. The self-differentiating capecity of the isolated 1limb-

bud of the embryonic fowl hes been investigated mainly by means of
grafis. Sparling ('23) describes & case of accidental but suscoess-
ful autotransplantation of the posterior limb-bud in a fowl embryo.
Murray and his collaborators (Murray and Huxley '25, Murray '26,
Selby and ﬁnm;sr 128), using the method of choricallantoic grafting,
have made imporiant contributions %o our knowledge of the develop-
mental machanics of the early avien limb-bud &nd as 2 result of their
investigations they have shown that the undifferentiated limb-rudi-
ment 1s & self-differentiating system.

The development in vitro of the undifferenticted limb-bud was
recorded by strengeways and Fell ('26)% and the results obtaimed in
this study are described below. '

Material and methods. The limb-buds for explentation were obtained
from embryos of 72-hours incubation. |

The culture medinm consisted of 2 mixture of embryc extroct
and plesma diluted, in the esrlier exporiments, with Pamnnett and
Compton's isotonisc selt solution; the ingredients were mixed in three
different proportions approximately as below :-

Medium. Flagme . Emb. Ex. Saline.
i. 7 drops 2 drops 50 drops per tube
2. - 8 drops 8 drops g 2 Roe
3. 10 drops 10 drops 9.

® My personal share in this work was the histology eand part of the
tissue oulture.
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small centrifuge tubes were employed &s culture tubes, and
the medium was placed in these and allowed to olot. MNedium 1. gave
rise to ribriﬁ elots floating in & large quantity of serous fluid:
medium 2. formed & soft Jolly covered by & layer cf surernatent
fluid, and medium % & tough clot with & mere Tilm of supernatent
fluid. An embryo was removed and both the anterior and postarior
limb-buds were digsested off from one side of the body - ususlly the
right. The buds on the opposite side were fixed in Allen's solution
as controls. The buds to be cultiveated were each placed in & sep-
arcte tube om the purfase of the mediuvm 2nd the tube was then tightly
corked. 1In all, 67 cultures were prepered, of which 50 gave satis-
fagtory growthe., Explents cultiveted in medium 1. sometimes edhered
%o the clot but more frequently senk %o the bottom of the tube, whilst
those grown in media 2. and 3. elmost always remained on the surface.

The cultures were periodically chenged into fresh medium; in
the earlier experviments this wage done at intervals of two to three
days, but in the later half of the work ragulé.rly every 48 hours.

The explants were removed from the o0ld plasma by meens of & wide-
mounthed pipette, washed in & drop of s2line in & hollow-ground 8lide,
and tmnsferied to one of & pew series of culture tubes.

At different periods of growth the explants were yemoved from
the culture tube with 2 wide-mouthed pipette and fixed immedistely
in Allen's modification of Bouin's fluid wexmed %o 38° G. Complete
seriel sectionms both of the explenis and of the control limb-bude
were cut, and steinsd with iron haenafoxylin either alope or followed
by ven Gleson's stain, haematoxylin end eosinm or Mellorxy's stein.
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The structure of the limb-bud at the time of explanteation. The size

of the limb-buds of embryos of 72-80 hours' incubation is variable
and may be greater in an individquel of 72 hours than in one of 80
hours., The largest limb-buds vsed formed well mm‘ke:l._’; alongetad
pro Jections from the body wall, whilst the smallest were almost
indistinguishable with the naked eye: most of these very mimite

ral

Text-fig, 4.

rawing of 80 hrs. embryo showing the limb-bude (r.a.l. right anterior
bud, r.p.l. right posterior buld).

buds grew and differenticted in vitro elmost as readily es the larger
rudiments. In most cases the limb-buds were intermediate in size
between these two extremes. The controls (Plate XXIII. Fig. 1) were
founi to congls$ histologicelly of ecompletely undifferentiated,
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rather loose mesenchyme, in which were numerous irregulay vascular
apaces; even in the largeat buds the mesenchyme showed no sign of
bhecoming dense o form precartilage. The ectoderm was two-layered
and along tho outer meygin was thickened to formm 2 faint ridge. The
enterioy bhud was very simllar in shape and structure to the posterior
rudiment, but waeg slightly ameller.

Qbservations on the living explents. During the first few days of

life in vitro most of the explents showed outwandering of cells from
the out surfece, but later they usvally, though by no means inveriably,
became rounded off and covered by & continuous membrane of connective
tissue or epithelium. ILiquefection of the fibrip in the immmdiate
neighbourhood of the explents 2lmogt a&lways occurred. In most cases
growth proceesded very rapidly until the fifth dey, continued rglther
less ectively until the ninth or tenth day, and then diminished until
it became inappreciable and in some cases probably stopped altogether.
When cultivated in medlum 1. the limb-buds, 8t first solid, after =
short time usnally becams cystic. Sometimes & thin-walled vesicle
eppeared &s & bulge on the surface of the explant, whilst in other
cases the entire growth gradually become hollow, giving rise %o 2
uni- or multi-locular cyst with delicate translucent walls. This
cystic structure usually developed very rapidly, and mény of the
explants were completely eystlc by the third day of growth im vitro.
such vesiculsr cultures sometimes attained & considerable size end
the largest, which was fixed after 20 days' ocultivation in vitro, had
reached a dismeter of gbout 4 mm. Those buds growing in medium 1.
which remeined solid 2id not enlaerge %o any great extent. With media
2. and 3. this cyst formation was not nearly so marked; only two com-
Pletely cystic cultures were formed, &nd the ma jority of the sxzplents
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either remained solid or showed only slight cyst-formation. Unlike
the solid explants grown in & thin medium, those cultivated in the
less dilute plasme grew rapidly end sometimes increased to several
times their original size. As differentiation proceeded, cartilage
began % form and the cartileginous nodules could usuelly be faintly
distinguished in the living tissue.

The histological development of the explants. As steted in the
deseription o-f technique, two types of dense medium were smployed,
one more solid than the other, but as both gave essentially the same
results the growths will be deseribed in & single series.

In the younger explants, i.e. in those which had been oulti-
vated for not more than four days in vitro, 1% was usually poseible
to distinguish roughly %the originel conteur of the limb-rudiment amd -
%o determine which wes the proximel end and which was the distal
region of the bud owing, in the first place, to the persistance for
the first few daye of cultivation in vitro of that ridge of thickened
ectodem which yuns along the outer margin of the btud, end in the
seaon& plece, %o thq fact thet the out Surface of the bhud usually
became atteched to the e¢lot of fibrin by the outwendering of the
mesenschyme cells, and waes therefore mot covered with ectoderm. The
first signs of tisme differentiation appeared after two dsys' growth
in -:."itrﬁ. In two of the three specimens fized st this age the meso-
dem composing the prox!.malzpart of the limb-bud had condensed into
an oblong mess of cells representing precartilege (Plate XXIII. Fig.2).
This elongeted mess wes slightly byoeder ot one emd then at the other,
the lerger end iying mr_the cut surfece ¢f the limb-bud. It wes

% The words Yproximal™ end "distal" are used with reference %o the
originel relationship of the limb-ud to the embryo.



120 .

interesting %o note that as regards both shape and position in the
limb~bud this block of precartilage resembled the earliest rudiment
of the posterier eppendiculaer skeleton in the normel embryo. 1In one
gpecimen amtl;ar emall, more or less spherical nodule wes situated
near the larger end of the mein mass of precartilage. The genaral
strome of the explants was composed of 2 network of gtellate cells,
as in the normal early limb. There wag commaratively little cell
degeneration, and mitotle flgures were very mumerous in both the
mesodem and ectodem. The vesculay simsges were sSeen &8 irregular
branching cavities and were considemmbly distended.

After three days' cultivetion in vitro the cells occupyling the
central region of the precertilaginous mass became less densely
racked together, enlarged somewhat and a8t the same ¢time became
glightly flattened in a direction 8t right angles %o the long axis
of the mass; &% the periphory the precariilege faded into undiffer-
entiated mesenchyme.

By the fourth day of cultivation the gréater part of the pre-
cartilege had assumed the cheracter of early ocartilege. In the sin-
gle svecimen (Plate XXIII. Pig. 3) fixed at this sﬁage of develomment
tho skeletsal mass was broken up info & series of oblong segments.

One of the modules (c.l) was situated a8t the extrome end of the
axplant, in what appeared %o heve been originally the proximel por-
tion of the limb-bud, and consisted of fairly well developed esrti-
lage. The sdjecent cartilaginous segment (¢.2) was also compara-
tively well differentiated towards the proximel emnd, but about half-
way a2long ites length it was s%1ll a2t the precartilaginous stage. Two
other snell ckeletel masses were present ih this oulture which are
not shown in the figure. The histolagical structure of the larger
cartilaginous nodules in this specimen wes almost identical with that
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of the posterior appendicular skeleton in & moymel embryo after four
days' inoubation., The priacipel differense lies in the fact that

in the nomel embrye the rudimenis of & perichondrium are seen, whilst
in the culture there was no sign of such & structure. Chondrogemesis
in the explant also resenbled the process in the normsl embryonie
limb in that chondrificetion weas most esdvenced in what waes oviginm2lly
the basal region of the limb-bud.

In cultures which had been growing in vitro for five or six
days the cartilage was felrly well developed. The ectoderm hed also
undexgone & certaein emount of differentiation, and the superficisl
cells showed commencing keratiniseation., A% this stage, @lso, various
‘areas of the ectoderm begen %o show & peculier cystlie strueture,
which occurred %o some extent in 2lmost all the limb-bud cultures,
sometimes on & very extensive scéle.

By the seventh day affer explantation the histological struc-
ture of the cartilage showed & comparatively advenced stege of 4if-
forentiation, and the cells were separated by broad partitions of
matrix; the chondroblosts themselves, however, showed 1littlz sitruc-
tural chenge. The cartilage neaxr the periphexy of the nodules
wes of the epithelioid type but had a fairly distinet outline, and
did not merge into & megs of uniifferenticted mesenchyme &8 in the
younger cultures. ,

Af%er the seventh day of growth in vitro, the limb-buds unmler-

“they
went little further development, 2lthough/might continue to exist
in & comparetively healthy condltion for snother fourteen days.
Mitosis ususlly ovcurred to some exbent, even in the oldest cul ture
{Plate XXIII. Fig. 4), but &s & rule diminished in smount after the
tonth or gleventh day of growth. 1In the oldest culfures there was
usually & greater quentity of metrix present, but otherwise the
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histological structure of the certilage showed 1little chenge e&nd

the large vacuolated ocells characteristic of nomeal ossifying carti-
lege were not present. In the older specimens many of the nodules
were pertially or completely covered by & perichondrium (Plate XXIV.
Tig. 1) composed entirely of fibrous tlissue, which on the inside
faded into the cartilage. Ossification was never obserxrved. As the
period of cultivation lengthened the emount of white fibrous tissue
in the strome inoreased and & close network of white fibres were
formed (Plate XXIV. Fig. 2). Differentiated muscle was absent in
all the explants, The keratinisation of the epidermis continued
and the explants became 1;1veataa by a stratified coat of horny mat-
erial which became progressively thicker @&z the age of the eculture
advanced.

The shape and arrangement of the precartilaginous and cartilag-
inous modules in different limb-bud cultnres wee by no means constant.
In most cases, however, it was founi %o conform %o one of three gen-
eral types. Thé firs® and most common of thése. which might be
termed the "axial"™ type, was very well illustrated by the four days!
0ld culture (Plate XXIII. Fig. 3) described above. In such cases
the cartilage consisted of (1) 2 eingle rod, or (2) of two or three
elongated cartilages ae‘t end to end, or (3) of an elongated cortilage
&t one end of which lay one or more irreguler nodules.(Plate XXIV.
Fig. 1. and Plate XXV. Fig. 1). 1In the second type of errangement
two rounded nodules of equal or mnequal size lay side by side, end 4in
the third type & single large module was present (Flate XXV. Fig.2).
In a fow of the explants the distribution of the mdules was quite
irregular. In some of these spmcimens (e.g. Fig. 1, Plate XXIV) in
which the exial configuration of the modules wes most merked 1t was
found that the degree of differentiation of the cartilege was con-



123.

gidexably more advanced at one oml of the explant than a8t the o ther.

The actoderm in meny of the eulitures gave rise to cords and
solia tubules yumning into the substance of the growth. Some of the
cords became transforped into epithelial cell nests. These bodies
ware =0lid spheres of {tissue composed of concentric layers of flat-
toned eprithelial gells, Several of the cultures were completely or
rartially devolid of an epidermal covering and conthined instead =
large ectodermal soc entirely enclosed by the conneetive tissue of
the explent (Plate XXIXII. Fig. 3).

The cultures grown in & thin medium (Plate XXVI. Figs. 1 and 2)
differed from those grown in & firm clot (1), in showing a greater
tendency to cyst-formetion; (2) in the comperatively poor develop-
ment of eartilage; (3) in the relatively slight keratinisation of the
epithelium investing the older cultures, and (4) in thet 2ll the tis-
gues mra more limble to degeneration., Of the sixteen successful
cultures, three only were solid, four were rertly cystic and nine
conpletely eystie. ' h |

_The eretomical strueturs of the skeletal tissue formed in the explants

&5 compured with thet of the nommal enmbryonic limb-slkeleton. In the
casg of the aystic explants cultivated im medium 1, thers was no
roseublance in shape or mutusl errangement between the cartilage
nodules of the arpiants and the developing cartilsge honea of the
normel embryonie limb., 1In six of the younger and nime of the older
explents cultivated in media 2 and 3, however, the precariilage or
cartilege - whichever happened %o be rresemt - showed an axial
arrepngement; 4in such cases 1% would seem thet & morphological
relationghip 4id uadoubtedly exist botween the skeletal tissue of the
exvlants and of the novymal limb. As 4n the normal limb-rudinent
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(Johuson, 1883) 2n elongated condensetion of mesenchyme appeared
in what was originally the proximal region of the explanted bud,
and gradually extended %towards the distal par$é; this mass usually
beceme subdivided into two and sometimes three segments, segmentation
beginning in the proximal part of the bud, 28 im the embryo. In the
explants, howgver, the gross marphologiqal development proceseded no
further alfhcu.gh the cartilege continued o differentiate histologi-
cally for some ¥ime longer. This arrest of the anatomical dovelop-
ment of the skeleton in the explented limb-bud may be explained as
follows. 1In the ocultures,growth amd differentistion both proceeied
at considerably less than the normel rste. During the first thres
days of life in vitro, growth and differentiation laggéd behind the
normel %o about the same extent. Soomn, however, it was found tha¢
28 compered with noxrmel development, the p'rooeas of tissus qiffer-
entietion rapidly outstripped that of growth; for instance, the de-
gree of histolagicel differentistion of the cartilege in en explant
of eloven deys'* growth might epproximetely coi'reapom! with that of
the cartilege in the 1limb of an enmbryoe of five days' inoubetion,
although the explent itself wes only one-third the size of the five
days' old limb. Iin the culture, therefore, the precariileginous
Tudinent of the limb-skelefon, owing % its extremely slow growth,
become gompletely chonirifie® long before 1t had had time %o elongete
and complete ite segmentation in the nommal wey. 3
Those cases in which the skeletogenous %tissue of the explented
limb-bud feikd to develop along normel lines may probably be attribu-
ted to one or more of the following cewses: (1) %o the distortion
of the original arrengement of the mesenchyme ny internal cyst fof-_
" mation or by ingrowth of en epitheliel sme; (2) to the explantetion
of an incomplete or dameged bud; (3) %o plecing the bud upside down
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on the surface of the clot; (4) to the bud being closely embedded
in the elot during some stege of development.
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Chapter 2.

The anatomilcael development in vitro of the embryonic femur.

Introduction. Demuth found that cartileginous segments of the embry-
onic limb-sgkeleton when cultivated in vitro increased in length and

for & time meinteined more or less their nomal shape. Demuth gives
no informetion &8s to whether progyessive ammiomicel development took
plece in his cultures and his illustrations suggest that the general
form of the rudiment was slreedy differentiated at the time of ex-
plantation.

By the 7th day of inoubation the gross anstomieal structure of
the long-bones is %o & gregj; ezxtont alroedy developed, so thaet in my
exporiments on the ambryﬁgie femur (Fell & Robison '29) the rudiments
wore taken for explentetion &% 2 very early stage (5% days' incubstion)
when theiy cherscteristic form wes not fully differentiasted. 'This was
done in order %o determine whether the oxplant_a wounld merxely enlarge
during cultivation or whether they were also e2ble to continue their
genorel ematomicel development. The results obteined in this inves-
tigetion have since beon repested and with the aid of Dr. R.G.Canti,
recoried by means of cinemeatography. They have also been confirmed
and conaidarabl:;r extended by the interesting researches of Murray
and sSelby ('30) who used the method of chorio-sllantoic grafting.

Meteriel and methods. The material and culture technigque employed
have already been described in Part I, Chapter 2. As mentioned

above, the anatomical development of the femur in vitro was studied
in & series of explants obteined from 54-dey embryos. MNany of the
explents after being fixed in Zemker's fluid and washed in weter and
4n alcoholic iodine in the usual way, were stained in dilute haeme-
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toxylin and were then dehydrated, cleared in xylene or clove oil and
mounnted whole in glass ceells containing Canada balsam.

The culture which I prepered for cinemeatography consisted of
8 43-day embryonic femur grown by the watch-glass technique. In
oxider %t perxrmit of illuminstion from below the watoh-glass was not
reinted bleck and was pleced over & circuler hole cut in the centre
of the carpet of cotton wool covering the floor of the Petrli dlsh.
The explénied femur wes trensferred to fresh medium every 48 hours,
cere being teken &t each trensference %o repléce the femur in the
originel positiom, i.e., with the posterior surfece uppermost. muring
photogrephy the culture wes kept in & thermo-reguleted box at 38° ¢.
and photographs were taken sutomatically 8¢ intervals over & period
of 14 days. Growth es shown in the film 18 enormously &cocelorated
and 14 deys' development is seen in less than five minutes., The
pho togrephy was done entively by Dr. R. G. Centi on apparatus of his
own design and construction &nd I em 1ndebtad_ to him for the photo-
grephs shown in Plate XXVIII, which are %eken from his cinem& film.

Resulis, The gross apatoryy of the explents was stidied partly
by obsexrvation of the living cultures and partly by means of the
series of whole mounts. '

puring cultivation in vitro the majority of the isolsted femors
which, a8 stated above, showed en average incrasse in lemgth of 226%.
developed their characteristie shepe to & remarkeble extent. (Plate
XXVII, of. Figs 1 & 6 and Plete XXVIII, of. Figs. 1 & 8).

when first exrlented (0-dey) the 5i-day femur of the normal
erbryo (Flete XXVII, ¥ig. 1) was & chori thick rod showing et the
distel end two rounded processes representing the developing condyles
and at the proximel end two rather smeller knobs, one of which, pro-
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Jecting somewhat at right angles to the shaft, wes the head and the
other, more temimlly placed, wos the ecerly trochanter.

After 3 dsys! oultivation (Plete XXVII. Fig. 2) the condyles
had asosumed & more definite chape whilst the head and trochanter were
also more pronounced, The diemeter 2% the middle of the shaft was
only &lightly largey than at the time of explantation but hed con-
giderably inereased in the two epiphysial regions.

By about the 15%h day of growth in vitro (Plate XXVII. Tig.4)
the characteristic pulley-like form of the condyles wes very distinet.
The head was alse falrly well developed but the trochanter wee usually
less meyked., The ocondyle, heed and trochanter continued o enlarge |
uring subsequent cultivetion but showed no further changes in chape
(Plets XXVII. Pigs. 5 & 8).

maring sultivation in vitro the explanted femora did mnot
inerease in width to the same extent in all regioms (Flate XXVII.
Figs, 2 & 6). After the third dey in vitro the diemefer of the
femur at the centre of the shaft increosed veﬁr 1ittle and in 27-dsy
explants wae only 2bout 254 lerger then et the time of explantationm.
On the other hand, the diemeter of the proximel epiphysis in the
seme explants usually enlerged by 2% least 1304 and the aistal (con-
dylar) epiphysis by at least 180% of their original size. This
difference bhetween the relative growth rates of the epiphysiel ani
diaphysial diemeters was greater than in normal development, &lthough
in vivo also the percentage increase in dlameter is much higher in
the epiphysis then in the middle of the shafé. The relatively
greater size of the epiphyses in the explanted femora was probably
due pertly %o the limited periostenl ossification and partly to the
ebgence of & marrow Lavity. Ossification in %#ivo produces & mass
of trabeculsy bone in the interstices of the metwork of periostenl
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blood vesgzels, whilst the cartilage in the ghaft 1s removed and
replaced by the expendins marrow cavidy. In vitro, on the other
herd, ossification gave rise merely %o 8 single compact layer of peri-
osteal bons and the lateval expansion of the shaft could oxly have
teken place by the growth of the highly differeatiated, largs-celled
cartilege of whigh 1t wes composed. 1%t was alse proheble that the
seell -celled cartilage of the epiphysis eseturlly grew more ro2dily
in vitro than the large-celled cartilsge of the shafé; this was indi-
cated by the faet that one of the commomest forms of ehnomality
encountered among the explanted femoro was apn atteymetion of the
ghaft correlated with the presence of relatively lsrge, mushroom-like
epiphyses (Flate XI. Fig. 4).

A ninority of the eoxplanted fomors showed marked abnormalities,
of which the commonest form has been deseribed above. Twisting and
distortion of the shaft sometimee occurred which wes due %o two wein
geuges., The first of these was the outgrowth of the epiphysisl
verichondrium into the fibrin clot; in some séaes this outgrowth wes
80 prolific &s %o anchor eech epipmis fimly to the medium so that
ingrease in the length of the shaft could only take plece by hending .
fhe second cause of dictortion was the formation sround the ehafh
of extrenely tough bands of fibrous tisgue whieh, extending between
and sttached o the epiphyses, prevented the femur from elongating
along its nowmal sxis., As previously statel, the second factor
conld be lergely eliminated by removing &g nuch of the zone of out-
growth a8 possible wh§n trencsferring the explant to fresh mediwm,
end thus preventing the foxmailon of en increasingly large mase of
organised connective tissue eround the femur.

In the cinema Illm (Plate XXVIII) the emmtomical dewsloment
of the famur mmdiment which was rather less differentlated than the
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majority of those in the geries dezeribed ahove (Plate XXVIII, Fig.l),
is very beautifully Ademonstrated. As the femur rapidly elongates
the amall, knob-liks rudiments bulge up on either side of the Alstel
extronity forming batween them 2 well marked interocondylay notch
(Plate XXVIII. Fig. 6) - a structure which is indistinguishable &%
the time of explentation, whilst at the proximal endi the head and
trochanter are sgen gradually pushing outwards, The relative pro-
portions of the different varis of the fonmur alter during cultivation
a8 desoribed in the case of the previous aseries. The general form
of the explent does not change very markedly after shout the 4th adsy
of cultivation although enlargement contimues until the end of the
oulture periocd., Growth iz seen %o he most scetive during the earlier
part of the oulture period, and %o be greatly diminished by the 14th
doy. A% about the 7th dsy (Plate XXVIII. Fig. 4) 2n opacity 2vpears
on the surface of the midile region of the diaphyels snd probably
rspresonta the onset of ogsification. The film algo shows very
strikingly the pertisl 11, -fastion of the clotted medimm by the
gxylant and the profuse outward nmigration of the commective tissue
cells surroinding the cartilege (Plate XXVIII. Fig. 8).

sumexry of Results (Pert III)
1. Undifferentisted limb~buds from embryes of 72 heours' incubzation
when cultivated in vitro frequently show the early Btagés in the
development of & normal limb-gkeleton.

2. Pemoral rudiments isoleted from 44-5% day embryos usually develop
& remerkebly normel form duving oultivation in vitro.
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DISCUSSICH

The factor controlling chondrogemswis. The problem of the relative

imvortance of intrinsic and extrinsie factors in the mrimary develop-
ment of the limb-skeleton hes been admirably discussed by Murray and
selby ('30). These authors siate that the question to be considered
"is whether the limb-bud et & stege vrior to the origin of chondro-
genesis contains cells which sre specifically determined for chondri-
fiestion, or whether those cells which later take part in the foma-
tion of the cartilaginous skeleoton are iadifferént, so that the
nature of their differsntiation depends wholly upon conditions
extrinsic to them", |

The fagt that undifferentiated limb.bud meseachyme chondrifies
re2dily in vitro en2bles us fto exelule several possible factors
which might otherwise be regarded as werily or wholly responsible
for oartiiage-fomation in the embxyo. I% is obvious from the
writer's tissue culture ezperiments that chondrogenssis is not due
to the influence of & ciroulation or nervous system nor, since only
& faw seattered myoblasts developed in the limb-bud cultures, is 1%
dne to mechanical conditions resulting from simul tenecus myogeneosis
in the sumuna.ing meaoaorm.

It rmmina to consider whether there are eny other extrinsioe
factors o-r:lginatim' within the normal limb-bud which might alse
operate under the conditions of growbh in vitro. Inm this connection
Murray and Selby point out that “the cells whieh give origin %o the
membranous and cartilaginous skelefon oscupy & central position
arouni the axis of the bud. Whatever the nature of the extrinsie
fectors [:l.f am] may be, 1t is ovident that they are associsted with
this position, for otherwise chondrificetion would oscenr in the
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peripheral as well &8 the central cells". If we are to 2ssume that
the environmental conditions (mechanical or otherwise) of the cells
ocoupying the axizal regicn of the normal limb-bud, induce chondrifi-
cation, we met 2lse be able ¥ concelve of the existence of corres-
vonding conditions in the chondrifying explants. In the case of the
tube cultures of entire limb-buds vnlergoing 'Yorsonotypie! growth

this presents no difficulty but at Tfirst sight 1t is not easy to see
how interngl envirommental condi tions eguivalent %o those presemt 4n
the interior of the norwsl limb-yudiment could possibly occur in the
coverslip eultures of limb-buds which, 2s desceribed sbove, chondrified
vhilst ia eourse of expenelon into thin sheels. VWhen first exylanted,
however, the linb-buds each consisteld of 2 falrly compact mess which
did rot sprezd out very wuch during the firest 48 hours' cultivetion
end by the end of thie time the precartiloginous condensations had
usually 2ppeared. The chondrogenic tissue nmight thug have been
determined uring the first two days in viiro when the envirommental
conditions of the cells in cexrtain aress migh"h be much the semo ag

in the axial region of the nomél limb-bud. This, however, can
hardly 2pply in the case of the teased limb-buds growa 1n a fluid
medium; since in the seme culture & relatively large and apperonily
he2lthy explant might show ne trace of cartilage formation whilst a
minute explant sometimes chondrified readily. On the ascumption
thet ghondrogensesis in normel development is injuced by extrimsie
.fa.;tors agsociated with an axial position of the cslls, we should
heve expected thet all the lavge, but none of the minuke explants
would form cartilege. It therefore seems clear that the chondrogenie
colls must be already detemmined, elthough histologlcally indisting-
uishable, in the three-day limb-bud apd are self-differentisting

from this stage. If t?:is sonelusion is true, the failure of come
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a4l no% contain chondrogemie cells whilet those mimite explents vhich
chondrified, aid so because they happened to be derived from 2 chon-
drogonic area of the originel hud.

It is very poselble thet 2t an earlier stage of development
these chondrogenic areas of the mesoferm may be determingd by extrin-
sie faclors. 1In edult 1life, esrtilege con apparently differentiate
es @& vresult of eunvironmentel influence, &s indicated by the commen
secourrence of cartilege in bone-fractures wheve there is movoment
belween the fragments, but how this differsniiation is induced is not

yet undergsioof,

The significance of the hypertrophic chondroblasts. The most striking

histological characteristie of ossifying eartilage is the remarkeble
hyprertrophy and vecuocletion of the chondroblasts. The question
paturally arises as o whether this histologieal change has any gen-
eral physiological significamwe and elso whether 1t is to be regerded
a8 & degenerative process or 88 & form of ceellular differentiastion.
The work of Robison cgheis l1light on the firat pert of this
problem, Robison (123) demonstrated the presemce of 2 phosphatase
in pemmalian bone and ossifying cartilage., He and his co-workers .
(Ray % Robisonm '24, WMertland & Robison '26) adduced evidence to show
that this enzyme is &n s{ctive agent in ossification, effecting the
hydrolysis of certein phosphoric esters supplied by the blood stream
and thereby raising the concentretion of inorgenic phosvhate in the
tlsome fiuid so thet solid ealoium phosphete is deposited. It wes
found (Robison & Soomes '24, Martlend & Robison '24, Robison &
Soames '28) that vhen sevei'ely rachitic bones were immersed in solu-

tiong of ealeium hexosemonophosphate or cslcium glycerophosphete
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deposition of celcium phosvhate took pl=ce in the veriosteum and elso
in the metrix of the proliferating and hypertrorhic cartilage; on the
other hand, no deposit wis observed in the mmall-celled cartilesge of
the epiphysis, TFrom thege resulis the authors concludsed that the
phogphatase is probably secreted both by the osteoblasts and by the
hyperiroprhlc chondroblasts but not by the small cartilage cells.

An investigetion of the phosyhatase activity of various forms
of 2vian skelsetal tissue both from the mommal embryo and from cultures
in vitro seemed likely to move intoresting emd I therefore provided
normel and explanted materiel which Dr. Robison studled from this
point of view.

Dr. Robigon's first experimnents were made with the femur growm
in vive and in vitre (Fell & Robison '30). The phosphatase activity
was measured by the emount of glycerotvhosphoriec ester hydrolysed in
24 hours &% 37°C. and pH 8.4, the results beirng expressed in mg.
phosvhorus. The total hydrolytiec =ctivity (A) of the nmormal femur
at aifferent stages of develoment wes plotted ageinst the age of the
enbryos from which the specimens were taken ani an S-shaped curve was
obteinsd rising from Zero in the casze of the 6-3day femur to 2 value
of 2,90 in the 21-day bome. The ratlio of pvhosphatase activity per
unit dry weight of the extrocted femore (A/W) rose from zero at the
6% day to e meximum of 0,17 at the twelfth dey, after which the

value declined.
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Pro&uction of phosyhatase in tim fermy of the embryonic fowl during
mymael fevelopment in vivo.

A - Phorphatese per femur.

Afu - Fnosphatese per mg. dry weight of femur (weighea after
extraction).

AfWi, - Thosphatase per mg. dry weight of femur (caleulated on
dry weight of corresponding unextracted femur).

The vhosphetese activity of the explented femora at different steges
of growth geve similar vesults. The total phosphatese activity
plotted ageinst the age of the cultures produced om S-gheped curve
riging from sero in the oase of the normel 6-day femora tested before
explantation, to & value of 0,135 a2t the 27th day of oultivation.

The curve of phosrhotase aetivity per unit dry weight of the extracted
explents showed & feirly steady increose from Zere 8% the beginning
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of cultivation up to 2 maximm of 0.35 &t the 2lat day in vitro.
The value then docressed and this dimimution corresponded with the

appearance of nesrotic areas in the certilage.
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Production of phosphetase during the develomment im vitro of femors
from 6-day fowl embryos. s et

A - Thosphatsase per femur; given &8 the amount of hydrolysis
(mg.P) of sodium glycerophosphate in 24 hours &t 379¢.

and ﬂ 8.5,
A/w - TPhosphatase per mg. Ary weight of femur (weighed after
extraction).

Dr. Robison also investiga¥ed (¥ell & Robisom '30) the phos-
vhatese activity in vivo and in vitro of the non-ossifying part of
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Teckel's cartilepe 2nd, 28 controls, of the adjocent palato-quedrate
which, 28 previously nmentioned, is en ovdimayy ossifying cartilage
containing hypertrophic chondroblests. It was found thet in normel
davelopnent the ron-ossifying Meckel's cartilege which, a8 deseribed
in Paxt I, conteine no arees of hypertrophiec colls, gave & negative
remlt at every stege of growih from the 6¥h day of incubation up to
the 13th day efter hatehing, whilet all the pelato-quadrates tested
aftor the 7th day of incubation gave & pogltive value which in the
later steges of embryonic life wes comparatively high. Similer
rosults were obteined with the explants., At the time of explanta-
tion 1.8. 2% the 6th day of embryonic development, both Meckel's -
coertilaeges and peleto-quadraies geave 2 negative result. After 2
period of 20 days' sultivation in vitro, however, Dr. Robisom found
that whereas the unossiflied Meckel's cartilages still showed no trace
of phosphatese activity, the m@lato-guadrates in which, as vrecorded
ghove, an ares of hyperixerhiec cells bad appol_.troﬂ. during growth in
vitro, gave & value for phosphatase aetivity pex unit dry weight
which wes even higher than the maximum atiteined in normal develomment.
The higher value in the explents was probably due %o the mressnce in
the normel palato -quéamte of s0lid calcium selis and of marrow which
incressed the dxy weight without & corresponding increese in phospha-
tase.

7. Robison also tested for thosphaitese (Fell & Robison '29)
oultures derived from undifferentisted mesoderm, whigh as already
described, with very rare execoptions, gave rise to oartilage_of the
gnall-celled, non-ossifying typve. Ne phosphetase was formed by such
naterial.

In‘.l Robison's results heve made it cleay that the presence of
hyperitvophic chondroblests both in normal amd explented cartilage
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is always associated with the secretlon of rhosphatase apd thet,
gonversely, phosphatase 1s mever profuced by small -celled, non-
oogifying oeartilage. How muech of the phosphatese present in ossi-
fying cartilage is formed by the hypertrophie chondroblasts and how
nugh by the osteoblasts 1t is inmpossible to say, but the very hizch
concentration of phosrhatase in the explanted palato-quadrates which,
a8 deseribed in Part I, showed only very slight traces of ossgification,
make 1t prohable that the hypertroiiie eells secrete thosphatase
aogtively.

1% is sometimes thought that chondroblastic hypertrophy end
the foxmation of phosphatese 8re degensrative phenomensg and I myself
in earxlier work (Fell '25) supported this view. The hypertrorphic
cartilage gells in the normel long bones, a2t legast in the middle
region of the sheft, eventually sssume & shrunken and distorted
appesrance which is undoubtedly deg‘emrative, and it was therofore
thought that the weceding swelling end vacuoletion were merely
earlier stages in the same regressive prooesé.

Iy experimental results, however, have compelled me %o discard
this interpretation of chondroblastic hypertrorhy. It seens impos-
sible to explain the phenomenon &8 merely a foxm of degensration,
in view of the fact that lieckel's rod end the palato-quadrate, olthough
ghowing ro histological difference when [irst explanted, invariably
developed iu the one ocase, small-gelled cartilege only, and in the
.other 8 large area of hypertrophic cells precisely 2s in normel
development, although both sets of rudiments were isoluted from the
body snd growing in vitro under identieally the same envirommenial
gonditions. If the hypertrophy were & degenerative chonge, we should
expect it %o occur in unhealthy oultures of Meckel's cartilege. This
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wag nover observed, and ian those explanits vhere cell degeneration
oceurred, it a2lweys took the form of shrinkage.

_ It would seem, therefore, that the esppearance of hypertropaic
cariilage represents a true tissue Aifferentiation and that, as in
nost forms of differentietion, the histologicel destiny of the tissue
is determined before its characteristic histological strueture
becones a.istinguialm'ble.

Although the future histlogieal structure of the non-ossifying
part of Meckel's rod and of 2 fuature cartilege bone sush as the palafo-
quadrate or femur is apparently firmly determined by the 6th day of
embryonic 1life, yet 2% an earlier stage of develoment the ultimate
gtracture of the chéndrogenia tisgue of the limb-rudiment is Aeter-
mined less definitely. As deseribed in Parts II and III, the undif-
forsntiated 3-day limb-bnd when cultivated in vitro, with rare ex-
ceptions, gave rise %o nodules of mmell-celled, non-ossifying carti-
lage. On the other hand, Murrey and Selby ('30) state that the
early (2-day) embryonie limb-rudiment, when removed from the body and
grafied on the chorio-allantoic merbranes, may form Yossifying! corti-
lage with typiesl hyperirophic cells, showing clearly that the iaolaté
rudiment, even 8% this early stage, has the potentialities for its
characteristic histologicel differentintion when growing under suit-
able enviromental conditions. The histological simllarity between
the mn-ossifying port of lMeckel's yvod end the non-ossifyinz cartilege
formed by the explented 3-day limb-bud does not necessarily mean that
the two types of cartilage are identical , and ij: is probabls thet the
game higtological result is differently produced in the two ocases.

The factors responsible for detemining whether chondrogenic tissue
shall develop into ossifying cartilage with the charscte ristic hyper-
trophis cells are a8t present qulte obsecure.
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If the development of the hypertrophie cartilage cells represents
& specific differentiation, the next cuestion %o be considered is what
.part these cells play im ogsification. I thought at first that they
might be concerned in some way with the earliest stages of bone-forma-
tion, bul since the isoclated 6-day embryonic periosteum reedily foms
bons in vitro when deprived of 2ll sscociation with the cartilage, this
is obviously not the case. 1t iz concelvable that as the osteoblastic
layer of the periosteal rudiment develops vari passu with the hyper-
trophic cartilege, the latter may induce the develoment of the former.,
This, however, 18 pure speculation and &% present there is no evidence
a8 %o the functlon of the hypertrorhie chondroblasgts in osteogencsis,

The nature and function of the ogteoblast. Wany views have bhaen

exprossed as o the natire and function of the osteoblast. According
%o the olassiesl theory osteoblasts ars healthy cells constituting

& specific histological type whose primsyry ﬂﬁotion is the formagion
of bone. Some wofkera. on the other hand, régard bone -formation as
the vesult of 2 degeneration of the osteoblasts, whilst ILeriche and
Policard ('28) meintain that the osteoblasts are merely sltered fihro-
blests and that their formation 18 only the secondaxry result of ossi-
fication. These suthors stete That "the oreatlon of an osslfisble
medium and preosseous condensation seems to be the consequence of cir-
culatory chenges" and they consider that "the appearance of osteo-
blastic deposits expresses, in short, reactionmary attempis of the cells
ageinst the preosseous tramsformation which congeals their medimm"™.
Teriche and Folicaxd even affirm "that the cell is injurious to bone
gince, on resuming activity, this oelhl mey cause a retrogression of
the bome". Greig ('31l) largely endorses the conclusions of lLeriche
end Policard, and believes that the osteoblasts are identical with
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fibroblasts end are not essentia.l %o bone~-formation, although their
Alsintegration products mey in some way assist ossification.

The results recorded ia this thesls strongly support the ortho.
fox view nopmely, that the osteoblasts in pormal osteogenssis are
healthy cells whoge speoific function 1s bone fomeation.

In the case of adult bome, the extreme hardness of the inter-
celluley meterial venders 1% impossible o obtain an accurnie ayio-
logieal pieturs of the osteoblests 2n7 bone cells and it is therefore
very diffioult to detemine whether these elements are healthy or not.
The embryonic skeleton of the fowl, on the other hend, can be studied
by edequate oytological methods and in thisc material there is no evi-
dence thet the osteoblesis are 1n any way degenerate.  They may under-
go mitosis even when enclosed by e2rly osgteold metrix, the nucledl
ghow no rvegressive chenges end in well-fixed material the filamentous
mitochondyis of the osteoblasts and young bone cells displsy no trace
of those grenuler chepges which are ususlly one of the first sizns of
cell degeneration.  loreover, &s deseribed in Port IT, unheslthy
cultures of endosteum formed &bnormel osteoid #tissue only, whilet
sctive, healthy growths geve rise %o true oaloified bone; *This would
be difficult to explain on the assumption that cell degeneration pro-
motes osslfication.

That the osleoblests are specific bone-formipng elements and are
not physiologically ldenticsl with fibroblests, is indicated by the
fact that bone only differentiated in vitre when osteoblasts or pre-
sumptive osteogenic cells were present in the origimal explants.
Ordinery comnective tismme or, &s desmeribed sbove, the fibroblastic
leyeyr of %he periosteum does not fomm bone during oultivetion, so
that eny poscibility of the ossification of the explanted osteoblastic
tissue being caused by the envirommentel or mechanical conditions of
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growth in vitro is thus eliminatesd.

The fact that very aetive osteoblastlic proliferation tends %o
be asgocieted with relatively «light ossificstion or even with boxne
mzorptioil. is no ewvidence that the esteoblasis are antagonistic to 5
ossification es claimed by Teriche snd Policard. It is well known
that in vitro very active proliferation in any tissue 1le umually corre-
lated with nwrganised cell migration and absence of histologiesl .
gtruoture - & genersl principie which is 1llustreted by cultures of |
osteogenic tissue. As previously steted, in oultures of 6-day emb-
ryonic veriosteum, peripheral osgificntion centres alwaye appeared
later then those in the interioy of the explent; this was probably
aue %o the faet that the cells composing the originel margin of the
gulture, being Iin & gtate of active proliferation and unorgenised
growth, were unable to differentiate until, after successive subecul-
tivetions, they hed cessed to form part of the Zone of outerowth and
become incorporated in the immer, orgenised regiom. Similarly in
the endosténl culfuraa, ossification always bégan and was most advancel
in the middle of the culture, where mitosis end cell migration were
minimel.

If bome is formed by osteobiasts end %he osteoblasts represent
& specific histologiwal type, we ere faced with the difficult vproblem
of detemining what factors sre responsible for the differentiation
of these cells. The inmmerable exanples of the ocecurrense of hetero-
plastic bom-fomtj.on in adult life, show clearly that cells in ;
ordinary connective tissue, under certain cenditions, can be transfomed
into osteoblasts, We have yet to discover the mture of these coh- |
ditions. It is foumd that meny ceses at least, of heteroplastic
osgification are associated ﬂm 8 previous deposition of calcium
galts in the tissue and Greig adduces gonsiderable evidence in support



of his view that a local caleific excess is & fundementel factor in
indueing osteogenssis. This, however, can herdly apply in the ouse
of the ossifying cultuves of mandibulay mesoderm or of 6-day embryonic
veriosteum which had never been in conteet with c2lcified nmuterisl
either before or during cwltivetion (the limb-cartilage of 6-day fowl
enbryos is not caleified - Niven, unmblished obeervation). Until
further infomation has been obteined 1% is impossible to formmulate
any satisfectory theory concerning the cauces of osteoblastic differ-
entistion, 28 &t present the sscertained facts camot be correlated.

The exect mature of the ostecblestic influence ian bone-dsvelop-
ment 1s elso very obscure. Robison has shown (Robison & Fell '30)
that the osteoblssts of avian membyene bone, whether growing in vive
or in vitro, sctively secrete 2 phosmntéae but this cammot be their
only function in osteogenesis since the osteoid matrix (collegenous
fibres and interfibrillar cement) is fommed before celeium phosyphate
ig deposited. The mechanlsm by whieh the osteoblasts produce this
osteoid metxix is pot known. I

The amatomical develomment in vitro of the embryonic limb-sikeleton.
‘The resulits recorded in Part III show thet the embryonie linbh-skeleton
of the fowl possesses & remevkable eapacity for anntomicel self-Aiffer-

entiation., As described sbove, the undifferentiated three-day limb-
bud may exhibit the earlier stages in the formation of 2 normal skele-
ton, when growing apart from the body and cut off from a blood &nd

nerve -supply, but the development in vitre of anatomicel form ic still
more strikingly demonstrated by the explented femur. Although deprived
not only of a vesculer gystem and vervous connections, but also of
normelly 'adjaoeht. tkeletel rudimenis snd, with tho exception of & few
isoleted muscle fibres, of agsociation with the limb mmssculsture, the
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femur rudiment 4is able to continue its anstomicel development in vitro
elong ths same general lines 2s in the normal limb. Much of the
superficial seulpturing of the normal femur is undoubtedly due %o
mechanicel faetors such as musculey contraction and pressure, &and is
not seen in the explents, but the differentiation of the general shape
of the cartilaginous rudiment is clearly aho;m %o be independent of
extrinsic mechanical influences, & conclusion whieh has also bheen
expressed by Murrey end Selby ('30).

Although the form of the cortilaginous femur is lergely self-
differentiating, the architecturs of the bone by which 1% is mormally
replzced 1s probably controlled entirely by extrinsie factors. Both
in vivo and in vitro the bone 1z Aeposited, 2s in & mould, hetween the
fibrous layer of the pariosteun ani the cartilsginous rudiment mt
whorsas in the nowmal 1limb, the hono soon becomes froabecular owing %o
the ingrowth of blood vessels into the osteoblastie layer of the pveri-
osteum, in the cultures 1% persists as & gingle compact layer. As
pointsd out in Part I, ossification appeaxrs aiways to follow the vlans

of lezst resistance.

I should like %o acknowledge my deep indcbtedness to the lato
Ur. T.5.P.3trangeweys who teught me the tiseue culture technique and
whose inspiretion initibted the iuvestigations described in these
Peges.,
" I also wish to express my thenks %o Dr. R. Robison, F.R.S.,
lidse J. 8. §. Hiven and Dr. F.G.Speer for valugble constructive
criticism during the writing of this thesis.
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All the drawings were mede with the aid of » camers lucide or & pro-
jection apparatus. The rhotomiorographs are by Mr., V. C. Norfield,
Strenzgeweys Research Iaboretory &amd MNr, H. P. Hudson, Department of
Pathology, Cambridge University.

Abbreviations
anm. amnion. k. keratin.
am.¢. 8amogboid cells.
ert.c. articular cartilege. Mo marrow.
e , masrix.
b, bone. m.b, membhrane bone.
be. base of limb-bud. m.2. Meckel's cartilage.
b.¢. hone cell. m.¢.4. mayrrow cavities of the
b.m. bone matrix. diaphygis.
b.v. blood vessel. m.6.,0. marrow ocavities of the
opiphysis.
8. cartilage. mes, mesenchyms.
co.  condyle. ni.. mitosis.
ae. . caleification. nr. cells of the marrow
ca.2. oeleified area. reticulum.
cart. oartilege. MY o myoblasts.
e.b. coll boundaxyy. mch mitochondrie.
cent. centrosome. n. miecleus.,
Ch. chondroblast. n.b. W bone.
ck. cork.
Geme culture mediuvm. oG, osteoclast.
c.0.cyl. ceniral osseous 0.¢. ossifiecation centre.
eylinder, o.2.%. outwandering connective
e.t. coanective tissne. tissue cells.
ey . cyst. 0.f£. osteogenic fibyes.
cy.pr. cytoplasmic process. Osde osteoblestic layer.
) O+, osteoid matrix.
d.c. aegannrata eartilage. er.b. original hone.
oat. osteoblasts.
ab. endochondral bone. os.%. csateoild tissue.
@G . ectodem. 0.%. osteoid tissue.
ecth. octodem.
8P epiphysis. P peyriosgltewn.
op.t. epithelial tube. Db, verioateal bone.
P, precaxrtilage.
¥.0. flattened chondroblagte. peh. perichondyium.
fi. fibroblasts. P.g. palato-guadrate.
£fib. fibrous layer.
fele fibrous layer. r. terminal ridge of ecto-
T:%. fibrous ftissue. daym,
rt. ring-like thickenings.
g. Golgi apparatus.
st.mat, strands of metrix.
h. head., 8.0, smeall chondroblests.
Ha.8, Haversimn speges. -
h.ec. Thypertrorhied chondro- t. trochanter.
blagés.
hyp.e. hypertrophied cells. Z.f.¢. zone of flattened cells.
Z.h.8. zone of hypertrorhied
i.6.%. inveding connective gells.,
tissue cells. %Z.0., 2zome of outgrowth.



Flate I.

Fig. 1. Nesenchyme cells from the posterior limb-bud of an embryo

of 52 hours. Note the complete siructurel independance of each cell.
(iron haematoxylin).

Pig. 2. Early cartilege cells from the middle region of the skeletal
rudiment in the posterior 1imb of & 41-3ay embryo. fThe cells &re
elongated ot right angles to the exis of the 1limb (indicated by errow).
(ivon heemetoxylin).

Tig. 3. sSectiom of tibia from & 5%-dey embryo (this specimen is
abnormally well developed for its 2ge). The first indication of the
three zones of chondroblasts cen he Aistinguished and a layer of

early osteoid tisstue has been deposited over 2 large vart of the Ala-
rhyeial region. The psrichondrium covering the future dlaphysis is
differentiated into an innaf osteoblastic and an outer fibroblastie
coat., The epiphysial region is still continuous with the surrounding
undifferentiated mesoderm. ( iron heemetoxylin ).

Fig, 4. Hypertropnied cartilage cells from the middle region of the
radiue of & 64-day emiryo (of., Fig. 8, seme scale). Note %he vacuo-
lated cytoplesm, large clear nucleus, vesicular centrosome and long,
gtout mitochondria. (iron haematoxylin).

Fig. 5. Chondroblaste from the zZone of flatiened cells in the same
radiug, drawn %o the same scale &g Fig. 2. (iron haematoxylin).
Fig. 6. Rounded cells from the epiphysial region of the same redius
drawn to the seme scale as Fig. 2. (iron haematoxylin).

Fig. 7. Epiphysiel chondroblasts from one of the phalanges of an
11-day embryo showing Golgi apparatus (fixed by e Fano's method,
tioned and faintly stained with methylene blus.
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Ple=te 1I.

Fig. 1. Hyperirophied cartilage cells from the middle region of the
fermr of an 8i-day embryo showing degenerative chenges (shrinkaege of
cytorilesm and nucleus, enlargement of sentrosome , and reduction in

mumber of mitochondrie). (iron heematoxylin).

Fig. £. Hypertrophied cells in the tihia of a 14-dsy embryo showing
the dense Golgi spperatus. In this specimen (fized by D& Feno's method
and stained with methylene hlue) the matrix appears as & close spoﬁga-—
work which is well seen in the capsule cut tengentially. TNote the
strand of matrix passing from the surface of the choniroblasts to the
intercellulay partitlons.

Fig. 3. Young cartilage from 2 gpecimen fixed by Da Fano's method
and steined with methylene blue. Tote the Golgi apparatus in the

cells end the loose spongework of early iniercellular material.

Fig. 4. Berly bone-formation in the middle region of 2 posterior
phalant from o 91-day embryo. Delicate lamellae of osteoid fibres

are seen among the osteoblasis. (Mallorxry's $riple stein).

Fig. 5. Osteoblasts epplied %o & trabeculum of bone. (iron haere-
toxylin).

Fig. 6. 7Young bone cells from the fibula of an 8i-day embryo, showing
centrosome, mitochondria and cyloplasmic processes penetrating the

ground substance of the bome. (irom haematoxylinm).
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Pate TIII.

Tig. 1. Cartilage resorption in Tthe tibie of o 14-d8y embryo. The
matriz enciosed by the periostesl hone is belng excavated without
girultancous enlochondral ossification 838 in mammsels. {ilallory's

triple stain).

Tig. 2. Zone of degeneration 2t the erosion surface of cartilage in
the course of resorption, from the femuxr of a 14-d8y embryo. Yo the
right are seen Zisintezrating chondroblasts and degenerate cells of

the marrow reticulum and to the left the pormal cells of the inveding

narrow. {iroh haemstoxylin).






Plate IV.

Fig. 1. Section through the condyle end disitsel end of the femur of
8 day-0ld chick, showing the artieulsr cartilage, epiphysis, inter-
mediate cartilege conftaining flatitened cells and Aiaphysial cartilage
eéntaining hypertrophic cells. TWote algo the diaphysisl and epi-
physiel marrow cavities and the early endochondral ossification.

(mellory's triple stain).

Fig. 2. Osteoclast from the tarso-metatarsus of a 10i-day embryo
showing the swollen and distorted mitochondrie. The cell bounderies
are s%ill distinguishable in placges. (iron heematoxylin).






Pate V.

Fig. 1. Iongitudinal section through the menigibular skeletom of &
15-38y embryo. Note the rod of unossified cartilage enclosed by a

gheath of membrene bome. (liellory's triple stain).

Fig., 2. The articulere from & two-dey chick showing ogsifying carii-
lage. (photomicrograph). (Mallory's %riple stain).

Fig. 3. The distal part of leckel's cartilage from the seme chick,
ghowing the absence of ossification in the cartilage (vhotomicrograph).
(liallory's triple stein).

Fig. 4. The distal pert of leckel's cartilage from the same chick.
Note the small oval chondroblasts which present & marked contrast
% the large vacuolated cslls of ossifying cartilege, cf. Fig. 5.

(pho tomicrograph). (Mallory's %riple stain).

Fig. 5. Hypertrophic chondroblasts from the articulare of the same
chick. (photomicrograph). (Mallory's triple stain).






Flate VI.

Fig. 1. Eearly osteoid tissuse from the mandible of a 7-day embryo

(pho tomicrograph). (safrenin and picro-indigo-scarmine).

Fig, 2. Nembrane bone from the mendible of am 1l-day embryo

(thotomicrograph). (safranin and vicro-indigo-carmine).

-

Fig. 3. Membrane bone from the mandible of a l4-day embryo

{pho tomicrograph). (sefranin end picro-indigo-cermine).






Hate VII.

Fig., 1. Whole-mount of & 48 hour culture of undifferentiated 1limb-
bud mesenchyme. FEarly precartilage is present but cartilage hes
not yet developed (dilute thionin).

Fig. 2. Whole-moun® of a 4-day culture of originally undifferentiated
1limb-bud mesenchyme. Note the small nodule of cartilage, the matrix
of which shows the characteristic metachromatic colouration (dilute
thionin),

Fig., 3. Whole-mount of 2 6-day culture of originelly umdifferentiated
limh-bud mesenchyme. A rod-like nodule of cartilage hags been formed
one end of which is sharply demercated from the surrounding tissue.
(311ute thionin).

Fig. 4. ihole-mount of an 84-day culture of originally undifferenti-
ated limb-bud mesenchyme. Note the lerge, densely stained nodule
of cartilage which has developed in vitro. (dilute thionin).
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Plete VIII.

Fig. 1. sSectlon through a 70-day culture of originglly undiffer-
entiated limb-bud mesenchyme. Note the large module of healthy
cartilege, dense mesg of Tibrous tissue and abundesnt Zone of out-

growth. (safranin and picre-indigo-cerminej].

Fig. 2. oSection through an 84-dsy cplture of originally undiffer-
entiated limb-bud mesenchyme. A lerge nodule of relatively healthy
gartilage has been formed during cultivetion. (safranin znd picro-

indigo -carmine).
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flate IX.

Fig. 1. Sectiom showlng ossification in a 70-day oulture of
embryonic cartilage (No. 5). ©Note the comparstively thick layer

of bonae. (safranin and picro-indige-earmine).

Fig. 2. seetion of an 84-day culture of embryonie cartilege (Mo, 1)
showing healthy bone which has been formed in vitro. The cartilage
hag gompletely disappesred from this pert of the explant and the
cavities in the bone contain loose connective tissue &and occasionsl

osteoclasts. (haematoxylin and van Gileson).

Fig. 3. Sectiom of a 70-day enlture (No. 2) originelly of embryonic
cartilage. An irregular mass of well developed bone hasg been deposi-
ted in vitro end the cartilage has besen entirely removed. Tote the

shundent zone of outgrowth. (Vallory's triple stain).

Fig. 4. Section of en 84-day eulturs (No. 1) of originally undiffer-
entiated linmb-bud mesenshyne. The section hag been made throuzh the
apex of 2 nodule of cartilage on the surface of which a thick deposit
of bone has been formed. (Mallory's triple stain).
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Plate X.

Fig. 1. Section of an 84-day culture of originelly undifferentizted

limb-bud mesenchyme (No. 2). A layer of bone has been deposited

over the surface of part of the cartilage; the cartilage covered by

the bone has been partially excavated by invading connective tissue.
»
{(haematoxylin and van Gieson).

Fig. 2. sSection through the same culture 2s thet shown in Fig. 1.
Hote the well developed layer of bone cgonteining typicel bone cells;

the cartilage is being invaded and destroyed by connective tissus.
(safranin and piero-indigo-cermine).
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Plate XI.

Note. The embryos from which these femora were taken were markedly

subnormel in development.
Fig. 1. Bection of & normal femur from & 6-day embryo. The femur is
composed of a very simple type of cartilage which shows no hypertro-
phied cells and mo differentiation Iinto epiphysis and diaphysis.
(safrenin and picro-indigo-carmine).
Fig. 2. gection of & 6-day eubryonic femur afier 3 days' ecultivation
in vitro. More metrix is present than in the previous spedéimen and
indications of a differentiation into epiphysis, Zoms of flattened
gells and zone of hyperirophisd cells are seen.
Fig. 3. Section of & 6-day embryonic femur affer 9 days' oultivation
in vitro. The regiom of hypertrovhied cells is now fairly distinect
and is overlaid by & delicate layer of very early bony meterisl.
(haematoxylin end ven Gieson).
Fig. 4. Section of a 6-day swbryonie femur affer 15 days' cultivation
in vitro. The explant is subnormal in develomment as compared with
other explanis; the zZone of hyvertrovhied cells is not quite go ex-
teonsive &8 in the 9-day culture and there is no definite boundery
betweon epiphysis and disphysis. Yote the large size of the epirhy-
gsial regions relative %o the shaft. (Mallory's ftrivie stain).
Fig. 5. Section of & 6-day embryonic femur after 21 dsys' cultiva-
tion in vitro. The epiphysis is sharply marked off from the diephy-
gis by the zone of flaitiened cells; & gheath of bone invests the
extensive zone of hypertrophied choniroblasts. (safranin and piecro-
indigo-carmine). :
Fig. 6. Seetion of a 6-day embiyonic femur after 27 days' cultiva-

vion in vitro. (safranin and piero-indigo-carmine).
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Plate XIII.

Fig. 1. Iongitudinal section through the normel palato-quadrate

and lMeckel's cartilage of & 6-day fowl embryo (control specimen).

The three regions of small, flattened and hyperirophic cells have

not yet appeared in the palato-quadrate, the histological structure
of which is almost inditinguishable from that of the adjacent leckel's
cartilege. (Mallory's triple stain).

Fig., 2. Iongitudinal section of em explant of the distal part of
lieckel's cartilage from & 6-day embryonic jaw after 20 days' culbi-
vation in vitro. This explant was obtained from the same set of
eubryos &8 the conirol shown in Fig. 1. Theye is mo differentiation
into the three Zones of mmall, flatiened and vacuolated hypertrophic- .
colls seen in normel ossifying cartilege and the histological struc-
ture of the explanted Meckel's rod resembles that og}/lzomal Specimen
shown in Plate V. Fig. 1. (safranin and piero-indigo-eammine).

Fig. 3. GSection through amn explent of the pelaio-quadrate from &
6-day embryo after 20 deys' cultivetion in a waich-glass, ef. Fig. 4.
The explant was teken from the same sebt of embryos &s the two pre-
ceding specimens. Tote the three zones of cartilage cells (smell,
flatfened and hyperirophic) which have developed during cultivation
although (ef. control) these regions were mot differentiated at the
timé_ of explantation. This specimen also showa slight periosteal
ossification over the area of hypertrophic cells. (safranin end
piero-indigo-carmine).

Fig. 4. Section of & mommal palato-quadrate from & 15-day embryo.
Hote the zZones of small, flatiened amd hypertrophic cells andi the
periosteal ossification (photomicrograph). (safranmin and picro-

indigo -carmine).
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Plate XIV.

Fig. 1. Tongitudinal section of & normal (eontrol) %ivia from 2

6-day embryo showing the general hisiologiceal structure of the dheft.
(safranin and picro-indigo-carmine).

Fig. 2. Iongitudinal seotion of the middle region of the opposite
tibia from the same embryo, afier removal of the periosteum for
explantation. The osteogenic Tibres and part of the osteoblastie

layer remain adherent %o the csrtilage. (safranin end picre-indigo-
carmine).
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Plate IXV.

Figs. 1 - 5. Camera lucida sketches showing the developmeni of &n

ossification centre which appeared in the culture mede from the
rudinentary periosteum taken from the tibial fragment shown in
Flate XIV. Fig. 2. The plate of bone which differentiated during
cultivation shows three conceniric, ring-like thickenings, oeach ring
eorrervonding with a8 subculfure.

Fig. 6. BSection of the same culture fixed after 10 days' growih
in vitro. (plane of section &t right angles to the plane of the

coverslip). (safrenin and pierc-indigo-cermine).
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Flate XVI.

Fig. 1. Iongitudinal section through 2 normel (control) tibie from
& 6-day fowl embryo. Tote the rudimentary periosteum composed of
an outer Tibroblastic amd inner osteoblasgtic coat, and the layer of
osteogenic fibres. The periosteun from the opposite tibie of the
same embryo wes expleanted in vitro end is representsd in Fig. 2.
(sefranin-and picro-indigo-carmine).

Fig. 2. Section of & perioste2l culture msde from the corresponiing
tibia to thet shown im Fig. 1. The specimen wes fixed after 18 deys'
growth in vitro. Note the bone which hgs developed during cultiva-

tion. (plane of section a8t right engles to the plane of the coverslip)
(safranin and picro-indigo-caimine ).

Fig. 3. Section of a 10-day culture of periosteum from & 6-day
embryonic femur. In this specimen both cartilage and bone have
developed @8 indepsndent modules. (plane of section at right angles
%o the plane of the coverslip). (safranin and picro-indigo-csymina).
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Flate XVII.

Fig. 1. ZIongitudinel section of 2 normal (comtrol) tibie from &
10-day embryo. Note the fibrous and osteoblastlc layers of the
periosteun overlying early bone trebesculse. The periosteum from
the opposite tibia of the same eunbryo wes explanted in vitro and a
culture is shown in Fig. 2. (aafranin.and picro-indigo-carmine).

Fig. 2. Section of 8 6-day periosteal cullure obtained from the
gorresponding tibia to that shown in Fig. 1. Tote the compact
o3gsification centre whioch appeared during cultivation. (plane of
section a8t right engles %o the plane of the coverslip). (sefranina
and pioro-indigo-carmine).

Flg. 3. Iongitudinal section of & {control) %tibis from & day-old
ghick. Note the outer coat of fibrous tissue merging with an inmer
layer of flattened cells beneath which 1lie the osteoblasts, (safra-

nin end piero-indigo-carmine).
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Plate XVIII.

Figs. 1 -« 4, Thotomicrographs of & living culture of tibial Dbone

from & 21-day embryo &t different steges, showing the formation of

bone by endosteum. The culture was cbtained from the seme tibia

&8 those shown in Plate XIX. Fig. 1, 2 & 4 and Plate XX. Figs. 1, 2,

3 &% 4.

l. 5 days in vitro, imnmedistely before removel of the originsi
bone fragment.

2. Same culture, 20 hours afiter removel of the originel bore. The
hole left by the removal of the bone is still seen.

3. Seme culiture, 5 days after removal of the origimal bhone. Note
the mesgs of new bone whigh hes developed in the middle of the
tissue.

4. Same culture, 7 days after removal of the origin2l bone. At

this stage the culture was fixed snd sectioned. A section is
shown in Fig. 5.

Fig. 5. Section through central mess of new bone. (section perallel

to the vlane of the coverslip). (safroanin and plero-indigo-carmine).
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Flate XIX.

Fig. 1. Section of & 5-day culture of bone from the tibla of &
2l-day embryo (plene of section 8t right engles to the plane of the

coverslip). (safranin end piero-indigo-cermine).

Fig. 2. GSeme under higher megnification. The cells composing the
gone of outgrowth 8re mainly 1if not entirely derived from the Haver-

sian spages. Tost of the actuael bone cells ares dcgenerate.

Fig. 3. Section of & similer culture 20 hours after removal of the
original fragment of bone. Hote the =sreas of osteogenic fibres
which have eppecared during culiivation. (plane of section parallel

tc the plane of the coverslipl. (safranin and picro-indigo-carmins).

Fig. 4. Section of a similar culfure 5 days after removal of the
original fraguent of bone. Two concentric rings of osteoid tissue
have been formed since the removal of the original bons (plepe of
section parallel %o the plane of the coverslip). (safrenin an?

picro~-indigo-carmine).
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Plate XX.

Fig. 1. Section of & similer culture 11 days affer removal of the
original Dbone. Tote the well developed bone which has differentisted
during cultivation. A mitotic figure is seen in one of the hone
cells (plane of section perailel to the plane of the coverslip).
(safranin and picro-indigo-carmine).

Fig. 8. Section of & sgimiler culture 21 days after removal of the
original bons. A well developed nodule of bone hes formed during
cultivetion. Osteogenesis has ceased as indicated by the sharp out-
1line of the bona. {plane of section rarallel %o the plane of the

coverslip). (sefranin and piero-indigo-earmine).

Fig. 3. Thotemicrograph of culfture itreated with von Kossa's silver
nitrate method, 8 days after the wemoval of the original bone (whole

mound ) .

Fig. 4. Thotomiecrograph of culture treated with von Kossa's silver
nitrate method, 10 days after the removal of the original bone

{(whole mount).

Fig. 5. sSection of & culture of periosteum Trom the tibia of 2 day-
0ld chick. fThis specimen wes cultivated for 6 days afiter which the
original $xplert wes removed and the zone of growth was cultivated
for & further pericd of 14 days. No sign of osteogenesis is seen
anj only fibrous tissue has been formed (plane of sectién parallel
to the plane of the soverslip). (safrenin and picro-indigo-carmins).






flate XXT.

Fig, 1. Osteogenesis in & hanginz-drop ocnlture of mesodem from &
6-38y embryonic jaw. The figures are jrawn from camers lucida
gketehes of & living enlture and were made a8t different stages of
growth to show the develorment of an ossification centre. After 6
days' oultivation this specimen was fixed and sectionad. A section
is shown in Fig. 2,

Fig. ©. Hist%ologicel section of cultuye shown in Fig. 1 after
& days' growth in vitro. (Mellory's stain).

Fig. 3. TFhotomicrogreph of an 8-day ooveislip culture of the soft
tissus from & 6-48y embryonie jew. This specimen was stained with
gilver nitrste end mounted whole. An ossificetion cenire, which
developed during cultivetion, stained bleck with the silver nitrate
indicating thet true cg8lcified bone hed been formed.






rlate XXII.

Fig. 1. Section of & culture of mandibular mesoderm from & 6-d8y
enbryo affter 2 days' growth in vitro. Tote the two very esrly
ossification centres which appesaved during cultivation. Only & few
osteogenic fibres are »resent at this stege. (Mallory's trivle stain).

Pig. 2. Section of & gimilar culture afler € days' growth chowing
en ossification centre which develoned in vitro. The osteoid

tiosoue hes reached & higher sisge of differentiation then that repre-
sented in Pig. 1. (Mellory's trirle stainm).

Fig. 3. Section of & similer culture afier ¢ days' ecultivetion.
Two ossification cenires and 2 emall nodule of cartilage &re shown

(the presence of cartilage is exceptional). (Mallory's triple stain).

Fig. 4. Seetion of a similer culture after 14 deys' growth in vitro.
Tote the mesa of trabecular bone which has differentieted during
cultivation.
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flate XXTII.

*

Fig. 1. Trapsverse section throush posterior trurk regionm of embryo
of 72 hours. On the right-hend =ide of the figure is seen & section
of the left posterior limb-bud; the right posterior limb-bud hsgs

been amputeted for explantation in vitro and is rhown in Plate XIV.

Fig. 1 after 14 days' oultivetion., (heaematoxylin and eosin).

Tig. 2. Anterior limb-hud after two Asys' growth in vitro. Shows
alongeted mass of precartilage, dllated blood vessels and temin=l
ridze of ectoderm. (haemetoxylin end sosin).

Fig. 3. Tosterior limb-bud after four days' cultivation in vitro.
The specimen bere figured is from the seme embryo &s the explant
representsd in Fig. 2. Note the two maﬁles of early cartilsge,
showing the "axial" type of arrangement, the edtodermal see end mass

of fibrous tissme. (Mallory's stein).

Fig. 4. cartilage cells from explant of 21 days' growth. Tha

nucleus of one of the cells is in suephase. (iron haematoxylin).
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Plate XXV.

Flg. 1. Portion of 11 days' culiure of & 3-day limb-bud. The
nodules of cartilage show the "axial" srrangement. Hote the thick,
fibrous perichondriwm and epithelial Vubules. (Maellory's stein).

Fig. 2. Stroma from explent of 22 days' cultivation showing dense
network of fine white fibres.






Plate XXV.

Fig. 1. Right posterior limb-bud affer 14 days' cultivation. Cf.
Plate XXIIX. Fig. 1 vwhich shows the left posterior (control) 1imb-
bud from the same embryo, and note the extensive differentiation
whieh hag tsken place in vitro. The cartilage nodules show the
"oxial" form of errangement. Note the cystic cavity, dense mass of

fibrous tissue and keratin. (iron haematoxylin).

Flg. 2. Explant after 10 deys' cultivation. This cuvlture is fimly
embedded in the plasma owing to the outwandering (uncontrolled growth)
of the connective tissue; a single nodule of cartilage is present

there ie mo epithelial covering. (iron héematoxylin and ven Giesomn).






Flate XXVI.

Fig. 1. Eerly oysi-formation,owing (probably) %o extreme dilation
of blood vessels in & limb-bnd culture of 3 days' growth in medium 1.
Hote the terminal vidge of the thickened ectodarm. {iron haene toxylin)

Fig. 2. DPortion of largest cyst obteined; about half the ssciion
is chown im this figure. (ef. FPlate XXIII, Fig. 1 drawn to the seme
scale). ‘fwo nodules of cartilege are presen® in one of which is
grbofded & small piece of cork. This explant wes cultiveted for

20 days in medium I.' (Mellory's siain).
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Plete XXVII.

Fig. 1. Nomel 53-d3y embryonic femur as dissected for explentation.
gmall processes representing the conidyles, head and trochanter are

present. (whole mount; dilute haematoxylin).

Fig. 2. Femur from 5i-3ay embryo afifer 3 daya' cultivetion in vitro.
The condyles, head end trochanter are more distinet. (whole mount:
dilute haemetoxylin).

Fig. 3. Femur from 5;-day ombryo after 9 dsys! cultivetion in vitro.
(whole mount; dilute hsematoxylin).

Fig. 4. PFemur from 53-day embrye afier 15 days' ocultivetion in vitro.
{whole mount: dilute haematoxylin).

Fig. 5. Femmr from 5i-d8y embryo after 21 days' oultivetion in vitro.
(whole moumnt; dilute h2ematoxylin).

Fig. 6. Femur from 5}-dey embryo efter 27 dsys' oultivetion in vitro.
Wote the veletively normal appenrance of this femur as comparsd with
the noymal specimen (Fig. 7). I% will be seen that the ineresse in
width is much grester in the region of the eplphyses then in the
middle of the sghaft; this is more merked than in the mormal femur.
(whole mount; dilute haematoxylin).

Fig. 7. Normal femur from R1-38y enbryo. (whole mount; dailute
hsers toxylin).
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Plate XXVIII.

Photographs of & living femur rudiment from & 4}-dey embryo showing
its enlargemen® and progressive anatomical development during cnlti-
vation for 14 days in & watch-glass. The photographs are taken from
® cipnem® Tilm mede by dr. R. G. Canti.

Fig. 1. ! Ferar when first explanted. Feint indicetions of the con-

dyles, head and trochanter are just distinguishable.

Flg. 2. Sapme after 48 hours' growth, immediately after the first

tranafaerence to fresh medium.

Fig. 3. seme after 4 days' growith, immedlately after the second
transference. Wote the slight opecity in the middle of the shaft,
which yrobably represents early ossification.

Fig, 4. seme after 6 Aays' growth, immedlately after the third

transferance.

Plg. 5. Seme after 8 days' growth, immediately affer the fourth

transference.

Fig. 6. seme after 10 days' growth, immediately efter the fifth
transfersnce. The intercondyler notch is now very distinet. Growth

has become much less rapld.

Fig. 7. sSeme after 12 days' growth, immediately after the sixth

transference.

Fig. 8. peme after 14 days' growth. Yete the zone of oulgrowth
from the verichondrial tissue (ae the preceding photographs were
token immedistely sfter transferring the exrylant to fresh medium

o zoxe of outgrowth is present).
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