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grINFRAL IITRO DUO TION 

The skeleton of the embryonic fowl is particularly favourable 

uaterial both for tie stWy of the normal histogenesis of cartilage 

and bone and for experiments with the tissue culture technique. 

Fowl embryos are easy to obtain at any stage of development require, 

the bons are loss hard than those of most mammalian embryos so that 

exoept in the later utuges they can be sectioned without previous 

localoification and fowl embryonio tisuue is more suitable for culti- 

vation than any other owing partly to the ORSO with which laxre quan- 

tities of suitable culture meaium can be orepared and partly to the 

r ndlno,eo with which the tissue grows under the conditions of lifn 

In vitro. 

The first part of this thesis consists of an account of the 

normal histogenesis of cartilage-bone, of non-ossifying cartilage 

ant of membrane bone; the long-bones of the limbs, the distal hart 

of reckel's cartilage and the mandibular membrane bones have boon 

selected as examples of these three types of tissue. This work was 

undertaken in order to provide a basis for a series of tissue cul- 

ture oxoeri,ents of which the norphologioal results aro described in 

Parts Ii awl III. Some of these latter studies were correlated 

with biochemical investiations by '0/.. 1?. Robison of the Lister 

Institute and the relation between Dr. Robison's results and my own 

nornholoc_joal observations is considered in a section of the discus- 

sion. 

Tissue culture, which provides a valuable method for approach- 

ing an immense number of biological problems, was initiated by Boss 

Uarrison in 1007 when he published his classical experiments on nerve 

out ronth in vitro Harrison's original teohnioue has been developed. 



by Burrows aril Carrel ona others so that it lE oossible to cul- 

tiveote many types of tissue from many species of anival ana in some 

cases to ilaintain the culturen inefinitely. 

The essential prineipien of tho tiesue culture technique are 

siffole. A fratooent of tissue - the corolant - is removel from the 

boiy, an[ is transforre0 to a mall quentity of nutritive melium 

conteinea in a mitable glass vessel. The culture meMium which Per- 

mits the most prolific ana concietent is a semi-solia clot 

formea by a mixturo of blooa plasma ant qline extract of embryonic 

tisoues. Per fjrowth to tal_n plaoe freely the explantea tioeue must 

he kept at the normal boay temperatore of the animal from which it 

has been taken. If ne cult:tree are to be mgintainel for a ion- time 

the melium is renowea every few lays an the tissue frajment on reach- 

ing a certain size is cut out of the clot an0 exolontea in fresh 

vesoolo sometioles nfter being subalviRal into two or more pieces. 

3tr1ct asepsis has to be maintoinea in all manipulations. 

Tissues in vitro show two typen of 7.r.owth rhich are sonic-Aims 

.tonlea "unoontrollea" nna "somatic" respeotively. Uncontrollea 

growth is perhaps /aore chnracterictie of tissues cultivate in vitro 

an has boon more eo:tenoively stuaina. It involves a progressive 

simplification of the original histoloeleal structure of the explant 

correlatea with a aiffunn ont-rowth of the cells into the culture 

melinm ana increase in volume is by oell multiplication only. The 

export onto recoracol in this thesis refer almost entirely to the 

secona type of Down v1 z. sonatio growth, also knoen as "controllea" 

(Thomson '14) or "organotyoio" (Maximov: '25). A tissue fragment 

unaergoing somatic growth behaves to P f,rept extent as if it wore 

still part of the boay. It may increase in size by any or all of 

the three methols observe a in vivo viz, by the multiplication of 
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eel's, by the onlargement of cells and by tho formation of inter- 

cellular material, and if it lu undifferentiated. when explantea, its 

histological development may eroceed almost normally. Both uncon- 

trolled and oomatic growth often occur simultaneously in the same 

exolant, micontrollea growth taking place at the periphery and somatic 

growth in the centre. 

Tissue culture as a morphol(Neical technieue has two leportent 

advantages: (a) it enables the o7iserver to etucly the structural 

changes in the living tiosue with a precision that is impossible by 

anzi' other means an (b) it erovideo him with a method of investigating 

the /7evelopmente1 potentialities of undifferentiated or I_rtly differ- 

ontioteR ti, SUE, when removed from the generel influence of the boly, 

i.e. when deprive& of a vascular oyster, nerve oueely and asuociation 

with normally adjacent ports. 

Comparatively little was known concerning the behaviour in 

culture of the various types of okeletogenous tissue an it oeomed 

likely that a study of these tissues unAer the conditions of life in 

vitro might afford. pertioularly interasting information in view of the 

feet that the hiotoloical and gross anatomical development of the 

skeleton are often regaraed as being controlled largely, if not en- 

tirely by local environmental factors. The experiments aescribed 

below were accordingly unAertaken and fall into two f;roups, one 

(recoraed in Part II ) to investigate the eapacity of different form 

of embryonic Skeletal tiseue for histologioal differentiation in vitro 

ana the other (recorded in ?art III) to investigate the capacity of 

isolated skeletal rudiments for gross anatomical development in vitro. 
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N O 11 '11 A i 

PART 

IS TO GENE SI S 

2.112212.s invostiation. To cAttqy the normal histogenesis of 

typical examples of cartilacm bone, of non-ossifying cartilage 

and of membrane bono. 
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Chapter I. 

The c7toloa02172otological nevoloeeent of cartila e ana bone in 

tee norrel embryonic loboneo. 

Intronuction. Work on t;%e dovuloement of avian cartilage ana bone ic 

limiterl omit referencee to this eubject are rare in recent literaturo 

The reneral histology of cartilage reeorption and osteogeneeis in tee 

embryo of no bird eon firet aoscribed by Strelzoff in 1373. Van or 

Stricht ( ), working on the articuler cartilage of birao, refer 

briefly to cartilage resorption ana lele fate of the cartilage colls. 

In 1393 Brachet embl1nbe6 a more letaile5 a000unt of the reoorption of 

cartilnee and the develoefient of the lone-bonee in birds, hie 

oxtenming from the Wan eey of inTlertion until the tonth aay after 

hatching. earsone ('05), in P paper on pressure eIphoo , gives a 

short deocription of tao eroceos of onnification in the Hob bone° of 

the pigeon, but suel:Leo no hiotologieal detail. X have been manic 

to flna any pablicatione previouu to my own Well '25), which deal 

with tee cytology and finer histology of eartilege awl bone in birns, 

ana ouch re ors are cortparatively rare in the literature of mammalian 

ooteogeneeis. 

Material ana methods. Thirty embryos of ages ranging from fifty-two 

hours, ana one lay-ola chick were lima for this investigation, the 

bones of the leg being usually eeiocte0 for otnay. 

With the exception of tbe tibiotaraus ana knee-joint of the 

aay-old chiek ana the wing ana leg bores of a twenty-aay-ola embryo, 

which were fixen in Bonin's solution ana decalcified in eioro-nitric 

acid, the material wae out without previouo decalcification. In 

orler to insure good penetration in the case of older embryoo, tho 
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bones wore ralddly stripped oí m-usole before fizing, but the limbo 

of vo young embryos were not detached from the body. 

or the study of nuclewr structure and general histology, 

material was fixed in Allen's modification of Bouin's f1u1 at 38°C. 

dehydrated by the drop nethod, and embedded in paraffin wax. Yost 

of the soctiom Were stained either with Mallory's triple stain or 

with iron haematoxylin alone or followed by van Gieson's stain, but 

other methods wore also employed. In order to demonstrnte 

dria, tissue wrIs fi.v,ed in Plemming's polution less acetic acid, post- 

chromed for twenty-four hours, and the sections were stained with 

iron haematoxlin (long method). Da Fano's silver impregnation 

r.ethod wao amplojed euccoc,efully for the demonstration of the Golgi 

apparatus, and preparations fl-,ced by this method ana etained with 

methylene blue were found to afford an:cellent material for the study 

of the cartilage matrix. 

Sections were usually out at thicknesses ranging from 4ju, in 

the case of very young specimens, to 7JR, in the case of older embryos. 

The struotare and oltolm? of the primitiajmanAiitzt. The limb-bud 

oÍ an embryo of fifty-two hour s consists of a maso of undifferentiated 

mesenohyme cells dlightly condone f' in the proximal region and covered 

eternally by the columnar epithelium of the epidermis. When fixed 

with Men's solution, the mdsenchyme cello appear to form a synoytium, 

tbe oeil bodies being connected by delicate threads of protoplasm, 

but in tissue fixed in Flemming 's solution without acetic acid and 

stained for ,qitochondria with iron haematoxylin this structure is 

found to be artifact end the cello are seen to consist of a central 

oval or pyriforï mass vnl one or more muoh elongated filamento which, 

while usually intertwined, are not fused with those of neighbouring 



eons; the completo structural indeeend_once of each cell is readily 

demonotrate(t (Aate I. Fig. 1). 

T:ìe necleae forme the uain 'eulk of the mesenchyme oell. It IL 

oval in foho end contains two large, irregular nucleoli and eeveral 

Golan chrouatin granulee. Uumerous long, filamentous mitochondria 

are Teresen6 in the oytoolaue and a Golgi apparatus which a000ars to 

have o reticular otraeture liee to one side of the pucleus. 

deoceibed by johnson P83), the first trace of chonlrification 

appears in tee oroxiolal portion of the lieb and the development of the 

skeleton is always moot advanced in this region. As a prolieinary 

to oortilrge formation the mesenohyme condenses to form a compact 

mass of eel's which marks th -3ite of the future cartilage and merges 

at the periphery with the surrounding unRlfferentiated tiesue. 

In eame areas, both of the prechondral mass and of the ourround- 

W tiseue, numeraao greetps of oL1B are to be seen which aro under- 

going' degeneration. The nucleoli and chromatin rranules enlarge 

L;reatly, while the nuclear menbrane Eihrinke arid in some oases appears 

to diseolve. The cytoplasm rounds off and the cell appears as a 

anall seherical stracturc ocoueeied by several large, deeply staining, 

spherical or ellietical bodies; in some inotances the cytoplasm 

breako Rown completely, leaving the chromatin granules lying free 

among the unaffected coll ith Da Fano'c technique these degenerate 

colin are conspiouous objects, owing to their heavy impregnation. 

The development and deeeneration of the ohondroblasts. As in mammals, 

ohonArogenesis and osteogenosis begin at the centre of the ehaft. 

When the preohondral ma oo of mesenohyme is first formed, the cells 

are still undifferentiated and are arranged according to no definite 

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



8:direct1on at right angles to the lent; of tì :) oell mass (elate 1, 

ric7. 2.), while the came time nerroe intercellular spaces aepear 

aenoting Vilat t foIriPtion of cartilage matrix has oommencea. The 

EtrUtct11r anr. eveloment of tvit: material will be consiaered in the 

followinre eection Toward its extremities tile ieene-radiment ic Etill 

compose of uneifferentiatee meeendeeeme which grades imperceptilAy 

Into the Garrounding tissue, but the boundary of the cartilage io now 

fairly clharp in the central region iere the eerichondrial membrane 

io beginning to appear. The transveroe elongation of cells soon 

spreads to the ends of the ,31aphys1al portiaa of the Shaft, ana 

eteulteneouely a slightly different errangement of the cells is seen . 

Their long axes no longer lie elore Etraight, transverse linee, but 

on ellipses convex to the future epiehyses; at the centre of the 

diaphyeis is a narrow lozenge-ohaped area, occaeied by more or less 

eelyhearal cello, where the two seriee of ellipses meet. This ellip- 

tical configuration is root marked toware the end of the liaphysis 

where the curvetare of the lines is greatest, and serves to indicate 

the future liviitag line between the liophysis and the epiphysis. 

The latter ro,ton is compeE;o1 of etellate °ells scatterea threuellout 

the matrix, whit:3h merge imparceetibly into the surrounding undiffer- 

entiated embryonic; connective tieoue. At this stage the eytological 

feetures of the young cartilage cello are still almost identical with 

those of the oreginel meeenchymatous element°. Each possesses a 

large naclens with two nucleoli,uurrounded by a thin film of cytoplasm 

which is prolongea into lelicate proceeoes. The Golgi apparatus 

usually appears to °owlet of a caarse network at one side of the 

nucleus, but in certain cello the apparatus has the appearance of a 

loose aggregation of roas rather than of a reticulum. Mitotic) feg- 
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ures are everywhere abun(lant. 

The next stage in development (Plate I, Fig. 3) in characterise 

by the formation of three zones of cells ana the elliptioal arrange- 

ment in lost except at the extreme en as of the liapb_ols. The cells 

in and near the central lozenge-ohaped area, referred to aoove, enlarge 

aria °ease to divide. They are at firet polyhelrul in outline, but 

soon become rounded end thes show no linear or columnar arrangement, 

being evenly distributed throughout the matrix (Plate I, Fig. 4). 

Some exhibit degenerative changes: chromatolysis and partial aisin- 

tegration of the cytoplasm. This constitutes the first zone. The 

second zone lies on either side of the first anl consists of longi- 

tuainally flattened, plate-like cello (late I, Fig. 5) many of whioh 

are in mitosis; at the extreme periphery the cellsare polyhelral. 

The third zone is the enip'aycial region which is composed of round or 

eolyhelral cells (Plate I, Fig. 6) in very active proliferation. The 

Goigi apparatus of the elements is shown in Plate Fig. 7. Toward 

the extremity the cello of this zone are closely approximated and at 

the surface beoome aightly flattened, thus delimiting the cartilage 

of the epiphysis from the still undifferentiated tinsue by which it 

is surroundea. There is no sharp line of division between the three 

zones which are all connected by transitional elements. The first 

signs of ossification appear at this otage, being represented by a 

thin lamina of osteoia tissue beneath the periohonarium investing 

zone 1 and part of zone 2. 

As growth eroceeqs the hypertroehiefl cello in the cent,e of 

zone 1 increaee to nearly three times their original diameter (of. 

Figs 2 and 4, Aate I); the nucleus is clear and contains somewhat 

enlarged nucleoli; a few long mitochondria are present in the highly 
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vacuolatoa eyto9laull; Vic centrosome appears as a more or less cre- 

nate sac in which lie two largo conirtoles; a few anallf fat globules 

. re ooffetirles seen in het.men the vacuolo s. riTheso irgo cells 

eventually clegonete (gate II, Fig. l); the nucleoli aro often 

extruloa from the nucleus, wilich thon appears as an inconspicuous 

shrivelloa vesicle, the centrosome becomes oonsiaerobly enlargea, an 

the Golgi apparatus, w%ich apeara granular ana ro no shows a 

corr,E,oloAainG increase in size (Plate II, Fig. 2). It is lifficillt 

to ascertain how far this granulation are conaapsation of the 

apparatus is an artifact, since tbe e'trele lensity of tile matrix ;?_t 

this Ftage no loubt ronaors cartilage very unfavourable material for 

the stuay of the Golgi a]llrlratus. The nitoehonRria breca lown into 

J7)11 particles ana finally aisappear. As -lreviouslj r000rdel by 

Brachet ( '93), mitotio figures 'are only occasionally founa in this 

zone ; in some instances the chromosomes are hnken aown into granules 

ena ax haraly roconifJnle, while in otier cases they appear oompara- 

tivel7 normal. Binacleate cells are not uncommon. Onmera-luoida 

aryuings elo,r; *Vaal t'oe cells or zone 2 anr7 r.re also appreciably 

larger than those of very early crtilace (cf. vigs. 9 ana 6, gate 

I). 
The cellular hypertrophy characterising zone i graaually extends 

into zone 2, the flattened cells of which lose their compressea aopear- 
ance an become vacuolatea ana c7i3tenlel. The zone of enlargel cells 

thus increases in size until it comes to occu about one-half of the 

total length of the shaft. Tle epipkisial portion (zone 3) is now 

quite sharply aefinea. The flattened. cells at the articular surfaoe 

become still more compressed. ana form a aistinct layer which is inwardly 

continuous with the ordinary cartilage. 



11. 

Erosion of the aiaphysial oartilage begins at this stage, and 

this process ana the further aevelopment of the epiphibi will be 

aoscribed later. 

The structure and formation of the cartila,,e matrix. In preparations 

fixea ana stainea by orainary histoloical methoas, the matrir of the 

cartilage either remains oolorrless or stains so faintly that 'the 

structure is inaisti,nguisle. In later cartilage the stain is 

laore reaaily taken ana the netrix then appears to be composed of 

clone netrork of fine fibre. Yf material is fiima by Da Fanoie 

silver imerognation iqothoa, boTever, the cartilage becomes highly 

ehromaphil and presents a remarkable eppearnrce. The best aiffer- 

entiation, in the writer's experience, is oeteinsd by staining seotions 

with rethylene blue. By this method the oells e:9pear n vivia emerald 

green an the matrix P loop bluish violet. By employing this tech- 

nique the can be aemonstrotea in its earliest stages of forma- 

tion. 

Cartilage matrix in such specimens first appears as a aelicate 

film over the surface of the closely aggregate chonaroblaets an?. 

their protoplasmic processes. The capsules of adjacent cells am 

in continuity ana, as the cells separate, the capsules appear to be 

drawn out into strands ana irrep;ular laminae ant tubes perforetea. by 

circular an a oval holes (Plate II, Fig. 3). As the amount of matrix 

Increases, a close, intercellular moonge-work is seen whloh becomes 

progresvely tenser as aevelopment alvances, 

in elAer cartilage the ratri: composing the interoellalar 

rertitions in zore I appears yellowish brown in unotain0 antonea 

preparations fixea by Da Fano's technique, thereby contrasting with 

the colourless matrix in the other regions. At this late stage it 
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stains very aeoply with eethylone blue ; the oeange-work is extremely 

donee (Jaate II, Fig. ' ), the mall interetiees being almost obliter- 

oted; the outline of the eartitions have become very sharp and the 

cello are usually inveutea by lightly staining, l000e, spongy matrix 

connected with the intereelluler wall by numerous radiating stranas. 

In zone 2 a similar appearance ie often seen, the flattenea cello 

beine eeevratea on either side from the on oatrix with which they 

are connected by numeroue branching etrando of intercellular materiel. 

These strands can also be aintinale7eed in deeely stained preearations 

fixea by ordinary methods. The metrix, tiaowi at first loocer than 

in gone 1, ultimately beeomeo equally donee. In the epiehysial region 

(zone 3) the rounded cell lie in a close, regular network which in a 

young embryo becomes fainter and ) ore eiffuee towards the eeriphery, 

finally being indietinguiehable as the cartilage merges witb the 

undifferentiotea tiesue with which it ie uarroundea. As the eniphyois 

aocume a ofinite contours, the matrix becomes of equal aensity through- 

out. In the articular cartilage the matrix is present in very small 

quantities only, and toward the free surfaoe appears to vanish com- 

pletely. 

The structure of the matrix of hyalire cartilage has for long 

been a matter of dispute. Tho earliest observers regarled cartilage 

matrix as a ample, homogeneous substance, but later histologists 

recorded the presence of r'ibrile permeating the ground-sabstance and 

fibres proceeding from the chondroblatets into the matrix were also 

noted. . The nature of these latter structures was the subject of 

conniaerable diversity of opinion ant by some they were regarlea as 

Delia fibres, by others as hollow lymph channels interconnecting the 

caesules. 
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Retterer (v17) describes the matrix of mommolian hyaline carti- 

lage eu a spongy network, the meshes of which contain amorphous 

material, an a his account el' the structure and development of this 

network correvonas fairly closely with that aescribea above In the 

ease of the fowl. Retterer, however, conolaers the intercellular 

substance nu an extencion of the cytoplasm of the cartilage cells. 

My own resulto fall to enaoroe thin view ana suggest that the matrix 

to merely the :product, or secretion of the chondroblaste. Although 

in ordinary preparationo the reticuleem of ce.rtileginons material 

extenaing from the chonlroblasts to the veell of the capsule appears 

to be continuous win the cyteelasel of the cell, in sections fteel 

by Da Fanols method nna staixo. with methylene blue th e contrast in 

colour between the bright green protoplasm end the parple matrix is 

so sharp that it is comparatively easy to tell where the cytoelasei ends 

an the reticelel of matrix begins. It is found that an irregular 

film, like a Van coagulum, covers the mrfece of the cell, being 

closely adherent to the cytoplasm and that this film extends into 

branching stronas continuous with the wall of the oapcale. Altl'ough 

sfecial attention was paid to this point, I was unable to observe 

any sign of the strands from the surface film of the matrix being in 

direct continuity witll the cytoplasm, ana no material intermediate 

in staining reaction wac to be found ueliting the teo substances. 

nether tile reticular structure of the matrix soon in sections 

of fixel teaterial reelly representsthe structure of the matrix in 

life or is merely a coagulation artifact due to fIlLation, is at pres- 

ent impossible to decide,. As will be lescribea later no such retie- 

ulum is aistinguishable in the intercellular substance of living 

cartilage growing in vitro. This hoeever, is no evidence that 



such a structure a002 not agist. 

Lao interesting characteristic of the matrix of osoifying earti- 

loro in avian lonio-bonos note by Niven, (unpabliohea) Li-& the co'rooloto 

coOoonco of oalcifioation oxcart in tho aistal parts of the shaft f7ux1it 

tho later stages of f7ovelopment. In this zoo:pact avian.moteriol olro 

fors from oosifYing cartilage in no mammal. 

The devo.o,voloAt or too yorionomoolam. As previously otoote-1, toe 

cartilage whoa firot formed has mo t3Î11tO oericliondriai membrano, 

but passoo gradually Jooto an&iffarontiataa foosonohyme. rZhe first 

trooe of this otraoturo afooars aroun tli niatao region of the 

dianysial part of tOo oartilago, whore the mosonahyme gives rise to 

an inqistinot inuor of oblong colic with their long axes parallol with 

that of tho cartilag e. hi s layer is outwardly oontinua-os wit the 

ourrool.nding unglifforuntiaa& tiooue an iiUy merges with the 
jourg covtilago through a gradation of interaodiate olomonts anF; a 

short aistanoo on either ciao of too niddle region its identity is 

loot in the general LEL02 of ambrL'onic cootie tiosuo inveuting 
cartilago, 

jiî ralimontary porioDonarium onreloping tha midale region 

of tho cartilage (zone I and part of on 2) on begins to obi' a 

too-layered. struoturo (Ilato I, 'gig. 3 and :late II. gig. 4). The 

oute:o, oblong oollo be000le Irawn out into a iform shape ano tra 

gradually transforoosOl into fibroblasts, While certain of the interme6- 

late elements show an incroaoel amount of cytoplaun, assume an oval or 

rounace foam, and finally give riso to osteoblasta. Tao to loyero, 

aro fairly larply definea:, botL fro one another uni from tho earti- 
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lake . IrrejulEve, cleft-like spaces lined by endothelium apl)ear 

unich re»resent developing bloc0 vessels, and aro fairly nuiflerous 

in the outer lgor of the perichonnriaQ. The fibroblaotic layer, 

although inwardlj com-pact, is very aiffuse toward tiva periphery and 

fades into tho coneral connective tissue o the limb. Althouch the 

perichwerium is now dist1ni3u1sl2ah1e ac far aF; the future 01PhYsiB, 

where it :Isses into the untlifferentiatea tissue surrounding that 

rogion (?12t° I, Fig. 3), its double structure is loot arounA the 

distal balf of zone 2, whero lt is eom000eR entirely of euldifferent- 

iated, e1on(3ated 

soon as the 'two-layered eondition of the periehonarium io 

attaineq, the first signs of ossification appear, and at the same 

time dolicate white fibres berrin to form in the fibroblastic region, 

The development of the osteoblaste and fibroblasts uurroundinr, tho 

nidale portion of tbe cartilar;e is now complete ana no further charlr:e 

takeo 9Lace in these cello except the transformation of certain of 

tile former elements into bone cello. Thio will be dealt with inter. 

Yhe cytology of the perichondriun, which can now be terea the ori- 

°stem, mag therefore be conveniently aescribel at this point. 

The osteoblasto are usually ova in dhape and slightly con.- 

preßod. in a direction at right Ppgles to the surface of the ctIrtila7e 

(.ate II, Fig. 5), anti are seen best in tangential sections. The 

sliherical nucleus usually lies tyard one ()IA of the cell and contains 

one or flore nucleoli ana severe' smaller ohromatin granule°. On one 

side of the nucleus is the ollberical centrosome, in which lie two 

minute centrioles ana round which are aggregated large numbers of 

filarentoas mitochorr?ria. 2reparations made by Da Fanois method 

Show that the centrosphore 1 s associated with e Golgi apparatus oimi- 
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lar in structure to that of the chonaroblasts. The fibroblasts are 

very similar to the osteoblasts in structure, though not in dhape. 

They consist of an elongated nucleus with nucleoli an ohromatin 

r;ranules, enclosea in a film of oytoplasm prolongea at either end. 

Into filamentous processes. A onall reticular Golgi apparatus lies 

near the nuolaus, ana mitochondria are present both in the processes 

awl in the perinuclear film of cytoolaun. 

As osteogonesis 'eroceef7s, the fibroblastic layer becomes moro 

eeMensea anti more sharTly aofinea at the eeriphery, where, however, 

it is continuous with the intramuecular connective tissue. It also 

becomes very tough, owing to the formation of increasing quantities 

of intercellular fibres. The vaecular clefts mentionel above become 

more regular and aeveloe into mall blooa vessels of the usual type. 

As the epiphysis begins to assume its characteristic contour ama to 

aifferentiato from the anbryonic opnneotive tissue arouna it, the 

Derichonarium by which it is covered becomes much more aistinct ana 

is coon to ho continuous with the ca p of flattenea cells investing 

the articular surface of the cartilage. The perichonarium investing 

the en as of the dia-ehysis is still eem'eosea. of a single coat con- 

sisting of unlifferentiated, elongatea cells, ana remains in this con- 

aition until cartilage erosion is f aavancea. Ultimately, however, 

the double-layerea. structure appears throughout the aiewlysial region 

but tle osteoblastic-layer stops rather abruptly at the boundary of 

the opiphysis and diaphysis. The outer layers of the fibroblastic 

coat are in continuity with the fibrous tissue of the eDiphysial 

perichonariam, While the inner layers pass into the cartilage of the 

epiphysis where the fibres merge with the matriz. 

eriosteal ousification. The progress of bone foruation is reaaily 
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followel in prepTmtionE, fi::eP in Mon' or FlosJmims,s solution anti 

stflineq with :Thalory,s trill in ue material the oneeoup 

matter ntaine a deep blue. 

ea stated above, the firot eigns of ossification appear in 

the osteoblaetio layer inveetine the midAle region of the cartilage, 

where the osteoia tieuue is formed as NAicate, undulating laminae 

OOMPOCea of fine interwoven fibres ceeonteA together by an amorphous 

material which becomes more oonariououe as development advances 

(Elate II, Fig. 4). The laminae aro intercellular structures 

running parallel with the lone axle) of the cartilage , and are first 

developel near the line of junction of the cartilage an a perichondrium. 

The chonAroblasto at the extreme oircetmferonee of the cartilage are 

flettened transversely, ana it io oeeetimec aifficult, therei'oro, to 

eictirguiah between a central onteoblast anil a peripheral ohonlro- 

Uaet with the ordinary technique°. In preparationo fixed by Da 

Fano's method and stained with menylono laue, however, the line of 

division is fairly dharp, sinee the cartilage stains a deep purplish 

blue, while the osteoia tissue in either not coloured or stains a 

light green. 

The centeel osteoie laminae l'ecome gradna11 7 thioker, other 

lamellae - as yet very Aelioate - appear amonu th ripheral osteo- 

blasts an& the oesification begins to opread toward the ende of the 

diaphyeis, where the proceee in always much less aavanced than in 

the middle region. In transverse or longituainal sections the 

laminae are almost indistinguishable from young white fibres, and 

their lamellar structure is only demonstrable in tangential sections. 

The central laminae won come in contact with each other both 

terminally and laterally, and fuse to form a thi#, oompact osteoia 



 

071 ind or between the re richo na rime, and the cartilage ( :late I , Fic .3 ) . 

T;LE.nry osteoblasts are incluaea in the substance of this 0 SE:1001.10 layer 

0_3.3 it increases in thickness and r3 ive rise to bone cells. 
Osteobla.sto imprisened in this way become compressed_ in 

tlirection at right angles to the bono, ant7. are therefore seen best 

in tangential sec tied no (:,2late I ï , rig . S ) . !ho nnoleus remains 

structurally unchnnged, but assumes a till more eccentric position, 

130 that it comes to lie at one on of the cytoelaorg. The centre- 

some appears as a mall circular area rather more lightly staining 

than the rest of the protoplaan and contains two minute oentrioles. 
Large numbers of filamentous mitochont7ria radiate from the neighbour- 

hood of the centrosome ana show a fairly regular fan-like arrangement. 

At intervals the surface of the cytoplasm is proau.cea. into mall 
points; these are gradually prolonge a. into delicate branching pro- 

COSSOS extending into the intercellular substance. 

The central bony cylinier increases in thickness partly by the 

deposition of fresh material on its outer surface by the contiguous 

osteoblasts an partly by fusion vi,,ith the younger peripheral larnellae, 
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 aiffuse. This is probably due to the fact that cell division 
ceases early in the middle region of the cartilage, with the result 
that the diameter of the future diaphysis is now nearly half as large 
again at the extremities as at the midale. The membranous fibro- 
blastic layer becomes drawn away from the cartilage in the middle 

region by the enlargement of the ends of the fliaphysis and in longi- 
tudinal sections appears as two almost straight lines on either side 
of the somekhat hour-glass shaped cartilage. The osteoblasts cease 
to form a compact layer around this middle part of the cartilage and 
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beoome scattered in the onlargel pace between the fibroblasts an 

the bone, with the result teat osseous qepooition neon the central 

cylinder becomes very irregular. At the same time the osteobleetio 

layer begins to be richly vaocularieed. Ti e oeteoblaoto becomo 

broken up into intervasoular groups whioh give riee to short iregular 

trabeoulae of bone fused at one end with the central cejinaer ana 

having a general tennency to raaiete from the originkil oentre of 

ossification. Ao the veoeols increase in length ana liameter, the 

space intervening between th fibroblastic layer reel rho inner tube 

of bone widens, the transverse trabeoulac beoome correspondingly 

lonuer, and at the sane time e, recona series of laminae is foneel 

concentric with the circumference of the cartilage. This second 

series is forme& in the layer of oeteoblasts lying between the fibrous 

layer of the periosteum ana the aeveloping vascular plexus, an lose 

not -4v° rice to a oontinueue tube. At thio etage of development 

the firet traee of too erosion of the cartilage appears (see next 

section). 

From the foregoing account it will be seen that ossification 

always follows the plane of loot reoietance. In the earliest stages 

of osteogenesis this plane must obviouoly lie) between the compact 

perichondrium and the eartilege, eince the airection of pressure will 

be at right angle to the eurface of the latter; a we have seen, 

bone firot appears in this region and give rice to the continuous 

tube described. above. When the intervasoular groups of ooteoblasts 

are formed, the plane of least resietanoe will be tangential to the 

walls of the growing vessels. As the blooa vessels develop, the 

intervasoular osteoblaots become arranged in two ways: (a) in irreg- 

ular transverse oolumns and, (b) in an irregular layer between the 



vessels and-the fibrous coat of the periosteum. In (n) the lino 

of leant resif.ntance will be moro or Laski at rit anglos tp-- the mar- 
- 

fnce of the cartilage, while in (b) it i11 lie between the fibroan 

tissue and the vascular plenum. Obsification begins in the inner 

ends of the columns of intervasonlar onteoblants, thua forming the 

short transversentrabeoulao, and extends to the layer of osteoblasts 

wedged between the fibroblast-1G coat and the pIexun of the blood ves- 

sels where the second series of lamellae oonoontric with the original 

bony cylinder appear. It has boon stated that the transverse trabeo- 

ulae show a tendency to radiate from the original centre of occifica- 

tian. This tendency increases as development prcweeas and, as aug- 

gestea by provivas authors, is probably the result of tension due to 

the terminal growth of the oartilage 

Ultimately the eartilage enclosed by the osseous tube i com- 

pletely removed except at the extremities, while early periosteal 

ossification can now be sopn as far as the epiphyses. In the middle 

region the radiating transverse trabeculae become so much inclined 

that many are actually parallel with the long axis of the bone. At 

the same time the various protuberances nrojecting from the surfnce 

of the trabeoula become enlarged until they fuse with neighbouring 

trabeculae. A series of incomrlete tabes is thus gradually built 

up around the vessels, which are continuous on the one hand with the 

original cylinde'" and on the other hanEwith the peripheral laminae 

beneath the fibrous layer (Elate III, Fig. 1). The blood. vessels 

occupying the spaces (Havorsian spaces) between the trabeoulae are 

composed of a single layer of muoh flattened endothelial cells sur- 

rounded by delicate strands of connective tiosue. Toward the peri- 

phery the bony network is thickly covered by osteoblasts, but in the 
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more central parts those cells are comparatively sparsely scattered. 

The original tube of bone retain entInuity except in those places 

where an irrupting blood. vowel has forme, a eaeoaEe into the central 

cavity which is moueied by the aeveloping marrow. As ossifioation 

continues, the bony trabeculae become thinker an their interoonnections 

increase in size ana namberuntil at length the blooR vessels became 

camPlotely enclosed in continuous radiating tubes - the rudimentary 

Haversian canals. The periosteal bone inoreasee in thiákness eartly 

b the formation at the poriebary of additional osseous trabeoulae 

axit eartly by the enlargement of those already formed. 

The formation of the marrow cavity. A etriking feature of bone for- 

mation in the fowl is the absence of enlochonaral ossification in ail 

but the extremities of the diaphyoio. coon ao the formation of 

the perioeteal bone ie fairly well a4vanced, the enolosed cartilage 

begins to be eroded and le not replaced by bony trabeaulae as in the 

mammal. Erosion begins in the miaale region of the cartilage. The 

blood vaseels of the periosteal bone at intervals burst through the 

central osseo,s cylinder oarrying with them oeteoblasts and strands 

of coanective tiseue, an a make their wcly into the substance of the 

cartilage, the matrix of which appears to dissolve before thdir pas- 

sage. As the vessels penetrate farther inwards, they branch re- 

peatedly ana come to occupy large irregular cavities. Marrow tissue 

now begins to increase in quantity and non-granular lymphoid elements 

in active mitosis are to be seen both n the vessels and in the inter- 

vascular tissue which they appear to reach by penetrating the walls 

of the vessels. Erythroblasts and granular cells in all stages of 

formation are also seen both in the central marrow cavity and in the 
the 

spaces of/periooteal bone. As the excavations in the cartilage 
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enlarge, they gradually come in contact ana fuse to form a single 

large, irregular cavity occupying the middle region of the -diaphysis 

within the central osseous cylinder (Plato III, Fig. 1). The space 

contains a complex system of anastomosing thin-wallea vessels communi- 

cating with several larger longitudinal veins ana arterieo. The inter- 

vascular tissue becomes more abundant, large number u of granular cells 

are formed., ana young adipose cells of the usual type also begin to 

appear. Numerous osteoblasts, many of which are in egeneration, are 

scattered among the marrow cells or lie between the marrow tissue ana 

the eroded. cartilage. Multinucleatea giant cells are also present, 

both lying freely in the marrow ana appliea to the surfaces of the 

periosteal bone ana the degenerating cartilage. The structure ana 

origin of these elements will he considered later. At the surface 

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

nature and composition of which can only be determined by the study 

of very well-fixed material ; less favourable preparations render 

reliable observation impossible. The results ol the present Investi- 

gation indicate that this tissue Is compose partly of the invading 

cells of the marrow ana partly of liberated. chonaroblasts. The lib- 

erated cartilage cells form a narrow diffuse layer between the marrow 

and the surface of the matrix (Plato III, Fig. 2). Many of the Chou- 

aroblasts when first liberate are alreaay in a degenerate condition 

and soon disintegrate altogether. The -cytoplasm becomes very grahu- 

lar ana diffuse ana the nucleus so shrunken and distorted as to be 

almost inaistinguishable; the nucleus finally breaks down ana the 

cells are represented by floccular masses of protoplasmic debris. 

Owing to the rapidity with which the cartilage cells egenerate and 

disappear after being liberated from their capsule, they occupy a very 



restriote( egion and the 1)rogrens of thsir leeeneration is easily 

overlooked and can only be follo7ed setiefecterily by the careful 

stlay of material in Ibich Shrtrfretem duo to fixation is negligible. 

The e-Tcavetton of the certileee soon spreads from the middle 

region towaras tile ends of the diaphjsis. This extension is the 

resat of erosion the vessels elready present in the central crvity 

end the lateral irruption of new vescels from the periosteal bone is 

comrexatively rare. Fingerelike, vascular processes grow outward 

towarE the extremities and in transverse section are seen to ocaar at 

fairly regular intervals around the cjrcumference of the cartilage 

immediately within the inner Labe of the 7)eriocteal bone, while one or 

sometimes two pass ui) the centre; in this tray are formed the 'carti- 

laginous (ones' describe bj erevioen rorkers. At the eam e time the 

parrow cells multiply steadily and at length give rice to a comeect 

1,acs of tirsue eomposea mainly of grenular an a adieone cells. The 

i'ate of the cartilage cello is muah less readily studied. in the distal 

uetensions of the narrow cavity, as the degeneration of the chondro- 

bleste before liberation is not so far advanced toward the ends of the 

ala-lhyois as in the mIddle region. The condition of these cells when 

first Got free varies. Some are eoLlearatively normal but in others 

the nucleus is reduced to an empty vesicle or has become pycnotie, and 

in certain eases the whole cell has shrink into a crenated , deeply 

staining mass showing no cytologioal stracture. It is often impossi- 

ble to distinguish the leas abnormal charldroblasts from the other 

eleeients eomposing the mass of somewhat degenerate tissue covering the 

surface of the cartilage. 

kecordinj to some authorities (Van der Stricht '90 Brachet '93) 

the liberated chondroblasts develop into ooteoblasts or cells of the 
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LlIarr,T" rei1aiii;n I Stove been unable to fine any evidence of this 

in Eg leateyial. 

In ,flay regions there ie no zone of degeneration mesh ss that 

aeecribed above. This is particularly the case in the later stages 

of oartilage excavation where the marrow tissue is aenoe, Connect- 

ive tissue soils of tho :earrow, ostooblasts, and in eome oases mall 

'olooa veeoels crowd into no lereaking-down capeules an the enclosel 

oartilage cells oan bo aeon disintegrating in sita, while the invaa 

ieg tissue eaows little degeneration. 

The doetraction of the cartilaje matrix is very well seen in 

preparations fixed by Da iano's method ana stainea with methylene 

bias. As aeocsibea above, the matrix at this late period. appears 

ae a extrolaely lease oromee-work which stains a deep violet with 

eethylene laue. For a ullort {istanoe beneath the erodea surface, 

heeever, tile matrix is almost colourless, an in some areas masses 

of granular substance, etaine0 a pale violet, ere seen among the 

neighbouring °o11 , poecibly representing the debris of the PrItY17,, 

It would seem that several types of marrow cells exert a chondrolytic 

aotion. It is poesible that the multinucleate6 Lent cells may 

have a dootructive offeet upon the cartilage, but in the eerlier 

stage of the foriestion of the marrow cavity these structures are 

not sufficiently numerous t constitute the only, or indeed the 

el-lief agents of erosion, anti the excavations at this period ueuelly 

contain only blood vessele, connective tissue, ana osteoblaste. 

In some areas the tissue forming the walls of the blocel, vessels 

appears to be ohiefly involved in the resorption of the cartilage; 

it is prescee closely against the matrix an fills the cavities of 

tne capsules opening on the crodea surface. rlsewhere the blood 



5. 

vessels are separated from the cartilage by a fairly wide space 

which, as described above, is °cane:Led by connective tissue, hoemo- 

poietic cells, and osteoblasts some of which have forced their way 

into the disintegrating matrix. 

The later development of the epieh sis. "jihile the marrow cavity is 

being fore. in the aiaphysis, medullary spaces are also being caca- 

vatea in the epiphyses flood veseols ilvice their way into the 

cartilage whore in longitudinal uection are seen as a row of 

branching cavities In the inner oert of the epiphysial region. These 

tassels ere not derived from those of the disphysial marrow c'vly, 

out ror the moot eext pass into the epiphysis from its posterior 

aeect, while others enter at various points on the surfaoe. For 

soil() time, t7lerofore, as Brachot points out, there is no communication 

between the marrow spaces of the diaehysis ana those of the epiphysis. 

"3esiaes blood vessels, the epiphysial narrow spaces oontain only con- 

nective tissue, liberatea cartilage cells an. wandering 

cells; oeteoLlaets were not observe/. These cavities soon ramify 

throughout the epiphysis, forming a system of more or less cylindrical 

canals ('Fiat* IV. Fig. 1). 

The finger-like vascular processes which extena towara the 

extremities of the alaphysis eventually penetrate into the epiphysis, 

but have not advanced far in material from the aay-ola chick. 

- As the diaphysial excavations enlarge and become moro numerous, 

the cells of the terminal regions of the eiaphysis lose their former 

compressed appearance ana become swollen and vacuolated. At length 

the zone of flattened, cells becomes reduced to a belt of cartilage 

which grades imperceptibly into the region of hypertrophied. cells on 

the one side and into the epiphysis on the other. 
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The zono of flattened elements gradually becomes more restricted 

ana more Sharply lomarcated both from the eeildhysis an fro m. tho 

rast of the aiaphysis. At the same time the cells become more closely 

approximatea and ba7in to show a linear arrangement, the columns 

being parallel with the long axis of the bone. In the aay-oll chick 

the boundaries of this inteemeainte oartilage are quite definite ann . 

the linear arrangement of the discoidal cello very marked. (Plate IV, 

Fig. 1 ). Some of the cells show aegenerative changes, but mitetio 

figures are occasionally to be Muni.. 

The epiphysis at this stage consist of a somewhat narrow, 

flattened cap of cartilage varying in shape in /Afferent bones. The 

cells, which are evenly distribute/ through the matrix, are rounded, 

contain a large spherical nucleus, and, although mitosie is raro, 

Show no sign of degeneration; the matrix le extremely dense and. 
. 

otains more darkly with aniline or methylene blue, the acil fuchsin 

of van Gienenis stain, etc., than loos that of the diaphysial carti- 

lage. 

The layer of tlatterma cells covering the articular surface 

seen in younger embryos ultimately develops into the articular carti- 

lage of the adult. Fibres begin. to appear among the coils and are 

continuous with the matrix of the underlying hyaline cartilage in 

which their Identity is gradually lost. As development prooeeas the 

number of these fibres increases considerably ana in the lay-ol/ 

chick they form fairly stout bundles between whioh lie columns of 

oblong or, toward. the silos of the epiphysis, spindle-ehapel cells. 

On its inner side this fibrous articular cartilage passes impercepti- 

bly into the hyaline cartilage through a series of intermediate 

elements. 
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It in weaalle stated in anatomical publications dealing with 

the sul'lect net the lone bonee of birds are 9ovoii:1 of epiphyses. 

Ie Damany PV.;) writes: "Les femurs deo oiseaux n'ont pas le points 

Oe.ipTlysaires". -'ercone (105) stoteo that ''as far a I know there 

is only one instence of a true epiphysis in neir long bones end that 

is in the upper end of tl-e tnie-tarsus of the Gallinaceae and Ratitae. 

Other writers otate that nerc ere independently ossifying struotures 

assoolated with the 1e-vor end of the tiblotarsis and the upper ond 

of the tarso-estatamas Which, however, are to be regardeo as fused 

tarsal elemento, and not ao trae epiehyaos. 

Braohet, on the other hand, refers to the opiehle,oes of 'birds 

without discussing the queetien of rbether or not ouch structures 

exist in this group of vertebratee. This disearity between the 

records of Braohet ano those of angtomioal workers is probably due 

to the fact that in net of the avian long bones the epirhysis is 

srall, re-eainse cartilaginous, and can oray be distinguished in histo- 

le-l_eql preparations. P histocenotical study of the long bones, 

however, affords almost convincing evidence of the formetion of 

structure homologous with the epi,lhysis of mammals. Up to a certain 

point the embryonic develoement of the e-eiphysio in the fowl and in 

the mammal is identical in all essential pointe In both, the 

epinhysis at first consists of a rogion of cartilage with rounded 

cells, whioh le directly aoutineous with the dienhysis through e zone 

of elements intermeaiate 1 to., In the later embryo, in botll fowl 

an d mammal, this epiphysial reion gives rise to a Eore or less inde- 

Pendent structure sharply separated from the diaphysis by a well- 

defined bolt of oartilege known in mammalian histology as the inter- 

mediate cartilage (Schafer '29) or proliferative zone. In the case 
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of the mammal, however, the intermediate cartilage usually persists 

for a considerable period after birth, while the epiphysial cartilage 

undergoes independent ossification. In the fowl, on the other hand, 

the intermediate cartilage is a relatively transitory stricture which 

is soon penetrated by the numerous longitudinal outgrowths of the 

diaphysial marrow. Moreover, with the exceptions referred to above, 

the epiphysis does not ossify independently of the diaPhysie. "arsons, 

in ¡lie account of ueoifioation in the pigeon, writee: "As life goes 

on, the oseifioation extende towards the basas of the cones of carti- 

lage - H.:;'.) but for a short time it lu cheered a'e some little distance 

from the artioalar end: the of course is the equivalent of the °pi- 

ehysial line of other vertobrateu, but it is comparatively transitory 

and ossification creeps on until the articular end is reached, except 

for a narrow strip of articular cartilage". 

arsons employs the teem "artioalar epiphysis" to mean "an ossi- 

fication in the cartilage at the articular end of a long bone", and 

in this sense the limb bones of the fowl certainly cannot be sale to 

possess '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 '1.2 eifferentiatod into a dietinct cap precisely similar in 

structure and developeent to the unoeeified mammalian epiphysis'', seems 

to justify the conclusion that in early life true, if poorly aeveloped, 

epiphyses occur in all the long bones of the fowl. 

Endochondral ossification. The endochondral ossification at either 

end of the diaphysis occupies about one-sixth of the total length of 

the liaphysio ana is not very far avanced in the bones of the ally-old 

elliek. It begins in the interbal eart of this region and is not 
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complete at the enn for a consiaerable time after hatching. 

As previously stetted_ finger-shaped outgrowths from the narrow 

penetrate into the cartilaginous extremities of the diaphysis, oriving 

rise to lonitadinal marrow spaces. At first these outgrowtles occur 

at fairly regular intervals roun4 the periphery, not more than one or 

two oing :oreuent in the oentre of the cartiLTe They usually con- 

tain ono or oloro wall arteries, several large, thin wallet vessels, 

hoemopoietio calls, giant cells, and osteoblaoto most o which are 

arranged in a layer ,oppliel to the surface of the cartilage. A thin 

limina of bone is deposited on the erodet cartilage matrix (Plate IV, 

Fig. 1). In the internal portion of the region of enlochondral 

oosification looce otelle cavities are formel by rapid lateral ero- 

sion, ana the osseous wall by which they arc linea is continually 

broken through and removoa as 000n as it io formed. In th e terminal 

parts of tho longitudinal marrow spaces, however, a fairly stoat 

layer of bone is deposited in which osteoblasts become incluaed and 

fom bono corpuscles. This layer is very incomplete, as it is rue- 

turea at frequent intervals by outgrowtho of the marrow. 

The finger-shaped marrow cavities 000n become oonnected by 

irregular transverse spaces an at the same time the central mass of 

cartilage is penetrated by namerous small blood vessels aocon,oenied 

by marrow cells, connective tissue, ana osteoblasts. Tho small 

canals thus fora a. in the central eartilage enlarge, while the larger, 

elongated oavities extent into longitudinal and transverse branches 

until the aiotal en a of no Aiap ?Big becomes honeycombed by a system 

of longitudinal, intercommunicating marrow spaces which increase in 

number ana eomplexity as they approach the extremity (Plate IV, Fig.1). 

In the meantime bone formation is proceeding rapidly in the 

internal parts of the region of endochonaral ossification. As the 
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lateral exoavation of the cartilage advances, the bony lining of 

the longitudinal marrow spaces, as aescribed above, is in some azoas 

broken through and destroyecl. _art, however, remains an a resor-otion 

of the cartilage proceeds on the other nide. This raptured_ osseous 

barrier i2 often reinforced by further deposition by the osteoblasts 

on its outer side, and finally develops into a fairly stout, irrfrmlar 

trabeoulorl. in this way the cartilage is gralually replaced 'O;; 

canoellated blle derived from the inooforlete osseous walls of the 

marrow spaces. This replacement ia not very extensive in the lay-ola 

chick. The oeseous linink; of the marrow spaces becomes very thin 

as the e2ooavations approach the extramity of the aiaphysis, while only 

in te internal part of the area of endoohondral ossifioation ara com- 

plete trabeoulae oeoasionally found. In this region, whore large 

simple marrow cavities are formeg by rapid lateral erosion of the 

cartilage, very little endochenaral bone i leposited and the tra- 

beoalae are fev7, beooming progresoivoly more numerous and more complex 

in stractare as ossification spreads toward the ena of the diarhysis 

whore the marrow cavities are smeller ana mole numerous e 

Tho cartilage matri urrounding the marrow cavities is alost 

always heavily infiltrated for a Short distance inward with calcium 

BE:Ito. In aurae aroas usteoblasta enter the oorpsules opening to the 

eroaed ourfaoe, and the capeule an a the surrounding Chotidroia matrix 

OUzivale infiltrateE with osseous material. This, however, aoo z. not 

take plaoe to aay great extent ana aeually only the ouDerficial cap- 

¡Jules are involved. 

The vacuolated and swollen ohonaroblasts are for the mat part 
deetroyed in situ in the region of enlochonaral ossification, and the 

cal,sules at the wroded surface of the cartilage may often bo seen to 

contain a disintegrating cartilage cell along with one or more osteo- 
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b:! . st ; or the pseudopodium of n giant coll. The choa l rnblastta are 

finally broken down into a diffuse mass of granular d otri tas e De- 

generating e?sondrobls.rtM aro also soon between the layer of es ÿeo - 

blastA axa the laminae of ben*: laid. ?owm on. the csr.rtilar inous r^nt;rir 

ana, more rarely. 1.y3.nj free in the marrow sMOc's. 

The straa1; u e an formation of the multinuoleato 'iant cells. In 

the earlier stages of e teogenetïs giant dells -.r°e oomparatively rare 

and do not become nuNerous until the resorption of the cartilage is 

well advanced. The giant cells in the embryonic bones of the fowl 

differ little in structure frog_ those of the mammal (plate IV, Viz. 2). 

They usually consist of large irregular masses of protoplasm extending 

into long branched processes anal oontatring from ten to twenty nuclei; 

the is crowded with which 

have a swollen appearance ana are often reduced to a globular condition 

siirilar to that of the granular mitochondria which Dabreuil ('l0) des- 

cribes in the o steoolasts of the (?) mammal. at globules are almost 

always present in the peripheral cytoplasm, some times in very large 

quantities. Many of the nuclei aro grouped_ together in the centre of 

the toplasún and in structure are for the most part identical with 

those of the osteoblaste. The multinucleated cells are usually 

found olosely applied to the resorption surface of the cartilage or 

to a trabeoulum of bone . They appear to be strongly phagocytic and 

often contain erythrocytes. 

Many views as. to the origin of osteoelasts have been pat for- 
. 

ward, the /lest important of which are summarised in a piblioa do n by 
L.B.Arey 020. Most modern observers regard the multinucleated 

giant polls of developing bono as the produots of cell fusion. J rey 

desotibe1 these elements as being formed by the fusion of a large 2 
ma B of agglutinated osteoblaets. Lacoste ('23), however, working on 
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the ooteoclasts of the dkull of the foetal sheep, states that "les 

oeteoclaotes 46rivent les oellales rondos mobiles du tissue conjonc- 

tif" and describes aì the staie'eu in their formation bi-, tri-, 

smell plurinuoleatel cello, whdch last "peuvont s'aceretre en incor- 

porant lans leur masne d'autres cellales jeunes uni ou elnrinuoldes". 

According to Loot, tie osteoclasts develop in frégions formatrices' 

of the connective tiseuo of the marrow. 

The result of tile preeent otuay accord with the observations 

of P.m. In the fowl the firot etage in the formation o no multi- 

nucelated giant cells is repreoented by groups of oeteobleets in close 

omeoiation, but still showing the cell boundaries; the mitoellondrie 

in ouch cello are aggregated around the nucleus instead of arounl the 

centr000me. The next otag e is seen in a mass of oetooblasto in whieh 

the outlines of the component colic, rathough indiotinguishable in 

elaoes, have largely disepeeared, while the miteehondria dhow the 

swollen end dietorte d aepearence mentioned above. 7inally, the oeil 

boundaries vanish completely, and the mass of agglutinated. cells thus 

gives rice to a multinucleated giant cell. Although in the later 

stages of esteogenesis the ooteoclasts ere the ohief, they are not the 

only elements involved in the formation of giant cello; connective 

tissue cells of the marrow are also to be founif in asoeiation with 

the fusing masses. In the earlier stages of osteogeneeis the few 

giant cells present at that period appear to be ,00mponed mainly of 

oonnective tissue cells, as Arey and other workers have already 

pointed out in the case of the mammal. 

The bi- and. trinucleated cells described by Lacoste in the 

sheep are also to be found in the lo rig bones of the fowl. In the 

present etady the possibility that these elements might represent 

the earliest stages in the formation of the multinuoleatea giant 
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cells was investigated but no satisfactory intermeftiate stages oould 

be founa linking the hi- ana trimeleotea cells with the giant cells, 

ane the eznnination of seria/ ceetions almost invariably dhowea that 

whe,t hit cloTercel to be a small multinacleatea cell was, in reality, 

the proceso of 2 large giant cell 

Brachet regards the multinucleated cells in t4e embryonio 

bones of the fowl au 'bourgeonnements vasoulaireu' ana lesoribes them 

ao being in oontinuity with the blooa vessels of tole marrow. It is 

true, that these cells are not uncommonly found adhering to the walls 

of vessels, as they aahew to any aolia object, but I have been unable 

to fin. any evidence whatever of their origin from such a source. 

The swelling ana distortion of the mitochonaria ana the somewhat 

cltonoive elaboration of fat indicate that the giant cell is a degen- 

erative structure. In these cells the nuclei degenerate later than 

the mitoolloneria. The first sign of nuclear degeneration is the 

onlarcalftent of the nucleolus which continues to increase in size, 

while the nucleus shrinks. The nuclear membrane at len[;th aie- 

appears ana the nucleolus is seen as a large granule lying in the 

general mass of protoplasm. These observations lend support to 

Arey's view of Vae foroation of osteoclasts in the mammal, viz. that 

"the entire oourue from the time of osteoblastio coalescence is one 

of pror,ressive deoline". Jordan ('hl), on the other hand, states 

tb,at "the younger osteoclasts exUbit no signs of degenerativo 

changes, either cytoplamic or nuclear". In material fixeR by 

ordinary histological methods such as those emraoyea by Jordan Mogen- 

oration cannot be detected in the younger giant cells, but,au shown 

above, if technique suitable for the daqionstration of mitochonaria 

is employe(, pathelogical Changes are to be seen in the agglutinated 

cells even before fusion has taken place. 



51211110.1z of stares in tho development of oarti bono 

E..;yncl,ronouf,i events. 

1. Condensation of pred.hond.ral mesenclue. 
g, Virot v.ppearanee of cartiLze matrix. 

54. 

3 Transverse elongation of ("ells in mil!lle of prechondral 1;n2,8. 

First signs of perichonlriam appear around middle region of mass. 

4 Formation of three Z01300 of chond.roblasts: epiphysial, flattened 
an hypertrophied.. 

Differentiation of middle region of perichorffrium into fibro- 
blastie and outeoblallt.ic coato,. 

Appearance of osteogon.io fibres rsJong oste,obla,sts,, 

5. Union of fibrous, 0060011S lamellae to fora bony cylinder 
enclosing cartilage. 

Demarcation of e-Dipbysis from surroualing met3enobyme, and for- 
mation of rudimentary fibrous artioular cartilage. 

20 rich° atrium itinguihabio F.2- far aF.3 epiphysial region. 
6. Cartilage resorption begins at middle of shaft. 

For-Lotion of short, radiating, intervascular, bony trabeculae 
ano. tlickening of central cylinder. 

Increabed rostriction of zone of flattened cells. 
Future boundary be tween dip s and epiphysiß becoming 

distinguik1b.able. 

7. Cartilage enclosed by rf.4riosteal bone completely excavated in 
middle two-thirds of shaft and replaced by marrow. 

irut ¡signs of endoohonaral ossification in proximal part of c'artaaginous extremities. 
Elpipikvais sharply market off from diaphysis. 
Zone or flattened cells reluced to well-definel belt of offrti- 
lace etvveen epiphysis and diaphysis. 

0 steob1.asstie and fibroblastic) layers of per perioteim reco gni 1)1 e as fgLr as limit of diaphyrd.s. 

in'mtddle region of Shaft intervascular trabeculae of bone 
thickened and extended to form Haversian canals. 
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Chapter 2. 

The hietoloEical dpielaTent of the normal embryonic mandible. 

Introduction. Although there are several accounts of the general 

anatomical development of the avian mandible, I am unaware of ene, 

litereture dealing with its histogenesie. 

Tatterial ana methods- The lower jaws of a series of thirty embryos 

ranging in age freu the fifth day of ineubation up to the time of 

hatching were usel in this study. 

The material wae fixed in Bouin's or Zenker' e eolutions end 

nections were stainem with Mallory's triple stein or with snfrenin 

and etero-inilieo-narmine. A number of specimen were fixed in neutral 

formalia, treated by %feat-owe-7s nethoM for the itemonstration of calei- 

ficetion, an mounted whole after being cleared in cedar wool oil, 

eeneral otruotare of the ambr-onie mandible, In the late embryo the 

lower jaw consists of a roa of cartilage, known as Yeekel's cartilage, 

which le ourrounded by a sheath composed of four membrane bone - the 

angulare, supra angulare, operculere end dental() (Aate V. Fig. 1). 

1:eckel's eartilage iteelf io not ossified except at the proximal end 

where it gives rise to -Ayeiel certilae;e bone - the articulare 

(Lillie, '19). In the 1d_i31o, therefore, it is possible to study 

n)t only the develoeont of cartilage bone similar to that described 

above in the case of the linb, ifut also the histogenesis of non-ossi- 

fying cartilage and of membrane bone, 

Histoeenesis of Meckel's cartilage. At the fifth day of levaoement 

Meckel's rod is distinguishable as a short, stout bar of very early 

cartilage in. which comparatively little matrix is present an a Which is 
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not al)arply aefine from the sarrounling nesolerm. 

In a well-lovelopel six-lay embryo Yeckel's cartilage is very 

liutinct (21ate xIII. ig. 1). At this stage it consists of mall, 

rather irregular oells scatteroa in fairly abunlnnt matrix an io 

covered be, celliaar perichoneTrtille,, at a short nistence from each 

øn_ of the cartiloge rol a zone of rather flattenel cello is soon. 

The iei increases in eize partly 1)7 aeposition of new cello from tho 

perichenklrium anít artly by the forveation of alaitional intercellular 

material. 

After the ath lay of levelopment the perichontlriam ourrounaing 

the bon-ossifying aiotal part of reckel's certilage becomes less 

oeno:eicaous, the outer recslon growine; rather aiffuse ana inaistinr- 

uiLeg-Ible fro e. the surronnlinL; conneetIve tiume whilst the inner 

cells givo riue to an extremely t..ùì fibrous membr9110. The levelo.e- 

iaent of t.,is part of the peric,lonartole is tIlerefore aifferent from 

that of the vrielonarilml investing an ooutfying eartilnge such as 

tbo fo!eir or nualrete, valide lifferentiates into n ;2erionteum con- 

e03el of an outer fibrous anil inner oetoohlaetic layer. 

The ossification centre of the orticulere loos not appear until 

al,out the 14th aay of inonbation but is usually fairly aistinot by 

the 15th aay. At t1i13 tege of levelopment the ossifying cartilage 

shows a SharD aemarcation into 1ie ret-ion of large roue, 
vacuolpte,7 cells, on either ei,lo of which i a broaR, belt of flattenea 

°ells passing to e reuion of omall, maul chonAroblnoto. The area 

of hyeertoofhic cells î-t coverea by tuo-layerea periosteum which 

bao formea a sheet of ooteoia tissue on the surface of the cartilago. 

As the histological aevelopelent of the oesifying oxticular cartilage 

closely resembles that of the liotal eert of an 000ifying long-bone 
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raliment from a liHa it no not be aescribea in letail. The cello 

in tale non-ossifying listal roa Show no sign of hyDertrorhy ( lfto V, 

Pig. 1). 

In a 2-aay post-embryonic manaible the histological structure 

of Y,ecikel's cartilage is essentially the same go in a, 15..any f-0001_ 

ylen, except that the ossification of the articular° (11.ate V, Pig. 2) 

is much more aavnncel. The eloncatea distal part of the cartilage 

(?late V, Figs. 3 41 shows no sign of periosteal ossification ana. 

contains somewhat flatten& but irregularly ahapea chenaroblasts whibh 

are larger than the cells of the unossifiel parto of the proximal end, 

but are smaller than ana liffer niarkely in appearance from the 

swollen, vacuolatea. cells of t7le 1f Ting portion (ef. Figs. 4 5, 

Flate V. 

.2-.11..boonerix_j_22.9.a.,_ The foillation of membrane bore begin.) 

near the articulation of to jaw. In o. ell-aevelopea 6-nay embryo 

ostooblasto ana w. few fine osteogenic fibres can usually be disting- 

uidhel in this region, but elsovaaere the sites of the future membrara 

bones are inlicatea by rather liffuoe con4ensations in the connective 

tissue. From the 6th to the 0th 1r.y ossification a;lvances very 

raDialy ana h4 the end of this periol optoola tissue is present as 

far RS the apex of the jaw. Calcification begins near the articula- 

tion n t about the 8t4 qay F.10 calcifie d. cone is well Oevelopea through- 

out the mandible by the 15th (lay of incubation. 

The aistogenesis of the bone is briefly as follows. 

2e cells composing a conaensel area of connective timaze, 
re?resenting one of the four rudimentary membrane boneo, are at first 

to those of the surreunqing tissue. Very dhortly, however, 

the cello in the centre of the mass enlarge somewhat ana their cyto - 



plasm becomes uoro leeply staining. The cells axe the ostooste 

ana a aelicate intercellular network of esteogenic fibres rapilly 

forms amongst them. 

The osteogenic fibres increase in number an a give rise to 

rather irregular lamellae Plate VI, Fig. 1). Blooa vessels then 

grow into the ossificatlon centre anl the osteoia tissue assumes an 

irreEeelar trabecular structure. The intercellular material increases 

in acnsity, its fibrous structure being less obvious than in the 

earlier stage, ana at the same time many osteoblaste become enclose 

in the matrim as embryenio bone oolls (Plate VI, Fig. 2). 

The process of ossification, soAdh is always more aavancea in 

the originel centre of ossification, extonas outwarls until the whole 

ruliment of the membrane bone is involvea. 

7.)uring the subsequent stages of aevdlopment the intercellular 

nvlerial becomes more aril more pientiful whilst at the same tie]e, the 

bone unaergoes a oontineel resorption nna releeosition resulting, at 

about the 15th ¿lay of incubation, in the formation of a large central 

marrow cavity ranninr parallel with the length of the jaw, from which 

raaiate fairly stout trabecalae between the meaullary spaces (Plate VI, 

Fig. 3). 

In the ?-la embryonic chick these trabecalae are very thick 

ana regular ana the bone cells are scatterea rather sparoely in the 

matrix. The marrow spaces are ,,loc) larger ant better aefinea. 

From this aocount of the onstfication in the jaw it will be 

seen that there is no essential alfference beteeen the histogenosis 

of the manaibular membrane bone ana that of the so-oallea 'cartilage 

bone' of which the long bones of the limb are composea. 
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Summar.IL of t (Part I). 

. Ossifying cartilage non-o OBifyim; ' kJ ) cartilage awl_ 

membrane bone all 7..evelop from localised, oondensations oí t3..lo 

primitive mesoder. 

2 Ossifying cartilage differentiates into three zones: rn11 coils 
(epiphysial ) n. at eel's (intermediate) and_ hyper trophie, 

3. Bone i El e.3.. tÌO a on the surface of the zone of hypertrogiic cells 
and. the cartilage is non excavatei and replace by marrow° 

4. Endoohonaral ossification is very slight in the fowl. 

5. The cartilaginous epiphyses of the long bones d_o not ossifr . 
independently in the 

6. he mn-ossifying part of Meckel's cartilage does not differentiate 
into threo oeil zones but contain t ella to oho ritroblas to only . 

7. A sheath of membrane bons i Et fo rmo around the non-o 0 ifying part 
of Meekel's cartilage but is not laid. directly on the surface 
of the cartilage. 

8. The no n-ossifying part of Meokel cartilage persists throughout 
embryonio life and iS it re:p1c2.ced by marrow. 

9. The structure anrl development of embryottio 1-2and.ibular membrane 

bone and, the periosteal bom of 'ossifying' cartilage are essen- 
tially the sumo. 
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2 A. 

- 11. 

HipTOGENSIS Tli,A 

aact of oz rinents7, To investigate the capacity for histologi- 

cal aifforantiation of var1ou typo s of dkeletogenous tissue when 

acprivea of a circulatory Rysten, nerve mpply aeciRtion 

with normally adjacont structures. 
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Chonaro -eneoio in vitro 

Introduction. The behaviour in vitro crs7 certilL,ge has been 
.alilA.Qa vaesOI../WMMIS 

gatet by several workers. Carrel ant Burrow o 010) cultivated conju- 

gal cartilage and described the oatcrocth fror the original fragment 

of "a piece o.1: new cartilege 2r 'owe". Fischer ('22) worked on 

cultures of tee oclerotic cartilege o tie embryonic fowl and Chlopin 

022) explanted the liebe of mamaline embryos; both these workers 

foue4 that the oartilage metrix disinterrated luring growth in vitro 

whilot a proportion of the ehondrobleots waneterod into the mediun ana 

beeeme free amOOi:)Oi 11 Dar-lute, ('28) deecribed calcification in 

cartilage oultureo; he also otaRied the effect of Texious chemical re- 

agents upon the growth in vitro of isolated cartilaginous segments 

from the limb-okeleton 

The behaviour in vitro of unlifferentieted. chondrogenic mesen- 

(QìTC was first studied by Strangewayn and Fell ( '26) who aaltivated 

entire limb-bua rudiments in tubes. The teclenieue enraoyem in tleis 

work, the results of whioh will be deocribed in o lwter &mentor, ere- 

eluded any microscopic study of the living tissue and I therefore malo 

further experiments ('28) using a aifforont culture technique. These 

later investigations together with some unpublished results aro den- 

cribed in the preoent chapter. 

Material ana method. The tisoue was obtained from the uraiffer- 

entiated limb-bis of 3-aay fowl embryos. 

w These experiments were undertaken at the suggestion of Dr. W. H. 
Lewis of Baltimore° who pointed out that it would be interesting to 
know whether cartilage would. l_evelop in mesenchyme undergoing active 
outwandering on a coverolip. 
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Cultures were made by Carrel's hanging drop method using No. 

7 inL, scitr4re coverslips an. 7 T: i ino7!..1 hollow ground slides. The 

explante which were grOt71 mixture of (run' parts of Plasma and 

embryo extract, were transferred to fresh medium eirery 48 hours and 

were cultivated for Toriol.s up to 3 nonths. Most of the mesonchymo 

culture 5 were divided into two after either 4E3 hours' or 3 days' 

growth bat otherwise the original ex-.0lant was kept inttot throunout 
the mriod of cultiva.tion so tb.at in transplantation only the on 

of outwandoring was out, 

The cultures were fixe d. at various stages of growth in either 
Bouin s flu ia or Zenker' e solution iess ace tic acid. Some u f the 

s:moin-ens were then mordant in 2e iron alma sta1ne0. in dilute 
thionin and mounted whole. Tbe remainder were serially sectioned.; 

in the case of the older cultures fixation was followed by immersion 

for 3 hours in picro-nitric acid. In order to embed the oultures 
with the minimum damage the explants wort not removea from the cover- 
glass on vaith they had been growing 12.ntil they bad been clearo d. and 

infiltrated with paraffin wax. Ma coversli-ps were then removed. 

froro the paraffin and the adherent N7T-M. Was 'allowed to sat, but not 

comple tal to r n o The explant a infiltrated_ nod cover ed. with v,-ax 

was read.ily peeled o the Er,las e. with, a sharp kite after which it 
was dropped back into hot molten 17,,am" and embedded. ana cooled in the 
usual way. Tissues removal from Vim coverall) in this manner s7...towed 

comparatively little distortion., tearing or folaing. 
Sections were staii ed. with iron haematoxyline .haematoxylin ana 

van Gieson's stain, safranin arta picro -indigo-carmine or Mallory 
triple stain. 

In order to investigate the chonirogenic capacity in vitro of 
very small fragments of mesoderm, a series of expo riments (nnpleilishea) 



were made In which each limb-bud was taaased into numerous pieces, 

Which were then ex-planted. in a hanging drop oulturo in a fluid. medium. 

Each culture thus co att;ined a largca number of small ®xplant s The 

cultura medium was prepare a. as follow!! . Twopa.rt0 of !p1n.a,a wor Es 

:nixed in a ste :e:ile tube with tir ;-r^,rtF of eta bry orxtrw,.üt ar. 1.17).0 ITAix- 

ture was allowed to clot. The clot was then broken up with a r for ile 
rva or knife and incubated. at 38" (..% for about 14 rAinutes, ;,t th4 end 

of which time a considerable amount o;f7.' `'l.ui,c3. iacl. exuded. This fluid 
was removed th a capillary pipette for Vhe aul.tures were 

incubated with c©ver:jl,ip;.' 'downwards for the first 48 hours of growth 

in order to allow the tis:,'u.e to b000mo adherent to the glass. Every 

48 'hours the explants were waSb.e(1 on the covo3N.31i.p with a large drop 

of embryo extract which was then p ipd tte;a off ana roplac®d with a drop 

of fresh culture mediums The tissue was maintained undisturbed in 
this way for 14 days at the end_ of which time the cultures were fixed, 
Wta.i:rod. with dilute thionin and mounted. whole. 

Observations! on l).yi oul tures o Cartilrage was ;den to cl,ovolop in 
over Erixty of the large exi?la,nts cultivated in .pla. ma me_ extract. 

',Then first e'xLlanted the ti..a7uo consisted of a small, compact 

mass of r,?esenchyim. After 24_ hours' growth most of the expiants 
whilst showing a certain amount of out ;xotd th , were still somewhat 

rour.led but by the ond of 48 hoa.rs' in vitro the entire freznert of 
ti Maue had o17,cepd out into a thick pl^.tQ . Some times the expl;nts 
spread out more rapidly and d.uring the first day's inaubetion, gave 
rise to thin plates of tissue which after 48 hours' growth had expanded 
into dol3.esate shents of Me:onc e c;o;::.tain.i_n.g slight local thickening's 
of preo^rtilLlgQ , and bordered by a ra,:gel margin of migrating cells. 
The blood vessels could still be d.istinaltished a~_: flattened, branching 
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oavities containing a few blood cells. In some eultures the ectoderm 

spread_ out over the coverslip in an 'epithelial veil' Oat in most 

cases , although partially covering no, menbrane, it tenool to eontraet 

into flat pockets anP Islets in the sabotance of the eyelant. 

After 4 days' cultivation tile exTlants were still sprocel oot 

into thin sheets but in my of tne culturee mall areas of seritee- 

lioilt cartilage had appeared in the eentre of the masees of pre- 

cartilage mentioned above, Yhie cartilage, which conoisted of poly- 

hedral oells separate& fro,- oclei) other by thia oertitions of retract- 

ile, colourleos ana apparentm homogeneous neetrix, pa:Joel impeeteeptibly 

into the sarrounding mesenchy 

maseen of cartilace were much lerger arter 6 laye in vitro 

ana towards the centre of the noduleo the cells were separated by 

broader partitions of matrix. In pieces the cartilage still merged 

with an aggregation o unlifferentiateq cello, but elsewhere the sur- 

rounding tisoue had given rise to a perichonErial membrane of elong- 

ate WI-A.011\mo continuoue with, but clearlw differentiated from 

the cartilage. The rest of the exelant was still expanded into a 

aheet; teJore wcoe uoually an extensive zone of migratinE cell 'hieh 

were of two types - fibroblasts and snail, roundewandering eells. 

A mall preportion of the cultures beoame completely inveeted 

by partly keratinisea eotoderm after about 8 days' gmeth. In uach 

cases the eotoderm was disseotod off and the explant continued to form 

zonee of outwandering. 

The oartilecineus nodules enlareed fairly rapielly until about 

tee tenth lay, eStor which growth proeeedeff more slowly. The amount 

oi cartilage matrix had greatly increased by the 10th day and most of 

tbe nodules were completely surrounded by a definite periohondrium in 
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whioh fibres coula be aistinguiShed_ The bread zone of growth con- 

sistei of elongatea, raainting fibroblasts ani wuraering cells; the 

wanaering cells were larger ona more branched tin those of th.c younger 

cultures ìM hal the appearance o typical macrophages. Chiopin (T22) 

also notes this °hang° in the size ana appearance of the wandering 

cello in his cultures of (early embryonic mammalian limb-tissue. 

In cultures of 26 days' growth the cartilage was very hara to 

the touch ant was usually enolosea by a capsule of extremely tough 

fibroum tissue. The zone of growth was rather variable in extent 

an?1 tondo& to became organised into fibrous tissue unless the clot 

waD very firm; mitosis vas active and numerous branched wandering 

cells were seen. 

During the last few weeks of the oulture period very little 

increase in size took place; the maximum length attained by noaules 

of cartilage was 2.5 - 3 mm. 

In some ca the cartilage matwix' renainea. wtremely harfl 

but in a small proportion of the cultures it unilerwent a curious 

softening so that the nodules felt gelatinous when toudheR with a 

sterile knife. 

Tho cartilage was usually surrounaod by a vary tough fibrous 

capaule Patohes of what aprearea to be fat mils occurrea in the 

connective tissue and seemoa to be aerivea from wandering cells. The 

zone of outgrowth was usually mailer than in the younger cultures, 

but consisted, as before, of fibroblasts ant wandering cells. 

In the case of the teased limb-buds grown in a fluid me,TWmg 

nomo of the fragments adhered. to the coverolip ant spread out ac small 

shoots Whilst others floatea in the meaium ana were lost when the 

culture medium was c1angel6 Cartilage was seen to aevelop in about 
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thirty of the attached explanty, the course of daveloement boing the 

same as deecribe above. Some of the ohondrifying fragmento were 

extremely mall ana at ties time of fixation usually oonsiotea of a. 

tiny central nodule of cartilage from which raliate trando of 

anoeboid cello. Many of the explants, hawever, showed no eign of 

chenerogeneeis ana it wa.;., interesting to note that the occurronco 

of chondrification was not in any way correlatea with the eize of the 

expiants. 

Obeeevatione on fixed material. a. Whole mounts. A study of twenty- 

eight cultureo stained with dilute thionin ana mornteel whole confirmed. 

the obeervations made on living material. 

Forty-eight hour epecimens were expareW into teie dhoots of 

tissue (elate VII, Pig. 1) incomeMetely covered by partly contracted 

ectodern. The masses of early precartilage and VIO 'ermine of the 

blood veoselo were well seen. There was no traoe of the red, meta- 

chromatic staining oharacteristic of aertilage matrix. 

In 4-clay oultarem Mate VXL Pig. 2) the areas of precartilago 

were larger ana even moro dense and in come 0119D matrix which stained 

a purplish re l had appearea in the centre of the thickeningo. The con- 

traction of the eotoaerm was usually moro pronounced. 

After 6 dale growth (Plate VII, Fig. 3) almost all the pro- 

caetilage ha l become transformed into cartilage as .own by the meta- 

cheomatic staining. Where the cartilage wee covereff by a definite 

perichondrium the purple coleeration terminatea abruptly at the our- 

faoe of the nodule but where the nodule was otill continuous with 

precartilage the metachromatic staining faded away graaually. The 

rest of the explant retained its sheet-like form. 

By the 10 th day the much enlarged nodules of cartilage were 



47 

usually completed inveotea by perichondrium ana their limits wore 

therefore clear/y aefined by the metachromatic staining of the 

matrin, 

In 24 flays ola cultures the cartilage nodules were stained 

almost black and contrasted very sharply with the green fibrous 

periohonariele, an the b(ì a gone of outgrowth. 

In specimens fixed after 10-12 weeks' growth (te VII, F1g.4) 
the metachromatio staining was sometimes confinee, to the oentral 

regions of the nodules of cartilage, the peripheral matrix being 

colourless. The ChoWroblaots were well seen in the unstained 
areas and appeare& normal; in ocie seeoimen they were arranged in 

groups as in adult cartilage. The cartilage in one culture con- 
and 

slated of a mall maw which was known to have been soft/gelatinous 

in life; the intercellular substance was colourless trooghout this 

noaule and was seen to contain large numbers of closely aistrnutett, 

unnranken cells. In most of the olaer explants, however, the 

motachromatic staining was very pronounced. Each cartilaginous 

noaule was surrounded by a thick capsule in which yellowish fibres 

could be seen. 
the 

The fixed preparations of/cultures of teased. mesoderm howed 

pronounced_ metachromatic staining of the matrix in the smallest 

nodules of cartilage. Some of the nodules were so minuto that the 
number of chondroblaots present could be counted. The malleot 

--elEnt studied consisted. of a tiny central mass of cartilage con- 

tainirog only thirty ohondroblasts. fror. Which radiated strands of 

amoeboia cells attached to the surface of the glass. 

b. Histological seotions. Serial seotiono were made of fifty-one 
of the large explante grown in clotted meal:Lim. 
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A seetion nrou,51 a typical 4-any cultaro ehowed a thin rlate 

of mosenchyme enoninc uradually into a delicate tone of outgrowth. 

The blooa veseele were seen au irregular cavitien lined by u cingle 

layer of endothelium an1 eontairrTng rather degenerate blood cello. 

Numerous legenerating cells were scattered in the inmer part of the 

errannt. A mass of late precartilage wan present ana consisted of 

compactly arranged °e11 which were rather larger than those of the 

surrounding mesenchyme. 

In a culture o 6 days' growth early cartilage was present 

but at .1"»e periaary faded into the ousawmaing mesenchyme. 

After 10 days' cultivation conmtaenably more matrix was pres- 

ent in the cartilage which was surrounded by a perichonlrium con- 

taining numerous intercellular fibres; the surronnain convootivo 

tissue was looser and showed a reticulun of fine 'Jut well marked 

fibres. The cavities of the blood vessels were still vieible. 

The ectoderm showed early koratinisation. 

The cartilage in 18 lay matures contained_ rather more inter- 

cellulnr substance and in some cases the chonlroblazto were rather 

larger; the Iprichondrium wan denser and more fibrous. 

After 28 lays' growth the lan3e, raandel or oblong nodules of 

oartilage wore still in a healthy aonaition. The peilpheral ohon- 

aroblasts were often arrange in groups of two or four but the more 

central cells were still aiffusely soattared. In a few eultures 

the ornftilege contained numerous mall, spherical cavities whioh 

were lined by flattened cartilage cells and had no communication 

with each other or with the surface, same of the larger cavities 

contained a fairly dense coaculum. The histological appearance 

in such cases suggested that tbe chondroblaste themselves were dis- 
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solving the matrix. 

Three of the fifteen cultures fixed_ an6 sectioned. after 10-12 

weeks invitro were partially ossifio d. ana will be described ii the 

next chapter. Of the remaining twelve, two contained relatively 
healthy cartilage (Mate VIII, Figs. 1 84 2) whilst in the other ten 

many of the chonlemblasto were greatly Shrunken. Sometimes the 

degenerate cells oceurred in efinite tracts, bat in other explants 

they were oeattered, throughout the cartilage nodule. Uumerous 

amooboid chondreblasts often ocourrea in the degenerate tracts having 

apparently migrated. there from normal regions. In one Eroecinen 

there was a euriogo thin, superficial layer of health:- cartilage 
G tal Ling rowel cells, which overlaid but was sharply marked off from 

an area of claconoration; the origin and significanee of this layer 
was obseure ¶he cartilage in all the no n-osil. fie& eul tare ta was of 

the small-celled type found in the re rT-13. epiphysis and there was no 

sign of localised cellular hrnertropb.y. The choneroblasts were either 
evenly distributed throughout the matrix; or formed small groups of 
two to four cells (Mate VIII, Vig. 1); the Lerou/Ang V78,0 usually 
most conspiouous near the surface of the noeu.le. The connective 
ti s !sae enclosing the car tilagi nou nodules etiiuoc formed a 1 oo se 
network and sometifaes a dense fibrous capaile. 
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Osnification of ocrtilare in vitro 

Introduction. As stated above 'Demuth ('20) observed caloifThation 

in hin cultures of isolated embryonic limb-bone rudiments but ho 

makes no mention of bone. formation. This worker, who prepared the 

cultures priff:arily for biochemical investigations, recorda very fow 

histological aata and gives no aocount of the histological develop- 

ment of the exaants luring cultivation. 

The development of true bone in association with limb cartilage 

was first described. by myself (Yell '28) and I later (Fell (9,3 Robision 

'30) studied the histological develonment ana ossification in vitro 

of the isolated femur raliment. The results of nose investigations 

are described in this ohapter . 

I. results obtained in the cultivation of the femur rudiment, 

have since been confirmed 1w11.Levi ('30) who has cultivated various 

parts of the cartilv.ginous skeleton of early fowl embryos and by 

fliven ('31) in her work on the repair in vitro of embryonic cartilage 

ana bone. In ne case mammalian cartilage, Freilheim ('m) has 

recently found that the periehondrium of exTlanted fragmento of limb 

cartilage from the embryonic rat forms bone When cultivated in assoo- 

iationwith leprosy bactllus. 

'6ection ia.._.jE239L2arr_._._E,ossificationofsmallna-dro 

--------- cultures. 

1a-terial and methods. The cartilage used in the following experiments 

consisted mainly of the unosaified extremities of the long bones of 

8-13 day fowl embryos; the epiphysial region ana often a very mall 

part of the diaphysis was removed from either end of each of the 

larger bones. As statea in the previous chapter ossification of 
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cartilage was also observed in throe oultureo (referred to ac Nos. 19 

2 and 3) originally orived from the chondrogenic mesenchyme of the 

undi ffe ren t ia tea 3 -day li eb -bud 

The cultural and histological techniques were the same as those 

described in the previous chapter except that all the cultures were 

sectioned ani none were mounted Whole. The cultures were maintained 

for 10-12 weeks. 

Observations on the living culture e. Although tho crea to r dFL:et of 

the sarrounding tissue had boon dio sec te a away from the O-81 CIET 

cartilage at the tine of explantation a certain amount of pericl%on- 

drium remained adherent and after 48 hours in vitro gave rise to e 

broa zone of outgrowth consisting of fibroblasts an. highly 

evoeboia wandering cells. This active outgrowth continued., with 

intervals of depression, throughout tuts M2iMUM period of cultivation . 

In order to maintain this outwandering of cells it was necessary to 

cultivate the tissue in 4 relatively stiff clot; when exelanted in 

a softer 'Iodium the zone of growth tended to invest the nodule of 

cartilage and become organised into a capsule of fibroue tissue 

inoteed of migrating aatwardo. 

7)ur1.nee cultivation in vitro the cartilage nodule usually in- 

creased to three or four times their original size; growth was rest 

rapid auring the first ten days in vitra after which it proceeded at 

a progressively slower rate and towards the end of the culture 

period altogether ceased. 

six of the explants underuent ossification uring cultivation 

in vitro,. In five of thee cultures the process to some extent 

coul0 be followed in life. For convenience of description the ossi- 

feine cultures are numbered 1-6. 
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Th6 first indication of ossifiction vitro was noted in 

explant No. 1; after about three weeks' cultivation a patch of 

whitish, opaque material which appear d. blaek when observed by trans- 

mitted light, was seen on the surface of the aiaphysial portion of 

the crtilage. This deposit, at first not very aense, graaually 

became thicker an spread over the surface of the nodule until-it 

formea a dileath investing the fragment of alapllysis but stoppinc 

short at the border of the diaphysis and epiphysis. In Nos. 2-5, 

which belonged to another series o cultures, a sifnilar deposition: 

W3 observed_ after about a month's cultivatien. This deposition 

took place over the entire surface of the cartilage in the caso of 

No. 2, but in Nos. 3, 4 and 5 it was confined_ to about one half of 

the nodule - the diaphysial fragment; the bone was not very re7,u- 

larly laid dorm, in some places forming com:oaratively thick mounds, 

elsewhere a thin sheet, whilst in some places it was altogothor 

absent. The bony deposit was found to be very hard when touched 

with a sterile knife. 

In three of the ossifying =plants Nos. 1, 2 and 3, the carti- 

lage enolosed by the 'bone was largely or oompletoly excavated by 

the surrounding tissue after 5-9 weeks in vitro. This excavation 

in the case of Nos, i ana 3 was greatly aocelerated, if not actually 

begun by the zone of outgrowth which, rt,fter the mature ha A been 

changed on one occasion, suddenly migrated into the cartilage within 

the sheath of periosteal bone, instead of wandering out into the 

medium in the usual way; it is probable that the diaphysial oar ti- 

lage enolosed by the bone had become softened before this invanion 

took place. This phenomenon was perhaps most strikingly seen In 

Uo. 1, a section of which is repreduced in Plate IX, Fig. 2; in this 



s;?,: oïraen in the course of 48 hours the bony tube s°1rrou.në9.n<,:; the 

irvrded cartilage was pulled doemwards by the inwanderixe tisme 
until it made a.n angle of about fi0° with the epiphysis and the cover- 

; r.v^mtvlfé.11;T the 
},d,.a,ypTc=3.e.gbyone 

was coraietaly rFfl.ocAc over 

the i`-.r.A.-e+ ^ .e EDt...'hys.:, cÍéa 1 Gsi.B..r.`gga thus becoming once more rare, 
11.o1 with the coverglEzss after n. rotation of 180°. te removal of 

the oartila,ge VMS rather more gl.e.dua.l in the case of No.2 in which 

the cartilage was completely coverea bone, and the progressive 

softening of the contents of the irregular, "sow esa.ngulo could be 

followed, by touching the ex :plant With. th. a. steril:.- knife when changing 

the culture; the sensation rewzrs"o1ed that of tou.ohing an egg in 
t}hidh the membrax3e sare intact but the shell broken ( a section of 

t71.1 f,.3. stature is shown in Plate IX, Fig. 3). 
The excavation exoavt tioxof the cartilage caused. a contraction in the 

diameter of t:cie C3112®a, th o f bone bat the thickness and the consequent 

opacity of the bony wall continued. to increase. 
During the TeMova.i o f the cartilage the Z0113 Of ou tgrowth , as 

might be exi.z3ctedH creatl.,;.r redncAd an in the case of Fos. 1 and 

3 was practically absent for a ao nsid.orable time; this was doubtless 
due to 1.arL e number of cells that were m igr.R ti nrn into the carti- 
lage instead of into the MQ 111,a7r? 

Osteagery3sis was seen in the living tissue in only two of the 
three ossifying, ©xp1a,nts (Nos. 1 and 3 ) originally derived from 

uniliPferentiai;ed. 11rab-bud metiancbymeo Ossification was first ob- 
sorred â.n á.o. 1 (Fig. 4, Plate lX, was drawn from a section of this 
axplwnt) after about 5 weeks' cultivation. The cartilage in this 
specimen oonsisted of a single poaxe-shaped nodule the apex of which 
was taisted to one side. A. saddlP-shaped deposit of bone was seen 
to form on the surface of the nodule in the angle o f this apical bend 



54. 

gratually increasea in thickneos onl extent. In the case of 

I:°. 2 (a section of which is 01'01511 in Fig. 1, Plate X) the cartilage 

was composed of several nodules fusel together. On the smolloot 

of ties 9 nodules n white shoet of bone appeared in the usual way but 

as this pert of the coro_llant TIPr; rotiler obscured by connective tissue 
of ossification 

it was not possible to observe the trooress/in-4-4t 

Ossification of the cartilem formed in oqltoros of 3-lay mem. 

dem vas sroatly farred ao comfared with nermtl ossifiuo.tion in vivo. 

In normal development the first signs of bone-formation are to be 

observea aroi.n the mill e portion of the larger cartilage Shafts at 

ahout the 6th day of incubation in well developed embryos; in the 

e:trlanto,1 limb-b10 froznonto, on the citz.r oma, ossification was not 

seen A-ctil the thirl week of eulttvrition. This deley was probably 

lue to the leso favourahle coltIltions of --rowth in vitro as colLparea 

win the conaltIons in the erobryo, As will be aeon from the notr.t 

section the delay was greatly roquced when cartilage was grown iì a 

large volume of medium. 

.paLIistoloAturxe,lo7oeimens. Sections of the Eve 

cultures of 8-aay ombryonic cartilage in w7Aoh suspected ossification 

had been observed in every case dhowea the presence of well developed, 

typical bone; very early ossification was aim fauna in another speci- 

men (No. 6). Two of the cultures(1ios. 1 and 6) were fixed after 

84 days' cultivation, the remainder after 70 days'. 

Ito. 6 Showed the earliest tages of ossification. This explomt 

consisted of an epiphysis fitting cap-like over a small fragment of 

dintohysis. The diaphysial cartilm4e containing hypertrophied cells 

was shrply marked off from the soall-celled epiphysis and there was 

DO intermediate region of flattened cells. Towards the apex of the 
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influence o f the ohondroblas ts theme eive G ; the ma trit ohowed large 

breachea eavities having no connection with the sarfaeo and contain- 

¡leg amoeboia cells some of whieh coula be seen ut migrating flew tho 

capsules. The centre of these cavities was sometime ocoupiee by a 

largo, round lease of coazulum i. teln irregular deposit of bone 

overlaid by a somewhat aiffuse layer of osteoblasts covered one EAU' 

of the eiaphysial car$1.1e-ege. 'Thee aatiir0 nodule was enclosed by a 

demse, rather thick ()spoil° of fibrous tissee. 
Two other specimens, No 4 ana 5. showed ossifieation velthout 

extensive erosion of' the cartilage. Both explants were comparatively 

elongate and wore differentiated into an epiphysial region, whieh 

was ratinr degenerate, an intermediate zone of flattened cello ane a 

diapleyeiel region of hypertroehiaa cells; in No. 4 the three regions 
were sharply definea bat in No. 5 their boundaries were inaefinite. 
The eeriphery of the diaphysial fragment in both eases Co nsi s te o1 

probably 
a broad tract of sTaIler-callea,/ealcified cartilage. In No. 4 the 

tip of tee aiaphysial fragment remote from the true epiphysis V'M 

covered by a mall cap or typietel and. vary healthy rail-elle d carti- 
lage. The bony deposit varied in thickness; in No. 4 it famed patches 
on Vie surface of tbe) liaphyeis beet in o. 5 (.ato IX, Fig. 1) it was 

lail do-ven in a continexous sheath; a definite octeoblastic layer was 

not seen in either culture. No. 4 showed the beginning of cartilage 
erosion. In this exAant various irregular cavities oecurred near 
the urfaee of' the cartilage which were filled with u,ioeboil cells 
coneisting partly of invading fibroblasts from the periehond.rium ana - 

partly of liberated ehondroblacts. The ossification was wholly of he 
periosteal type in the case of No, 5, but in No. 4 it was partially 
endochondral since the deposition of bone sometimes took place on the 
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walls of the snail excavations descrihed above. 

In three specimens, as previTasly stated, the cartileca oiolosed 

ne bone ha a largely (ros. 1 and 3) or completely (No. 2) die;enpear. 

No. 5 vas fixed three day e after the ./Ivasion of the cartilage by the 

ontiro zone of outgrowth. Sections' of this culturo showed thrt the 

certilage was highly degenerate ard thrt the bovxdaries of thee three 

zones were ieperrectL! lerine/. The liaphysial region wao enc/osed 

by a fnirly stout, incorpleto tube of ';)ono. One simo of the dia- 

pbysial cartilage haa compl)tely eisappoared, leavin the bony wa11 

intact; the eeace previously occuPie6 by the cartilage containem 

loose coagulum amongst Which lay n large, dense mass of cells mere- 

senting the fonmer zone of ovt'rowth. At one point the mass of 

invaming cells wale oontinous with the superficial connebtive tie. 
In ro. 1 the epiPhysial cartilef57o tbonn partly necrotic was present, 

but the cartilaje of the airl:-.7rItr.t hail completely iappearo n . M waB 
repreuented by bozo only. (ate IX, Pie:. 2). The bone in this cul- 

ture was retee.rkably healthy and well 0eveloped anM consisteil of cm 

inommaete, deeply etaining outer tube onelosing en irregrler, tre- 

becular mass of moro lightly staining bone; e loose reticulur If 

connective tissue filloa the cavities. ro, 2 (Late IX,, Fig. 7) con- 

toinem no vestige of cartilage and wae composed of an irTeeulnr block 

of very healthy bone showing a tue-laverel structure, the outer layer 

being telok and deeply stainins', the inner layer itregular and moro 

lightly coloured. In one rvrt fehown in the figure) the inner layer 

was, absent and its place wae occupied by loose connective tissue. 

Eultinueleate osteoblasts (Plate IX, 7,7igs. 2 and 3) were fairly numer- 

ous in both ros. i ana 2. 

The three ossifying (=plants erived from unaifferentiatea limb- 

bad mesenchyme were fixed after 84 days' growth in vitro. 
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In one specimen (1o. 3) only the earliect stages of ossification 

wore seen. This (=plant oonsisted of e large, complex, rather degen- 

erate nodule of cartilage surrounaoa by fibrous tiscue. in one arm 

of the noleale two essificntion centroo were present. The cartilage 

of or of those centre contained tyerloal htOrtrOTThieO- ohonaroblaets; 

at the periphery it showed a few wall cavities filled with invading 

oonnective tiseue cells ana on the walls of those excavations a thin 

layer of bone hae been laid. eown. In the other ossification eentro 

only the peripheral chonroblaete showed a limit enlargement, the 

Inner eells being ehrunken and aegeneratet endeohonaral bone-fore:ation, 

similar to that observe& in the centre leseribed above, ocoayree here 

alee. 

A eection of the aeposit of bone formed on the einglo pear- 

Shaped cartilage nodule o eeeelant I is Shawn in 2late IZ, Fie. 4. 

The broa ena of the nodnle displayed a median tract of healthy, 

rounded cells eandwiched between two extensive areas of degeneration. 

The Chonaroblaots in the apical portion were hypertrophied end 

enclosed in deeply staining eaesulos; thole wao no sharp boundary 

between the rogiono of small nna large cells. As eaready desoribea, 

the bone formed a thiek, compact layer on one side of tho npiaal next 

of the cartilage. Rather dense fibrous tissue enuolopea the entire 

noeule ana the conneetive tieeme ()ells had alveeay begun t) ievado 

the cartilage of the oesification centre forming pocket-like excava- 

tions in the matrix. 

I:le:plant No. 2 containea a relatively large, complex block of 

cartilage formed by the fusion of several smaller massee. Compara- 

tively eavancea ossification was seen at one end of this nodule 

(Plate X, rigs. i and 2) where a stout but incomplete layer of bone 

had been laia lawn on the ourfaoe of the cartilage. As in the 
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previous culture the cartilage of this ossification centre conoistecl 

of a large, degenerate chondroblasts enoapsuled by deeply staining 

Nuch of the cartilaf7e in this area had been excavated, 

however, it place being reeresented _partly by an oval space con- 

taining ooagulum and partly (121ate Y., Fig. 1) by numerous invalli' 

connective tissue cells. The rest of the cartilage nodulo, ich 

was in a fairly healthy state, Siloweq no ossification anl cells 

were not enlarged. The noele was oferrounded by rather loose con- 

nective tissue. 

Te eistological structure of the bone formed in vitro Piffered 

very little from that of normal embryonic bone. It was deposited 

in a less recular manner but in histological structure it was almost 

indistinguishable from tho bone of tfle late fowl embryo (Fell '25). 

The bone cells (Plate X, Fig. 2) possessed the) same eytoplaumle 

branehes running into the interoollular material; the intercellular 

substanee ituelf hal the same cloeely fUhrous texture and exbIbited 

precisely the same staining reactions as in normal bone. 

The principal difference between esurication in the cultures and 

oseification in vivo was the absence in all the explants of the defi- 
nite two-layered poriosteum seen in th o nori embryonic long-bones. 

It was interesting to note that in all the cultures showing 

ossifioution the bone ems invariably laid flown in association with an 

area of hypertrophied chondroblaete. 

Section B. lair_ffiLt23:12sioal devolorrient, and ossification of isolated 
femur dirrionturti. watch lass vultures. 

Material and methods. The materiel =planted eonsisted of the iso- 

lated femora o 51-- and 6-day fowl embryos. 

The tissue fragments were gown in a relatively large volevae 
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of medium containea in a watch-glass. The culture method which is a 

modification of ono tried by the lato Mr. T.S.P.Strangeways, was as 

aalows. A watch-glass, with its convex surface painted black to 

facilitate macroscopic observation, zav placed on a layer of cecton 

wool the bottmm of c. Petri dish 9 cm. wide an a 1.5 am. deep. 

After sterilisation of the culture vessel 30-40 c.c. of sterile dis- 

tilled water was pipettea into the '2etri diet Ulere it was absorbed 

by the cotton wool; in this way a highly effective moist Chamber was 

Produced. The culture medium,consistin of 10 drops of plasma and 

10 Imps of embryo extract,was then introlucea into the watdn-glass 

with capillary pipettes andallowel to clot. Either three or four 

explants were place on the surface of the clot in each wateh-glaT3 

which was then incubate. The tissues ware transferred to wntch- 

221s:sku...1. 

moist 
cotton %7301 

watch-glass 

Photograph of a watch-glas preparation to show the arrangement of 
thb oulture vessel, culture medium and expiant. (for photographic 
reasons this was not taken from an actual 1 iving culture). 
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glasses containing fresh ium every three days. TM, 7EL:; offeetoa 

in the following way. Hach xplant was first loosenoa from the 

clut either ey lifting with e pair of fine forceps or by runniuo the 

point of a cataract knife arouna eariphery of the cartilage co as 

to separate it from tho zone of out-raceth; this latter method pre- 

vented the foreation around the cartilage of a large mass of oon- 

neatly° tiosa° ant minimise distortion uring cultivation. The 

explant whon loosened from the meaium was sucked into a wi.e-bore 

pieetto, waohed in extract anti with the came pipette place on the 

surface of the clot in a new culture vessel. 

Bzplants were rolovea from the watdh-glasses at different 

perioe of eultivation and were fixed in :enker's fluid. They were 

thee eieboaded in paraffin wax anl oat into serial seetione; the 

slides Were stained with haenatoxylin end van Gieson's stain, safre- 

nine and picro-indigo-carmina or with Idallory'o triple stain. 

Observations on livirc cultures. The rate of growth of the fanora 

luring ealtivation in vitro was studied by determining the increase 

in length at intervals of three days, the meauurements being made 

by the ail of a micrometer eyepiece without ranoving the cartilages 

from the culture melinm. For this exPoriment 16 femora of 5-1--day 

embrtos and. 18 femora of 6-lay embryos were use cultivation being 

oontinuee during 27 days. The growth curves shown in Text-fig. 2 

are plotted from the average length of the femora, those in wliich 

serious curvature veloped being omitted from the calculatione. 

The 5i-day femora increased in length from 1.54 mm. to 5.03 mm. 

luring 27 aars 'Chile the 6-aay femora increasea from 2.47 mm. to 

5.54 mm, luring the same period. The absolute increase in length 

wao therefore slightly greater for the 5i-day than for the 6-day 
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Curve A. Average increase in length of 6 -day embryonic femora during 
27 days' oultivation in vitro. 

Curve B. Average marease in length of 5* -day embryonic fa ora during 
27 days' cultivation in vitro. 

femora, Relatively to their initial size, however, the 51-day 

femora grew much more rapidly, increasing in length by 67%% during 

the first three days against 36% for the 6 -day femorN , while in 

27 days' cultivation the increase amounted to 226% and 124% respect- 

ively. 

The rate of growth in vivo was also determined by measuring 

the length of a number of fem. a of fowl embryos after pe ri od s of 

incubation from 6 to 21 days. In this series the length of the 

6-day femora was 1.5 mm. and of the 9-day femora 6.0 mm . , the 

increase during three days in ovo exceeding that during 27 days 



 

N . 

:Ln vitro. At 21 days, the cr':á.Ñ'es 9iatriiÌj Iatcho3 pthe average length 

F the f#3irijra. 9.; 23.3 m..o ii 1- 

:.1 tbl3Ugh the .'pL?.tc:.^«+-aisb3 tE3chni.eu.e =iak8 e it possible to C3'.?.l 5d - 

vetc a .eußá3 largor volume of t::.M :`Lie than can be grown by tee %rnO ; 

dxop method., it is not suitable for a detailed n3crosoael° st-A.^;of 

the living tissue. & as onlce evimo8so if ossification disting- 

uishable in the living material was the appearance after a few days' 

cult ivetion of whitish hana a,crose Vie má dm.le of the srafte his 

band ï.noroa,soa in %%idth and ßfa.citg 8azring .subsequent cultivation. 

On tile other hand., t'.le general k'xia.tomioa.l development 9f the 

fe=:flora th3oD . is mosyrlbed. in -nrt III, coula_ be rG'aail,e fall=ed in 

the living ca1 tux ew; e 

Observations on fiSed material. The 6-lay em b.L JCdLl.6V femora ia us©l for 

this part of the work ware all slightly subnorma.l, in dovelo_ment, 

having rc;ae;hoa_ about the seme otage as an orcl3naxy 51-any spec:ir.on. 

In this series ser ie ° o f cultures thro e femora were in o a s h 

watch-glass. F{ryry tIyCo days ono o f the c al taLrJ TJ3 ' W1 flH1qh 

s of the fe era (t e: largest an' eroalleet speeione) 'ein g 

u aea by Dr. Robison for b-i.00heen.:ica3. investigations ( see discussion) 

ana the third being fired ana sectioned. 

E;®ctions of ore of these 6-6eA, embryonic famora, (0-day) O_owod. 

a very early type of cartilage (Mate .t>".l n Fig. 1). The shaft was 

better developed than the two ends and oonta.inea slightly larger cells 

separate! by rather broader partitions of matrix. 7ost of the calls 

in the shaft appoRrea more or lese oval with their long axes at right 

angles to tho long axis of the femur but towards the end of the oarti - 

lage the ciurnclroblasts were rounded and irregularly ci3.sposed.. There 

was no sign of demarcation into epiphysis and diaphy$is se that the 
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young cartilage of the future epiphysis merged. gradually into tho 

better developed cartilage of the future Riaphysis. Tho Tleefiee-feery 

of the shaft was not ehary.),ly aof1no5. but passed into a fairly broad , 

ctompao t region of indifferent eel's intervening be teen the cartilage 
and 

on one side/the rudimentary muscle on the other. he outlines of 

the diapleysial regions wore still lest:3 clistinct an fade d. impercep- 

tibly into a dense mass of urelifferentiated yaeoencboao. There wao 

no trace or bone nn.d no 0.efinite pariohondrial melebrane. 

The femur fixed after 3 d.ays" cultivation (Ilato XI, Fig. 2) 

showed a marked. advance in develoxent as compared with the control. 

The outline of the cartilage was more distinct, the matrix WEI rela- 
tively abundant and the first indication of the three regions of 

cartilage cells - rounded, flattenea and hypertrophie - characteris- 
tic of normal aevoloinent had appeared. The region of hypertrophied 

cells occupied. about one-fifth of the total length of the cartilage; 
the cells were very irregular in fon.i and the enlargement was not 

very great, ighe z 0110 El of flattened cells compressed in the direction 
of the long axle of the shaft, lay one on either side of the region 

of hypertrophy, eaeh extending through about one-fifth of the length 
or the femu.r. . The two ends of the cartilage co ntai ne mial le r, 
ronIted cells. There was no sharp border line between the three 
zones whioh 1:assed into eaoh other very gradually. A perichondrium 

of somewhat elongated eelle covered the =face of the femur and 

was continaous inwardly with the cartilage and outwardly with a thin 
layer of loose oonymective tiesuo 

After 6 days' cultivation the zone of hypertrophie chondro- 
blasts had come to comprise about one-third of the length of the 
feTeur whilst the cells were much larger, rounded. in form and_ sb.owed. 



the charecteristic vacuolation of the cytoplaam. The flattened. 

elements were much more plate-Ulm than in the 3-day expiant anl 

oecuPied. a more Sharaly define. area which °M&1 at the border of the 

epiphysial region coictaining rounded cells; there was thee 

a fairly distinct division into epiphysis an! diaphysis. A very 

thin, oonspicuous, rather sinuous sheet of early bone for ooteoid. 

tissue) covered the surface of ne cartilage in the region of the 

zone of hypertrophy. TM e sheet was overlaid by a layer of irregu- 

larly Shaped cells resembling osteobieets and these again were 

covered by a dense layer of erindle-shaped fibroblasts extending over 

tbe entire surface of the femur. 

The specimen from the 9-lay culture (Mate XI. Fig. 3) showea 

no striking histological charge. 

In the 12-day expiant the cartilage matrix was everyWhere !lore 

abundant than in the younger specimens ana the demarcation betwenn 

epiphysis ana ,.iaphysis was more pronounced. The cartilage was 

enveloped by a layer of connective tissue which was thin and_ compact 

over the surface of the epiphysis ana loosely reticular over the 

obaM The zone of erlargea cells was overlaid by a thin layer of 

bone covered by a fairly well-defined -eeriostaum. 

The femur from the 15-day culture (Plate XI, Fig. 4) wan found 

to be much less developed than that fixed after 12 Says in vitro; 

the reason for this imperfect development was not olear but it was 

probably due to some technical flaw in that particular culture. The 

region of hypertrophie cells was very restricted, there was no sharp 

division between epiphysis an4 diaphysis and an osseous layer coule 

hardly be distinguished.. 7.(eg-:wi'4q-4Q-444en-lgtexer This oubnormal 

differentiation was interesting in view of the fact that the two 

oorrospodding femora from the same culture dhowee a lower,Phosehatase 



activity than those from the 12-m_ay culture. 

in the femur fi7.01 after 18 dRys in vitro, a oorpnrntivoly 

stout layer of 1None hal 1,een laiM mown on the sarfacn of t!,-1.o crrti- 

-younA the zono of hyrertrorhy; this zone corTosel nbout one- 

hnlf of the total length of ttle falmr. The bone wr-,s thickest 

aralimm tha mimale of tbo shaft ullero it containoa typical brano7'in 

bonc-tlolls and. was covereM h7 a periostemm consisting of an outor 

fThrous nnl an inner osteoblastic layer. The to zones of fLtttened 

ehonOrohlasts 7070 rolatively nr.rrow ana terminatea abraptly at the 

boraoro of tho small-co/loa epihygis. A loose highly fibrous maso 

of eonnoctive tinuae surrounmem. the shaft ana was continuea over the 

artiaalar surfaces of the opiphrsi7, as a thin com7act perichonartan. 

Tho fomur from the 21-ma7! caltare (.21oto XI, rig. 5) showea 

muoh thicker layer of bone than raí soon in the 10-a*y specimen in 

one 71ace the ossification 1nR spresq into the saraounaing fibrolls 

tissue and ha a form. a sheet of loss aensely staining (probably 

ancracifie(t) bony material running parallel with the oheath of "oeri- 

onterl bone covering the cartilage: a similar phenomenon was observed 

in nn oiaer (27-day) mature frorl the smne series ana in nother 2Y- 

any eq./tare from a mifforont series. 

The cartilage itself presenW little change. 

Up to the 21ct aa7 in vitro th plants showal na more eIngen- 

orntion than is on in tho normal embryonic limb-dkeleton; inmoe& 

it was mrDrisinc to fiaa n,at iwî a relatively large volume of tio- 

sue coulP, remain so remarkalAy herithy unaer the oonelitions of life 

in vitro. In the 24-lay expiant, hol7ever, a limitel number of 

ahrunhen oells were seen in Dineen in 1,oth bone ana cartilage, al- 

thou,7h eleeNItere Mato MI, Pig. 1) the tissue was still re/ativel7 

healthy. This degeneration wan still more extensive in the ol4ost 
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(27-day) femur (.:late XI, rig. G) whic2 otherwise resembled the 21-day 

exolant in histological structure; sir:liar Regenerattve changes were 

seen in four 27-day cultures from another series. It eem probable 

that this necrosis was ;Tao to an increasing Rensity of the intercellu- 

lar material of the cartilage, bone cmd connective tissue, w,lich no 

aoubt interfered with the proper (liffariion of food material an °were- 

tors ,,roaucts and with the gaseous exchange. 

In order to determine whether the osseous material laid on 
in vitto L;af., calcified, four felaors (from 5-i-day embryos) from another 

oeriet3 of oultures were fixen. after 2? aeyro' growth in vitro and wore 

then stained v,hole by von Zossa's silver nitrate methoa. Of those 

one showed. no blackening, another showed. a single patoh, whilst the 

remainins two displayed a broad. belt of calcification around the mid- 

dle section o the shaft (121ate XII, Pig. 2). 

In moot of the older explanto a few scattered musela fibres 

of consiaerable length and Showing beautiful °rocs striation were 

seen in the connective tissue surrounding the Eihaft ßt the timo 

of oxplantatlon only vary simple early myoblasts were oresent so 

that the muscle fibres of the ex-aunts, which were often innisting- 

uishable from isolatea normal fibres, had lifferentiatea during 

cultivation in vitro. 

For purposes of comparison a series o normal embryonic femora 

were his examined. It was found that aifferentiation 

proceeded more rapidly in ovo than in vitro, espeeially with regard 

to bone-formation. 

In an 8-day normal femurs which would be equivalent in age to 

an explantea G-day femur cultivated for two days, the region of 

hypertrophic cells was better developed than in the 3-.ay culture 

(equivalent in age to a 9-day normal embryonic femur) escribe above 
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and was already coverel by , two-larared perlosteum an Relleate 

sheath of bone similar to net seen in the 6-lay culture. By the 

twelfth clace 2f growth the periosteal bone ha l formed a fairly teick 

and highlw vascular, trabeoular layer enveloping the zone of 117, )er- 

trophy whilst at the came time ingrowing blood vessels, conneetive 

ticsue and marrow had bgeun to execlvate the cartilage enclose by 

Vie bone. In the equivalent 6-lay eelture, as previously mentioned, 

the pone formed _nerely a delicate membranoun oheath around the middle 

coeLent af the shaft. 

On the other hand, tha aertila¡te in the normal 12-W femur and 

in the eoivalent 6-lay culture eau at the oeme stage of differentia- 

tion. 7he zone of hypertronhie cello occupied rather less relative 
rudiment 

space in the °replant than in the norma2 boned but the epiphyses were 

quite as olearly defined and the zone of flatteneR cello was on the 

whole rather more pronounced in tie, cxelent. By the eighteenth 

day of inoqbation teo-thirde of the aisphysial cartilage of the normal 

femur had been excavated ana renlacol by marrow whilst trabecalae of 

periosteal bone between the blood veseels were relatively long and 

otout. A marrow cavity wau not re/noel in eny of the femora aleplante 

in vitro and ossification was never so relvanced ac in vivo; even in 

the oldest cultures the periooteal bona was represented by no mom 
than the single compact layer lenserl.hol above ie the cane of the 21- 

27-day eulturee. 
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The develoneent in vitro of the distal (non-o sLEzaLrt of 
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Introduction I have been umble to find any previous work on the 

oultivation in vitro of Meokel's cartilage. 

The results r000rdea in this chapter were obtained by myself 

ana dorm peert of a morphological and biochemical study published. by 

Fell & Robison ('30). As described in :aart X, Ohapter 3, the 

histological structure of the non-ossifying part of Meckel's carti- 

lage in the normal jaw differs from that of ossifying cartilage in 

the absenoe of the zone of large, vacuolated chondroblasts Which is 

so conspicuous in a developing cartileTe bone seemed possible 

that this difference in hintolor!ical structure mint be aue, not to 

any inherent difference in the two types of cartilage, but to some 

unknown factor in their respective environmental conditions. For 

this reason it was decided to investigate the development of' Meckel's 

rod when removed from its normal environment ana. cultivated in vitro. 

Llaterialand methods. The eftlants wore taken from q- 6-day 

embryos and in every case the articular end of the cartilage, which 

normally oseifies, was out off ant rejected. Each batch of cul- 

tures of Meckel's rods was controlled by a similar batch of cultures 

of either the pelato-quadrates or femora from the same embryon. 

The tiosao was cultivate[ by the watch-glass technique des- 

cribe& above. The culture vessels (1 inch watch-glasses in 3 inch 

Petri dishes) were somewhat smaller than those used before, and the 

culture medium consisted of only four drops of embryo extract ana 

four drops of Aasna. Four explants were grown in each wateh-glass. 
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In uoc.o experiments the specimene were transferred to freeYo 

ovor:y three lays but better resulto were obtainea when the meminm 

wee chenged ever; 48 hours. 

=plants were reeoved from -Vie culture L1E0112.71 at intervals an4 

flee& in eiliaer Bouin'el or !:enker'o solution. Sectiono were stained 

with Mallorylo triple stain or eita eefranine ana 

In all, sections were male o 36 Meokel's rode oontrolled by 36 

palato-qualrates ana of 10 Tieckells rods oontroll by 9 femora. 

Observations on living cultures. Meckel'o certilages isolatea from 

6-d2y embryo increased considerably in length luring eultivation 

in vitro, although tAis increase was very mubh less than in the ease 

of tho oxplantoa femora. 

In on experiment the entire oartilage rods from both oides of 

the jaw were removed from a nizeber of 6-flay embryos, exnlanted. in a 

series of watch-glasses and measured at 3-day intervals during 21 

lays' oultivation. Twenty-four rols were explanted, 8 of which 

became curved ana distorted during sAbooquent growth and bal to be 

rejected. The average length of the rclo at the timo of explantation 

was 5.4emm, ana after 21 daye, cultivation WEIS 5 mm., showing an 

inereaoe of 47. The greatest increase in length of any inlividual 

specimen was 80f2. The original average length of the explanted. 6-day 

femora (Fell & Robison, '29) was 2.47 mm. and auring 21 days' culti- 

vation this length increased by e118. 

The experiments with palato-quadrate controls were perhaps the 

more interesting owing to the fact that the quadrate and Meckel's 

are adjacent structures. 

In a 6-day embryo the palato-qualrate already '-'e7e -lets typical 

tri-radiate form whioh was usually preserved during am first 8 days' 
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growth in vitro Turing which time tie ç+ue.drate increased oon.siaerably 

in ..i.zo. After this part.od. p however, the Qxp1antr il,u<lly became 

rather deformed_ owing to turting e17. bending of the arms. The 

=plants. of Merskel's oe,rtii.ego ale() ten.lea to 7:)ec0e .;1iefhtly di Ls- 

tor f:ed. after this stage (Plate Fig. 2) usually O y a hook-like 

benling of one or both ends. This lieSo1 
. 

iVA wa~ probably flu: to 

the increasing toughness of the .1.+i k1.6oao capsule by which the ~-eeeing 

E'ertile.ge wá.e s;iaxrau?3d.o?! n 

,,..., 1y, y., After iHQJ. subculture the eJ.L¡,%CaÉNs tJeiiaiáe attached to the 

olotted matare medimn by an outgr.owt'1 of collo from tho peri.ehon.- 

dttal timuo e 

Uheorva,tivns fixed material. Do histological dîfferenae can be 

c?iwtie,;uislaad between the quadrate and the "aeßkel's rod in the 6-day 

oc:; f).yo (Ma to ,Fle; . 1) . Both ro nsi et entirely of bma.11-celled 

cartilage 011.3WiE.c ro trace oA7 eot°ioetee.l oe;sif:ä.catzon. 

After 2 deters' .r' vitro the utracturo was still essentially the 
same in both typos of explants. Both showed an ï.ncroase6 mount of 

matrix and contained ::ather irregularly shaped chondroblaste, some 

of vIzich showed mitotic figures. Al]. the explants were oovered_ by 

a layer of connective tissue. 

After. 4 days i x tï tx a the NecZkel's rods and some of the smaller 

qu.a.dre.tes v;ero unchanged in microscopical appearance but in the i.er- 

cor etxe.dre.te eantrols a slight e'eolling of the eelle ooaupyine' 

miens region of one of the three arms aould be observed., asoociet®d 

with o flattening of the celle bordering this 3.rea. 

In c3-day cultures a striking difference in the histological 

strra4ture of the two sets of ex,,larats was e®n, Sections of th.o 

six paleto-quadrates fïxed, at this stage all showed, as in the normal 
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development of this cartilare-D in v1'. a well warked differentiation 

into three cell zono s. viz, n ellmie region of round vacuoi2te;1, 

hyeertrenhie cells bounded on ()ROh vide by a belt of flattenem cells 

which in turn passed into an erea of small, round chonlroblasts, In 

some eases a delicate layer of esteoid tissae had been deposite6 on 

no earface of the b7pertrophie rrgion. The Meekal's cartilegen, 

on the other han d. still oonelsted of irregularly haped colin 

saattered in fairly plentiful entrir 

In the older (16-20 lay) explente the same oontrast between 

the Yockello ro and the pelato-quadretes was observed. All no 

quadrates (Plato XIII, Fig. 3) elloweR the three definite regione of 

senil, flattened end hypertrertie ohontlroblants characteristic of 
al/ 

noreel ''cartilage bone" rudiments (Plate xIII, Fig. 4), whilst/no 

Meckel's cartilages (flat XIII, Fig. 2) contain:el; only irra,eulerly 

shaped cells eimilar tip to seen ookel's cartilage of n nor- 

mal lato embryo Mate V, Figs. i ere t). Most of the quadrates 

showed a certain amount of poriosteni ossification. The orly osni- 

fication over observed in th plante of rieckel's cartilage were 

small areas of membrane bone in no egrrounine tissue, which were 

quite ueassoeiated with the cartilag e. se.dh are unly occurred in 

a few ieolated cases and OisaDpeared luring the later otages of 

cultivation. 

In those experimento where the femora instead of the qurtdrates 

were used as controls eimilr results were obtained, i.e. well 

developed zones of mall, flettened anR hypertrophie cells were seen 

in all the femoral cultures bIlt am not appear in a single expiant 
of the law cartilage. 

From these results it was olear that the striking contrast 

in histological struotare between the non-ossifying part of Meokel's 
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r©d anl osei fyiniu cartilage s?c3h as the embryonic validate or femur 

cannot be c?ue to the influence of onviremental factors since each 

type &eveiopti its characteristic. histology when ieolate& from the 

1a©Oy and growing in a watch-glass, 
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Chapter 40 

The osteo enio aape,oit in-vitro of isolated embryonic 

porlo steum . 

introduon The behaviour in vitro of periosteum isolated from 

the bone has been very little studied. blicard and Bouoharlet ('25) 

grow periosteum which in some experiments was denuded of bone, but 

state that osteogenesis dick not occur, several investigators have 

cultivated fragments of bone to which periostoum was attached but 

ossification was never observed. 

The primary object of the present study (Fell '31, in press) 

run to investigate the osteogenic capacity in vitro of embryonic 

periosteum of the limb -bones of the fowl at different stages of 

development. 

Material and methoàs. The ?brio steum was removed with fine needles 

and cataract knives from the middle third of various long bones the 

endsof which were out off and rejected,. The harming -drop method 

was employed throughout the rove stigation. Large 14 inch square 

coverslips were used. and 3 x 111 inch hollow ground slides. The 

slide 

exy)la nt 

medium 

wax seal 

chverslip 

Text -fig._ 3.. 

Photograph of a han ing..d.ro p preparation to dhow the arrangement of the oalture vessel, culture medium and explant. !this was not taken from an ao tnal living culture). 
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medium consisted of a mixture of equal parto of fowl llama 

alT1 unbryo ertract ani the ont o were usually transferred to 
fresh medium every 48 hours. Thrwhout the culture period the 

central -Part of the culture wa., kept intact ana at subcultivatior 

ouly the peripheral growth was cut away. The object of this rro- 

oedure was to leave the middle reior, of the culture undisturbe 

'iLas proviAe favourable conditions for organisation and differentia- 

tion. 

3oto. culture aid controls Were fixod in acetic 2enkeri o1u- 

t:L He lily ossified material was hardened in alcohol after a 

awation in acetic Zenker an we-3 then decRlaified with forTol- 

Ilit,L; This technique stxye very satisfactory results. 

row of the cultures were stained with dilute gaosphotungstic 

cola heamatoxwlin and mounted whole. Others were fiYzed in neutral 

foraalin and. Aare mounted whole after treatment with either soqium 

alizarin calphonato or von Kossa's silver nitrate method, to demon- 

strt,3 calcification. The silver nitrate specimens were photographes 

coiritely after mounting. 

Zio cultareo to be Leetioned were not removed fmo the cover- 

slips until after infiltration with paraffin wax (Pell ana Robison 

They were out either parallel with or at right angles to the 

plane of the coversiip. Trost of the slides were stained with safra- 

nin and picro-indico-carmincl, hut Idallory's phosphotangstic avid 

haernatoxylin was also used.. 

A. Behaviour in vitro of 6-du embryonie periosteum. 

Controls. The 6-day embryos from which the material was obtained 

were very well developed for their age. Tissue for explantation 

was taken from all the limb-bone radi'aents except the tarsal and 
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carpal zelemente ana digits, but the TIOSt results weee,,, obtained_ from 

the femur, tibia and hmeerue. 

In ordor to determine the °mot state of development of eeoh 

rudiment from ettich paziosteal tissue was rentoved, one cartilarre was 

usually taken for dieeection whilet the oorresponding carti1e4ise from 

the opposite limb of tho eearee embryo was fixed and Oectionea. kid - 

larly in order to ascertain how mach of the periosteum had been 

oxplo.nted, the fragment of cartileze from whioh the tissue ha been 

stripped was, in many casee, also ..ri:eed and seetioned. The peites- 
teal tieteue removed from each radieent wa s explanted separately 'oo 

tiTtet eee.ch culture had thus a deuble oontrol (ite XIV, Irig'0 i anti 2). 
rial ecotions of the fia eet of oontrole, 1.e, the parti- 

lago rudiment fixed entire, usually howed the following histoIri- 
(ial etractaro 1ate ,fVI e Fig. 3.). There was a mie.R.lo portion 

oceupying OflO-tiuÎt of the total length of the reniment in wh 1. oh 

the coils hae "begun to 1-471,rtrophy end to assume the vaouolatea, 

appearance characteristic of the ohowl.roblasts of "oweifying" carti- 
lage; this region of enlarged coils vees continuous on each eid.e with 

two resione of faettenea oolls, eltich in turn Ini:ti:i0a greeually Into 
the ereall-celled areas of the future spiphysibs the articular parts of 

sti3_1 
whic h were/coreposell of u.neifferentiatod mesoderm. The first in 
of osteogenosie had appeared around the middle third. of the rudiment 

wheeo the evrichondrium had. 'become lifferentiated into two layers - 

and inner stretam of polyhedral cells, the early osteoblasts, and a 
thick outer layer of elongated cells representing the rudiment3.17,r 

fibrous coat of the periosteme. A very delicate sheet of osteocenio 
fleres was present on the surface of the cartilage immeniately beneath 
the osteoblastio layer; in some er; oeteogenic fibres also ran 
outwards among the osteoblasts. Me two-layered. stru.otare of the 



Pcrichondrium dirl not -Persist throughout the length of the Ellia ft 
btlt 'become much less distinct over the area of flattene4 cells anl. 

disappeared on approaching the ftturo p1pyte s., In some of the 

controls development was less atIvanced; tuo enlargement tmt1 vacuo- 

lation of the cells occupying the mi;./..ne, thirl. of ,Fnich rudiments 

was only very slightly marke. Pill the layer of osteot:enic fibres was 

hardly distinguishable; the richond.riuta covering the mia..P.le region 

had, 'however as sit-ao O. its two-layeret true turo Trim 'GI_ on of 

the second set of control fm:tyaents of. ovtilage fror 
which the perlostem bad been rove. for ogplantation. (Plate nv, 
Pig. 2) showed timt the region from which the 93 riosteum had been 

ta3.r.en usually consieteR. of the arca cif lziirrtrophic cells an a mall 

part of the to one of flattened cells. The eartilage wes rarely 

denuded completely of ofsteogenie fibres ana osteoblasts and, in most 

cases all or most of the layer of osteogenic fibres and soleetimes a 

large proportion of the osteoble2.tic 1,7yer wore left behind. Thus 

09 aetnal exAant usually consisted of ---triyoblasts and connective 

tissue, the rudimentary fibrous coat of the periosteum ana. -)Trt of 

the osteoblastie layer. 

Observations on livi cultures. Ossificatiora oentres developed_ in 

many of the cultures; in some oases cartilage appeared as well and 

in other speoimens cartilage alone dinorentlateil. In the most 

successful experiment out of a 'eotal of thirty-sin cultures, 

eighteen developed ossification aantres and no cartilage, three 

forrnea both cartilage and bone, ftin give rise to cartilage only 

ana ten formed no caeletogenous tie, although growth was as 
vigoureas a in the ossifying or ohondrifying specimens. 

The tissue when first explanted. consisted of ono or more 



77. 

ro.ther ctiffltoo, irregular fragmento in which the origino." it a of 

attrohment to the cartiloze was sometimes d.istingulshable n. smooth 

During the first 24 hours' growth the oxelante usually spread. 

out into flat plate 3 'v71 th re very nenrrow, marginal fringe of amoeboid 

cells.. any speolnens contained a comfect maze of retie r rounaed 

eells which later eroved to be eeteogenie or chondrogonio, from whicth 

rallat& trands of myobiaote interspereed \Tien capil1ar,7 vessels and 

loom) connective tissue; in °Veer matures it was Impossible to 

Ii2t1ngu13h ciffermt h1stole7ica1 types. 

After 48 hou.re' in vitro tho expiants hac.1 -e:eatreldel into very 

delloate, more or lose oircular eheete 1-2 in diameter. In some 

capes the celie comtosing the compact areas mentioned. above (Plate 

A,V.. Fig. 1) heed onlargvd. oomewhat 'and had assumea tho appearanoe of 

oeteoblasts; to eontained a large spherioal nuelous with one or 
more rounaeri rat3le31i, showoa z. finely granular cytoplasm an wero 

seearatea. from one another by delicate, slightiy ref:cacti:le par- 
titions in which a fibrous s t rue tare was t apparent . Those o eteo - 

genic regions we not slue:rely demarce.toa, but merged into the our- 
revealing tissue; they varies in thickness, in some oases bei YIP; a El 

thin as the rest of the explant an in other oases forming definite 
lumpo. 

Occasionally one of tho oondennoa. are seen after 24 hours' 
oultivation, by the en a of the eeoond aay had differentiated into 
VO ry early cartilage. These cartilee noauleo Which were rounael 
or aval in shape, differed from the osnification centres in the more 
regular, rounded shape of the cells and in the higher refractivo 
index of the developing matrix efhich pave the nodule a characterietic 
glistening appearance. 
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Almost all the two-day cultures showed rather extensive cell 

degeneration which was probably Rue to the injury inflieted on the 

tissue by the original dissection. 

i`terr four aays' cultivation most of the aegenorate cells 

h venished and the tissue seemed to have recovered_ oompletely. 

The ossification centres previously observe( wore oonsiderably more 

alveneed (Plate XV, Fig. 2), Delicate osteogenic fibres haa appeared 

among tht3 cells, foxxine rother irreeular, very refractile, branching 

bundles. When the tiesue wee tronsplentaa to fresh rqedium it wae 

feand that this early intercellular material he.. certaia aeourt of 

riglaity even in an extremely nin oseifieation centre. After being 

cat oat of the plasma clot the delicate Sheet-like explant contracted 

greatly except in the region of the ossification centre whioh, though 
a 

showing a few narrow croasee, remained as/fairly flat plate around 

which the eoft, contracted nesod_orm was crumpled in a ring like the 

parchment cover of a jam pot. 

Occasionally osteogeneeis began au late as ti-x, 7th day in vitro, 

but most of the ossification centres were lietinet by the 6t13 lay of 

cultivation, although their degree of development varier consiaorably. 

Bone -formation in cultures of 6-day embryonic periosteum was eleost 

inveriably diffuse. i.e. the osteoblasts pread out into the surround- 

ine. tissue so that osteogenic fibre rediatea into the explant in 

n12 directions (Plate XV. Fig. 4). As a result almost every etas.o 

in osteogenesie could often be seen simultaneously in the erene ossi- 

fication centre. Thus in a ciee-aay culture the midale regiobi might 

consist of compact osteoiP, tissue in which the fibrous structure of 

the matrix was obscured by the deposition of a refractile, inter- 

fibrillar cement (ef. the development in vitro of membrane bone, 

Pell & Robison '30) whilst towards the periphery only a fine network 
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of osteogenio fibres oouV1 be listingaishel among the osteoblasts. 

It was intereeting to note ,oe7 the deposition of bone was moai- 

fist?. by the moehanioal conditions of cultivation. As stated above, 

narrow foles somettoes formed aexoee the early, fi-orouo, eani-rgid 

oseification centre owing to the contraction of to explant when re- 

movee frme the plasma clot for 21.0ca1tivatione Tho repla expansion 

of tile at:plant which Always follawea transplantation dia not cause 

these folde to flP,ltoe out again an they gave rise to hard riages 

whioh usually peroisted throughout the culture period.. In the larger 

celtures the cohtraotion elm eometimee formed irregular moro or less 

oonoentrio fo16e eeparateCt from one another by comparatively flat 

area of ostooie tissue (plate XV. Fige. 1-4). These eoncentric 

foids, one of which appeared alte: eh auLcultivation, vor e probably 

tue t) tho at that the middle regien of eel ocsification centre, as 

deseribed above, was further leevelove0 and therefore moro r1g7P than 

Cee fibrous outer 2one, so tbet the letter unier the influence of 

the eeneral contraction of the exelant, tendel to fort a eireeler 

wrinkle aroun3 tha former. Before the re-expansion of the atelent 

eould pall thic foie flat again, advancing eoteogeneeie traneforeA 

it into a hard, permanent ridge. 

The oeteoid tissue frequently epreared healthy after elefhteen 

days' cultivation. ra11 oseification centree in the perioeteal 

explants often aleappeared ';;efore the eighteenti day but the larger 

ones continued to increaoe in cieo partly by the deposition of uore 

interoellular material and partly, as described above, by tho forma- 

tion of new bone at the peripherg, until in some eases they reached 

a diameter of over i mmo 

Galcification coula aometimes be detected by the 8th or 9th 

lay and in good specimens was quite oonspiouous by Zile 12th dey. 
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Calcification was seen as a deposit of brilliantly refractile x ranulen 

in the matrix of the oldest, core highly developed p its of the ossi- 

fication centre. Caloifie L areas appeared a chalky white by reflected 

light and almost black by tra,n,:eittod. light (ilat + LT. Fïor;. 5) 

In a few oultures an osoiflc;at:ion centre differentiated very 

cloue to the margin of the e plant , some days after osteogenesis was 

well advanoed in the other specimens; o,oasionally an ossificrtion 

contre would fora in the interior of the explant at the usual tin 

and a peripheral ono would develee several days latere It i e probeble 

that at the tit? s of explantation dis teoblastB were sometimes présent 

at tlio e .ga of the ti Betio fragment and wandered into the medinP: in 

the zone of outgrowth. When the tissue was subou I tivated . the 1n 'r 

cells of trze original zone of O tw .nd.ering became inoor.poratcd with 

the main explant, whilst the outer oe11:3 again crawled into the cul- 

ture re medium e If osteobla: is were preeent in the original zone of 

outgrowth they would_ be unlikely to form bone until they had become 

included in the organised tissue of the culture, since under- 

going uncontrolled growth in vitro seldom differentiate. This might 

possibly account for the delayed appearance of these peri pheral ossi- 

fication centreo. 

As desoribed above, cartilage nodules developed in a minority 

of the cultures. Such nodules wore not introduced into the cultures 

along with the periosteal tiseve at tine the of oxplantation, but 

differentiated in vitro, all stages of ohondrogenesis 'Mine. seen in 

the living notarial. Someti ìe n cartilage and osteoid tissue 000urred 

in the same explant, in Which ease the two tissues were not aosooiated 

Knut formed separate nodules; in other specimens cartilage only was 

present. The cartilage generally become invested by a fibrous peri- 

ohonc?rium but occasionally merged directly with the surrounding tissue. 
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eome of the noluies, usually those without a periehonariume disappeared. 

after a few days, growth but the majority continued_ to grow and 

remained healthy up to the ena of the culture period. 

As development advanced the explanto increased in thickness and. 

the general stroma became denser and more fibrous. The original 

oapillarien persisted as numerous branohipg clefts lined_ by eneo thelium 

ana the myoblasts were also distinguishable el'tor eighteen days' 

growth. 'Argo numbers of wanaerine cells crawled out after each 

suboultivation ana diviled actively in the medium. 

observations on histolarations. Histologioal preparations 

were made of most of the specimens containing ossification centres 

or cartilage, and max of the cultures in which diceletogenons tissue 

ala not develop. Thirty-two exelante containing ossification centres 

only were serially sectioned and three mounted whole, ten cultures 

oontaining both cartilage axi 0. bone ax t? eight containing cartilage 

oely, were sectioned. Most of these cultures were controlled by 

eectiono et' the oorresponaing limb-bono rldieaent from the opposite 

side of the some embryo an sixteen had. the 'double controls' des- 

cribed above. 

The histological findings oonfinea the obeervations mate on 

osteogenesis in the living material. 

The youngest specimen fixed and sectioned was a 2-aay culture 

in which an ossification centre haa just appeared. The osteogenic 

tissue consisted of an elongated mass of cells Which at one end of the 

mass were similar to those of the surrounding Btroma and at the other 

end were differentiated into typical octeoblasts among which were 

seen narrow, irregular partitions of matrix etainea bright blue with 

pioro-inaigo-oarmine. The rest of the explant oonsisted of spindle- 
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elIeeped comoctive tissue cells, scattered myoblasts, and blood ves- 

eels which formed irregular ace lino by endothelium ana contain- 

ing a fag blood oells; no connective tiesuc fibres were seen. 

Hitoois wao active throughout the culture. 

Slightly older (three-and four-lay) specimens preeented o 

lar aPpeare,me but the osaificatioin centros contained moro Into 

material. 

In the Um-and seven-any cr,Dlants the osteoid tissue wao voiy 

well developea.ana containea typical 'stellate bone ()ells scattered 

In abundant matrix; it was covered externally by a layer of osteo- 

blasts and usually bal a somewhat trabeoular structure owing to the 

presence of large, irregular cavities lined by osteoblasts. The 

oseification centre was not covered by a fibrous membrane. In some 

eases a thin sheet of rather diffuse osteoid tissue ralri out five the 

main mass into the surrounlia3 tioeue. The general stroma of the 

(=plant was denser at this s e ana eontained intercellular fibres 

and sometimes compaet masses of myoblasts. 

Ten-day cultures (Plate XV. Fig. 6) Showed little ohango, =cent 

that the strama was still more dense aul fibrous ant the cavitios 

lined by endothelium were moro oomplioated. 

Sections of the older (eighteen- and nineteen-lay) specimens 

showed that the ossifioation centree were usually still 

XVI. Fig. 2) and txo specimens.which were stained with alizarin 

and mounted wholt exhibited a fairly extensive oentral region of 

calcification surmunded by a peArheral umaloified zone. The gen- 

eral stroma was loosely reticular in oame regions but elsewhere, 

especially in the neighbourhood of an ossification centre, it showea 

dense fibrous areas; the osteoia tissue was not however, surrounlea 

by a oontinnoas fibrous membrane. In one specimen the ossifioation 
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centre had a rather interesting' histological otructure. A large 

plate of bone had been fonnea, Itlich at an earlier stage had boon 

bent over at one ena. The intomal angle of this bend was °coupled. 

by a mall mass of- tissue having the staining reaction ana histologi- 

oal appearanae of cartilage. The bone was not leposited on tho 

surfaoe of tho cartilaginous tissue as in the normal developaent of 

the limb-dkeleton, but gradually mergoa with it. The cartilagiaoup 

material sewea to have boon formed from the :Amnia, with which it 

was internally continaouo. 

The isolated alea of eartilw3e which, as previously des- 

cried., aometimes appearea in culturea of 6-day periostama, were 

founa on aection to be of the hyaline typo una wore enclose d. by a 

fibrous aeridhondrimm. Even in eighteen-aay cultures the eartilage 

showed neither oell hypertrophy nor Poriosteal ossification. When 

a nodule of bone was present in the eame (mature (Plate XVI. Fig. 3) 

the cartilage ana bone were qaite sorarato. 

B. Behiaviour in vitro of39ombrzeura. 
Coatrolo. Material wao obtaial frog all the long bones, from ono 

side of a 10-lay embryo with the exception of the aigits, and fram 

tho femur ana tibia freers ono leg of another embryo. Several port- 

oateal explanto were made from each of the largor bonen. The corres- 

ponding bones from the opposite side of each embryo ana in most cases 

the DiGOOS of shaft from whioh the perlostaum had been removed. wore 

fized and sectionea ao controls. 

The embryo from which the tibiae and femora were removed was 

rather better developed. than the embryo from whioh all the long-bones 

wore taken. In both embryos the periosteum (Plate XVII, Fig. 1) 

consisted of a fairly thick and tough fibrous layer overlying an 
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opteoblastia layer which was rather irregular in thickness anA some- 

what diffuse along its inner marface. Vhe periosteal bono was 

markeely trabecular in all the larger bone-rudimente but iu the car- 

pale and tarsals of the lees advanced erleno the trabecular etruetare 

haa only just begun to appear and the osteoblastio layer of the Teri- 

osteum was eonsequently more compact ana reoular then in the leerger 

radimeuto. In the case of the more advanced embryo the cartilceel 

was comgetely exoavated from the middle region of the femur an6, 

tibia but in the leeD aeveloped chi& r. excavation in this region 

only partial in the larger bones anE bad not begun in the tarsal 

and carpal elements. 

Oections of the fragments of t'ft from which the periestem 

had been dissected for explantation ceowed that the fibrous at hod 
been removed and the oeteobleetic layer partially so. 

Observatione on livirc_syltures. In the best experiment be 4forma- 

tion took plaee in 20VOt oulturee out of twelve and all stages in the 

proceee of oseifieation ooala be otudied in the livie¡; material. 

The originel exelants consisted of rather touch, irreGular 

fibrous fragmento to which minute pieces of bone mmetieles adhered. 

After 24 hours, eultivatien the original fraexente which wore still 

rather donee, had becoee eurrounded by a zone ef outcendering cells. 

During the next 24 hours' growth the culture leegan to epread out 

over the surface of the eoverclie, whilst at the same timo the fibrous 

tissae showeR sign of aiointaeratiove the intercellular material 

assuming a characteristic creee3er appearance indicating that resorp- 

tion of the fibre ae in proerelo. Early °Deification centrep 

were sometimes visible in 2-Fay cultures as rather large, compact 

masses of cells in ehich, 24 hours later, osteogenio fibres appeared. 
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were till leible but the explante were usually mu ol? more honlogeneous 

cellvler Lae expande, althon* for contained a thiok opaque central 

melon in which very little Lietoloeicel .eteil oould be aictineutshed. 

As a rulo, the explante ef 10-day periocteum aia not spread out into 

eich toln eheete as the uxelante of eaterial, ana in mane- ceses 

it was therefore difficult te follow: the Etage of oeteogeneele; in 

aotail. SO/hOtifflefJp hewever, the whole courco of bone-formation 

could be observed very 

of the eesification entre e were alreaay prcot lee the 

Gth Pay' of cultivttion, but j'eone eeecimen en eeeifleation centre 

apea: od near the periphorw ef the eecete on Zee 14th eay. Bove of 

t-ee °entree were compact, i.e. the;e cum-listed of a Ease of ecteoJ'' 

tieeee (K)vere by a layer of ooteeble;tc onvoloeed by a fibreeir eem- 

brene: others aere eoleeact &t one ()Wi and aiffuse at tLe other, 

ehilet others aeain were entirely Tho osalfieation centres 

Boomed to arise eaito inaepore7ent1y of the Retell spicule n of 'eone 

which were sometimes accidently incluaed in the ont an which 

sbowea no further growth axle' eeenteelle 

The ossification centres formed. in vitro be 10-day embryoaio 

periosteum wore rather thiek and by contineed deposition in exam 

reeione and resorption in others usually tevelope(1 a trabecular 

structure. The details of oeteogenesis were essentially the eame 

aí: in the cultureo of 6-eay enriocteum and need not be deecribee. 

By the 12th day in vitro all the ossification centree listinc- 

uieheble were open to be 'partially calcified. Outwanderieg from the 

margin of the explant still continued actively, with the formation of 

a broad, zone of outgrowth, but the mile region had usually become 
so thick and opaque by this etage of cultivation that in several 
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cacao en oscifioation centre obeerved at an earlier period held boome 

comple tely ob sorrel_ . 

Observations reyarations. Nine of the oulturen 

containing ossifioation centres were fixed and sectioned ana. one WEIS 

etained_ with alizarin to show celcification, ana mounted whole. 

The youruest opoolmon fixed, whickhaa 'been growing in vitro, for 

6 days (Plate XVII, Fig. 2), oontained a large oblong mass of osteoid 
Were 

tiE.,:enie in which/several largo irrrular cavitiee filled with ontoo- 

blasts. The surfaoe of the developing bone wao iovere by oorreact 

.layer of OS tooblasto outside whio.b. veos a ontinuous fiTerons membmne. 

The reet of the culture cons" -boa of a rather thin, dense sheet of 

cells and intercellular fibres with a few small clefts linea. 1 onde- 

thelieen 

Tdost of 'the explants wore fixea efter fourteen (tays' cultiva- 
tion, elthouzh one vac oarriea on until the sixteenth day. In these 

otaturetil the bone and osteo16. tieme ehowed a marked trabeculer 
e trio tare . in the cont re of the o float ion oentre the re was neually 
a region v-621012 E>taine& very d.00ply With pioro-indigo-oarmier rnn '2rob- 

ea)le reprementea true bone; this lnes surrounded by a broad,TikOre 

lightly ste,ino6 zone of probably untealoified osteold tismo. Lerge, 
fairly dense ma.sses of fibrous tieme wore sometimes pr000nt 1ct the 
Inner )eart of the explant, which were readily di' stinguishable from 

tho ossification centres. 
One fourtoon-day speoirreon in which no ossification centre was 

present contained a curiou.s maele which in life strongly renenbled 
hyaline cartilage., in sectioni: etained with safranin ana. picro- 
indigo-carmine t1-.is nodule was ver,e einilar to hyaline oartile,ge 
in its histologioal etracture aria. oonsisted of ratier rounded cells 
eelbeflaed in an apparently amorphous matrix. On the other hand, 
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unlike truehyalino cartilage stained by the oeme technique, the matrix 

was 7reen in colour instead of bright pink. This wau the only case 

in which any structure resemblin cartilage was found in a culture 

of 10-aay aebryonic periooteum. 

G. Behaviour in vitro of late embreonic ana e2.22z_mat.7.1)12227Jnist 

rioute-me. 

eontrole. The periosteum wee obtained from the femur and tibia of 

:i1-i7 Qflhïryo te four of a 21-day embryo and the tibia of a day- 

ola ehiek. In eadh experiment the femur or tibia from one eide of 

the body WSD fixed and eeetioned whilet the perioetoten of the clerree- 

pouding bone from the opposite uide was removed ana nut up into frag- 

eunte :'or explantation. The chAft frem whioh the pertmtenm herl 

bean cedzen wae aloe fixed an noctionea. 

Sectioee f t4o entire 'Donee S'.lowect that the perlootem (Plate 

711. sic;. 3) consiatod of a ft.irly teiek coat of lo nee fibrwee tie- 

sue covering and merging with a rather thinner layer of very fief, 

eolle. Between the flattened cello end the bone was a thin etr-Aule 

of ootooblaeta. The unaerlyile3 boue contained nuirieroue large, Y nor 

irrokyelar Taversien epeeee tondtng to radiate fron the centre of the 

haft ang bounded by fairly thick walls of well developed bone, The 

snacee were lined by e layer of ooteeblaste and enclosed tilin.tealled 

blooa vezeele. Gas the middle thir=1 of the shaft wa2 eoeipletely 

filled with marrow, the future medullary cavity in the distal t'17eds 

being ()coupled by elertially orolod onrtilage- 

In sectiono of the shaft free whJoh the periosteum had been 

stri-epea for cultivation, it ,:ae seen that the fibrous coat an its 

aoeociated layer of flattened aells had been completely renovel. 

In some places a thin layer of osteoblasts remained attached to tho 
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bone w7116:1 in other area wao covered by the remaino of torn and 

dogenorat() oelle; elaewhoro the outer surface of the bone was com- 

pletely denuded. 

Observatione on 1171 e culturee. The pariouteum in tee old embryos 

an a newly-hatched Chiek, utiab was more firmly atteehea to the bone 

than in the ease of the 10-day esebryos, wao removed ana out into small 

oquare exelants to whieh the onda of muscle fibres usually adhered. 

A feel cello emerged from the fibrous oxriant after r.bout 24 

hours in vitro, ana by the third (Lay the originel fragment hal become 

surrounded. by a halo of rather ocattered growth. After G lays' cul- 

tivation the soettered outgrowth ha. increaeel to form a broad obeet 

wereoced of opinaleeehaped fibroblasts ana a mall prorortion of 

wandering cells; the outline of the original explant appeared. less 

sharply defined near the per:In:he:kw enq the intereellular fibrep wore 

undergoing a granular diointe2;ration. 

A broad zone of actively dividing cells continued to wanaer 

into the medium after each suboultivation whilst the cells in the 

interior of the culture became heaped up around the now greati's 

oontracted original fragment, to form a central lump of organised 

tiosue. 

In etoot cases the culture was cut in balf after 6 days in vitro, 

the two halves being plaood side by ado at a little dietance from 

each other. The halve rapidly fused and tl".o flnal result of this 

prooeflure wao to produce a relatively large mass of organieed tiesue 

derived from new growths in which the original half explants were 

seen as small contracted islets whieh became mailer end more opaque 

as the age of the culture advanced. 

Over fifty culture were observed, for periods up to one month 
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but although the majority grew profusely and appeared. health...V, 

ostoogenesis was seen in two canos only. In ono coatutre it Was 

noted after nine days in vitro an a patch of enlarged cells emboldel 

in rofractile matrix ma lying in the new growth near one 119,1f of 

the original explant; the specimen was fixed immediately. The other 

case of bone formation was not observed until the 20th `day of growth 

when a nall fibrous mass was noticed in the outer 'part of the organ- 

ise region of new growth. Typicca osteogenic fibres began to spread 

front this nodule into the surrounding F2) M1C) ar. by the 27t1i 43Ery a large 
kidney-shaped ossification centre similar to those seen in onitures 

of 10-t ag periosteust, had been fomed. he os fication contro was 

not assoolated. with the halves of the original expiant which were 

oonspicuous a to very opaque masses in the centre of the growth. 

The culture was fixed at this stage. 

nso_______ oxiiistiq1oal j2re1rat1on s. P-ourteol culture of 
ti!c late mibryoblo (17- and 2i-day) periosteum were fixed after 
perioec of cultivation ranging from 12 to 20 days ana were serially 
sectioneil. 

In the goarcer (1244 flEv) LA:voiriten,s the original explant as 
soon as a dense fibrous the centre of the culture. It vas 
surroulited by much less fibrouee::1, vez7 cellular connective tisuo 
derived from new growth which was sometimes comract ana sometimes 
loosely reticular. Sections made at right angles to the Diane of 
the ooverslip showed this central region as a hump tapering on either 
side into the narrow zone of unergaziiced outgrowth. In come niaoes, 
espeoially in the oaef the cultures which had been out in 11.-if at 
an earlier stage, the original oxplant or half expiant, whilst often 
preserving its outline intact, had bon to lose its fibrous nature 
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ana te give riBe tO a orapa(3t maw) of cells. Ilitosis was usually 

active throughout the cult-are. In some epeoimens numerous degen- 

erative cells were eresent in the interior but othereshowed. little or 

no degeneration. 

In the two oldest (28-day ) cultures the fibrous charao ter of 

the original fragment haa oomeletoly disappeare d. ant only a flattened 
oval nodule composet of lightly staining cells \IUD Been in the middle 

of the organised now growth. 

Osteold tioeue oocurred only in tile two cultures in which it 
had been observed durixr life. The younger speoimen, fixed. after 

central 
12 deers' cultivation, concieted of a relative] large/mass of organised 

new growth on either side o f whioh lay two reeunded fibrous lumps - 
the two halve of the original explayet, which had already begun to 

disintegrate. The ossifloation centre lay in the newly formed_ organ- 
ised tissue between the leeaver, of the original explant and oonsisted. 

of a rounded. group of typioal osteoblasts emong which early ostoola 
matrix had been Lade. ,Nywn. he surrounding tissue oontained, 

fibres and consisted_ merely of a MIS S of healtiew cells. In the olaor 
(26-day) epecimen the original half exolants ha d. b000me reduced. to 

small, compact area in whiell no fibrous structure was seen, sur- 
rounded by a large rease of connective tissue with rather lightly stain- 
ingpreelatinous intercellular material, formed by the new growth. The 

ossification centre which lay to one siae of this fibrous tissue, was 

much larger ana better developed than that in the younger culture ana 
the matrix s tained more deeply with ploro -indigo -carmine The nodule 
aepeared healthy ana showed yore; raw degenerate osteoblasts. 

Qriticip of remits, rro rl the foregoing restate it appeared that 
the osteogenic capacity in vitro of isolated embryonic pe rio Fite= 
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liminif3hoa 'Tith age. This required =planation. The liminishea 

osteoganic power night be attribut oq. to various possible cansec 

(a) To complete absence of osteoblasts in the original =plant. 

Thit 7ms unlikely, since histological ination of the con- 

trols Ehowel that the layer of osteonsts Tjtioh is present under 

the fibrous mombrano even in the early post-ambryonic pariorteum, 

waF7 at least partially removal when the periosteam disseatod away 

for =plantation. 

(b) To a loEu halt4y condition of the cells in culturo of older 

periostoum. 

The majority of cultures of late embryonic ana early post- 

embryonic periostlam, however, grew actively and appeared as healthy 

as the bove-forning cultares deriv. from 6- 210_ 10-day erAbryos. 

fo) To the outeoblasts in late embryonic life being less able to 

form bone under the abnormal conditions obtaining in vitro than the 

osteoblasts from oarly embryos. 

This Possibility was suxported by the faat that on the uhele, 

early embryonic tissue is more reaaily adaptable to the conditions of 

life in vitro than iiiilar tissue from late embryos. 

(R) To severe mechanical damage being inflicted in the ostoobl&e,tic 

layer when removing the pariostemn for oxplantation, ana thus prevent- 

ing the multiplication and development of the osteoblasts during 

oultivation in vitro. 

In late embryos ana young chicks the Periosteam is tough and 

rather firmly attached to the bons, so that mechanical Image micht 

easily result from stripping off the membrane. Surviving groups of 

ostooblasts might have little chance of recovery ana differentiation 

owing to the profuse over-growth of fibroblasts from the fibrous coat. 

The only way to decide which of the last two alternatives wan 
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correet, ,13-as to obtain un rage. osteoblaste from the late embryonic: 

early pot-cetbryonto Inves.tigato their oLtee- 

genie eav.eity or the same ozjoeriviontal co nril ionz ., no mrne ri- 
mente ref:or:Tel_ in no next ohartnr were unlertaken with Cie object. 
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The osteogenio oapacity iv v7tro of late embrvonio ana 

early post-embronio enctosteum. 

Introduction. The endostamm of the Haversian spaoes seemed. ideal 

material for obtaining undamaged ostooblasts from late embryos and 

young °Meas. ron. the work of provioas investigator o (quote in 

ehapter 4) it was clear that the soft tissue oontained in the cavities 

of bone migrated_ into the culture melt there grew aotively. As 

meatione& in dhapter 4, the Haversian spews of a normal late cry orbondo 

long-bono are lined by a layer of osteoblasts (the condoote-mm). It 

BOUMea probable, therefore, that a large proportion of the cello 

forming the zone of outgrowth from a bone fragment would consist of 

osteoblests thich, being proteoted by the bony walls of the Haversian 

spaces, would have sustained little or DO damage when the bono wo,o 

out into mall pieces suitable for cultivation. 

MothoE. The tibia was dissected from the leg of a late anbryo or 

newly hatohea chic": and 'the two ends of the bone was out off and re- 

jooted, leaving only the middle third. The reriouteum was then 

striopod off and in throe of the savon experiments performed A1-71,S out 

uo into fragments zhioh viere ozoolantad in vitro aa a oontrol series 

of cultures. 

Tho piece of shaft from thioh the p3rOo teum hkta been remove& 

was split open longitudinally ana the marrow was carefully soraped 

away. Tho bone thus cleaned was out into small oblono; fragmento, 

the long axes of which wore at right angles to the long axis of the 

tibia, as this method of cutting Involve & the greatost number of 

Haversian spaces and was found to give the best outgrowth on subse- 

quent oultivation. The fragments were then exTlanted into a large 



94. 

drop of plasma an a extraot in a large hanging drop culture and. incu- 

bated for three aays, by which . time a fairly broad_ zone of out7rowth 

haR appeared. The cultures ware cat out of the clot at this tage., 

tranzferrbd to fresh mediur flril grown for another two or Three days. 

After a total of either five or six lays' cultivation the origi- 

nal bone fragment was remov& d. from the zone of out7roWth,by means 

C! noelle and cataract knife and was rejected. The ring of growth 

left behiad was out out of tho clot and transferred to fresh medinm. 

The cultures thus produced wore maintained for various periods np to 

twenty-eight lays. The tissue which was transferred to fresh medium 

every 43 hours, was never subdivided. and only the outer part of the 

growth was out away in saboultivation. Owing to the very profuse 

growth of the cultures and their tendency to liquefy the clottea 

medium it was found necessary to grow then in as large a volumo of 

culture medium as the ooverolip would hold and to make the clot 

rather stiff by mixing a drop of unusually concentrated embryo extract 

with a rather large drop of plasma. 

In the three experiments in which a oentrel series of periosteal 

explants were cultivated simultaneously with the exnlants of bone, 

the periosteal cultures were treated, in a precisely similar fashion 

to the bone cultures. There Wa5 usually pore variation in the size 

of outgrowth in the periosteal cultures. The original explants of 

the most autively proliferating specimens were removed and rejected 

at the male time as the original explants of the bore growth, but 

cultures showing less active proliferation were allowed to grow for 

a few days longer before removal of the original tissue. 

Observations on livir cultures. The bore when first explanted 

was seen as a small, flat, rectangular mass in which the Haversian 



roraces were nistingiaishable as linter bando running parallel .Ith 

the shorter oiles of the rectang/e. Two days after ozplantatio 

rathor pr co outgrowth composed of cells reseml31ing fibroblasts. 

IV! r..rariber of loucocytes °Vier wandering cells hai. appeared1 

from tho to longer sides of tho ex-flant, i.o the two sides which 

cat the Havorsian sracos at right anf1oß; vol'y little growth took 

place from tho other (shorter) silee The porior- cal controls usually 

showed considerably lees outgrowth at this stage than the bone oui- 

tiros. By the thir d. day tile bone haq. become surround.ed. by a fairly 
broal Yie o f oells, but the outgrowth from the periosteal controls 

was still o:re. The cultures were then transferred to fresh melt= . 

Growth became much -more profuse after the first -subculture an5 

t32Q fifth or sixth day in vitro the bone and. maw of the poriotoal 
c7.-1.11ants haft become surroundel by quite a wide halo of calLs It 
inteve2,t1tz to nate the difference 1 habit of growth between the 

bone and_ poriosteal ottltures, Vim bone (Plato Fig. 1) was 

alvx,y s. su.rrounded by a broa1 sheet of irregularly shaped, compactly 

arrangoi oells forming a ring of tismue, from thn ir.)eriphe27 of 1711.1Ch 

nq s of elongated cells radiated into t?.i.e clot. Tho outgrowth in 
perioE:teal cultures, on the otr hand, only rarely showed. trIces 

of a dofinite siaeot of tiszuo ar.J.. consisted. ontiroly çf bug ral.iating 
cord of spiallo.shaped cells 111111k.i, out from the ezplant in all 

ec t1.0 

AS S VA tel. above, the or.iPA 1 bone was remove1 either on the 
fifth or stg.th dar,,.?-. of cultivation.. In Liay cases no trace of bone 

was left, but in other ap0 0 if:29M a few ninnto Lou1ci were pre El 9 nt 
which 'underwent no further devolognont during subsequent cultivation, 
renaining in the culture as fomign bod.ies. In the later experi-m3nts 
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owixee to imProvement in the manipulative technique, it was usually 

poeeible to reeexplant the zone of growth after it ha 1 been out out 

of the oil clot, ao a complete ring; in the earlier experiments tho 

ring' wao often twisted and dietorted when transferred to the PreFfh 

coverelip. The an wan true of the control periosteal enitures. 

It was interepting to find that thee° cultares oseified in 100 

per cent of oases, and bongo or ostoold tissue has now neon obeervel 
ne==, .7=2,,Paa-um, asmi-1 
in over fifty opeeimens. None of the eeriooteal coptrolo, hocever, 

chewed ay trace of bone formatlon. 

For the sake of eonvenience the cultures derived from bone 

have been termed uenaooteal", but this does not imply that osteoblasts 

only were rresont in the growths which also included cells derived 

from. tie) Havereian vessels. 

All stages of osteogenesie oonll be observed in the living 

tissue (Plate XVIII, Fige, 7-4). 

Mien the matures were Weamined about 20 hours after the 

rmeaval of the bono (Plate XVIII, Fig. 2) the peripheral oelle were 

seen to be wandering outwards in the usual way, whilet the hole left 

after dissecting away the =plant, wag completely or 3eertially filled 

by a oentripetel inerewth of cells from the innor margin of the ring. 
In exceptional oases the mediun liquefied in the central hole in 

whieh cese the ingrowth of cells did not take place until the culture 

was changed. The periosteal controlo showed the same outward anal 

inward migrations of cells, 

Forty-eight hours after dieeeetion the hole was in most oases 

completely filled by cone, although its site was usually stilllis- 

tinguishable as a thin patch in the centre of the culture. At this 

stage of growth, ana sometimes even earlier, the first signs of osteo- 

genesis became visible, an When the tissue was examined under a high 
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pc,eor a nateork of aelicate osteogonio 51r3c wee seen to permeate 

tfio culturo, These fibres rere soretimes very clearly an a beauti- 

folly on in the thin centre/ petch. In the thick ring of tleoue 

Far-ooenRine tais area, they often foe a circular bends, Whilst In 

ie outer prt( of the culturn, whore they were nueh more sparee, 

they tendel to raRiate towarms the rarpin. Zo ondh 
períosteal 

networ17.wes aistingnishable i ntrel/aultures of the same age an 

felon the $FIce tibia, 

oe the fourth Rey following the remove1 of the originel bone, 

osteoi7 ti- eue wan eerily relognieable in ell the enaosteal cultures'. 

The ïnffl;ri Tt hin stage appenrea in the middle region of the culture 

as an irregular mase of refreetilo lneus a. in which the erie- 

Ina/ fibrous stractare was almost indistinguishable. The site of 

the hob o left by the removal of the explant seldom vanished completely, 

as the osteoia metrim: ueuall7 remained sperm, an iffuse in this 

area, A network of oeteogen-tc fibres reRintod oute'ards from the 

main ooteoid mass into the broad_ ehot or orgenisea tissue by which 

it wee surrounded. The oeteolM ti.eF-oo in the mile of the culture 
sometimes showe d. thick eorzee.atiour re-latinc from the centre. This 

was e mechanical effect similar in origin to the concentric riap;es 

aosoribed above in the case of cPltureo of 6-day embryonic pertosteum, 

and was produeed as follow s. non the ring of new growth was removed 
from the original bone, the tice4ue, which like most forms of tissue 

culture haa been growing under tens:ion, contracted consimerably, ani 

if the eiraular sheet was broad_ anR thin it became aoherea into 

raPiating folds when released fror the clot. Before these follo 

coulR be straightened out again lx,e the re-expansion of the tiermo, they' 

borne partially oesified anR persisteM as rigid bars. 

In the earlier experiments the endosteal oultures gave rise to 



ostoola time only - calcifl.cation wan never observea. This TF 

fo-arvl to be aue to an inadonnato sr,rply of oultur, meaium na-g! conrio- 

luontly in the later ey:-perimants, as described in the section -r 

,athoas, the size ana stiffness of the clotted arop was oonsiacrnbly 

increased with much better results. The cultures nruearea henitbier, 

griw more actively, ant in alriost every case formed true calcifted 

bone (plate ;711/. rig. 4) 

In those later eriments oalc;f_lcation vm.E1 frequently well 

aavnnaea by tho fifth day aft' rgioval of the original bone frne_ 

vent (Plato VIZI. Fig. 3). It often orogrossed 7ory rapi1 nna 

it ;.aa not unoommon to sea 0n17 n slight ovacity in Vie natri7 one 

qa3- quite a monsa calcifintion the next. A typical perioF,toal 

coatTol ealture at this stage nI.Toaraa as a flat mass of olongnted 

iiE soveWpat reeTibI1ng a heap of straw ana presenting a marked_ 

aontrat to tcie regular sheet of compactly arrangea cells nhioh Ear- 

rounqed the new bone in the enaosteal matures (Plato riTTI. F17.3). 

AB the age of tit.) culture advanool the masn of bone in the 

centre enlarged., partly by parinheral deposition of now bone n,,,!1 

partly by increase in the quantity of intercellular materiPl nn- 

caleifica ootroia tissue via, often resorbol some ton or fourtnon 

ys rfter The removal of the original fragment, but calcified bone 

could persist intact for at lortt a month after the aissoction (the 

loncost perioT7 fyr 111ch the ct'lltures lere maintained.). 

The control neriosteal cfllturoq FroJ: very igorourly daring 

the fi::ot fortnight after rof'oval of tba ex7lant, often forming a 

large oand of cells in the riailo, nnl completely ohlîtertInr all 

tiEQes of the hole from which the orlPinal exolent ties tnkon. A 

de3ener5to spot sometimes apoocrea the centre of thip, lump or 

tissuo, .11..a some of the innermost cells were i:;coon to be fatty or 
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necrotic o Some times this rather o Moue , necrotic area would. spread. 

to a comIlratively largo size anl then at a later stage of growth 

won:0 apivrently be largely resorbed and. eventually reluoed to a 

all rat:ic-r hyaline nol..21.e in th1oti mule werc . mrlyalled. ft notale 

of this typo wa...; readily distinTaishaae from osteoil tigsueo 

Observations onhislalluical_Lrei.nrationso The observations made 

on the living 7.Thaterial were ehecli by histological examination of 

cultures fixed at various ;tageL, of growth. Most of the endosteal 

oul tuxes were sootionea but others were mounted i whole aÍtor either 
staining with dilute phosphoture tic aoid haematoxylin or treatment 

by von Koa'r i1ive nitrate method for demonstinti138' caloif.oation. 
In all, thirteen (natures were fixeq. and sectioned before removal of 
V.3.0 explant and three were stained with phosphotangstic acia_ hacrin,- 

torlin and mounted whole, fifty-three were sectioneI at variorts 

stages after rouoval of the ortginiaa bone, and whole meunte were mate 

of Viree .?,pecimens sta.ined with Mallory's haeriatoxylin and of eleven 

treated by von Kossafs method.. The pariosteal controls were also 
histologically studied, three mature beinc fizod and. tectioned 
before removal of the explant and thirty-nine being sectioned after 
rerovalo 

As previoualy aoscribed bon from the middle region of n 

late embryonic or (rly -_post-erabrjonic tibia oontains numeroup. more 

or less cylindrical 13aversian spades tending to radiate from the cen- 
tre of the shaft; each B:aversian space is lined by a layer of osteo- 
bl(sts -f the endosteura) and encloses delicate, enlothelial vessels. 

Sections of bone culturer:_,.1 fixed. after five or days' 77forith9 

that is, at the stage ifliPlotli n. ly before removal of the exply_nt 

(Plate XIX. rigs. 1. and 2). shored that both the osteoblaets ari 



endathelial ell o of the Haveroian spaces hed migrated actively into 

to surrounding medium. A largo proportlon of the aotual bono collo 

eepearel degenerate. It is posoible that mime of those near the out 

edges of the bone or close to the Piavernian spaces might have emergeR 

fxori the intercellular material and entered the culture medium, hut 

by far the greater eart of the zone of outgrowth was obviously nerived 

from the tioeue in the Haversian spaces. In one experiment in which 

growth had been partioularly activo, all throe oultares fixed on the 

fifth lay Showed ostoogenic fibre3 elreamw formed by the now tissue 

arouna the original bon) , ana in to oases the fibre o wore quite well 

merged in certain areas of the culture. Osteogeneoie was not obser- 

ved in the living opeoimens before fixation, owing probably to the 

thickness of tee zone o outrowth in tee neighbourhood of the explant. 

In another experikent where growth hai been rather less profuse, no 

sign of neuly formed osteogenic fibres was seen in any of the eight 

orltares fixed_ after six laye in vitro. 

Osteo3onic fibres were present in seven out of the eight cal- 

tare fixed 1-1-24 hours after removal of the bone fragment (Plate XIX. 

Fig. 5) . They were seldom distinguishable in the living cultures et 

this stage, owing probably to the contracted condition of the tisane 

during the first 24 hours following removal of the bone. The hole 

from which the bone had been diesected was filled either by a rather 

loose network of cells or by a plag of culture medium, and the osteo- 

genio fibres formed a diffaoe mat, stained blue with pioro-indigo- 

carmine, in the tissue surrounding this area. Specimens out at right 

angle to the coverelip were seen as e rather flat plate of tissue in 

which the osteogenio fibres formed either thin flat lamellae running 

perallel to the cover-slip and sandwiches between layers of osteoblasts 

or fairly thidk, irregular masses in which lay soattered osteoblasts. 



Both the specimens fixea three Ray after remo7a1 of tho bono 

Wer3 thicker than tile 24-hour cedtitres, anR the osteola tissue wau 

moro abundant. In some areas no osteola matrix was eomparatively 

dense and aeeply staining, but elsewhere it consisted merely of early 

osteogenie fä're© 

By the firta aay after dissection (ate XIX. Fig. 4) th e osteoid 

tissae in the interlor of the culture had in Maces assumed the char- 

acter of young bono, V,A,7 b7 the seventh day (21ate XVIII. Fig. 5) 

most of the osteoiri tikzae in to centre haa beeome transformoa into 

true bon whieh., as described above, uas seen to bo lieav1ïr alcified 

i2 life. 

Eleven days after the ra,noval of the bone fragment (21ate XX . 

Vig. 1) quite broad ana denso partiMons of bone matrix TJ,:.5_ been laid 

qoVilawbioh stained a very deer blre wît2.i picro-inaigo-carmine. Outeo- 

blasts in mitoeis (21ato ) X. Fig. 1) were still seen even in the boot 

developed parts of the bon o. oases the aeDeetion of fresh 

bone was taking place fairly extensively at the periphery of the main 

NUOS, but usually the cultures showea signs of a diminished osteogemio 

activity at this stage, anti the zone of newly fomnea osteoid tissue 

sarroanaing the central ma os of° bone urs more restricted than in younger 

oultures. 

One culture was fixed 21 days after runoval of the original bore 

(Plato XX. pig. 2). The module of bone whIeh had_ formed during this 

period was very well developod ana healthy, but osteoc,onesis appeared 

to have stopped as the outline of the bone was sharply marked of from 

the rest of the culture. The bone was surrounded by a broad, lightly 

staining, fibrous region which resec.bled ordinary cunneotive tissue+ 

rather then osteogenic tissue. 
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Four cultures were fi.:7.ed. on the tenteveicht day after ?tissoc- 

tion. In two of them the bono was fairly healthy, but in the other 

two it showed sig,ns of aegeneration. 

The eleven cultures treated by von Kossals method were fixed. 

at Teriods ranging from eight to eleven, days after re-Lioval of the 

or-li;inal bone. All the specimens Efloven. dense black.oning in the 

areas where et'.acification was snspee' d_ tb.e Hvû ollaturer 

(Plate 2a. ElitTsi-J. 3 and 4)0 

The histoloa ¡lie periosteal controls was very Riffer.ent 

frop that of the ondosteal cultures. 
Throe periosteal cultures were Í'i red after 6 days in vitro, vt 

the ta ge inuilediately before removal of the explant. They showed 

a, denr_le, deeply staining, coe.rsely fibrous explant, on one sPle of 

whioht in one case, were tags- of 1.2u:.--!,cle, and from the e es of 1,:hich 

e:r.tendeti the broa(1 zone of outk:rowth, 

;!our specimens fixad 14-24 hours after removal of the ort7ina1 
tissue consiAed of ¿ ioot of rather loosely arranged cells anong 

which rio intercelitaar fibres wore seen, By the ?ft 71 dey the colle 
had become much more closely packe. and the cultures had increesed. 

in thickness forraing, as previously 1.ever.ibed, a kind of hmir in the 
centre which war3 very conspicv.ous in EOCtionk; ma,do at right annes 
to the Ilano of the coverslip. A few fine intereellulgr fibre 
tained light bluo with picro-indigo-carmine, could just be disting- 

uidkLed in the denser parts of the tissue. 
The central Imp had become relatively large ten or eleven days 

aftor removal of tM oxplant, an the, lightly stainim intercellular 
f17:,rr.:;a1 running among the densely packed cells were more plentiful. 
In two oulturos an area of asyfreneratiop occurred in the interior of 
the central lump. In one of tdeSS cEi.ses, where ,7_egeneration was 
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less advanced, the °ale in the necrotic area were highly vacuolated 

snl in life probebly oontainea fat. The intaroollular material, 

stained more deeply then in the currounding healthy tisene, 

,)oar ol as rather stout, simians bends running alflonre the vaccaolnted 

oells. The other calture deowod a later stnge in this ee7eneret1ve 

prooess. In thie specimen tbo necrotic region was smaller an. 

compac.; tho cello were highly vaceoloted ana the intercelluler 

material, which stained_ a lark r2reen with pioro-inaigo-oarmine, was 

less plentiful than in the l'selt: erts of the celture ene arreared 

to have contracted. In to of tte oultures fixed on the twelfth 

aay this type of degeneratio:xi wee even more olearly ehagn. In the 

milalo of the opecteens was an oval nodule oomresed of the f.,reralar 

romaine of cellb in which somelehat eierunken nuclei were still eee°e, 

and anong which an nameroac -11,teroellalar partitions of 

amor-alous, deeply steinlng material representing the contracted 

reeainz of the lightly etaining intercellular fibres seen in healthy 

cultur es. aor%ers unused to the histology of this material might 

at firet mietake such neorotic areas for some differentiation of a 

ceeenOecoia or eeteoi4 ncture. 

Vacuolate5, degenerate eelle oeured in most cultures fixed 

after the eleventh or le:elfte aay following removal of the ()relent, 

although in some inetenees only vory few .egenerate cells were "res- 

ent and the centre of the oultare was oomparatively healthy (Elate U. 

Viso 5). 

No sign of ossification was seen even in the oldeet cultures 

which had been maintainea for taantivefive days after removal of the 

azelant. &wept ir the neorotio areas described above the inter- eollular. substance reelaineld as a lightly staining, finely fibroao 

material totally different from that of the bone or osteoid tissue 
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lu endosteal caltaree of the same age. 

Griticisra of roeulte. From the results recordo d. in this ohapter 

it is clear net undamage& endosteal osteoblasts from the limb 

Skeleton of lato c(fibryon and young chieks forra bone in vitro as 

roadily as periosteal oeteobleets frem early embryos. It might be 

argued that in the writer,e exrerimente the endosteal osteoblasts 
formed -bone in vitro and the Teriosteal osteoblasts failed to do so 

G.,431020-FCC 0110.142,-0,111f=n 

because the foniaor were cultivated for some days in asssociation 
with differenttatea bone which in some way induced an osteogenic 

capacity i to surrounaing cells. On the other hand, the two posi- 

tive results obtained with cultures of isolate&i late embryonic peri- 
ostouni, together with the fact that Suification took place readily 

cieltures of periosteum derived from 6-day embryonie iitab-bons rudi- 
manta in which true bone had not yet be®n forned.. ob.owed clearly that 
contact with differontiated bone 1 r3 DI) t an essential conn.ition for 

of3eob1asts to manifest their outeogenie function in vitro 
The results- describea in tilis ch.apter allie fail to exclurie the 

poseiility that the ca.pacity for bone foraation, although possessefl 

by the endosteal osteoblasts, raight be rartially or completely lost 
by the iriosteal osteobla ts. in the later stages of developenent. In 
this efeee the to positive reeulte obtainel with the late er n bry-ronio 

periestelra might be explained. by assuming that endostoal osteoblasts 
ha:d been 4Lragged out of the 13:avers/an spa 0 e Li when the perlostem was 

stripped off. Histological omnination of normal lete Eciabryonic and. 

early post-embryor.ic limb bones ehows,however, that osteogenesis is 
yen, active immediately beneath the fibrous periosteum which makes 

it diffioult to believe that the norznal oeteogenio capacity of the 
periosteal osteoblasts is seriously airrtinishe5. at this stage. 



It SO AS more probalae 'Mat in the writerltr7, periments thc) 

failaro of late embryonic ana early post-e;1 ryonio poriostevm to form 

bone in vitro except in rare ca merely NB to mechanical 

aamag.e inflictea on the (lelionto osteoblastio layer when striprinT 

off tqe tough fibrous covering mombrano. 
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Chapter 6, 

nevolonmont in vim) mar-iibular membrane bone. 

Tntroluetion. Very little work has been dono on the cultivation 

in vit ,, ro of norano bow. 7))1,:lo:hansky ('29) studied cultureL of 
e. 

mibryonic foul membrane bon ut eithough tho soft tlosue in the 

bona grew readily forming brorn zones of ou ;rowth, the formation of 

now bona was not Observed° Pischer and Darker ('29) cultivated for 

prolonged periods tissue derived.. froro the os fronteliL of the enbrvenic 

faul, Thw found teat 09)311 cultareo completely lost thelx 

hirtolozical structure end when grown in the usual culture medim 

chasistir s. of plasna ana eltbryo extrqct show en active proliferstion 

aì ; Yltgration of cells but n1 signo of differentiation. On the other 

ann, if uadh "de0ifferentiotel" cultures were transferred to r relium 

eonBisting of plafamn only whicb reotri,cted all proliferation, hard 

noduJoc, rcrarded by the authors-as chondroid or osteoid in nr.ture, 

devolo-pel in the centre of the exrlerlte. The results of FiScher 

at Parker aro, however, open to criticism as saue, at least, of the 

appearances which they figure !ma nec,oribe suggest egeneration rather 
than differentiation. 

Tho development in vitro of me-17rene bone from undifferentinted 

osteogenio mesoderm vms studied by myself (rell ana Robison '30) end 

the results obtainea are describen below. 

Material and methods. The material was obtained from G-day foul 

embryos. The manniblo was removed from the head ana itu articular 

°Lao were out off anti rejected. As much as possible of th., ectoderm 

was stripped away from the underlying mesoderm which was then carefully 

dissected from Meckel's cartilage an cut into fragments for =planta- 

tion. 
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The explants were groan in large hanging drop preparationo 

(1: square coverslips, 3 x 111 inoh hollow ground slides) in a 

medium oompoei of equal ports of plasma an a embryo extract. In the 

earlier experiments the tissue was subealtIvated every three dayo 

but better resalto were obtainod br transplantinc to fresh medium 

overy 48 hours. During subcultivation the central region of the 

culture was carefully kept intect ana not six-het-ailed. Two oeries 

of cultures wero propered in which neutral red was present in the 

medium in the proportion of 1 in 50,000 and 1 in 100,000 respedtively0 

eome of the cultures of osteogenic mesoderm were fixed in neutral 

formalin, treated by von Koosa's silver nitrate metho d. for the demon- 

stration of calcification and examined whole after beime mounted in 

Tarrant's nedium. LcEoEt of the specimens were fixed in either Tleme 

wings, Zenker's or Bouin's solution, they were then embedded in 

paraffin wax by the method deacribed in Chapter 1 a. serially 

sectioned in n plane at right angles to that of the coverslie. Soo- 

tione wore otained with Ealloryin triple stain or with safranin ene 

picro-indigo-earmime. 

Oontrols. In moot of the exTeriments two exelento were naee from 

each half jaw and to entire lawn were fixed and sootionea to serve 

as controlo. In some experiments ealtures were made from half the 

jaw wka,lot the other half was fixed and sectioned so that each pair 

of calturee haa a control. Tuenty-three entire or half jaws were 

used ac controls in this way. 

Bxamination of the jaws and 1191.f,' jaws fixed as controls showed 

that in SOMO cases there was no trace of ossifieation at the time of 

erplantation, but in the better developed opecimens a mall area of 

osteoblaute with a few osteogenic fibree oould be distinguiehed near 

the articulation of the jaw though eleowhere the future membrane 
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bones, as aesoribed above. or inlicated. only by litruse conlensa- 

tious in the connective tissue surrounding Mockel's cartilace. 

Obsorvations on livine cultures. About 6& -/. of the explants levoloped 

(wsification contres. Ossification was observe& in over 180 cul- 

tures nraR Vie various stages it the process which closely reF.tombiel 

that soon in the poriostoal ana ondostoal cultures, coull be realily 

stulien in 'WAG) living tissue. 

nen first xplantel tae tissue, consisting mainly of con- 

nective tissue a. myoblants, was umally rather FlIffuse, but alter 

24 hours' growth in vitro it ha. into r more or lein n,ori- 

oaot mass of cells of which the outermost hal borun to wander into 

the moi vil foraing a narrow fringe of outgrowth around the centrvl 

fragment. 

Daring the next 24 houro' cultivation the com-pact mass gralualiy 

sproaa ovor the coverolip in a -ileet of tissue which usanny showel 

in .nlaces ono or more fairly large aggregations of cells melging 

impercoyAibly into the surrounaing tissue (Plate XXI., Fig. 1). mb- 

soquout observation showed that in many instances such a group of 

cells roprosontel tho first appearanco of an ossification centre. 

In these cases the group rapilly became mor listinct an%1 moro ro 
wtrictoa ana after 5 flays iu vitro was often seen as a well definel, 

usually oval area of some what closely packed cells which., ao in the 

case of the periwtol ana on6ostoal cultures, seemed to be separte 

from each other by a Uightly retractile and apparently amorphous 

intercellular substance. The cells of the ossification centre took 

up neutral rea to about the same extent as the surrounding connective 

tissue coils. 

Tho next stage in development, which usually took place within 
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tho following 24 hours, zas the differentiation of the cell mess 

into two regions - an inner part coreoeed of polyhedral cells enll Rn 

out capsule of elongated cells continuous with the uurroundinc tieeue. 

In cultures in which neutral red was present in the medium the inner 

oells were conspicuous owing to the readiness with \filch they stained 

with the eye. 

I few hours later Mate =I. Fig. Lb) very delicate inter- 

collelar fibres - the osteoenie fibroe - appeared in the region of 

the oseification centre. Them) inerea3ed in /leaner until they formol 

a fer4.rly fine network between the closely packed cello3. Ueuelly the 

innnr region now oonsisted or a single peripheral layer of osteoblasts 

surrooinrlinL3 a (ventral mass or early bone cells embedded in the osteo- 

genie ':ibres, whilst the outer region haa given rise to a typical 

fibrous namenle of connective tissue. The osteoblasto and the young 

bone collo in the neutral rad cultures stained ovon more deeply end 

crellmination 7xnder high power ST10170l that the cytoplasm was filled with 

rather fine, sjherical red granule 

This type of stenoture was ettaine4 by about the 4th or r--Ith dey 

invi.trø (elate MI. Fig, 

The neelt strge o")eerved Mete X. Fig. 1.C.) rae the formation 

of an apparently amorphous conent between the osteogenic fibres. In 

0110 culture where a very thin ossification centre was present the 

various stages in this process could be followed particularly well in 

the living material. It wee found that the criss-cross notoork of 
delieeete fibres originally coon bocaee aggregated. into refractile 

bunelon in which the indivileal fibres were difficult to distinguish. 

Fooussing on the uurface of the cepsule with the high power of the 

microscope the matrix zae seen to have a matted structure very differ- 

ent in appearanee from the delicate nete-ork observed some 24 hours 
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previously. Vhe tenitî ana refraction of the matrix pragrossivoly 

increased whilst the fibres became less ana less consolcuous, being 

probably obscured by the cement in which they were ambellea. 

As the age of the ossification centre aavancea. it wan founvl 

that in some areas the original intercellular partitions wore recorbed 

ana replaced by small cavities fine 1th osteoblasto, in other 

places they remained apparently unaltered, whilst elsewhere they 

became thickened to form fairly °taut, irroollar walls ana columnn. 

In this vmy tho dovoloning bone gradually assumed an irregular tra- 

bocular otracture which was usually well soon about the 9th or 10th 

day invitro. Whilst those chanson were taking place in the general 

structure of the matrix, e cortain proportion of the osteoia nodules 

unaorwelt partial an occasionally Mate IX1. Fig. 3) extensive 

calcification. Refraetile granules appeared in the intomellular 

material an? increased in number until the bone appeared almost 

blaoh when viewed undor the low pacer of the mieroscope by transmitted 

light. When e7mminoa under high power the bony trnbeculae WOTO soon 

to have a nolillar appearance owing to the brilliant granules embedaed 

in the tissue. 

Besides the compact ossifieation centron described above, diffuse 

ossification oentros also ocourred, though loos frequently. In such 

cases there was no definite pariosteum and nt the margin of the 

developing bone the osteogenic fibres nassed into the surrounaing 

connective tissue in all directions. A comet an a a diffuse centre 

wore sometimes present in the same culture, and in other cases the 

same ossification centre might be comrect at one end and aifftso at 

the other. 

The rate of development of the bone varied considerably in 

lifteront cultures so that one explant might take D aays to reach a 



ts ge of: differentiation attainol. by t-.7.riother after 6 days in vitro. 
The tiuo urrouniiine, the o1float1on centres was corn-.)le 

an1 consiste& of connective tissue, myoblasts, v,-andoring cells and., 

when embryos of colourer1 bro(As were usea, brancho& ply/Lent coils. 
In some cases the bone romaine& in a fairly healthy condition 

up to the 14th aw1 more rarely. it to the 24th day of cultivation,. 
Usuallzi., :woer© the OSSificqtior, centres wore more prone to resorp- 

tion than those rounit in the -oeriosteal and endo Steal cultures n.n.O. 

bogan to disappear after about tie 12th (ley in vitro. 

Observo.tiono on rims& natorial. ilistologicEll preparations of oui- 

turkwzi fixod at lifferi.ant stages of dovelo-xont confirmed the obser- 

vations made on the livinz. exolants (late XXI. Vigo 1). 
An ear1T ossification centre such as' that Sometimes present 

In a 2-day culture (Plate XXII. Fig. 1) appeared. in sections as art 

oblong mami of cells of somovIThAt irregular div3pe and with rather 
d.eoply staining cytoplasm, V,1.11. Oh o ro °lightly flattene& in a direction 
at right angles to the covorolip0 A ferir osteogenic fibres which 

stainea. dark blue with Ilallory,s stain. or with picro-indigo-carmine 

couln be aistinotmishocl. among the cells. 
DI sec tionD of a 4-5 day culture (Plato XXII. Fig. 2) in v,-hich 

ossification was more advanced the fibrous capsule and adjacent layer 
of ostooblasto describea in the case of the 1ivin cultures wore well 
Seen. The inner mais of developing bone vats about 4-8 cells thick; 
the oblong or polyhedral bone cells were set closely and fairly regu- 
larly in the fibrous intercellular material which with laallory's 
S ta n an with dafranin and picro-indigo-earmine gave exactly the 

same zitaining reactions as in the normal jaw. 

In cultures fined at about the 6th day of growth (plate MCI. 
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Fig. 2 and }1at LLi. Viz. 3) the bone wae en to cotain irregular 
reelcee filled. with osteoblaets ana. oonnective tipene cells. The bone 

colle were normal in appearanee and_ scattere& throughout the donee 

matrix whieh was hard. ana iffiaelt to ont. 

The Otructure of the bone in older (12-14 day) ou.ltures was simi- 

lar but raore intercellular reeterial e-as preeent (elate XXII. Fig. 4). 
:.ore of tee epee:Imo ]).1h in life appeared to be calcified., 

when treated. by von Kossa eilver nitrate method showed a dense 

granular deposit of eilver in the regions where oalcification had. 

boon suspeoted (Plate XXI. Fig. 3). 

teimag. of Resulte (Part II) 
1. Undifferentiatee mesoderm from the 3-day embryonic limb-bud., even 

when teased into minute fragments, is able to ohondrify during 

cultivation in vitro. 
2. Cartilage formed in vitro from 01.031. uneiffere,ntiated meewlero, 

1..eith rare exceptions° it3 of the W.911-oellod. type and does not 

ossi 
3. Unoesified cartilage from the distal parts of 8-day embryonic" 

limb-bone redimente, may ossify during cultivation in vitro and. 

the original cartilage may then be completely removed from the 

shell of periosteal bone by invasion of the rrounding conn.eotive 

tiseue. 
4. The early (5-6 day) femur rudiment undergoes extensive histologioal 

development including ossification when ou.ltivatod in vitro. 
5. Undifferentiated. mesodere from the 6-day embryonic mandible ossi- 

fies during growth 1.11 vitro. 
6, eeriosteum removed from 6-10 eay erabryorde lieb-bone reaimente 

if:1 able to ossify in vitro, 



2uriotAeura frurf late on.bryoo fìi yoang chic-go grow pre.rucoly 

in 'vitro but only Oß1f:tcL íA ran) caseri, prol3al-i1 y owing to SEATO re 

elarav-gG boinas Inflicted mechanically on tile octoeblazttic layer 
vizzo.n. ptr,1:?ping away the tough , firrnlj nttochoG flbrowl membrane. 

8. IWO (enflooteal) osteoblasto aorivea fron the Tiv,versian 

s ¡vote s o 2° late ernbr,37o nio oarly po t-otab ryonic tniae reMily 
form bone in vitro, 



PART ""- 

0 -- GAN Li 1 6 
.." ----- O G3 A VITRO 

114. 

Oblect of e-rimonty: To investigate tho importunoo of extriwAc 

£rì in tho avvolorcent of grom zlmtomioal for.T. 
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Olapter 1. 

91'..ac anatomical &oval° od 

IntrodactioK!. The solf-ifforontiating capacity of the iaolat9d 

bud of the wbryonic fowl her) boon investigate& mainly by meamT, of 

grafts. a-purling ('23) doscribes a case of accidental but succoss- 

ful autotransplantation oE the posterior limb-bud in D. foul embryo. 

Murlay and his collaborators (Murray and Huxley '25, Yurray '26, 

3e15y and Eurray v28), using the method of chorioallantolo grafting, 

havo made important contribution to our knouledgo of the davelon- 

mental mochnnios c,f taa orly avirNn ana as a reault of their 

invostigatio5L2 they have shown that the undifferentiated limb-rqdi- 

ment is a self-differentlating gystam. 

The develoment in vitro of the undifferentiated limb-buel was 

recorded by 8trangeways and Roll (v26)w an the results obtained ill 

this study are described bolov. 

Material and met2olc5, The limb-buds for xplantation were obtained 

from ombryos of 72-1iours incubation. 

Yho culture me dtam consistea of a mixture of enbryo oxtrct 

and plasma diluted, in the earlier oxysirtments, with Dannett 

Compton' s isotonic salt solution; the ingredients were mixerl in three 

different proportions approxirv,toly as below, :- 

Medium. 

1. 
2. 
3. 

Blasma. 

7 drops 
0 arops 

10 dropu 

Emb. Ex. 3aline. 

2 drops 50 rlrops Tor tube 
8 drops a 

10 drops 0 " 
Ef 

x Ny personal ahare in this work was the histology ana part of the 
ticaue oulture. 



w,J.all centrifuge tubes w©ro em.hlf3yed as culture ='na 

th.o. medium was ?la.oed. iss thoeo allowed.. to clot. relium i, gave 

rlroo to fibrin clots floating in a l arem quantity of serous f]u ir. 

rii01.1131s 2.forCld soft jolly cCrc rG a73:;: E layer of suYÿBanf 
fluaap LC9 _ men= 3 tough clot with g more l Zlá, of!' supernatant 

fluid. An er:bx:T o was removed and bath. the E?,ntzr3.tär and. posterior 
limb-buds were dissootc:d off froY.L orte sido of the body - usua.11y the 

right:, Tho buds on the ag,pocite eid.e wore fixed. in Allerz'S soloation 

as controls. no buds to be ou.lt iva. ted were ea.cr. placed in a se:%>-_ 

t rr:.f;o tube on the úv.rfa4e of the meal= and the tubo was then ti ,9?tly 

eorkx0_ a In all, 67 cta.ltures were prepared, of which 50 gave tiatioo 

fac t,. ry groco ths d ;, s. .1.affito cí;.ltiva ted. in medium 1. some é?.me o aaZ2urAa 

to th9 clot but more frequently sank to the bottom of tho tabe, whilst 

those grown in media ú. and. 3. almost always remained on the uurfaoe. 

The cultures wore periodically cb.an;ec1 into fresh rneéa itvo n iu9 

the cerl ior experiments this was done at in.te s^vals of too to three 

days, but in tho later half of the work regularly every 48 hoo rs o 

The explants were retooved from the o1d plasma by weans of awid.e- 

mputhed pipette, washE:d in a drop ©f 4ayline in a hollow-ground. s13.d.e, 

and transferred to on of a new e,or3os of culture tubes. 

At different perio-d.s of growth tT,o -3xpi.ante wero removed. from 

the culture tube with wido-- wßtT.thed pipette ana fixed lmmeiß.a.te1y 

in Allen's modification of Bouin.' s fZttf,d warmed to 38o Cs Complete 

:3Qrâ,al eoctions both of the oT:olants aW'xac' of the control. 
were out, and stained wIth iron hawa.toxylin either alone or followed 

by vex Giesor4's g*.,ain, haerna.taxylirs on eosin or Mallory's 
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The structure of the limb-bud at the time of exIllantation. The size 

of the limb-bus of embryos of 72-80 hours, incubation is variable 

ana may be greater in an indiviaual of 72 hours than in one of 80 

hours. The largest limb-buls asea formoa well olongb.ta 

projections from the body wall, whilst the smallest were almost 

inaistinguishable with the nakea oyez most of taea very minute 

Tt..-rig 4 

Drzmixe of 80 hrs. abryo showing the limb-buds (r.a.l right anterior 
rep. a right posterior 

buas grew and differentiated in vitro almost as readily as the larger 

raaiments. In most cases the limb-bus were intermeaiate in size 

between these two extremes. The controls (Plate XXIIi. Fig. 1) were 

fauna to consist histologically of completely unaifferentiatea, 
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eether loose mosenchyne, in whieh wore numerous irregular vascular 

ereees; even in the lergeet lean the mesenchyme showea no in of 

beeoming donee to form preoartilage The ectoderm was two-leyerea 

ena along the outer margin V7a2, thickene4 to form a faint riaco. The 

anterior bue nee very imiler in dhlepe ana structure to the posterior 

maiment, but was s/ightly 

Observations on the livin exelants. During the first few days of 

life in vitro most of the exeaanto 02owed ontwandering of cons fron 

th ut urfaoe, but later they venally, though by no means invariably, 

became rounded off ana eovered by a continuous membrane of connective 

tieeue or weithelium. Liquefeetion of the fibrin in the immOlete 

neighbourhood of the expiants almost aleays occurrea. In most caeos 

growth proeeeaed until the oontinued retiler 

leee ectively until tee ninth or toxin lag, and then aiminishel until 

it became inappreciable and in some case probably etoppea alte,ether. 

¡then cultivated in medium 1, the lim-4..:Vreae, at first solid, after e 

ehort time usually became cystic. Sometimes a thin-waliea vesicle 

alTearea as a bulge on the aurfaoo of the expiant, whilst in otber 

ceeee the enUxe growth gradually became hollow, giving rise to a 

uni- or multi-locular cyot with delicete translucent walls. This 

cystic structure usually develoeeP very rapialy, and many of the 

exrlents were completely cystic by the third aay of growth in vitro. 

Such vesicular coitTires sometimes attainea a consiaerable size ere3 

the lergost, which was fixed after 20 lay' oultivation in vitro, had 

reachea a diemeter of about 4 met. Those but growine in medium 1 

which remained solia aid not enlarge to any great extent. With media 

3. this cyst formatior eae not nearly so marked.; only to com- 

pletely °yeti° culture were formed, ana the majority of the exelants 
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either remained solid or riftiowol only slight cyst-formation. Unlike 

the solid explants grown in a thin medium, those cultivated in the 

lass dilute plasma grew rapilly awl sometimes increase& to several 

times their original 51780, AEI differentiation proceedel, cartilage 

began tD form ana the oartilainous nodules cortid usually be faintly 

listinguiShel in the living tirmo, 

The histological development of ths exrlants. An stated. in the 

description of toohnique, two types of dense medium were employed, 

one more solid tì an. the other, but as both gave essentially the same 

results the growths will be lescrlbed in a sircle series. 

In the younger exiants, i.e in those whieh had been calti- 

vatod for not more than four lays in vitro, it was usually Possible 

to distinguish roughly the original-contour of the limb-raliment and 

to determine which was the proximal end and which was the distal 

region of the buWt awing, in the first place, to the persistance for 

the first few lays of cultivation in vitre of 'that riage of thickened 

ectoderm which runs along the outer margin of the had, ana in the 

second place, to the Met that the cut surface of the bud usuallv 

became attadhea to the clot of fibrin by the ontwandering of- the 

mesenehyme cello, an a uas thoreforo not covered with ectoderol, Tho 

first sign of tissue differentiation appeared after two days, growth 

in vitro.- In two of the three specimeno fixed at this age the Meso- 

derm comrosing the proximal 
x 
part of the limb-bud ha l conlenseet into 

an oblong mass of cello representing precartilage (Plate XXIII. rig.2). 

This elongated mass was slight17,; broader at one en6 than at the other, 

the larger end lying near the cut surfoo of the limb-Wud. It txx 

7 1. -./MagIatiler.0-01-..M.SIO 

x The words "proximal" anE "distal" are need with reference. to the 
original relationship of the limb-bud to the embryo, 
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1ntore;tiï o 1)to that as regards both shape and position in the 

limb-bud. this block of precartilage resembled the earliest rudiment 

of the posterior append.icular skeleton in the normal embryo. In ors 

specimen ano the r small LIO or or less spherical no u].* was si tun. tee.k 

near the larger extl.. of the main mass of precartilape, The p;enere,1 

troma of the explants .,,7:as compose&i of nettvork of stellate cells, 
as in the normal early ilmb. There was oomytaratively little cell 
degeneration, ana. mitotic figures were ve ry ;amorous in both the 

mesoderm and. ectodent. The vascular silEiSet3 were -.3E)on as irregular 
branehixt3 cavities and. wore considerably d.istereed. 

fte 'W.tree dayo,, cultivation in vitro the cells occur:712r the 

central repoton of the precartilaginous mass became less detwely 

:-,r107.i.:0 a to gotho-s, enlargel somewhat and at the same time became 

slight17 flattened in a direction at right anF,leF4 to the long axis 
of the mass; at tho periphery the precartila7o fa ?1e into undiffer- 
entiated mesencIttme. 

By the fourth day of cultivation the greater part of the pre- 

cartilage had assuno d. the oharaotar of early cartilage, In the sin- 
gle speolmen (Plato III. Vig. 3) fixed at this stage of development 

the skeletal mass F:3 was broken up into a series of oblong sewents. 
One of the nodules (o.1) was situated. at the extreme end. of the 

orp1ant lu wkot appearee. to htave been originally the proximal por- 

tion o:E' the limb-bud., ant consisted_ of fairly well developed. earti- 
Inge. The adjacent cartilaginous segment (c,.2) 1.tas also oompara- 

tively well aifferentiated. towards the riroximal enA, bat about half- 
ay alons its lengto, it was still at the precartilaginous stag°. Two 

other mall skeletal masses were present ih ti s culture which aro 

not 2.5.oian in the figur.e. The histollgical structure of the larger 
cartilaginous nodalo: in this specimen was almost identical trith that 



of the pooterior anpendicular Skeleton in a normal ambryo after four 

dayoT incubation. Tho priaoipul differeneo ilea in the fact that 

in the normal eabryo the radimente 07 D perichonarium aro seen, etilst 

in tho culture there was no sign of such a etructure. Chondroeenesis 

in th o oxplant aloe rebled t'ao :oroces in the normal aebryonie 

aieb in that clionlrifiention wan rost advancea in what was originally 

tile basal region of the limb-leid. 

In cultures which han been groving in vitro for five or Prix 

day the aartilago wan fairir veal aeveltele. The ectoderm haa also 

unaergene a certain amount of differentiation, ana the superficial 

celle showed comronning koratinieatien. At this stage, aleo, various 

ereae of the eetoter m began to Show a eecaliar cystic structure, 

which oceurred to sono extent in alroet ali the limb-bua culture°, 

sometime on a very extensivo ecele. 

By the seventh lay after explentation the hietelogical etrue- 

'Laze of th cartilage showed a comparatively Wivenced stage of 

ferentiation, and tile cells were soperataa by broad partitions of 

matrix; the ohonOroble.ste themselves, however, showed little struc- 

turai change. The oayrcdlage near no perip:Icry of the noduloo 

was of the epithelioid typo but hal a fairly Oelotinct outline, and 

aid not merge into a mas of e.nlifferentiated oienchyme as in the 

younger culturee. 

After the seventh day of growth in vitro, the lidbebude unOer- 

went little further develoeuent, although/might continuo to exist 

in a comparatively healthy conAlition for another fourteen dayo. 

Mitosis usaally oecurreL to some extent, even in the oldest cultnro 

(plate XXIII. Fig. 4), but as a rule diminishod in amount after th 

tenth or eleventh day of grauth. In the oldest culture here wan 

ueually a greater quantity of matrix present, but otherwise the 
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hiutolocioal structure of the cartilag howed little ohange FInd 

the large vacuolated eel's characteristic of normal ossifying carti- 

lage were not present. In the older specimene many of the nodules 

were partially or completoly overe by a perichonitm Mate XXIV. 

Fig. 1) oomeosed antiroly of fibrous tisuae. Which on tde inside 

faded into the cartilage. Ossifioation was never observed.. As the 

perloa of oultivation lengthened the amount of white fibrous tissue 

in the strena inereased and a close network of white fibres were 

formed (Plato IVO Pig. 2). Differentiated muscie was absent iu 

all the explants. The keratinisation or the epidermis continued 

aii tbe amplante became invested by a stratified coat of horny niat- 

orial whioh became progreseively thiCker as the age of tho culture 

amvancoR. 

The shape ana arrangement of the precartilaginoao and cartilag- 

imoum noaulos in different liMb.1t a oultures was by no mean oemetant. 

In moat cases, hoEever, it was foum to conform to one of three son- 

oral types. he first ana moot commoi2 of these, which night 

termed the "axial" type, was ver:i veil illuetreted by the four days' 

ola oalture (21ate AXIII. Fig. 3) deFcribea above. In Lac:, cases 

the cartilage consisted of (1) a single rod, or (P) of two or three 

elongated eartilages set end to end, or (3) of an elongated oreltilage 

at one emd of which lay 0134 or moro irregular nodulos.(Plate XXIV. 

Fig. 1. ard Elate XXV. Fig, 1). In the iecon type of arrangement 

two rounded nodules of equal ol unequal size lay side by eiae, anq in 

the third type a single large module was present (Plate XXV. ig.2). 

In a raw of the explants the netributiom of the nodules was quite 

irregular. In some of Uheso specimens (e.g. Fig. 1, 2late XXIV) in 

which the axial configuration of the nodules was most marked It was 

found that the degree of differentiation of the cartilage was oon.. 
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siderably more advanced at one onl of t xplant than at the other. 

ne eotoderm in maw of the eultares gave rise to oorlo an 

oollq tubules ranni1k 3 into the 'substance of tee growth. Some of the 

cerde became transforreed into epitheltal cell nests. These bodies 

ware solia spheres of tisume compose of concentric layers of flat- 

tened epithelial °e11. 8eve3al of tho matures were completely or 

.eartteAlv levoia of an epidermal eovering ana oontained instead a 

largo coto0ermal sae entirely enclose by the connective tissue of 

tha exelant (Plate =II. Fig. 5). 

The cmitureo grown in a thin medium (21ate mi. Figs. 1 noel 2) 

differek from those grown in a firm clot (1) , in diming a emeater 

tendenc7 to Qt-formation; (2) in the comparatively noor develop- 

ment of cartilage; (3) in the relatively slight keratinisation of the 

epithelimm investing the older oulturese an a (4) in that all the tis- 

sues were mom liable to degeneration, Of the sixteen mocessful 

cultures, three only were solid, four were partly cystic an a nine 

oompletely eystio. 

The anatamical structure of the skeletal tissue formed in the exnlants 

no cogrearacl with '011at of the normal embryonic limb skeletun. in the 

case of the cystic (=plants cultivate& in mediwn le there was no 

resemblance ln shape or mutual fermnganent between the cartilage 

nodules of the oxolants axle'. the love/opine cartilage bonne of the 

normal embryonic lidb. In 21:4 of the younger ana nine of the olaer 

exlaants cultivated in media 2 an,7 3, however, the nrecartilage or 

cartilage - Whichever happene to be rresent - Showed an axial 

arreenzement; in suCh cases it woula seem that a morphological 

relationship ala umayMbtealy exist botieeen the akoletal tissue of the 

eeplants and of the normal linb. AG in the normal limb-rudiment 
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(J4ha,3oia, 1883) au elonaatel oonflonlatton of losenc'Ayme appearom 

in what was originally the -)roNAnal region of no oxplanted bal, 

ani gralually extenied towards tho lintal part; this mass usunlly 

became sablivilea into two anl sometimes three segments, segmentation 

beginnina in tho .ro2ftma1 yart of tie bud., sa in tho embryo, In tho 

explants, however, the ETTOSO InorCo1o3les1 levelopment -orooWel no 

further although the cartilage continued to /ifferentiate histologi- 

cally for same time longe r. nis arrest of the anatomical lovolop- 

ment of the akeleton in the oxp.lanteil limb-bua may be explainal as 

renown, In the cultures,growth and aifferentiation both proceelel 

at oonoVoralW less than the normal rate. Daring the first three 

aays of lifo in 7..i.i;r3, growtA ara. ifferentiation 1E,sTea behind the 

normal to about the same extent Soon, however, it was foun,! that 

aq oompare4 with normal devolopll!ent, the :proc et,z of tissue differ- 

entiation rapialy outstrippo that of growth; for instance, the ae- 

groo of histol4gica1 differentiatio21 of the cartilt,ge in an explfInt 

of slavoa aayst growth might approldmetelv corresponq with thPt of 

tIn cartilage in the limb of an embryo of five lays' incubvtion, 

although thc e:z1)1ent itself was only one-thirl the size of the five 

aays old liub. In the culture, therefore, tho PrectexUlaginouF 

rudiment of the limb-skelelion, owThg to ito extramely slow growth, 

became cwmplotely chonrifier: low.; before it 1wì. hal time to elongate 

and comaoto itu segmentation in the nc?rmal way. 

Those cases in which the skeletoL'enouE tiosue of the explPntel 

faild to develop along normal line na;(/ probaly be ottribu- 

ted to one or 'more of the gollowing causes: (1) to tho aistottlon 

of the original arrangement of the mesonchyme rq internal cyst for- 

' mation or by ingrowth of en epithelial Oac; (2) to tho =plantation 
of an incomplete or damaged but; M to placing the bud upside down 
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on the sarfaoe of the clot; (4) to the bua beim cl000ly =belled. 

in the clot anrinP: sone stage) of aaveloment. 
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Chapter 2. 

Tho anatomioal develoment in ellII:L92:11e9samaalLiLams. 

Introauction. Demuth found that cartilaginous segments of the ombry- 
. 

onio limb-skeleton when cultivatea in vitro increased in length an 

for a time maintained more or loce their noemal ehape. Demuth pjves 

no information as to whether progreseive anatemical development took 

place in his cultures and. his illustrations suggest that the general 

folle of the rudiment uso alreaay differentiated at the time of ex- 

pUpatation. 

By the 7th day of incubation the gross anatomical structure of 

the long-bonen is to a great eatent already developed, oo that in my 

experimento on the embryenic femur (Veal & Robison '29) the rudiments 

were taken for =plantation at a very early stage (51 lays' inoubation) 

when their eharaoteristie form was not fully differentiated. Thie was 

done in oraer to determine whether the explants weld merely enlarge 

daring cultivation or whether they were also able to continue their 

genera anatomical aevelopment. Tho results obtained in this inves- 

tigation have since been repeatea ana with the aid of Dr. R,G,Canti, 

r000raed by mean of cinematogragey. They have also been confirmed . 

and_ considerably extended by the interesting researches of yurray 

ana selby (130) who use& the method. of ohorio-allantoio grafting. 

Eaterial and methods. The material ane culture technique employed. 

have already been desorfbed in Dart I. Chapter 2. As pentionea 

above, the anatomical development of the ferar in vitro was etudied 

in a series of exaanto obtained. from -day embryos. Many of the 

ezplante after being fixed in Zenker's fluid and washed in water and 

in alcoholic iodine in the usual way, were stained in dilute haema. 
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toxylin and wore then lehyarate, cloaroil in xwleno or °love oil and 

mourted whole in glass cells containing Oanaaa balsam. 

The culture whioh I prepare for einematography consisted of 

a 4i-aLay embryonic femur grown, hy ns, watch-clarz toorlicfae. In 

orOer to permit of illumination fror, leloc the Toto.-;law woF not 

painted black ana was place& over o eircalrr l!ole cat in the emAro 

of Who carpot of cotton wool coverin,7 the floor of the Petri 

The oxolanted femur was transforred to fresh meat= every AS lievrr, 

ca ro being to.ken at each transference to replace the femur in the 

oripinal position, i.e. with the posterior surface uppermost. Paring 

photography the culture was kept in a thermo-rogulater box at f500 O. 

ana lohotooralks wero then automaticol Rt intervals over a period. 

o 14 ayo. Growth as shown in thr filo is enormously acoelorrted 

ana 14 days/ development is coon in lons than five minutos. The 

photography was done enti:eelw Dr. R. G, Oc Anti on apparatus of his 

own design anci oonutrnatIon c.n2 I ett inflebted to hin for the photo- 

graphs shown in Aato 1n-111, wbieh are token from h1í ()inane 

lieoalts,. The gross antomy of the oxplants was stlaied Dartly 

by observation of ne living oultures and partly by means of the 

serieo of Whole mounts. 

During cultivation in vitro the majority of the isolate d. femora 

which, as stated above, showed an average increase in length of 226%. 

develeped their dharacteristic sharc to a remaltable extent. (Plato 

XXVII, of. Vigo 1 E4 6 and Plato LVIfl af. Figs. 1 CI 9), 

i!hon first explantod (0-day) the 51-day famur of the normal 

embryo Mato Mg. 1) was a cliort thick roa showing at tho 

distal end two rounded, processes representing the developing cordyles 

ana at the proximal end two rather mailer knobs, one of which, pro- 
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jecs ti.ng somewhat at right angles to the shaft, tr,e.s the head. and the 

other, more terminally ia].aced nwa;s the early trochanter. 

After 3 days' ©ultiva.tion (Plato XXVII. Fig. 2) the condyles 

had assumed a more deii:.i.te "14e,q e 

a l no 

the heal ani trochanter were 

iore eronounoed . The 7 lPM ler at the middle o f the shaft ;m s 

only slightly larger than at the time o5' es.olan te%i.on but cr n- 

sld era,bly increased in the two e eîbz %ole.Z regions. 

yy 

By 

ay.seopu,§t t},he a],5°gth 

in vitro (la.te XXVII. Fi; o: ) 

$ the characteristic N.4.l ®y-.6.l1'io form o> f the ,nondTlFii: S:"j.'.% very ~iwjti5360 7. 

The head. was also fairly well deFulea-oed but the tr<)oha.nter was ti?meZly 

lesr,, marked. The oon.]vgle , head and trochanter continued to oniei^go 

d uri sr szhsev8nt cultivation but showed no further changes in 

1.,. YX)..ä . F«ÿ ' fti.S, 

. 5 Gi 6). 

Daring cuiti.vati.on in vitro the Qxplanted femora di/ not 

i.ncreare in width to the same extent i.n all regions (Mate WTI. 
Figs. 2 r'? 6). After the tâ.rA , lay in vitro the li.aMeter of the 

femur at the centre of the &aft ia'?em:sod very little and in 1',-9ay 

exria,nts was only about 2 á;; larger t"lar , at the time of ex .iRn?'ne t-i_an. 

On the other hand, the di.a.meter of the proximal epiphysis in the 

saal o ox p].a: xits usually eni jrgE3d by e. t least î3059 and the listai ( L o n - 

(1,7].ar) opiphyai.s bc at least ].ay: : of their original sioe. T:zi f., 

difference between the relative growth rates of the opi.rhy sie1. er2 

diaphysi.a.3, diameters was greater than in normal development, n.1. tF .eagh 

in vivo also the percentage increase in diameter is much hiLher in 
the fïi;?hy;i; than in the middle of the shaft. The relatively 

creator size of the epipßy7eR in the =planted femora was }7r4bebly 

ave pertly to the limited. periocteal ossification and partly to the 

absence of a marrow ..avïty. Octi3ficr,ti.on in proaaoes e, maim 

of tra.beeular bone in the interstices of the raei;ï'aork of periostoal 
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b1)00 VOS20.1, whilst tho rtingo in tbo Shaft Is removal aril 

r000laeed by tbo exTmaing marrow cavity. In vitro, on the other 

harl, ossificattor gave riso meroiv to a gingle compact layer of reri, 

ostosl bon- cona latorni 02-Dens-ion of tbo shaft ooull orly have 

token place by the growth of the highly differontiatel, largo-co/lea 

cartiingc of which it was composefL Tt ma5 also probable tilat tin 

was11-oollea cartilage of the opiphysis actually grew rore roaRily 

in vitro thon tho o9rt1lage of tho shaft: tMs was 

cato( bj tha fact that one of tilm, com7ponest form or rbnormoAity 

encountlred aoiong the explantaA; re,,orn was ar atterwtion of the 

shaft correlatoa with th o presoroo of relatavoly loro;e, mushromT-like 

opi-ohysos (Mate II. Fig. 4). 

A ninority of tho explantoR faTora showea mark. 

of which th e oommonest farm has beer doscribo q above. Tivistiros ana 

liotortion of the shaft aoroToo occurred. which was flue to 1.o 

eaNloes. Tha first of those woo tbe outgrowth of the epiphysiFA 

perichonarium into the fibrin clot; ir same oases this outgrowth was 

so prolific Sa to vnchar poll o-iphysiT firra: to tiv, molim so that 

increase in tle length of th o eoul0 oni;o take place by borling . 

Tho seoon a (glue() of distortion vas t'oe formation around the haft 

of extrenely tough ban as of fibrowt tissue which, extelAing 'oet:een 

ana attachea to the epiphyses, lirerroit e6t the femur fror,, elongatim 

aioro it nomai axis. As provions17 stat(0., tito ocona ftotor 

couJog be largely elilqinatod by rolo.ovi ra. ao ranch of tho zone of out 

as possiblo transferring the explant to froh modirtm, 

aril Ville preventing the formation of av, increasingly largo masr of 

organisea. conneotive tissue around the famur . 

in the oinalua rii u (Plato 1:17111) the anatomioal dawolopment 

of the fmur rudiment which was rather less differentiate4 than the 
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majorit7 uf tboee ln the uevies Ieeeribed above (Plate V/II, Vtg.1), 

is very beautifelly emoitrat1. Ile the feleur rapilly elometes 

the mall, knob-like rudiAente bulge up on either side of the mlettel 

extremity formines between then - ,T;e11 larked interoonlyier notch 

Mate XXVIIL. /t,. 6) - a struct,Are whieh is inlistin'silahe,ble nt 

the timo of explantatiou, vhil;1 t th prozima ena the bead '14 

troehanter ara seen gralualle pashine ontwarda. The relativo rro- 

portione of the different eacta of the faerur altor daring cultivation 

aa described in the case of ne previous aeries. The general form 

o the expiant loos not cheenge very markedly after about the Ath Aay 

of cultivation although enlargement continuer: until tho nna of the 

culture nerio l. lerowth ie seen to he most activo during the earlier 

part ef the culture peri0a, anl to be greatly nminishca "ey the 14th 

drv. At about no 7th day (21ete XXVIII. Fig. 4) An opacity Riverra 

on the 9arface of the eI811e region of the diaphyeis and probebly 

represente the onset of elsification. The film rase shove very 

stxie:ingly the pertial li. faetion of the clottea medit by the 

Emplant anl the prefase outward eligration of the connect ire tissne 

cello surroAnding the eartilage Cato XXVIII. Fig. 8). 

,ILTEIRKLILE: Reaults (Part III) 

1. Undifferentiated limb-bude from ambryea of 72 hours' incube,tion 

Whon cultivated in vitro frequently show the early itago; ia the 

development of a normal lirdo-kikoleton. 

2. Femoral rudimento ioolated from day embryos usually develop 

a remarkably normal form during cultivation in vitro, 
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tho _ff3eto5.' controllhondroienaeis The problem of the relstive 
imrortanco of intrinsic anti extrinsic factors in the primary evelop 

7. (3D. t ILI the 1 ¡rib -.P.1". ei eton has been aPmirably Cui byrarray and. 

seroy ( T30). The authors state Vo..at the questio n. to be cons1.3.ered. 

"is whether th o linb-bnl at a, stage prior to the origin of chonflro- 

gene,sis contains cells which are speolfic4l1 y leterininsti, for cthoMri- 

icit1oi ox whethc.r those, cellri which later take fart in the fJnna- 

tion. of the cartilaginous skeleton 4.re inq..ifforent, so that the 

nature of the Rifferentiation fleperas wholly upon oonlitions 
extrinsic to them". 

The fact that unlifferentiatel 1imb-bui mesenchyme ehonlrifleD 

roalily in,vitro enables us to ezeluAe several possible factors 
which might otherwise be rega.rol. 73.rtly or .. 1710 1/7 reoponsiblo 

for oartilage-fornation in no ay,7o- It is obvious from the 

writer' ti3sue otature Eizparine:o.ts that ohoxiarogenesiz 1 E.', not fluo 

to the influence of a ciroula tion o:r nervous system nor, since on.ly 

a few, soatterea myobla.9ts eTh\Telopol Ir. the 1ib-lu flture 19 it 
One to mechanical con.q..itions resultinf: from simultaneous myogenesis 

in the surrounM.,in7. 110.90derr . 

it re-yoains to constlar whother th.c,we. are arty other extrinsim 

fac tors orizinati witlyin the normal whioh might aloe 

operate 1.1.73.R.or the conntiom of. gr. ov;th in vitro. In this connection 

T,Tnrray an Selby point out that "the cells which give origin to the 

manbranous aria cartilaginous skeleton oocum P. nentral position 
arouni the axis of the bal. Whatever the nature of the extrinsic 
factors [if any] may be it is- ovi5ent that they are associatea with 

this position, for other,vise chont7rification would occur in the 



leo- 2 , 

per/ ioral as well as the central cells". If we are to 2Er2e that 
the environmental coiiitîon ( mechanical or oto 51c) of the coils 
occupying tho axial region of tlte normal limb-bud., incluce 

cation, we y.:it alm) be able to conceive of tho existence of corms- 
ponailc conelitions in the (3honarifyin7, ex.raants. In the case of the 

tube cultures of anti ro 11b-1u ets nuf rro lug ty c growth 

tide preit o clifficulty but at first sight it is. laot ea E;:y to See 

how intorns-'1 environmental contlitiont: equivalent to those present in 
the interior of the norma1 11b-raliment coa1 6. poE3F.ib1y occur iv. the 

coverslip au1ture2 of limb-buls which., as aer:.;cribeeL above, chon7.rifioa 

T11:11,0 t courEle of exILLnEdo 11 into tb.in sheets e VAlon first explanteil, 

however , the :Lib -u consi ell of a fairly comet ma s whioh 

aid not ..ipreaa out-very =oh urg the first 48 hou rsT cultivation 
EL 11d by the end of thie time the -precartilacinous conaensations ia 
usually appearel. The chonarogenic ti ie light thus 11,7,',ve been 

e term i r1; the first two aays in 71 tro when Vie oxivirnrer1 
corOitioni3 of the c110 oortain are ¡eight be nuch the same as 
In the a:î1 region of the noi]. -but . This, holvover, car& 

harrily apply in the case of the toaso6.. grown_ in a fluil 
rilealiz2; since in the same culture a relatively large ana. ap-parontly 

healtby explatt might show no trace of cartilage formation whilet a 

minute explant sOilletimee chonl.rifie 3709, ally. On the aasumrtion 

that ohonq.rogonwjis in ormal _eveloprilerit 1 nil.uce. by extrinsic 
faxtore associate& with an axial position of Via cc1i, r.70 Z'h01111 

have expecteì that all 'Ole large, but nono of the minuto expiants 

woull, fora cartilage. It therefore seemi-3 clear tlw,t the chonlrogenie 

cells muet be alrearly aetorriined., P1 theilzh histologically inflisung_ 

uishable, in the three-lay limb-bill anti are self-aifferentiating 
from talk--; btat2;00 If this oonclusio2a is true, th e failure of' 



of the explants to form eartilage woula be duo to the fact that they 

011,7 not contain chonarogenie cells whilst nose minnte exrinnt which 

chonlrified, aid so because they happened to be derived. fror a 

dfegonic area of the origin1.1 7md. 

It ie vor; possible that rt nn earlier stace of develorment 

ti-ose chundregenie areas of tee mesocerm may be (letermtned by eeetrin. 

sic 2aotors. In adult life, onrtilage can apperent24 differentiate 

as a reoult of environmental influence, as inEicated by the common 

ocourrenoe of oartilage in bone-fractures where t!'cre ie rovement 

bete-een the fragments, but how this flifferenti.etion is imAucel is not 
yet unloroLool. 

The signifieanco of the hypertrophic eboncroblasts. The most striking 

histological characterintic of opsifying eertiinge is the remarkable 

h7-crtrenh7 ant wonolation of the ehonlrobleete The Question 

wilnrally arises no to whethor thie histolezioni elleInge has ere see_ 

ore' n'tysioloqical signifieanee anc elso whether it is to be reeerded 

,t%r1 a ,/ogenoratIve nrocess or as n for!Th of nellul"r differentiation. 

The work of Robison sholo liett on the firnt yert of this 

problem. Robison ( '23) demonstratoR the presence of n rihosphetese 

in mammalian hone anA ossifyiwr cartilage. e an3 hi co-norkers 

(7.a P; Robison '24, Tiertinil Robison '26 ) adduced evidence to FOlow 

the,t this enzyme Is an aotive a,Lrent in ossification, effectinr the 

hyOrolysie of certain phosphoric neters supplied by the blood stream 

and thereby raising the concentration nr inorganic phosphate In tqo 

tinane fluid SD that solid enleim phosphate is denositea. It ese 

forme (Robison & Sesames '24, YertlenR Robloon '24, Robison 8 ,1 

eras '23) that then severely /Tahiti() bones were immersed in soin. 

tione of calcium Ilexosemonophosphate or ccicium glycerophosphste 
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leisosition of .-3a1cium phosPhate took place in the parl.enteum an also 

in the matrix of the proltforatinT ana hypertrerAc cartilage; on the 

other head, no aeposit was o71wIrvaa in the maall-oeIi cartilnge of 

the epiphysis, prom these results the authors 2,.yrwA10.et that the 

phosphatase is probably secretea both by the osteoblasts ana by the 

hyriertrouhic chonaroblants Vlit not by the small cartilage cello. 

An investigation of the fhosTAlatase activity of variouzl forT1 

of avian exelatal tissue both from the norlal anbryo au a from cultures 

in vitro seamea likely to wove interesting ana I therefore proviaea 

normal ana explantea materiel which Dr. Robison stance. from 'Elio 

point of view. 

Dr, Robi2onis first experiments were maae with the femur gram 

in vivo ana in-vitro (Fell & Robison '30) . Tho phosphatase activity 

1ms inensurea by the amount of glycerepllosphalic estor hyarolyse0 in 

24 hours at 37°0, aM iI 8.4, the results being expresse in mg. 

7kosphorus, The total hyarolytic activity (I) of tho normal fur 
at aifforent stages of aevelopilent was plottaa against the age of Ike 

embryos from wtich the specimens were taken ana an S-sharea curve was 

obtained rising friym zero in the case of the G-Ray femur to a value 

of 2.90 in the 2l-day bone. The ratio of phosphata activity T)er 

unit dry weight of the extracte femora Win rose from zero at the 

6th aay to a maximum of 0.17 at the twelfth lay, after which the 

value 6_0011218a. 



Duration of incubation (days) 

135. 

Produotion of phosPhataso in the faamr of the clilyibryonio fowl during 
normal Pevelopnert :in vivo. 

VhoFtE;"(1 
Mosphatase 
extraction) 

Iraosphatase 
Pry reight 

ror famiar. 
p,er mg dry weight of femur 

per mg. dry weight of femur 
of corrosponing unext-isotea 

Neighed after 

(oaloulated on 
femir), 

Tho phosrhatase activity of the ex-plantad femora at difteront otages 

of' growth gave similar results. The total phosphata39 activity 

plotte against the age of the culturas proamood an 3-S.Itarzd curve 

b1 zero in the case of the nomal 6-day femora tetod beforo 

oxplantation, to a value of 0.135 at the 27th day of cultivation. 

Tho curve of phoaphatase activity per unit try weight of the extraoted 

plant s showo d. a fairly stezOqr increase from zero at the beginning 
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of cultivation u,ß.9 to a maxi mxrn of 0.35 at the 21st day in vitro. 
he value theca decreased 'and this dirinntion corresponded with the 

of neorotlo areas in the cartilage. 
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?roRuotion of phosphatase during the development in vitro of femora 
from 6..day fowl embryos. 

A - Phosphatage per femur; given as the amount of hydrolysis 
(mg. ?) of sodiu glycerophosphate in 24 hours at 37°C. 
and pH 6.5. 

A/í .. Fhosphatase per mg. dry weight of femur (weighed after 
extraction) . 

Dc. Robison also investigated (Fell &. Robison '30) the hosa 

ph taso activity ink and in vitro of the non -ossifying part of 
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Meelzol Is cartilage ana. , a controls , o f the aljouent palato -quadrate 

which, as previously mentioned, is an ordinary ossifying cartilage 
containing hrportrophic ehonaroblact. It was found. that in normal 

flew olo -y.ent the non-ossifying eekel Is cartilage which, as (lase rib() d. 

in Part I contains no fareaf.-:1 of krrertrophic u012.11, gave a negitive 
remit gt every stage of growth from the 6th day of incubation up to 

the 13th lay nfto-r hatching, whilst all the rz,lato-cruad.rates tested_ 

after the 7th lay of incubation gave G. poitiv v.lu vhich in the 

later stages of embryonic life vas oom:TI.ratively h1 p;h0 

results =re obtainal with the explants., At the time of explanta- 
tion . e, 0 at the 6th day of embrifeni, .7..covelopinertt both Macke:11s 

cartilages and palato-c:uadisteR gavo a negative result. After a 

porioe.7 of 20 lays, cultivation in vitro, however, Dr. Robison Muna 

that -vvhereas the unossified Mech.:0,1E; cartilages still enowel no trace 
of phospha,tase activity, talc 313.3.4j).t1)-(211,aarate fi in Thich, as recorael. 

e,bove an area o hrpertrophic cells hsa aprearel d.uring growth in 
txo gave a value for glia s-pLatace a&tivity pe unit tars- weight 

TiUS even highor than thr,:t maxi.TIoni attained. in normal aevelopnent. 

'Lie higher volue in tau ox' ants 1-1,-a:» plobably due to the presence in 
the normal palato-oialrate of calcium salts aril of marrow which 

increased, the tin° weight without n c.i,)vresponi ng increase in phory.rha- 

tase. 
Dr. Robison also tested for pllosphataso (.Pell a; Robison 129) 

ealturas derived. from 'undifferentiated. mesod.orm, which as alroaa:y 
g.aseribel, very rare exceptions gave rise to cartilage of the 

non-ossifyi43 type. 'go phosphatase was formed. by such 

matolria1 . 

ltt" liebisongs results have male it clear 'Want prero of 

hypextrophio chondroblasto both in normal xL uxplantea cartilpfso 
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is always assoeiatel with the secretion of rhosphatase anj . thr,t, 
conversely, phosphatase is never proPuoed. by sDsa11-c,ellell, non- 

ostiifying cartilage. How much of the phosphate's() present in onsi- 
fying cartilage is formed tho hypertrophio chondroblasto nr.O. "low 

fauch by th.D osteoblastg it ig 1-,-.1possible to nay, but tae very Trif 77h 

eozintration of losPim tase in the ex-::_aantea pa1ato-(2.1.Rd.rat I;711ah., 

showed only very slight trace of 0 13 Si fiontion, 
11.3rpertroritic cells secrete phosphatage 

-11e in 'mart I, 
make it probable that t`l' 

actively. 
It is s ometin 0 El thoui tht chon(lroblas tic hypertrophy and 

the formation of Phosphatas° are dogerkarative phenomena ana. I myolf 
in earlier work (Pell '25) gamortel this Vi017,, The llypertrol:Lie 

eartilae co/is in tho normal long bones, at least in the miIlle 
region of the shaft, eventaally aua a shrunken zzui aistortel. 
appWìa8 Wilie 12 i undout teary degenerative, nnd it waLl therfore 
thought that tie ¡a:ace-ling rwo1iizì M vacaolation were merely 

earlier stages in the same regressive process. 

Ext`zlerimental retwitze 'however, havo compelled ime to i_ist3ard_ 

this taterprotation cliontiroblaEtic hypertrophy. It seeins :Lyoos- 

sible to explain the phenomo:aon as merely a fort of 19. 0e,'Orterati011, 

i12 710W of the fact that .1,,Ietelt:-3 ro?. and the palato-quadrate, 91though 

14) hi fit0 logical iífreren ce when finit explanted , invariably 
aelreloped th the one case, L-izaall-cellecI cartilage only, anct in the 

other a largo area of hypertroraic cells precisely as in normal 

develop:don't, although both o1 of rim.iments wore isoltAed from the 

boiy ana. growing in vitro undklr ii:ientically the same envirownen1 
coaetit,ions. If the hypertrophy were a 'degenerativc change, to should 

e2r,pect it to occur in unhealthy oultures of Meekel's cartilage. This 
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wgu never observeL, and in V-loree eeelents where cell degeneration 

Jecurrea, it always took the forr or oltrinknge. 

It =di! seem, therefore, not the appearance of hypertrenio 

eartilage represent true tissue lifferontiation and that re in 

most formo of differentiation, the histological aeutiny of t'In tissue 

is aeterminea before ito characteristic histological streetere 

becomes dietinguishable, 

Although the future hietoloical structure of the non-oaelfying 

,)rt of idedkelis roa ana of a future certilago bone nuCh no no eelato- 

euedrate or femur is egeearently firrly determivea by to 6th any of 

'ee:/o.eic life, yet &t an eerlier ntege of development the ultimeta 

otructure of the ohondroFonle tine of the U.oh-rudieent is Meter- 

leoo definitely. As desceiboa in ?arte II &ale II the 

ferentiated 34ay libb-bad ehon cultivate& in vitro, with rere ex- 

ceptions, gave riee to neaules of snall-cellea, nen-oseifying earti- 

laem. On the other hena, Eurray ana Selby ( '50) state that the 

early (2-day) embryonic limb-rut:I-lent, when rereovee from the teeelee end_ 

grafted on the chorio-allantoie 71e-branes, may form losoifyingy cr .. tie 

/age with typioal 4pertrophie eel's, ohowing clearly thet the leolatel 

ra,aluont, even at thio early stage, has the potentialities for Ito 

cherecteeistio histological differentiation when growing under wit- 

able environmental condition e. The "eistological similarity betreen 

fele nen-oseifvinc part of reckel's rod and the non-oseifying cartilege 

formed by the explanted 5-day limb-bed does not neoessarily mean that 

the teo typos of cartilage are Ventioal, ane it in probable that the 

eene histologioal result io aifferently produced in the tmo eaoes. 

The Zectore respollsible for determining whether ohondrogenie tissue 

shall dveelop into oseifying eartilage with the characteelstia hyper- 

trophie °ells are at present quit' obscure. 
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If the development of the hyPertrophic cartilage cells represen 
a r:toer.731fic etifferontiation, the nest question to be considered is at 
pa)" 1.1 e cells play in ossification. I thought at first that they 

111 ight 'be, co ncacrtea in some '.7ey with the earliest stages of bone-forma- 

tion, but since tie 'bola:tad 6-day eMbryonie periosteum readily foams 

bone inyit3,-o when de'orived of an. ase:ociation with the cartilage, this 

is obvioasly not the case. It is coneeivable that as the osteoblastic 
:L er of the :mrlosteal rudiment :,7.ove1opis rari passe_ vdth the hyper- 

trophic cartilage, the latter rfiay in3uce- th o aevolop...aent of' th e forrner. 

This, however, i pare SNcuintion aria at present there ..ao evidence 

ao the fanction of the hypertronil c.;:hondroblatAs in osteogenosis. 

The ritture and function of the osteoblast Many views have been 
-111..s1A.17,-,..amixs ..32112.03 

ezpressed as to the -.oatTkre anJ function of the osteoblast. Accorling 

to t1),--..t classical theory osteoblasts are hoalth7 cells conctit1.7.tirr, 

a specific 7iisto1og1ca1 trre whom?) :primary fit:notion is the formation 

of bone. Some workers on the other liana, regari bone-formation as 

the result of a degeneration of the ostooblasts, whilst Leriche an61. 

Policard ,28) maintain that tlle ostsoblasts are 'merely altero6 fibro- 
blasts and that their formation is only the Secondary result of ossi- 
fication. These authors state VlAt the oreation of aa ossifiable 
mellum aria rrGot33eow3 0011,aelf1ra tiO erfN5 to be the consequence of cir- 
culatory changes" and they consiaer th.at the aproaraneo of oteo 

deposits expressos , n s'710 rt .reactionary attempts o 

against the preosseous transformation tf.o.i.ch congeals their meRimr.". 

Leriche and :aaicar a. even affirm "that the cell is injurious to 'hone 

since, on resuming activity, this cell may cause retrogression of 

Vac) bone",, Greif; ('31) largely onaorsoo the con.clusions of Ierielao 

jr:elicard, ant believes that the osteobla4,3ts aro iflentical WIth 



fibroblasts and aro not essential to bone-formation, their 

Riointogration proi3uctrl ma7 in ame way assist ossification. 

Vhe rosultz recor9.o Th this thesis strongly support the ortho. 

Pox view nuaol, that the osteublasts in normal oeteogenasis are 

halt ells whoce speoifio fr.nctio is bone folmation. 

In the case of adult bono, tho extreme hardness of the inter- 

oallular matericl renlers it i.opoFoible to obtain an accumts oyto- 

logiool pioture of the ostoo1'1 a5,ts va7 bona oells and it is therefore 

very difficalt to deter:tins vhothor theoo elorzents are healthy or not. 

Tho colbryonic E;koleton of the fowl, on the other h!ond, can be stuPioP 

'oy =roluate cytological ,00thods anP in thio oorto-lal tl:ere is evi- 

donoe that the ostoolaasto are ln any way doonerfote. They nay under- 

go mitosis even when enclose by early osteoi6 meltrix, the nuclei 

ohow no rocresoivo changeE, and in well-fixen moterial ¡Ito filamentous 

mitoChonOrie of the osteoblaotc and yoang bone Col] icrlay ro traos 

of Ifoxe granulsoo chEnges whiel are ususaly one of the first sic.= of 

cell degeneration. Moreover, as described in 2art Ile unhealthy 

oultures of endosteum formed abnormal ooteoid tiosae oir, thilot 

active, healthy growths gave rise to true ot1cifie(7_ hono; this would 

be niffioult to explain on tho acmImption that coil degenexatioz pro- 
motoF_ ossification. 

Mat the ooteoblasts are Filecific bone-formin6 elements Fx1?1_ are 

not Phsio_ogiolally iEonticWi with aloroblasts, is inaioated by the 

fot that bona only aifforentio.tod in vitro when osteoblasto or pre- 

sumptive osteogenio cells wore present in the original explantc. 

Ordinary conneotive tissue or, as desooibed above, tio fibroblastic 

layer of the periosteum does not ioin bone tlring oultivation, so 

thqt any possibility of the osAfloation of the explanted osteo,olostic 

tioae being caused by the enwironroontal or meohanical oonaitionD of 
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growt7t 1.:12 vitro trar, 

51-,e fact that very active ooblnotic proliferation tons to 

be associete0 with rolativel rifl.cation or even with bone 

rnEoxption, is no aviRence 'Mint tbe octeoblasts ere antagonistiø to 

ossification as claioaa by Loriche una Io11car.m It is known 

that ln vitro very active proll.feration in any tissue ic umelly corre- 

/otoa with miorganirWl cell migration and absence of histo/ogll 

rArnoture - a general principle wbiob 1 111uctr7ted by culture!: of 

osteogenio tissue. As praviously statea, in cultures of 6-any emb- 

ryonie periostettu, peripheral orzificfztion centres always appearea 

later than Mips° in the interior of tile expiant; this was probably 

:fue to the faot that the cellfl composiw3 the original margin of tTlo 

culture, being in a- state of active rroliferation and nnorganisel 

growth, were unable to eUfferenti9tP untii, after successive slIbcul- 

tivetions, they haa ctotad to form part of the oone of out, rowth az0 

become incorporatoa in tao inner, organised region. Slmilarly in 

to endostoal calturo s. ossification always began anq was most advanced 

in the middlo of tho culture, where mitosis ana cell adgration were 

miniNal. 

If bone is formed by ostooblasts ana the octeoblasts re-nrosont 

a specifin histologiaal type, we nre iFteea with the difficult Droblem 

() a.etermining what factors am resonsible for the differentiRtion 

of VIO30 cells. The innmaerabl ex7imples of tile occurrence of hetero- 

plastie bone-formation in adult life, show clearly that ()ells in 

ordinary connective tissue, umeor certain condition, uan be transforriled 

into osteoblasts. Wo have yet to discover the mturo of the co-. 

itions. It is found that many cases at least, of hoteroplastio 

ossifieation are associated with a previous deposition of calcium 

salts in the tissue and. Greig adduces considerable ovidence in support 
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of his view that a 13 OWL c;ala3_.f.le orcess ic Q- Nnle.rnental factor in 
inducinr; ost.ongerosiss This, however, can hardly apply in *i.e case 

of the ow si 'fT".Snti; cultures of r,ranni'? :9l:`?,r mA sv l.@ u or of 6-flay c:,rThr1yRà nit$ 

rericastem Which. han. nover been in contact with cnlca FioC?. .aF2 te'.rial. 

either before or r"urirv oiatiivatictn (the I.izr,'swc.-a-rtilage or 6-1.a71' fowl 

Ed-o.br.yo s is no t calci fIca - 12.1121_2''a1l she>:3 ob nervation) . Until 
further ir.fo renatio n Trds been ob tai rel it is impossible to ft3 rf , a:ïn to 

ary satisfactory the*ry concerning t?.`io c:au.E'es of oW teobltNs tic li f f;r- 
enesiation, at present tho a:sotrrtaima facts cannot be correlated. 

r, kde exact noture or the osteobla stie; influence in bone, -ti.ev e1op_ 

rent is also very obscure. Robison has shown (Robison ;:, 730) 

t?dá úth.o osteoblast of avian i7tÆ}ll:brane 'bone, whether groiin;; i 
é72 vivo 

or in vitro, actively secrete a p:b.osgdatano but this cannot be their 
only f.uneition 1n usteca3eLesis since the or;teoia matrix (collagenous, 

fibres çNn'd idtorfiixrillar cement) as formed, before re calciaam phosphate 

1E3 '1E11)0 sited. (21-Lo mesh.anisl. by which the asteoblasis produce this 
ostecoi . matxi= mat' is not known. 

The aratomical Agv©.ti lopment in .. via.atxo 
.D. 

o...._f ...t.,_h...e m onlimb-skeleton. 
Tho results recoraea in 2art III show that the embryonic liffb -spei eton 

of the fow1, possesses a remarkable oaraQitF for anatQr?ic;al self'-Piffcar- 

extiatïo np As sï.escribaa above, the uAani f ferent-i atel thre e; -3ay 1.imb - 

bna may exhibit the earlier stages in the fezrmtio:n tif a normal stole- 
ton, when growin3 ahmt from the boc?dd arta cut off from a b100,. n ro. 

nerve -supply , but the dev ogdont 3,hz vitro caf' rt;r:ted,ical form st311 

more strikingly aeoonwtratea by tho ex.rZantea femur. Although lepriveà 

not or.. of a vascular system a.n7. rrrvoi?s connections, but also of 

ndseally adjacent okeletal run inents ana, vdi th the oxoe pt3.c n of a few 

isö3.atoo. nlu.ecio fibres, of association with the limb musculature, the 
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femur. ral.iment. is able to continuo ît f-...nstornical a.evelopment In vitro 
along the same Ei..,eneral lines as in t'.h.e normal limb . Much of the 

superficial sculpturing of the normal femur is anacul tealy due to 

niochanical factzr.-3 such as musc-alar contraction ana. pressure, an a. is 
not soon in the (=plants but the ffer.entla tio n of the gene rt11 s7hape 

of the, cart:ilaginons ratiiment is clearly shown to be inaoponaent of 

nochanical influ.encos, P, conclusion which has also been 

expro,ssed. by Murray ana So1b7 ( /30). 

Although the form o f the cr tilar :C OMIT X' ly 

diffe:ront ti lag , the archite tare of ti o- bone 'by whio7r1 it if7; normany 

replacet is probably controllo d. entirely by extrinsic factors. Toth 

vivo ana in vitro the bono is acpositea, as in a mould. between 0.e 

fi bro laye r f the porios teum ana. th o cartilarsinons r.u1.21inent but 

wher,7-.ias in the normal limb, the bone soon b000mos trabocular owing to 

tb.e 1:cerowth o bloori vessols 1.nto Vac otoobitTtic layer of the pert - 

°stern in the cal tux. es it pe rsi ots. as a Sing10 COITIpa0 t laye r 
point 3;1 out In Part I 0 ssification fl.p.00ars alwa:srs to oflo ti TolFIne 

of least ._:!..colotance. 

I uhoulei like to acknowledge my floe-o, inflebtoqnoss t:o the lato 
157r. 2.13.:?.6tranu;avays who taught me the tisfmo culture toohni,Ilie c-na 

who o 1npirz . .';:Loa i.vi tti a, to a investigations de se rib ed. in these 

page E.4 

tli SO w1. 1 to express my th,Pmks to Dr. R. Robison, 

1.1iisfo J. J. L Nixon. ana Dr. F.G.Spear for valuable constructivc 
rit1oiu during the writing of this thesis. 
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All the drawings were made with the aid of ) camera lucida or a pro- 
jeotion apparatus. The Tihntamicrographs are by Mr. V. O. Norfiela, 
Stramoways Research Laboratory and Yr. R. P. Hudson, Departmnnt of 
.sa,t7Aology, Oaabriage UniversiV. 

Abbreviations 

am. amnion . 
auoeboia celloh 

art.c. articular cartilage 

he bone. 
base of lb-bna. 

b.c. bone cell. 
b.m. bone matrix. 
b.v. hloo vessel. 

c, cartilage. 
eo. condylo. 
aa, calcification. 
cads. calcifiel area. 
cart. cartilage. 
c.b. cell boundary, 
ceDt, centrosome. 
ch. chondroloG. 

cork. 
Gem, culture medium. 
C.o.(171. central osseous 

UJ/inP01'. 
c.t. con1a3tiva tissue. 
cy. cyst. 

ayto7llasmic proceqs, 

d gegenerato cartilage, 

ob. onflochonAlral bone 
oc. ectoderm. 

ectoaerm . 

ep, epiphysib. 
op.t. T9ithelial Who, 

f.c. flattonoE shonaroblasto. 
fi, fibroblasts. 
fib. fibrous layer, 
f.l. fibrous layer. 
f.t. fibrous tissue. 

Golgi. apparatus. 

h. 
Haversinn suces. 

h.c, hypertroljhie6 chondro- 
blasts. 

hupo. hypertrophied cells. 

1.c.t. ingaaing connective 
tissue cello. 

k. keratin. 

marrow. 
ma. matrix. 
m.b. membrano bone. 
m.o. Mockel's cartilage. 
m.c.d. marrow cavities of the 

diaphysis. 
m.c.e. marrow cavities of the 

epiphysis. 
mose mesenchvme. 
Li.. _ mitosis. 
mr. cells of the marrou 

retioulan 
myoblastu . 
mitochondria. 
nucleus. 
new bone. 

my. 
mch. 
n, 
n.b 

eke. osteoclast. 
o.c. ossification centre, 
o.a.t. outwanaerjalg cionnovo 

tissue cells. 
o.f. osteogenic fibres. 
o.1, osteoblastic layer . 

o.m. osteoid matrix. 
cr.b. original bone. 
est, osteoblasts. 

osteoiff tissue. 
o.t. osteoid tissue. 

P. 
p.b. 
Poe 
-ooh. 

p.q. 

periosteum. 
periosteal bono. 
precartilage. 
Derichondriun. 

lato quadrato. 

r. terminal ridge of cote- 
dorm. 

rt. ring-like thiokelainr, 

st.mat. strands O. matrix. 
0.G. mall chonCroblrts, 

t. trochanter. 

g..".c. zone of flattened cells. 
z,h.e. zone of hypertrophieq 

cells, 
z.o, zone of outgrowth. 
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!Lai, a 1;7esenohÿe cells frJ: the storioJ.° l.r,iba-Luc of an err Farn _ 
¡¡ t: 5 2 ïfL jL 1 Yç Te the completo .t ' .V tUCñ f gi epe ryf VC of each cell l 
(7. Yoi? haeZato if), 

O 

Bar.l;.y C;G r ti1age ce.LLL> from the T:lädal e region. of the skeletal 
ro_aimont in tie poste._t.or limb of a4,':_apy embryo. The ce1127 Pre 

elongatet'. at right angles to the a.Xis of the limb (inqi cateq b arrow). 

(iron b d eme, táa xyli n ). 

Section of tibia from a 5-i--day embryo ( this e ifuv:t 1" 

aLfiJAJJ.fii:a.1. T well. i3.eveltlyf.iCïd for its age). mc first i.11d.iVia jj%.V p of the 

t<':. re e, zones tJ 1chá3 n?irG n la s ts can be rl is t:? °: mi ï l aF(2ea ar_t? s3 layer of 
oarly á; steál-ä.t1 tissue. has been derositeR. over a, lame part of the 1äa- 

p'z,JTcial. region. The peric:hearadriu.m covering the future aiaphysis is 
äifforentie.ter3_ into an inner ostooblastic ayi.?'c an outer fibroblastio 
coat. '.ehe opîphysial region is still continuous with the Nurrour,ling 

undifferentiated mesoderm. ; s0 d e rm . ( iron 
c=eratoxylin 

). 

Ilypi i ASV y.)ti4d collo from tho middle J egiV í of the 

racá.us of a ó 71- -4.ay alz i,;xTo (cf. Fig . 2, same scale). Note the vacuo - 

:iatoc'' cytÜ plasm , large clear nucleus , vesicular contro some and lang, 
stout mitochondria, (iron ha:3P3.3. fiisa4s'? in j ,. 

á:iháJnlroblas ts from the zone of flattened cells in the sane 

radius, drawn to the same scale as Fig. 2. (iron, ha e.;2a tC3 4j 1, i Zz. ), 

rig. 6. Rounded cells from the ea;ïph°-ysia.l region of the same rEo.lus 

drawn to the same scale ac rig. 2. (iron haomatoz,:ylän.) o 

}-12pá.physäal ehond.rra b1a st o from ono of the phalanges of an 

11-flay embryo ab,owing Golgi apparatus (fixed by ?}a 7axiß's r!etháZ4 

toned. and faintly stained_ 7.7,ith raet:hb,-l4ne blue. 





Fig. 1. Hypertrophied cartilage cells from the middle region of the 

femur of an 8i-aay embryo shoving deTenerative chalices (shrinkage of 

cytoplasm ana nucleus, enlarreee!orA of centrosume , and reductioT. in 

number of mitochonaria). (iron 7eaefeeete)sylin). 

Fig. 2. gypertraphied cells in the tibia of a 14-day embryo Showing 

the dense Gelsi apparatus. In this specimen (fixed by Da Fano's method 

ana stained with methylene blue) the matrix appears as a close sponge- 

work which is well seen in the capsule cut tangentially. Note the 

strand of matrix passing from the surface of the chondroblasts to the 

intercellular partitIons. 

Fig. 3. Young cartilage fim LT specimen fixed. by Da Fano's method. 

an stained with methylene blue. ITote the Golgi apparatus in the 

eons and the loose spongework of early intercellular material, 

Fig. 4, Early bone-formation in the middle region of a posterior 

phalanx from a 93--day embryo, Delicate lamellae of osteoil fibres 

are seen among the osteoblasts, (Telloryts triple stain). 

Osteoblasts applied. to e trabeculum of bone. (iron beloma_ 

teze;lin). 

ri- 6 Younis bone, cells from the fibula of an 8i-day embryo, Clewing 

centrosame, reitochonaria and cytoplasmic processes penetrating the 

ground substance of the bone. (iron haematoxylin). 





Mate III- 

'1- 1. Oartila[g: r000rption in the titio of 14-lay embryo. The 

1-qtrix onolosoa by the periosteal I2ono i bti e4cavatei without 

2iol1tancain onlocbonlral ossifiwtion as in narnals (:lalloTy is 

trlijo sin:1n)- 

Pig. 2. one of logeneration ßt no c,rosion surface of cartilao in 

the course of resorption, from the femur of a 14-lay embryo. c Vle 

right aro soon aiointasrating chonlroblasts ana aegenerato coll!:, A" 

tho marrow roticullim ana to te left the normal cells of the invading 

marrow (iroh hnomatoxylin). 



p". 
r'.........a..., 



1 Section through the corAylo anel en a of tale femur of 

a chick, sh.owing the articular cartilage, epiphysis, inter- 
mOiate cartilage cont9,ining flatten& I. ce11 ant T1aphyia1 cartilage 
co ntsining hy-pertro:phie cel10 Iiote aleo the alaphysial eri- 
hysil rIELTTOW cavities anii the early enloohonl.ral osPification., 

(riellory's ta:*.l.ple stain). 

2 0 tea elas t from the tarso ta reus of a 10-1---flay embryo 

hou the swollen anEt listortea raitoohonfiria. The, cell bounflaries 

are still clistinTqia'aable in plaoes. (iron hamato2-7:,711:0,) 
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2late V, 

ElLaa. Longitudinal section through the mannbular Skeleton uî a 

15-day embryo. Bote the rod, of unosUfied cartilage enclosed by a 

Sheath af membram bone. (alloyl'i=4 triple stain), 

2. The articular° from a two-day chick showing oifying wrti- 

lags. (photomicrograph). triple stain). 

The distal part of Leckel' cartilage fxoll, tae same oick,, 

showing the absence of ossification in the cartilag (photomicrograph). 

(LalloWs triplo stain). 

2k1.1. he aistal part of Meckel's cartilage from the same chick. 

"iote the small oval chondroblasts which present a markej contrast 

to the large vacuolated cells of ossifying cartilage, cf. Fig. 5. 

LthotomicrograPh). (Mallory's triple stain). 

Fit. 5. Ilypertrophic ohondroblasts from the articulare of the same 

chick. (PhotomicrograPh). (IJallory's triple stain). 
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Il.ate VI. 

rig. 3 a Early o steo id ti ssur from the manaiblc of a é-aay embryo 

(ljhotomicrograph). (safranin and pioro-inai^;o-ao.rmïne) 

Fig. 2, Kemb:cane bone from the itíana$ble of an /1-day em;_;x-yo 

( rho tc,tr.iorograph ) . ( s6 franir anR ric á o -inaigo -carm3.no ) . 

Fig. 3. Membrane bone from the mandible of a 14-gay embryo 

(photomicrograph). ( sa franin. end : ic xo -1naigo -Ca1m ino ) > 
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:late VII. 

Fii Whole-,mount o a 48 hour culture of unaifferentiatal 

bua mesenchume, Early precartilage is present but cartilage hEm 

not yet aevolopeR (ailute thlonin). 

Whole-mount of a 4.--(1ay culture of originall7 nnaifferentiaten 

1173-bal_ mesonchyme. Note the small noaulo of cartilage, the matrix 

of ich shows the characteristic metachromatio colouration (111ute 

thionin), 

holo-mout of a 6-6ay culture of originally arRiffermtiaten 

mesenchume, A roP.-lrzo noule of cartilage has been formen 

one en q of which is Sharply 7i7marcatoI. from the ETarrounffing tissue. 

(Mate thionln). 

Wholemount of an 84-m_ay culture of originally un6..ifferenti- 

atce limb-baamesenchymo, Note the largo, ensely stajnea noqule 

of cartilage which has nevelopoa i vitro. (lilute thionin). 





21Lto VIII, 

Fig. 3. .Jection through a 7ú-ay eultaro of originally undiffer- 

entiated limb -bud re z;onohyme );ote the large nodule of healthy 

c!,rtilage, dons() mesc of fibmaa ti3arue and abAndant zone of out- 

growth. Caafranin and picro-indigo -carmine) . 

zioation through an 84-ay ogltare of originall,y undiffor- 

entiated 1 i -bud mosenchyme . A lar,30 -1q13 of re1J,ti voly heal thy 

cartilage has beon formed lurinj ealtivation. 4nd 

indigo -carmine ) 





.:-.1ato I 

Fig.].. Section sowing ossification in a 7O-ay culture of 

embryo cartilage (Ito. 5). Note the comparatively thick layer 

of bore . (safranin an picro-inalgo-carnine). 

'1R.2 Section of an 84-ay culture of embryonic cartilage (No. 1) 

showing healthy bone which has boon forme a in v:1tro. The cartilage 

has completely aisappearea from this pert- of the ex:plant ana the 

cavities in the bone contain loose connective tissue awl occasional 

osteoclasts. (haomatoxylin ana van Gieson). 

Fig. 3. Soction of a 70-lay culture (No. 2) originally of embryonic 

cartilage. An irregular mass of well levolopel bono has boon le:posi- 

tel. in vitro an,7 the cartilage has been entirely removea. Note the 

abnnaant zone of outgrowth. (7allory's triple stain). 

Section of an 81-Play culture (No. 1) of originallj unliffer- 

entiatel limb-bud mosenchyme. The section has boon maae through the 

apey; of a nolule of cartilage on the surface of which a thick aeposit 

of bone has been formol. (Mallory's triple stain). 





IlatO 

ri.i. section of an 84-aay culture of originally unaifforentitea 

lirdb-bud mesenchyme (No. 2). A layer of bone has been leposized 

over the surface of fert of the cariAlaTe; the oartilagn cover. by 

the bone has been partially excav-Itea by invaaing connective tissue. 

(haefEatoxylin anl van ieson). 

riT. 2. Section through the same culture as that shown in Fig. 1. 

wt .71 the well aevelopea layer of bone oontainine: typical bops cells; 

the cartilage is being invaael ara aestroyed by connective tissue. 

(safranin an-1 picro-inaigo-carmine). 
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Plato XI. 

Iot Tc embryos from whioh thaeo f000ra were taken wero maritally 
subnormal in development. 

F1.6;7 1, eection of a normal Tamar from a 6-ay ambryo. The femur is 

comp000d oV a very simplo typo of cartilage which dhows no hyrertro- 

phiea. cello ana no difforentiation into epiphysis and iaphysio, 

( safranin and, pi cro -inaigo -carmine ) 

F 2. section of a 6-flay e4Abryonia femur F,,Ttor daye' cultivation 

in vitro. More matrix is present than in the previous spedimen ana 

indications of a differentiation into opiehysis, zone of flattoned 

cells and zone of hypertrophiea cells aro seen. 

Fig, 3, Section of a 6-lay ambryonio femur after 9 days' cultivation 
a.- 6 +2.11: 

in vitro, Tho region of b7oertroekin5 colle is now fairly aistinct 

aff is overlaid by a delicate layer of very early bony material. 

(haematoxylin an6 van ,.lieson). 

Ai_ 6oction of a 6-ay oebryonic femur after 15 aaore' cultivation 

in vitro. The =plant is sabnormal in aevoloement as compared with 

other explants; the zone of hee)ortroealied cells is not grotto 09 07- 

tensivo as in the 9-day oultm.re ana thore is no definite ':ioanmory 

he opiohyelo an aiaehysio. Uote the large size of the epiohy- 

sial regions relative to the haft. (Mallory's triolo stain) 

5, e,eotion of a 6-aay embryonic femur after 21 ,nere, cultiva- 

tion in vitro. The eoiphysis to sharply marked off from the dia-ohy- 

sis by the zone- of flatitened cello; a sheath of bone invests the 

extensive zone of hypertrophiea cbonlroblaste. (safranin ana_ oioro- 

indigo-carmine). 

Fire. 6. Section of a 6-day aooLonia fomur after 27 clays' cultiva- 

tion in vitro. (safranin ana picro-inaigo-carmin0). 
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Plate XIII. 

tla.1_11, Longitudinal section through the normal palato-qaaarate 

an1 Leokol's cartilage of a 6-day fowl embryo (uontrol spocimon). 

The throe reeiono of small, flattened and hypertrophie cells have 

not yet appeared in tae palato-quaa.rate, tne histological struoture 

of which is almost inditingaishablo from that of the aajacent 1:eckel's 

cartilage. (Mallory's trip stain). 

Fig. 2. longitudinal section or au axolant of the aistal part of 

Leekel's eartilage from a 6-flay edbryonic jaw after 20 Clays' aulti- 

vation in vitro. This expiant was obtained from tho same set of 

embryos as tho control shown in Ag. 1. There is no airferentiation 

110,4) tha three one or a,all, flattened anti vacuolated hypertrophic 

coils seen in nor,Aal ussifjing cartilage ana the histological strac- 
tho 

taro of tho explanted Uockel'a roa resembles that of/normal specimom 

shown in ?late V. Fig. 1. (ofranin and piero-inaigo-earmino)e 

o,oction through an elodant oZ the palato-quadrato froriL a 

6-lay embryo after 20 days' cultivation in a watch-glass, of. Fig. 4. 

The expiant was taken from the saolo sot of ombryos as the two pro- 

oein3 speeimens. Iota the throe zonos of cartilage cells (small, 

flattoned and hypertrophie) which have levelopea aaring eultivotion 

althoor,h (cf, control) t'oaso regions wore not differentiated at nu 

time of explantation. This specimen also shows slight periosteal 

ossification ovor the area of hypertrophic Galls. (safranin an 

picro-inaigo-oamine). 

4, .)ootion of o /lama' palato-quadrate from a 15-day embryo. 

17o to the zonos of oLail, flattened anq hypertrophie cells ana the 

poriosteal ossification (photonierograPh), (safranin ana picro- 

inaigo-carmLne). 





Plate A1V- 
caursaanlesta-arl.....-seerSearzleaco. 

Fier / seotioL of a normal (control) tibia fron 

6-lay embryo showing the general histological structure of the Swart. 

(Effafranin ana picro-inaigo-carmine). 

Fig. 2. longitnainal section of the miAlle region of the opposite 

tibia from the same embryo, after removal of the 17,er1ostaum for 

e7m1antation. The esteogenic fibres an part of the osteoblaotio 

layer remain alherent to the cartilage. (safranin ani picro-inligo- 

carmine), 





?late IV. 

Camera Lcita ketchou showing the lc,velopment of an 

')85-lificat1on centre fIPPearea in the culture uaac f:com the 

raentary pariostaum taken from the tibial fragment :SILown in 

flat XIV. Pig. 2. The plate of bona which aifforontiateE luring 

cultivation shows three concentric, ring-like t'Ackenings, each ring 

corre ponling with a uaboulture, 

Vig. 6. Section of the same culture a:ma after 10 lays' growth 

in vitro. (plane of section at right angles to the plane of tbA 

coverslip). (safranin ana picro-innge-oarmine). 
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aLate "LTI. 

Pig. 1. Longitu Alma section throu gh. Ñ. normal (control) tibia from 

a 6-day fowl embryo . rfo te the rt-).4_ientary per io o tom con po se on 

an outer fibroblastic and inner osteoblastic coat, and the layer of 

osteogenic fibres. Dario stem!, from the opposite tibia of the 

same embryo was explanted in vitro an6.. is represented in Fig. 2. 

f :ea n -a nd. picro-indigo-camine) 

F1E2 2' 6ection of a periosteal culture made from the eorreponing 
tibia to that shown in, Fig. 1. Tb,e 0 i 171011 VEU-1 fixed after 13 days' 

growth in vitro. :Gate the bone which hgo develOpoa during cultiva- 
tien. (plane of section at right angle to the plane of the coverolip) 

(franin and. pïcro-iMigo-carrnbo Y. 

Fig. 3. 6oction of a 10 of periosto= from a 6-ay 
embryonio fair. ir this specimen both cartilage and bone have 

ileveloped as indepenflout nodulos. (plane of section at right -)upion 

to the plane of the coverslip). (laframin and picro-indigo-w,rilino). 





Ilato 

Iongituainal seoidon of L Lomal (ooiltrol) tibia fror,i 

10-day embryo. Vote tae fibrous and osteoblastie layers of the 

periosteum overlying early bone trabeculae. The perLosteum from 

tho opposite tibia of the sama embryo was ezplanted in vitro and a 

cultaro is shown in Fig. 2. (14;,:fronin and picro-indigo-earmiao). 

8oetinr of R 6-day peTlosteal culture obtaiaea from the 

corresponding tibia to tnat shown in Fig. i. Dot° the compact 

ofication centre which aTvelarea auring cultivation. (plane of 

section at right angles to the plane of the ooverslip). (safranin 

aa3 picro-inligo-oarmina). 

Fig. 3. Longitudinal section of a (control) tibia from a lay-old 

chick. Pete the outer coat of fibrous tissue merging with an inner 

layer of flattened cells beneath which lie the osteoblasts. (safra- 

nin and picro-inaigo-carmine). 





?îF. 1 - 4e 

nate XVIII. 

2hotomicrographs of a living culture of tibial one 

fvom a 21-day embryo at different stages, showing the formation of 

bone by enaosteulA. The c,:lture .was obtained from the same tibia 

as those shown in .late XIX. Fire 1, 2 & 4 anal ?late XX. Figs. 1, 2, 

3 & 4. 

L. 5 aays in vitro, irktmodietely befole removal of the origineI 
bone fiEWRITT- 

2 Same eultnrr,, 20 hours after removR1 of the oricinal bon°. The 
hole left by trlo removal of the bone is still eerì 

5. .;amo culture, 5 aays after rentovai of the original bone. note 
the mass of net7 bone which has developed in the mile of the 
tissue. 

4. Same culture, 7 days after removal of the original bone. 
this stage the culture was fixed and sectioned. A section is 
shown in Fig. 5. 

Section through central mass of new bone. (section parallel 

to the plane of tbc coverslip). (safranin and plarc-in7igo-carminc). 



ÿL._lE _i1-III. 



Plate XIX. 

Fig. I. Section of a 5-(lay culture of bone from the tibia of a 

21-lay embryo (piano of seetion at right angles to the plane of the 

ooverslip). Ena picro-inaigo-carmino). 

FiFr. 2. Same unaor higher magnification nao cells composing the 

oono of outmwth are mainly if not entirely erived from the Haver- 

sian spaCos Tot of the actual bone cells ara aegeneratc. 

Pig. 3. Sootion. uf a similar ealtrre 20 hours after removal of the 

original fragment of bono. rote the groa s of ostoogenic fibres 

which have appogrel luring cultivation. (plane of section parallel 

to the Plane of the covorslir). (safTanin ana picro-inMigo-carmine). 

Fia. Soction of a similar culture 5 lays after ronoval of the 

original fragment of boric. To concentric rings of osteold tissue 

have been formel 'Arne the removal of the original bone (plEmo of 

ooction parallel to the plane of the eoverslip). (safrauin an 





Plate IX. 

Fig. 1. :iootion of a 21imilar cylto co, 11 days after removal o the 

original bono. Note the well novaopecl bone %Thiel) has aifferorxtiated 
during cultivation. A ,,itotio, figuro is seen in ono of the bono 

cello (plane or otiou varaliol to tIf.te plane of the ooverslip)<. 

(safranin and Dicro Mi. go -carmine ) 

Fig. 2, Section of a irlilar culture 21 days after removal of the 

original bono. A i7,911 developed_ n.od.ule of' bone ha s for.meff during 

cultivation. Osteagenesis h.as oeaRe . as indicated by thz sharp out- 
line of the bone. (plane of' section parallel to the plane of t'ho. 

coverc-1.1P) e (3afranin ana -oarrain.e) 

2hol;omicrograph of cult-axe treateff with von Kos a To silver 
:filtrate methoa, 8 aays after the rerao:val of the original bone (whole 

mount). 

4. :Photomicrograph of culture treated. with von KossatF.1 elThrer 

nitrate method, 10 days after the removal of the original bone 

(whole mount)._ 

PO 5. Section of a culture of periosteum from the tibia of a day- 

ole. ohiok, his peckolon was cultivated for 6 1a.7F.! after which the 

original Oxplaz.t was TemOVOi and. the zone of growth wao cultivate. 
for a farther poriol of 14 days. No sign of osteogenei i r;oor. 

anr7 only fibrous tissue has been formed (plane of section parallel 
to the plane of the coverslip). (safranin and. picro-indigo-caryiine). 





:Elate XXI. 

Pig. 1- OstooEMnesis in a bangiar-lror walturo of mosoRrm frem n 

tay albryonic law. The figures are drawn fron camera lucile 

ketches of a living cmiture arit were raft at lifferont stagefl of 

7rm:th to sh.yr the elevelo.pment of an oasification ntre. After 6 

flays' cultivation this specimen WAS fix ea. an sectiont:O., A. section 

is shown in Fig. 2. 

FiF. 2. Histological aection of culta;:e shorn in Fig. 1 after 

6 ?lsvs, growth in vitro. (iiallory's stain). 

Ihotamicrograph of an 8-aay coveraip culture of the soft 

tissue from a 6-ay embr7oric jaw. This specimer was stainei with 

flilver nitrate. arl ounte. 111,ole, An ossification centre, wIlich 

levnlorel during cultivation Etaine black with the cilver nitrate 

iniiicating that true calcjfie0 hone boil been forme.. 





110.1011=MIN 

Fig. I. Section of a culturo of -ianAibular mesoaerm from a 

wiry° after 2 lays' growth In vitro. Uote the to very early 

ossification centres which appearea (Turing cultivation. Onay a fow 

osteogenic fibres are present at this stage. (Mallory's triple vt,ain). 

171q. 2. tîun of a similar calturc after 6 .ay' growth showing 

an ossification centre which aevelopel in vitro he osteoi1 . 

tissuo has rcachel a higher stage of .ifforentiation than that repre- 

contoa in 7ig. 1, (Mallory's triyqe 

5. Section of a similar culturo aftor 6 days' cultivation. 

Tuo ossification centres anti a mall nogule of cartilage are shown 

(the presence of cartilage is exceDtional) . (Mallory's triple ntain). 

1:111. Section of a similar culture after 1,1 aays' growth in vitro. 

Tote tho.masa of trabocular bone which has etifferentitee_ rïng 

cultivation. 





Mate Lan. 

Transvorce section through posterior trnnk region of em7)ryo 

of 72 boars, On the richt-1n ff sifl.e of ti e fiTure is seen a -:.tlotion 

of the left rosterior limb-bua; the right posterior limb-buE 

been amputato l. for exrlantation in vitro ar0 is thown in Plato X. 
F14. 1 after 14 lays' aaltivation, (beematorylin an, eoPtn)- 

710' 2, Anterlor limb-bud after two 19.7s' growth in vitro . 

olongatel mass of precartilao, 1_119.tel bloeR, vessels ana tormiml 

r1,69_.e of eetolern. (haemato771in ana eosin), 

717. 3. P)sterioT limb-bul after four lays' aaltivation in vitro . 

ne zpooimen hero fi?Nrei from the oPoie embryo as the exfllant- 

re-orecontel in Pig. 2, Note the ti7e flualleq 01' ear17 or/riAln43-70 

showins the "nxial" t7rc, arrnngement, tho eetolerral sao and nass 

fil)rous tiSS'AC. (2:1aliory's stain). 

W. 4, Cartila7o cells from explant of 21 days' growth. Ms 

naeleus of one of the coils is in Fimarhase. (iron haemato7ylin) , 





nato LEV . 

2ort1ou of 11 days' oulturo of a 3-day limb-bud. Vhe 

noduloL of cartilage now the "axIal'' arrangoLtent. 10 t3 the UTkic, 

fibrous porldhondrium and epite11a1 tUbules. Caallory's stain). 

yAE,11. Stroma from explant of 22 days' oultivation showing denso 

network of fine uhito fibres, 





Fig. 1. Right posterior 11.mb-bul after 14 lays' cultivation. '',;f 

Plate. o 47ig. 1 which shows the left posterior (control) li-b- 

ba5 fr)m the same embryo , an no to tbe oxtails-lye f ferontiation 

bas taken place in vitro o The cartilage noaulor show the 

viaxial" form of arrangement. Vote the cystic c4Ivity, annse 171ac; of 

fibrous tissue aal kere,tin. (iron haeL-Ptaxylin). 

krplgliat after lo aaysl cultivation. This cA.taro is firmly 

embeaaea in the plasma owing to the outwanaering (uncontrolle6 7r owth ) 

of the connective tiisue; a single nolule of cartilage is present; 

there IS DO epithelial covering. (iron haematozylin ana van Gieson). 
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Plate 

Fir. . Barly cyst -fo rna tio n , owing ( bably ) to extreme illation 
of bloo,:t vessels ,in a Iti'lb-b. oultizro of 3 lays, growth in mc!litira 1. 

Lo to tho terminal riic t,f tha t73.1.cirze oo to lam (iron haom torylinl 

2. 2o-rtion of largoet ovnt obtPined; about half the section 

ie Efil own in thin fignre (of. ME te 77.J11, Fig. 1 Rrearn to tilo same 

oeale). TWO noaulec of cartilage are prooent in one of whio7o LT; 

cit-Pbo60ea a mall piece of coz hi oxplant Vie Zi c1ütiY9tOL or 

20 days in meflii,Tal L (.,12:nor, 1aiì). 





Plate XXVII. 

171 1, Normal 5--ay embryonic femur as lissected for exrlantation. 

j)rocea;oes re-oroseating Vao condylos, hoafl ant7 tcoah:inter are 

ffres.Int (wItole mount; dilute haematoixylin) 

Fig. Feal.ur from Wz-day embryo aftor 3 lays' cultivation in vitro. 

Tho conlTlos, heaa anfil trochanter are more aistinct. (whole u!ount; 

arolte haeolatowilin). 

Forar from 5j-lay ombrgo after 9 days' cultivation .1.2221i1.2; 

(whole mount; dilute haenatoxylin), 

4. Fur from 51-lay embryo aftor 15 aa7p, caltivc.tion in vitro. 2 

(whole mount . ililute haematoT.0i-f) 

17i. 5. Femur from 517-lay ei.K.'br.No afte 21 days' cultivation iu vitro. 

(whole mount; dilute haematoxylin). 

Fiun. 
. - 

6. Perror from 5--flay embryo after ei, 27 lay' acativatiou in vitro, 
- 

Noto to relatively normal agrenrancc, of tais femur an comparo& with 

the normal orocimen (rig. 7), It will bu seen that the increPse in 

width 1 mudh greater in the resiou of the eL)iphykie E. than in the 

miadle of the shaft; this is itioro marked than in the Loma' f;x UY. 

(whole mount; dilute haematoxylin). 

Fig.. 7, Normal femur from 27.1.-7 ambryo, (whole mount; Mute 

haematoxylin), 



(' 



-1Rto 

2hotograbhu of a living femur rudiment from a 4i-day embryo howing 
it enlargement an progressive anatomical leveleTy;ent (Turfing aalti- 
vation for 14 days in a watch-glass. The photographe are taken from 
e cinema film male by Dr. R. (7. Ganti, 

Fig:7_1. Famlir when first explanted. Faint indications of tUo con- 

Ryles, head an a trochanter are ¡ant distinguishable. 

Same after 43 hours' growth, immediately after the fire 

transference to fron mediUM. 

A.g.1. :Arne after 4 days' growth, immediately after the second 

tramference. Note the slight opacity in the middle of the shaft, 

which probably represents early ossification. 

4. E3rteric after (3 days/ growth, imediately after no third 

transference. 

YIP 5 sam after 8 lays' growth, immediately after the fourth 
4- 

transference. 

Fig" 6 Same after 10 lays' growth, le:Tmaliately after the fifth 

transferenee. The intoreondylar notch is now very distinct. growth 

has become much lc rapid. 

21E. 7. Same after 12 days/ growth, immediately after the sixth 

transference. 

Fig. B. Same. after 14 days/ growth. Yeto the zone of outgrowth 

from the perinondrial tissue (as the preceling 7;%otographs were 

taken immellately after transferring the ez7lant to fresh medium 

no zone of outgrowth is present). 




