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P R E F A C E 

At one time bone was considered as a biologically inert tissue, with one main physio­
logic function, the mechanical support of the body. During recent years the develop­
ment of modern techniques of investigation such as tissue culture, enzymologie and 
microchemical methods, radioactive tracers, electron microscopy and X-ray crystal­
lography, has resulted in a considerable addition to our fund of knowledge of the 
biology and biochemistry of bone, and it is now generally accepted that this tissue 
is a biologic entity sui generis. On the other hand, osteogenesis has been recognized 
as a highly complicated procedure. Several morphologic observations and studies on 
various biochemical reactions, enzymatic activities, and biophysical changes relating 
to osteogenesis have been published, but the intimate mechanism of this procedure 
still remains more or less unknown. One of the problems that has yet to be solved 
is the origin of the osteoblasts at the sites of endochondral osteogenesis. The principal 
opinions held on this subject may be summarized as follows: (a) Chondrocytes de­
differentiate into embryonic tissue cells, which give rise to osteoblasts.i^^- (6) 
The cartilaginous cells degenerate and disappear, and new bone is formed. Osteo­
blasts may develop either from the endothelial cells of the capillaries'*-i'^-1^* 
or from the undifferentiated mesenchymal cells of the marrow tissue, and follow 
the capillaries.2'· 126.96.58.26 Osteoblasts migrate to the site of endochondral osteogene­
sis along vessels that enter the cartilage from the periosteum.**- «β (d) Osteoblasts are 
formed by direct metaplasia of certain liberated chondrocytesi'-^-^^.eT.ioi QJ. fibro-
blasts.1^3 (e) Osteoblasts are a temporary modification or modulation of series of 
mutually transformed connective tissue c e l l s . I t is evident that the opinions held 
on the nature of the production of bone on cartilaginous basis are widely divergent, 
and, as often happens where knowledge is uncertain, these opinions tend to be ex­
pressed vigorously and categorically. 

The object of the present investigation was to throw light on certain morphologic 
and biochemical aspects of the early stages of osteogenesis such as may occur in 
cultures of embryonic epiphyseal cartilage of the chick. This paper reports and dis­
cusses the results of this study. No attempt is made to advance new theses. 





I N T R O D U C T I O N 

The research is based on observations of cultured epiphyseal cartilage from the 
long bones of the embryonic chick, this species being chosen because, technically, 
the isolation of epiphyseal cartilage is easier to perform in chick than mammalian 
embryos. Furthermore, chick embryos of suitable age can be obtained as required—a 
major advantage when large serial examinations are involved—and strictly sterile 
conditions are easier to maintain in the case of the chick. 

The epiphyseal cartilages to be explanted were generally obtained from 12-day-
old chick embryos, at which age the long bones of the extremities are well developed. 
In earlier stages of incubation it is difficult to effect a satisfactory dissection of the 
bones and to free the explants from surrounding tissue. At later stages medullary 
tracts perforate the epiphyseal cartilage cones. Cartilage cones from the long bones 
of 11- to 12-day-old embryos were found to be suitable for the purpose of this study. 

Skeletogenous material of the chick embryo has generally been chosen for earlier 
culture studies of osteogenesis; it is doubtful whether there are any essential differ­
ences in the process of osteogenesis in the various vertebrates. It is known, however, 
that there are certain morphologic differences in the skeletal development of the 
chick and mammals. In the former species, endochondral osteogenesis develops more 
slowly, and it is absent in all but the extremities of the diaphysis. As soon the forma­
tion of the periosteal bone is fairly well advanced, erosion of the enclosed cartilage 
begins, and it is not replaced by bony trabeculae as in mammals.** Moreover, there 
is no independent epiphyseal centre of ossification in the long bones of the fowl as 
there is in mammals. The ends of the bones remain cartilaginous for a while and 
provide for growth in length, but eventually they are ossified and united with the 
shaft, as its marrow cavity extends into them.^^ 

There are various accounts of the normal development of the skeleton in the chick 
embryo,""*ΐ· the most detailed of which is by Fell.** 

C U L T U R E M E T H O D S 

The culture technique in the majority of the experimental series was that described by 
Fell and Robison.** The culture vessel was a watch-glass enclosed in a 70 mm Petri dish 
carpeted with a layer of cotton wool, in the centre of which a large round hole was cut 
for transillumination of the cultures during microscopic examination. Five to 7 millilitres 
of sterile distilled water was pipetted into each dish and absorbed by the cotton wool; 
this provided a very efficient moist chamber. The explants were laid on a plasma clot. 
This was prepared on a watch-glass, from plasma, embryo tissue extract and Tyrode's 
solution. 
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In some series, however, use was made of a modification of the above technique,^^ 
in which the medium was fhiid. The composition of the fluid medium was the same as 
for the solid except that the homologous plasma was replaced by heterologous serum. 

Blood plasma was obtained by bleeding to death from the carotid artery young adult 
roosters, which for 24 hours prior to operation had been fasted in order to reduce the 
amount of serum lipids. The blood was collected in well chilled centrifuge tubes that 
had been lined with a thin layer of paraffin to avoid coagulation, and was centrifuged 
immediately for 5 minutes at 3000 r.p.m. in an ordinary laboratory centrifuge. After 
centrifugation the clear supernatant plasma was withdrawn with a large bulb pipette, 
shared between paraffined test tubes and stored in a refrigerator at 0-4°C. Plasma col­
lected in this way could be stored in fluid condition for several weeks without the addi­
tion of herapin or other anticoagulants. As a rule plasma was drawn two to four times 
a month to furnish the needs of the experiments. 

Embryo tissue extract. The extract was either freshly prepared on the morning on which 
a culture or a subculture was to be made, or it was prepared in greater quantities, filtered 
and stored at about - 15°C. In both cases 12-day-old chick embryos were used, with a 
few exceptions. 

Gaillard^^ found that higher differentiation could be obtained if dynamic media were 
used, that is, if the subcultures were treated with extract obtained from embryos of in­
creasing age. These observations have since been confirmed by other workers.^"*' ̂ "̂  Not­
withstanding these findings, static media were used exclusively in this investigation, as 
in the original method due to Fell. 

(a) Freshly prepared embryo extract. Ten to 15 living chick embryos, removed from the 
eggs, were deposited on a Petri dish, washed with Tyrode's solution and transferred to a 
large watch-glass supported on a Petri dish. With a pair of curved scissors the embryos 
were finely chopped (about 100 to 150 scissor cuta per embryo). The tissue pulp was 
transferred to centrifuge tubes. An equal volurne of Tyrode's solution was added and after 
mixing well with a glass rod the tubes were stoppered—first with a sterile cotton plug, 
which during centrifugation sank and swept away smaller tissue particles, and then with 
a cork stopper. The tubes were centrifuged at 4000 r.p.m. for 15 minutes in an ordinary 
laboratory centrifuge. 

(6) Filtered embryo extract was used in the treatment of some of the series becavise it 
considerably facilitates the work, especially when large series of explants are to be treated, 
and in order to avoid any contamination of the explants by cells from the embryo ex­
tract. 

Fifty to 100 embryos were ground in a motor-driven homogenizer. Tyrode's solution 
equal to the vokune of the tissue pulp was added, and after mixing the pulp was centri­
fuged at 4000 r.p.m. for 10 minutes. The supernatant fluid was pipetted and ultracentri-
fuged for 30 minutes at 30,000 r.p.m. and an average field of 78,410 g. The centrifúgate 
was filtered first through a one millimetre thick asbestos filter at a pressure of 9-10 at­
mospheres and then, for sterilization, through a glass filter (G5) with a pore diameter of 
1.7-1.0 μ. The filtrate was stored in a freezing box at - 1 5 ° C . This two-stage centri­
fugation and filtration procedures were found necessary because of the high viscosity 
of the initial centrifúgate. 

The embryo extract obtained by both methods was further diluted with equal parts 
of Tyrode's solution for use in the preparation of the culture media, or with twice the 
volume of solution for bathing the specimens before explantation or subculture (diluted 
embryo extract). 

Blood serum. The serum was obtained from horse blood and stored in 50-100 ml tubes 
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in a freezing box at - 15°C. When required for use the serum was thawed out and filtered 
to remove precipitates. 

Tyrode's solution was used as a diluting medium. It was prepared according to the 
formula given by Parker^^^: sodium chloride 7.7 Gm, potassium chloride 0.20, calcium 
chloride 0.20, magnesium chloride 0.10, sodium phosphate monobasic 0.05, sodium bi­
carbonate 1.00, glucose 4.00 Gm, made up to one litre with distilled water (normal Tyrode's 
solution). 

In order to promote calcification a number of series were treated with Tyrode's solu­
tion enriched with calcium. Calcium glycerophosphate was added to the above formula 
and the acid phosphate was omitted to avoid precipitation*^ (calcium-enriched Tyrode's 
solution). 

The p H of the solution ranged from 7.4 to 7.8, which is usually considered optimal for 
the study of osteogenesis in tissue culture. Yoshitomi.i*' however, states that the optimal 
pH for the calcification of femoral bones of the 5- to 6-day-old chick embryos is between 
7.2 and 7.4. Moreover, Paff,̂ ^^ working with femurs of 7-day chick embryos, observed 
that more bone was formed and more calcium deposited at the low p H 7-7.3 than at 7.8-8. 

Preparation of the explants. The epiphyseal cartilage explants vised throughout were 
obtained from the long bones of the lower extremities of living chick embryos. 12-day 
embryos were used almost exclusively (p. 11). The whole limb, including the soft tissues, 
was separated at the hip joint and placed on a watch glass containing diluted embryo 
extract, this then being enclosed in a Petri dish. The soft parts were removed with fine 
catarract knives and the femur and tibia transferred to a cover slip on a Petri dish. The 
lid of the dish was lifted and the dissection performed under a dust shelter. A dissecting 
microscope ( χ 30) was used. B y gentle manipulation with the two knives the periosteum 
was stripped from the diaphysis to the epiphysis and removed with the perichondrium, 
the articular cartilage and «, part of the epiphyseal cartilage. The thin perichondral bone 
cylinder enclosing the cartilaginous cone of the epiphysis was opened by means of longi­
tudinal incision, the bony layer removed by gentle scraping with the knife in the direction 
from epiphysis to diaphysis, and the cartilaginous cone freed. The diaphyseal end, which 
was generally perforated by one or more medullary tracts, was cut away. The remaining 
part of the cone visually had the form of a flattened cylinder, 2 -4 mm long and up to 2 
mm thick. When lower tibial or lower femoral epiphyses were vised the explant had a 
longitudinal depression in one surface, corresponding to the intercondyloid fossa. The 
dissected explant was then transferred to a new watch-glass containing dilute embryo 
extract and placed in a Petri dish. Before explantation the specimens were freed from 
particles of soft tissue by repeated vigorous irrigation with a pipette and changes of the 
bathing medium. 

Preparation of the media. Solid medivim: Nine drops of plasma for the original culture 
and 12 for the subcultures were deposited on the watch-glass with a pipette. An equal 
amount of dilute embryo extract was added and thoroughly mixed with a fine glass rod. 
The plasma coagulated within few minutes and a semisolid, clear translucent jelly was 
obtained. 

The fluid medium was composed of a mixture of equal parts of horse serum and chick 
embryo extract. One millilitre of the medium was pipetted on each watch-glass and an 
octagonal piece of lens paper, treated as described by Chen.^s was carefully placed on the 
surface of the medium. 

Explantation and subculture. Four of 5 explants were laid on the plasma clot or the 
floating lens paper in dishes prepared as described above. Each dish was covered with its 
lid, marked for identification and placed in an incubator at 37°C. Explantations were 
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T A B L E I . Analysis of 

Experimental 
groups 

No. of 
series 

No. of 
cultures 

No. of cultures from No. of cultures excluded 
owing to Experimental 

groups 
per group per group 

L . T . U . T . L . F . Mx. infection accident poor 
growth 

X V I , 1 -9 1 0 1 0 2 _ 1 0 2 5 0 1 4 8 

2 2 - 3 0 9 1 2 0 5 0 4 0 3 0 — 11 2 11 

3 1 - 3 3 3 3 6 1 2 1 2 1 2 — 8 1 6 

3 6 - 3 8 3 4 6 —. 4 6 — — — 3 — 
3 9 - 4 5 7 1 2 3 3 5 3 5 3 5 1 8 3 5 2 4 — 
4 6 - 5 3 8 1 4 1 — — — 1 4 1 3 8 2 3 9 

5 4 - 7 7 2 4 3 6 3 1 2 3 1 2 4 101 1 5 7 7 1 8 1 5 

7 8 - 1 0 2 2 5 4 3 7 1 2 0 1 2 2 1 1 8 7 7 8 9 11 1 

1 0 3 - 1 3 3 3 1 3 1 8 1 0 6 1 0 6 1 0 6 — 5 4 1 8 103 

1 3 4 - 2 2 0 87 8 4 7 3 3 4 3 3 5 1 7 8 — 2 0 7 2 4 1 1 9 

2 2 1 - 2 9 7 7 2 " 6 7 1 2 6 4 2 4 3 1 8 2 — 1 0 7 3 4 7 

2 9 8 - 3 8 5 7 9 " 7 9 7 2 8 3 2 8 2 2 3 2 — 9 9 1 2 0 6 

3 8 6 - 3 9 7 1 2 1 1 4 3 7 3 9 3 8 —. — — — 
3 9 8 - 4 2 3 2 6 2 6 1 — — — 2 6 1 — — — 

Diaphyseal 
series 1 4 1 4 7 2 8 2 8 8 8 3 1 2 1 6 

TOTAL 4 1 0 4 5 2 3 1 3 8 6 1 4 1 1 1 0 2 9 6 9 7 6 7 9 1 4 8 8 4 1 

Diaphyseal series are not included. 

performed every week so that at the end of 10-12 week period of observation a complete 
range of cultures at all stages was available for biochemical examination. With very few 
exceptions, cultures were transferred to fresh medium every third day when solid medium 
was used, and every fourth day in the case of fluid medium. 

For subculture from solid medium the cultures were carefully dissected from the net­
work of the wandering cells under a dissecting microscope with a pair of catarract knives. 
They were laid for about 5 minutes on a drop of diluted embryo extract on a microscope 
slide in a dish, the drop of bathing medium was changed twice and the explant again 
transferred to the surface of a freshly prepared plasma clot. 

For subculture of explants grown in fluid medium the octag.onal lens paper bearing 
the explants was carefully lifted from the medium with a pair of forceps and placed 
on another watch-glass in a Petri dish containing 5 ml of dilvited extract. The dish was 
carefully agitated for a few seconds. After about 5 minutes the lens paper was trans­
ferred with the cultures to freshly prepared medium. Five papers were usually bathed on 
the same medium. 
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the material. 

MEDIUM VAKIANTS 

Basal medium 

homologous 
(solid) 

homol. + 
heterol. 

heterol. 
(fluid) 

Tyrode's solution 

normal normal + 
calcium 

calcium-
enriehed 

Embryo extract 

fresh filtered 

102 

120 

36 

4 6 

3 1 8 

847 

671 

797 

114 

261 

147 

3 6 3 

1 2 3 

1 4 1 

4 3 7 

1 0 2 

1 2 0 

4 6 

1 2 3 

3 1 8 

8 4 7 

6 7 1 

7 9 7 

1 1 4 

2 6 1 

1 4 7 

3 6 

1 4 1 

3 6 3 

4 3 7 

1 0 2 

1 2 0 

3 6 

4 6 

1 2 3 

1 4 1 

8 4 7 

6 7 1 

7 9 7 

1 1 4 

2 6 1 

1 4 7 

3 6 3 

4 3 7 

3 1 8 

3459 3 6 3 7 0 1 3 5 4 6 3 6 9 4 1 3 4 0 5 1 1 1 8 

M A T E R I A L 

The study is based on observations made on a total of 4523 cultures divided into 
15 experimental groups, or 410 series each of 5-20 cultures. 1386 explants obtained 
from the Ipwer tibial (L.T.) , 1411 from the upper tibial (U.T.) , and 1029 from the 
lower femoral (L.F.) epiphysis of both legs of chick embryos were cultivated in 
separate series. A further 697 explants obtained from the same epiphyses were culti­
vated in mixed series (Mx.). All but 184 explants were provided by 12-day-old chick 
embryos, 57 (series 7-9 and 386-8) by 10-day-old embryos, 49 (series 5, 6 and 389-91) 
by U-day-old embryos, 39 (series 3 and 392-4) by 13-day-old embryos and 39 (se­
ries 2 and 395-7) by 14-day-oId embryos. 

3459 explants were cultivated in solid—homologous—and 701 in fluid—heterolo­
gous—madium, while 363 were first cultivated in solid medium for a period of about 
two weeks and thereafter transferred to fluid medium. 

3546 cultures were treated with normal Tyrode's solution and 941 with calcium-
enriched Tyrode's solution. 36 explants were cultivated for 2 weeks in normal Tyrode's 
solution and thereafter in calcium-enriched solution. 
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T A B L E I I . Distribution of culture groups according to medium variants. 

Culture variants 
Culture groups 

Culture variants 
I II III IV V V I VII 

Homologous medium χ χ χ 
Heterologous medium χ χ χ 
Homologous + heterologous medium . . χ 
Normal Tyrode's solution, X χ χ 
Calcium-enriched Tyrode's solution . . χ χ χ 
Normal + calcium-enriched Tyrode's 

solution χ 
Fresh embryo extract χ χ χ χ 
Filtered embryo extract χ χ χ 

Total number of cultures in each group 3105 318 36 123 141 437 363 

3405 explants were treated with freshly prepared embryo extract, and 1118 with 
filtered extract. 

Of the 4523 explants 685 were rejected because of infection and 148 were lost 
through accidents. A further 841 cultures were rejected after at least 2 weeks of 
cultivation, owing to "poor growth"; cultures were so designated when there was nei-

T A B L B I I I . Distribution of material according to period of cultivation. 

Series 

X V I , 1-9 
22-30 
31-33 
36-38 
39-45 
46-53 
54-77 
78-102 

103-133 
134-220 
221-297 
298-385 
386-397 
398-423 

Diaphyseal 
series 

TOTAL 

Period of cultivation (days) 

0-7 8-14 15-21 22-28 29-35 36-42 43-49 50-56 57-63 64-70 < 70 

28 
11 

2 
24 
17 
32 
23 
43 
11 

123 
52 
99 

261 

735 

37 
21 

2 
22 
33 
13 
50 

123 
8 

140 
113 
116 

35 

713 

38 
14 

23 
14 
49 
99 
28 

227 
210 
141 

29 

23 

904 

25 
10 

1 

5 
19 
14 
75 
72 
97 

179 
95 
85 

27 

704 

1 
20 

16 
29 
37 
63 
45 
92 
87 

101 

38 

537 

2 
10 

14 
6 

48 
18 
61 
50 
30 

159 

407 

25 
13 
50 
66 

29 

15 

213 

15 
8 

62 
3 

18 
40 

28 

177 

26 

9 
12 

16 

63 

13 

27 

10 
20 

13 

43 

Total 

102 
120 

36 
46 

123 
141 
363 
437 
318 
847 
671 
797 
114 
261 

147 

4523 
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ther migratory activity nor increase in area. This selection was, however, highly sub­
jective. 

A detailed analysis of the material is given in Table I. 
The material was divided into two main groups according to whether the cultures 

were grown on homologous or heterologous medium. These groups were subdivided 
into three according to the medium variants. A seventh group contained cultures 
grown 2 weeks in homologous medium and thereafter in heterologous medium 
(Table I I ) . 

A grouping of the material into diaphyseal and epiphyseal cultures was made. 
The diaphyseal group was composed of 14 series—a total of 147 cultures. These 
cultures were grown in homologous medium and treated with normal Tyrode's solu­
tion and fresh embryo extract. The explants of this group were obtained from lower 
and upper tibial and lower femoral epiphyses dissected as above, with the difference 
that the diaphyseal part of the epiphyseal cartilaginous cones, together with the 
medullary tracts perforating them, were used. Only that part of the epiphyseal cones 
covered by the periosteal bone cylinder was used, as this is composed almost solely 
of hypertrophied and degenerate chondrocytes, with practically no flattened chon­
drocytes. This group of cultures was used as controls. 

The distribution of the material according to the period of cultivation is shown in 
Table III . Generally speaking, the number of cultures decreases with the time of 
cultivation. 



P A R T ONE 

MORPHOLOGIC STUDY 

The osteogenetic capacity of embryonic skeletogenous materials of various origins 

has been widely studied by the tissue culture technique,2i'ie5, ia4 gr similar methods, 

such as implantation in the chorio-allantoic membrane,ii*' î " and grafting.i** However, 

H . B . Fell,** with her systematic investigations on tissue culture, opened a new 

epoque in the history of bone physiology. Since then several morphologic reports 

have been published on the osteogenetic capacity of embryonic skeletogenous tis­

sues studied by tissue culture. Convincing morphologic evidence of the differentia­

tion and formation of bone was provided by work on undifferentiated limb-buds,**-

cartilaginous extremities of long bones of 8- to 8J-day chick embryos,**'8* rudimen­

tary periosteum of 6-day chick embryos,*^'*'·!*' endosteal bone,*" and human 

phalangeal and metacarpal b o n e s . E p i p h y s e a l cartilage has rarely been used in this 

connection.21** 

M E T H O D S 

The results obtained in these series of experiments were studied from a morphologic 
standpoint. The following methods were used. 

Living cultures, (i) Observations of macroscopic changes occurring during cultivation, 
(ii) Observations of the migratory activity of the cells, (iii) Recording of changes in the 
initial area of the cultures. 

Changes in the fine structure of the cultures could not be followed, as the cvilture 
method used permitted observations only at low magnification. 

The migratory activity of the cells was studied and recorded every third day in the cul­
tures grown in solid medium, as a rule in connection with the subculture. In fluid medium 
observations of this kind were precluded by the opacity of the paper. The observations 
were performed under the dissection microscope ( χ 30). 

The results were recorded by the following notation: no signs of wandering cells ( - ) , 
few cells and cell debris found in the clot-bed beneath the culture ( + ) , definite signs of 
wandering cells moving radially, and limited to a small peripheral area ( + ) , radial migra­
tion of wandering cells from the greater part of the periphery ( + -I-), formation of a 
typical halo of wandering cells ( + + + ) . 

This subjective estimate of the activity of the wandering cells is clearly of value only 
in this context. 

Tlie areal growth was followed by projective microscopy ( χ 27), the projected outline 
of the cultures being traced at regular intervals by the method due to Ebeling.*i The 
total area was determined with a planimeter (Maho-35) and the increase expressed as a 
percentage of the initial area. Before each measurement, uniformity of the micropro-
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2n 

where d is the difference between the duplicate measurements made on the same culture. 
In comparing two age values in the same series, the difference d between the two values 

was calculated for each culture. The mean difference, a, was examined by Student's 
i-test: 

jection was ensured by means of an ocular micrometer. Measurements were performed at 
intervals of about one week, and where possible shortly after making a subculture. Becords 
of the areal growth were made for 2 7 8 series (Nos. 1 -9 , 2 2 - 3 3 , and 3 6 - 2 9 7 ) , or 3188 cul­
tures. 

Observations on sectioned material. After fixation in a 1 0 per cent solution of formal­
dehyde neutralized with magnesium carbonate, the explants were imbedded in paraf­
fin and 5 μ sections were cut. Eosin-haemotoxylin stain was used throughout. To detect 
calcium salts alizarin red and von Kossa's silver stains were used in cerl^ain cultures. The 
location of the regions of calcification was studied also by microradiography. In one 
case the deposited cWcium salts were studied by X-ray diffraction.*^* 

Control sectioned specimens. Thirty-seven epiphyseal cartilages obtained from 12-day 
chick embryos were dissected in the same manner as the explants and 5 sections were 
cut as controls. Twenty-one of these controls ( K A 1 - 2 1 ) were sectioned perpendicularly 
and 16 ( K B 1-16) transversely, all of them being stained with haematoxylin-eosin. Six 
more specimens were provided as controls for the diaphyseal series (KC 1-6); these were 
sectioned perpendicularly and treated with haematoxylin-eosin, von Kossa's and alizarin 
red stains. 

Methods of statistical analysis 

In the statistical analysis of the material only standard methods have been used.^^ 
Thus, the mean χ oí η observations and its standard error ε were calculated according to 
the formulae: 

(I) 
η 

and « = 7 = ' (II) 
Yn 

where the standard deviation β = / Σ (a; — χΫ/(η — 1). The standard error óf the percentage 
ρ = 100 f/n was calculated according to 

ε . = | / ^ . (III) 

where q= 100 —p. 
The 9 5 per cent confidence limits of a percentage were found from the tables of Main­

land.«* 
The error of the method for determining the areal growth was calculated from the 

formula: 
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«= ~77r' (V) 

-where s¿ is the standard deviation of the differences and t has n-X degrees of freedom. 

The significance of the values of í was obtained from a table of distribution of Í. 

The difference between two means, χ and y, of two independent groups of observations 
was tested by the expression 

(n^ + n g - 2 ) til Tig 

+ n^)[2{x-xf + {y-yf] 

This value of t has n¡ + jij - 2 degrees of freedom. 

W h e n more than two series of observations were compared an analysis of variance 

was performed. In this method the variance between the series {Si'^) is compared with the 

variance within the seiies {s¿') by means of the J'-test: 

í ' = ^ ¡ - (VII) 

The significance of the value was found in a table for the distribution of F.^^ 

The levels of significance were 

ρ > 5 per cent not significant 
1 per cent < ρ < 5 per cent almost significant 

0.1 per cent < ρ < 1 per cent significant 
ρ <0.l per cent highly significant, 

where ρ is the probability of the difference being due to chance. 

R E S U L T S 

Macroscopic observations 

Observations were made on the shape, colour and consistency of the cultures, 
the relationship of the cultures to the medium, and changes occurring in the medium 
during the course of cultivation. 

Shape. During the first days of cultivation the cultures usually retained their 
original shape, and their contours were as sharp as at the time of explantation. Be­
tween the 1st and 2nd week there was a distinct increase in the area at the expense 
of thickness, although the cultures retained the principal features of their initial 
shape. At the same time their contours became smoother and rounded. Moreover, 
many explants, especially the longer ones, became curved along their longitudinal 
axis, the central part thus losing contact with the surface of the medium. 

Colour. During the first stages of cultivation the cultures usually retained their 
initial, translucent, bluish colour. However, between the 2nd and 4th week, they 
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turned whitish and their translucency decreased, this change becoming more marked 
over the following two weeks, at the end of which the cultures were opaque, occa­
sionally with regions of intense white, which were generally located at their diaphyseal 
pole. 

Consistency. Initially, the explants were soft and elastic, like hyaline cartilage, 
but they gradually became harder, until they had the consistency of fibrous cartilage. 
These changes usually accompanied the development of the opaque whitish colour. 

Culture-medium relationship. During the first week of cultivation, the cultures 
were usually lying free on the surface of the medium, but as the migratory activity 
of the cells developed the cultures became anchored to the medium. This difference 
was especially noticeable on removal from solid medium for subcuiture. As long as 
the cultures were lying free on the solid medium practically no changes in this were 
noticeable, except for a slight depression beneath the culture and the formation of an 
imprint on the plasma clot, as if from the weight of the specimen. No liquefaction 
could usually be observed as evidence of the proteolytic action on the clot. On re­
moval of the explant for subculture as the migratory activity began, a more or 
less irregular groove was left on the clot, at the bottom of which there was a very 
small amoimt of fluid. At later stages of cultivation there was extensive liquefaction 
of the plasma clot around the culture, which was thus bathed in a large drop of fluid. 

These changes were commonly observed in the case of cultures grown in both solid 
and fluid media. However, it was much easier to follow them in the former case, as 
the translucency of the plasma clot provided better illumination. The cultures that 
failed to display any migratory activity of the cells and that as a rule underwent no 
significant alteration in area did not exhibit any change in the above properties. 
Such cultures were considered as inactive. They always lay free on the media; they 
preserved the sharpness of their contours and their initial colour, and only at later 
stages of cultivation did white areas appear—usually at the diaphyseal pole. The 
majority of the cultures of the diaphyseal series belonged to this category. 

Migratory activity of the cells 

The migratory activity of the cells appeared much later in cultures of cartilage 
than in those of other tissues. As a rule very weak signs of activity appeared on the 
5th to 6th day of cultivation. During this stage a few free cells and cell debris could 
usually be observed on the clot bed beneath the cultures. On about the 5th day 
much elongated cells appeared as streams radiating from points on the long sides 
of the culture, usually near its epiphyseal pole, and never at the diaphyseal, cut 
surface of the explant. After a while the radially migrating cells extended to most of 
the periphery of the culture, and finally they formed a halo. A typical halo was very 
seldom formed before the 2nd week of cultivation. Once the migration of the 
cells was established, it proceeded uninfluenced by manipulation of the explant 
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FIO. 1. Wandering cells filling the intercondyloid fossa of culture 350e grown for 2 9 days in 
homologous medium with fresh embryo extract and normal Tyrode's solution. Haeniatoxylin-
eosin. κ 480. 

T A B L E I V . Migratory activity of the cells. 

Series - + + + + + + + Total 

X V I , 1-i) 41 12 9 25 87 
22-30 18 12 15 11 63 119 
31-33 — — 6 1 27 34 
36-38 — 9 1!) 4 1 33 
54-77 14 50 182 110 .5 361 

103-133 145 94 44 30 5 318 
134-220 243 177 93 76 176 765 
221-297 11!) 379 60 42 77 677 
298-385 46 252 159 100 180 737 
386-397 3 7 27 46 31 114 
398-423 39 24 — — — 63 

Diaphyseal series 109 15 6 4 1 135 

TOTAL 777 1019 623 433 .591 3443 
PEB CENT 22.5 29.5 18.0 12.5 17.1 

±0.71 ±0.77 ±0 .65 ± 0.57 ±0 .64 
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FIO. 2. The percentage frequency of 
the various degrees of migratory ac­
tivity of cells at the various stages of 
cultivation in cultures grown in homo­
logous medium with fresh embryo 
extract and normal Tyrode's solution. 
Shaded areas denote the confidence 
intervals. + + + 

6 12 18 24 30 <30 
Period of cullivalion (days) 

during a subculture, and if a halo had formed, it was usually found to have 
developed again between two subcultures within 3 days. Seen under high magnifica­
tion ( X 80-720) the wandering cells were spindle-shaped and resembled fibroblasts 
(Fig. 1); they lay with their long axes radially disposed. This orientation was well 
defined at the periphery of the zone of outgrowth, while near the culture cells 
formed a network. The nuclei of these cells were elongated and were as a rule 
located centrally. If kept at room temperature they lost their characteristic 
spindle shape in few hours and become rounded. Signs of degeneration then ap­
peared; this was characterized by the presence of vacuoles and fat droplets in the 
cytoplasm. 

As has been mentioned earlier, the activity could be followed in cultures grown on 
solid medium exclusively or for a short period only. 

The extent of the migration of the cells in the various culture groups is surveyed 
in Table IV. It is seen that in about 50 per cent of the cultures there was no such 
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activity at all. However, as a large number of the cultures had grown for too short 

a period to manifest any migratory tendency, the percentage showing no signs of 

migration cannot be considered as representative. Thus, if the 735 cultures grown for 

a period of no more than 7 days are excluded owing to the usual absence of migratory 

activity during this period, the percentage showing no such activity is reduced to 

30.8 + 0.079. The variation of the migratory activity with respect to the time of 

cultivation is demonstrated in Fig. 2, which is based on the chronologic appearance 

of the various degrees of migratory activity in 534 cultures presenting a halo during 

the period of cultivation. 

Areal growth 

Measurements performed at short intervals during the first 3 days of cultivation 

on explants from the epiphyseal part of the cartilaginous cones, cultured in homo­

logous medium and treated with normal Tyrode's solution and fresh embryo extract 

revealed a marked increase in the initial area during the 1st hour of cultivation. N o 

increase was found during the 2nd hour but between 2nd and 24th hour there was a 

progressive expansion. From the 24th hour there was no further increase until the 

beginning of the 3rd day of cultivation (Fig. 3) . 

Measurements performed at weekly intervals gave a curve of areal growth that 

rose steeply in the different culture groups during the first three weeks of cultivation, 

depending on the culture medium used in the groups. There followed a slight in­

crease, or even a decrease, in area. 

It has been shown that in the cartilaginous extremities of the long bones of 8-8¿ 

day chick embryos growth is most rapid during the first 10 days in vitro, after which 

it slows down.** 

Analysis of the results revealed rather large, statistically significant variations in 

the pattern of areal growth for the various experimental groups, these being related 

principally to the histologic composition of the explants; they depended on, for in­

stance, whether or not the explants contained flattened chondrocytes. Moreover, 

variations associated with the composition of the medium were also observed. There 

were, however, no statistically significant differences in the pattern of the areal 

growth of explants derived from different epiphyses—for instance the lower tibial, 

the upper tibial and the lower femoral—nor between explants of different initial 

areas. 

T H E H I S T O L O G I C C O M P O S I T I O N OI" T H E E X P L A N T S 

Diaphyseal series. Explants belonging to the diaphyseal series were obtained from 

the diaphyseal part of the cartilaginous cones and were composed almost exclusively 

of hypertrophied and degenerated chondrocytes, while flattened chondrocytes were 

absent. Such cultures were grown on homologous medium and were treated with 

normal Tyrode's solution and freshly prepared embryo extract. Up to the 6th week 
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FIO. 3. Areal growth during the first 3 days of cultivation in cultures grown in homologous 
medium with fresh embryo extract and normal Tyrode's solution.* 

of cultivation these explants showed no change in their initial area. By the 35th day 
there was a moderate decrease but by the 40th day the area was back at about its 
original value (Fig. 5 d ) . 

Ejdphyseal series. Explants obtained from the epiphyseal part of the cartilaginous 
cones were composed of all three groups of chondrocytes—flattened, hypertrophied 
and degenerated. The initial area in those cultures showed highly significant 
variations during cultivation. 

COMPOSITION OF T H E M E D I U M 

Cultures composed of all three types of chondrocytes displayed large variations 
in the pattern of the areal growth according to the composition of the medium in 
each group. 

* The broken line is drawn through the averages of the experimental values; the continuous 
line represents the assumed development. The values were too few for statistical analysis. 
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FIG. 4. Areal growth in epi­
physeal cultures grown for a 
period, or exclusively, in hetero­
logous medium, (a) Series grown 
in homologous medium for 2 
weeks and thereafter in hetero­
logous medium.Filtered embryo 
extract and calcium-enriched 
Tyrode's solution were used 
throughout. (6) Heterologous 
medium with fresh embryo ex­
tract and calcium-enriched Ty­
rode's solution, (c) Heterologous 
medium with fresh embryo ex­
tract and normal Tyrode's solu­
tion. (<i) Heterologous medium 
with filtered embryo extract and 
calcium-enriched Tyrode's so­
lution. 

Μ 21 28 35 42 49 56 
Period of cuilivalion (days) 

Heterologous medium. In all the cases the curve for the areal growth in cultures 
grown in heterologous medium showed a steep rise during the first week of cultiva­
tion. There followed a slow increase up to the 5th week in cultures treated with 
calcium-enriched Tyrode's solution and freshly prepared embryo extract (Fig. 4 b) . 
If, however, the explants were treated either with normal Tyrode solution and freshly 
prepared extract (Fig. 4 c) or calcium-enriched Tyrode's solution and filtered extract 
(Fig. 4 d) the areal growth decreased after the 1st week and reached a minimum at the 
end of the 5th. A slight increase was observed between the 5th and 7th weeks of 
cultivation. The difference between the values of the areal growth for each group 
at the end of the 3rd week is statistically significant. There was an almost significant 
difference at the end of the 5th week, while at the end of the 2nd and 7th weeks the 
difference was not significant. 

Homologous medium. Explants grown on homologous medium also showed a 
marked increase in areal growth during the early stage of cultivation, which for this 



23 

FIG. 5. Areal growth in cultures grown 
in homologous medium, (α) Epiphyseal 
series; fresh embryo extract and nor­
mal Tyrode's solution. (6) Epiphyseal 
series; fresh embryo extract and cal­
cium-enriched Tyrode's solution, (e) 
Epiphyseal series; filtered embryo ex­
tract and normal Tyrode's solution, 
(d) Diaphyseal series; fresh embryo 
extract and normal Tyrode's solution. 

7 14 21 28 35 42 49 56 
Period of cultivation (days) 

group was prolonged up to about the end of the 2nd week, after which there followed 
a slower increase up to the 5th week. Thereafter, a decrease in the areal growth was 
recorded, the minimum being reached at the end of the 7th week. Between the 7th 
and 8th weeks of cultivation the rise was small. This evolution was rather similar 
in explants treated with normal or calcium-enriched Tyrode's solution and freshly 
prepared embryo extract (Figs. 5 a and b) . However, explants treated with normal 
Tyrode's solution and filtered extract (Fig. 5 c) showed a progressive decrease in 
areal growth from as early as the beginning of the 3rd week of cultivation. In this 
case, too, minima were observed at the end of the 7th week. Here the areal growth 
curve was more irregular than in the other two cases. The statistical analysis of the 
results showed that between the values for the various groups a significant difference 
existed at the end of the 4th week of cultivation. At the end of the 2nd, 5th, 6th and 
7th weeks the differences were almost significant; at the end of the 1st, 3rd and 8th 
weeks they were not significant. 

Homologous and heterologous media. The last group consisted of cultures grown in 
the homologous medium for the first two weeks and subsequently in the heterologous 
medium. All the cultures were treated with calcium-enriched Tyrode's solution and 
freshly prepared embryo extract. This group exhibited the greatest areal growth. 
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FIO. 6 a. Normal chondrocytes. 

FIO. 6 b. Flattened chondrocytes. 
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FIO. 6 c. Hypertrophied and degenerating chondrocytes. 

FIG. 6. The 4 types of chondrocytes from the upper tibial epiphysis of a 12-day chick embryo. 
Haematoxylin-eosin. χ 620. 

The curve rose steeply during the first 3 weeks and then fell slightly until the 5th 
week, when it began to rise again, the maximum value being attained at the end of 
the 6th week. There followed a gradual decrease to the end of the 9th week (Fig. 4a) . 

The differences between the patterns of areai growth for the 4 main groups of 
cultures were highly significant throughout the period of observation. The individual 
patterns of areal growth of the cultures displayed marked differences. In some cases 
the maximum increase in the initial area was more than 125 per cent during the 
period of observation, while in others the increase was less pronounced. 

Observations on sectioned material 

In order to follow the development of morphologic changes, cultures at different 
stages of cultivation and control specimens were examined histologically. 

CONTROL SPECIMENS 

The study of the 37 controls (KA and K B ) showed them to be composed of well 
differentiated cartilage tissue. Three main types of chondrocytes could be identi­
fied, these corresponding to the ones described by Fell.** At the upper—that is, the 
epiphyseal—pole of the specimen, flattened chondrocytes with small nuclei and 
dense matrix were visible, with their long axes approximately perpendicular to the 
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FIG. 7. Perichondral remnants adherent to the surface of control specimen K B 5 . They are 
visible at the boundary of the region of flattened chondrocytes. Haematoxylin-eosin. χ 290. 

long axis of the specimen (Pig. 6 b) . Immediately underneath, but with no sharp 
line of demarcation, these chondrocytes had hypertrophied. They had lost their 
compressed appearance and become spherical and vacuolated. Their nuclei were con­
siderably enlarged and the amount of matrix had obviously decreased. The 
hypertrophied chondrocytes were gradually transformed into degenerating chon­
drocytes at the diaphyseal pole (Fig. 6 c) . 

As a rule the specimens contained no small-celled articular cartilage, nor the part 
of the epiphysis composed of normal hyaline cartilage (Fig. 6 a). These elements of the 
epiphysis adhering to the perichondrium were usually removed during dissection. In 
some cases, however, extremely rare areas of normal hyaline cartilage were visible 
at the epiphyseal pole. Under the microscope most of these controls (94.6 + 3.72 per 
cent) were found to carry remnants of perichondrium (Figs. 7 and 8). In 12 specimens 
(32.4 + 7.70 per cent) remnants of medullary tract were found, 9 of them empty 
and 3 containing medullary remnants and a few erythrocytes. A few red corpuscules 
were found in a further 3 cases, but here they were located on the surface of the 
specimen. No remnants of bony tissue could be identified in the controls. The peri­
chondral remnants were in all the cases located on the surface of the specimens and 
near the epiphyseal pole, adjacent to the region of the flattened chondrocytes—· 
sometimes so close that it was difficult to distinguish the regions of the perichondrium 
and flattened-celled cartilage. In this area the periosteum of the diaphysis merged 
with the perichondrium of the epiphysis, which is here usually very strongly attached 
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FIG. 8. Perichondral remnants in control specimen K B j under high magnification. Haema­
toxylin-eosin. X 960. 

to the cartilage.132· 44,27,126 some specimens metachromatic staining was suspected 
in narrow regions usually located between cartilage and perichondral remnants. In 
no case, however, was such staining identified with certainty. 

On the other hand in all the specimens sectioned for use as controls in the dia­
physeal series (KG) a medullary tract containing marrow substance was present, 
while in one there was also a very small quantity of perichondral remnants. A t their 
epiphyseal end these specimens were almost exclusively composed of hypertrophied 
cells, which were gradually transformed into degenerating chondrocytes. In the above 
case in which a small quantity of perichondral remnants was present flattened 
chondrocytes could also be detected. 

HOMOLOGOUS M E D I U M 

During the early stage of cultivation—at about 6 days—no essential morphologic 
changes in the composition of the cultures could usually be found. Thereafter, how­
ever, the following changes were observed. A few fibroblast-like, oblong cells with 
small nuclei, and bearing a close morphologic resemblance to wandering cells usually 
appeared. They were located at the periphery of the culture; and mostly on the long 
sides, with their long axes parallel to the surface of the culture. These cells were 
abundant in the intercondyloid fossa in the cultures from the lower tibial and lower 
femoral epiphyses. They also filled any gaps caused in the surface of the explants 
during dissection. 
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Fie. 9. Normal perichondrium of a phalanx from a 10-day chick embryo. Osteoblasts differenti­
ating from the inner layer of the perichondrium are visible on the diaphyseal side {upper left), 
adjacent to hypertrophied chondrocytes. Haematoxylin-eosin. χ 620. 

The number of these cells gradually increased so that after long cultivation a layer 
had formed that had the morphologic properties of fibrous tissue. At first this layer 
was usually located at places on the long sides of the cultures, and later extended 
towards the ends of the epiphysis and diaphysis. In many cases it covered the sur­
face of the epiphysis but rarely that of the diaphysis. At about the end of the 3rd 
week of cultivation a thick membrane of dense fibrous tissue had formed in a high 
percentage of the cultures; this enclosed the whole culture like a capsule, which 
showed a remarkable morphologic similarity to the perichondrium of normal bone 
(Fig. 9). 

A t first this perichondral capsule had a homogeneous structure, being composed of 
fibroblast-like cells with elongated nuclei and little intercellular substance. However, 
as the capsule developed further, two layers of different morphologic structure were 
formed, the outer one resembling the original capsule, which itself was similar to 
embryonic perichondrium, while the inner layer contained more rounded cells with 
nuclei larger than those of the cells of the outer layer, and resembling osteoblasts 
(Figs. 10 and 11). The inner layer of the capsule was found to be similar to the osteo­
blastic layer of the periosteum, while the outer layer had characteristics of the 
fibroblastic coat. There was no sharp demarcation of the two layers. 
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FIG. 10. Culture 162 e grown for 56 days in homologous medium with fresh embryo extract and 
normal Tyrode's solution. The two layers of the perichondral capsule are clearly discernible. Note 
the marginal structureless zone between the perichondral capsule and the cartilage. Haematoxylin-
eosin. X 480. 

Almost simultaneously with the formation of the capsule, metachromatic hae-
matoxyhn-eosin staining of the cartilage in contact with it produced a light to dark 
rose colour along a narrow marginal zone—usually on the long sides of the explant, 
more seldom at the epiphyseal pole, and almost never at the diaphyseal pole. In 
24-hour fixed cultures of cartilaginous extremities of the long bones of day 
chick embryos the cartilage matrix is reported as displaying an intense metachro­
matic purplish coloration, except near the cut surface, which was colourless.*^ In the 
sectioned material of the present study, however, metachromatic staining could be 
observed in a few cases very early, but in the majority of the cases it did not 
appear until after the second week of cultivation. Metachromatic staining was almost 
always observed where the formation of the capsule had started or was fully devel­
oped. 

As soon the formation of the perichondral capsule was complete and its two layers 
had become discernible a narrow structureless zone appeared at places on the border 
between the marginal chondrocytes and the inner layer of the capsule (Fig. 10). This 
zone displayed intense metachromatic staining. Subsequently a tissue of new mor­
phologic appearence developed and filled this region. This tissue was thus located 
between the marginal chondrocytes of the culture and the osteoblastic layer of the 
perichondral capsule; it was always found on the long sides of the cultures, but not 
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FIG. 11. Culture 30m grown for 40 
days in homologous medium with 
fresh embryo extract and normal 
Tyrode's solution. The two layers 
of the perichondral capsule, the 
pre-osseous tissue and the cartilage 
are visible. Haematoxylin-eosin. 

X 480. 

FIG. 12. Same culture as Fig. 11. 
The pre-osseous tissue seen under 
high magnification. Note the fibril­
lar structure of the intervertebral 
substance, x 960. 
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FIO. 13. The percentage frequency of pre-osseous 
tissue at the various stages of cultivation in sec­
tioned cultures grown in homologous medium with 
fresh embryo extract and normal Tyrode's solution. 
Shaded areas denote the confidence intervals. 
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necessarily adjacent to flattened chondrocytes. The cells of the newly formed tissue 
were slightly rounder than those of the inner layer of the perichondral capsule, and 
contained a more or less flattened nucleus. There was also an abundant, dense 
intercellular substance, displaying intense metachromatic staining, and at later 
stages of cultivation showing a fibrillar structure (Figs. 11 and 12). The cells of the 
new tissue merged imperceptibly with those of the inner layer of the capsule, and 
had morphologic properties of osteoblasts. This tissue was recognized as pre-osseous 
tissue, the chronologic development of which is illustrated in Fig. 13. 

While the above changes were taking place, the chondrocytes of the explants dis­
played no evident morphologic changes. In some cases rupture of the cell capsules 
and formation of small cavities containing cell debris were observed in the region 
of degenerating chondrocytes and usually at the diaphyseal pole. In these areas 
there was often a deposition of calcium salts. Otherwise, the chondrocytes of the cul­
tures appeared quite healthy even after long periods of growth. 

However, it was evident that in cultures in which there was development of a 
capsule and formation of pre-osseous tissue the flattened chondrocytes hypertrophied 
throughout the period of cultivation, a fact supported by the presence in older such 
cultures of hypertrophied and degenerating chondrocytes, to the virtual exclusion 
of flattened chondrocytes. 

The chronologic evolution of'these changes could not be defined with any degree 
of accuracy as they displayed fairly large variations from one culture to another 
and as the various processes developed more or less simultaneously in different parts 
of the same culture. However, it is of interest to note that most of the sectioned 
cultures in which pre-osseous tissue had developed had grown for more than 28 days 
(Fig. 13). Once the pre-osseous tissue had been formed, no other morphologic changes 
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T A B L E V . Results of microradiographic examination of calcium-salt deposit. 

Culture 
no. 

Culture 
variant group 

Period of 
cultivation 

(days) 
Formation 
of capsule 

Pre-osseous 
tissue 

Deposition 
of calcium 

28 0 I 48 + + _ 

30 ρ 30 + -349 d 49 - - ± 
349 e 49 + + -
358 d 42 - - -
358 e 42 + + -

31 ƒ III 21 + + -32 c 39 + + -3 2 / 39 + + + 
33 6 39 + ± -

l l l d II 87 - - ± 
118m 47 + - -
U 8 o 80 + + -
U 9 m 80 + -
120 o 41 + + -120/ 47 - -
50 α V 6 - - + 

80 i VI 49 - - -80 m 49 - - + 
81 ft 49 + - + 
85« 35 - - + 
86 6 35 - - + 
8 7 / 35 - - + 

57 e vn 25 - - + 
59 e 20 - - + 
6 0 / 40 - - + 
61 m 50 - - + 
65 r 49 - - + 
68 ƒ 60 - - + 
6 9 / 60 - - + 
7 1 / 15 - - + 
72 a < 70 - - + 
74 9- 15 - - + 

could be found in the cultures, even after cultivation for longer periods. Nor were 
there signs of a further increase in the amount of the pre-osseous tissue beyond a 
certain stage of cultivation. 

In some cases calcification of the cultures could be identified by microradiography, 
and by alizarin red and von Kossa's staining. Altogether 12 cultures of this group 
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Melachromalic 
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ot calcium 
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FIG. 14. The percentage frequency of the various morphologic changes in sectioned cultures grown 
in homologous medium (hatched columns) or in heterologous medium (unhatched columns). 
Shaded areas denote the confidence intervals. 

were studied by microradiography; the results are presented in Table V. The de­
position of the calcium salts was almost exclusively located in the region of the de­
generating chondrocytes at the diaphyseal pole of the culture. This was especially 
the case where there was extensive degeneration of chondrocytes, with destruction 
of the structure of the cartilage and formation of cavities. Calcification was as a rule 
restricted to the nuclei and the protoplasm of the cells, but there was also evidence 
of calcium deposition in the intercellular substance. In no case was there any sign 
of calcification of the perichondral capsule or mineralization of the pre-osseous tis­
sue. 

Table VI presents a detailed analysis of the sectioned material with respect to 
the period of cultivation, the culture medium used in each group and the principal 
observations. 

The values relating to the morphologic changes in the cultures grown on homo­
logous and heterologous media may be compared in Fig. 14. However, these 
values cannot be regarded as representative owing to the influence of various 
factors associated with the material. The real values must be put considerably 
higher since, for instance, 10 of the sectioned cultures of this group were 
cultivated for less than 7 days, whereas the formation of the capsule usually 

3 - 5 8 6 1 2 4 Sevastikoglou 
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T A B L E VI . Analysis of sectioned material avi 

Series 
Culture 
variant 

Period of cultivation (days) 
Total 

group group 
0 - 1 8 - 1 4 1 5 - 2 1 2 2 - 2 8 2 9 - 3 5 3 6 - 4 2 4 3 - 4 9 5 0 - 5 6 5 7 - 6 3 6 4 - 7 0 < 7 0 

X V I , 1 - 3 0 I 1 0 19 11 11 6 4 1 1 63 

3 1 - 3 3 I I I — — 4 1 5 4 14 

39-4Γ> I V 3 1 0 5 3 — 1 — — — — — 22 

\ " — — 2 1 5 — 5 — — 2 — \-> 

Γ)4-77 V I I — 3 3 — 3 — — — — — (> 15 

7 8 - 1 0 2 V I 3 1 0 6 2 3 2 3 29 

1 0 3 - 1 3 3 I I — — 2 3 4 11 9 1 — — 9 39 

1 3 4 - 4 2 3 I — 1 1 0 1Γ, 1 0 1 3 2 3 2 — — 50 

Diaphyseal 
series I — (> 4 4 3 4 3 1 — — — 25 

TOTAL 16 4 9 4 7 4 0 3 9 3 9 2 3 6 2 2 1.-) 278 

did not commence until after this period. However, in some cultures there Λva.s 
evidence of limited formation of the capsule as early as the 4th day. The same factor 
of unreliability pertains to the metachromatic staining, the formation of pre-osseous 
tissue and deposition of calcium salts, so that the values in the figure must be con­
sidered as unrepresentative. 

The observations on sectioned cultures grown in homologous medium may be 
summarized as follows. After an initial period—usually the first week of cultiva­
tion—during which no essential morphologic changes could be observed, certain 
cells bearing a morphologic resemblance to wandering cells appeared at the surface 
of the cultures. By intense proliferation these cells soon formed a perichondral capsule, 
which enclosed the culture. Later on the capsule developed as two layers. Inter­
cellular substance was evidently produced by the cells of the inner layer of the peri­
chondral capsule and a new tissue was formed that exhibited close morphologic 
similarity to immature bone. The newly formed pre-osseous tissue originated from 
the cells of the inner layer of the perichondral capsule, which thus functioned as a 
perio.steum. 

In general the main changes observed in cultures grown in homologous medium 
were (a) an increase in the initial area of the explants, {b) the presence of wandering 
cells, with consequent formation of a perichondral capsule around the cultures and 
the differentiation of osteoblasts from its inner layer; and (c) production of intercel­
lular substance by the osteoblasts and formation of pre-osseous tissue. There were 
no further changes even after prolonged cultivation. 
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principal microscopic observations. 
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HETEROLOGOUS MEDIUM 

In sectioned cultures grown in heterologous medium changes could be observed 
that resembled those occurring in cultures grown in homologous medium. In the 
former group of cultures, however, the evolution of the morphologic changes wa.s 
in many respects different. The perichondral capsule could be recognized at almost 
the same stage of cultivation in both groups. In heterologous medium development 
of the capsule progressed more slowly, and complete encapsulation of the culture 
was achieved less frequently. There were, however, no morphologic differences in 
the structure of the perichondral capsule between the two groups. In almost no ca.se 
did the capsule display a tendency to develop as two layers. Metachromatic staining 
was also observed in cultures grown in heterologous medium, but here, too, it oc­
curred in fewer cases, and as a rule appeared later. The metachromatic staining in 
this group of explants was characterized by a lighter colouring—light rose—and in­
volved almost only the perichondral cap.sule. 

Extensive degenerative changes of the cartilage tissue of the cultures were in 
some cases observed to result in the formation of central cavities which later were 
filled with a fibrous-like tissue, the cells of which bore a morphologic similarity to 
wandering cells. 

The structureless marginal zone observed in cultures grown in homologous medium 
could not be found here, nor could the formation of pre-osseous tissue be detected. 
However, there was evidence of small narrow areas of such tissue beneath the peri­
chondral capsule. 

The deposition of calcium salts in cultures grown in heterologous medium was 
studied by microradiography and staining with alizarin, 17 cultures of this group 

http://ca.se


36 

FIG. 1ϋ. Deposition of calcium salts in culture 50p grown for 70 days in heterologous medium with 
fresh embryo extract and calcium-enriched Tyrode's solution. Note the cavity filled with debris 
of degenerated chondrocytes {lower centre). No perichondral capsule or pre-osseous tissue was 
formed in this culture. Alizarin, χ 90. 

F I G . 16. Deposition of calcium salts in culture 69e grown for 71 days, first in homologous medium 
for 2 weeks and thereafter in heterologous medium. Filtered embryo extract and calcium-enriched 
Tyrode's solution were used throughout. Note the highly calcified cells. The intercellular sub­
stance is not calcified. Alizarin, χ 280. 
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FIO. 17. Microradiogram of culture 50a grown for β days in heterologous medium with fresh 
embryo extract and calcium-enriched Tyrode's solution. Degeneration has resulted in the forma­
tion of a central cavity, χ 40. 

FIO. 18. Microradiogram of culture 69/ grown for 60 days, first in homologous medium for 2 
weeks and thereafter in heterologous medium. Filtered embryo extract and calcium-enriched 
Tyrode's solution were used throughout. Extensive degeneration has resulted in the formation 
of a cavity filled with highly calcified tissue debris (upper left), x 480. 
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FIG. 19. X-ray diffraction pattern of culture 61»» 
grown for 50 days, first in homologous medium for 
2 weeks and thereafter in heterologous medium. Fil­
tered embryo extract and calcium-enriched Tyrode's 
solution were used throughout. 

being examined by the former method (Table V ) . In some cases the methods dis­
closed early signs of calcification but generally there was no such indication until 
about the 30th day of cultivation. 

The salt deposit was always diffuse and usually located in a central region of the 
diaphyseal pole of the culture, where extensive degenerative changes of the cartilage 
and formation of cavities could be seen (Figs. 15-18). In cases of early calcifica­
tion, deposition of calcium salts was first located in the nuclei of the chondrocytes, 
but at later periods of cultivation the intercellular substance, too, displayed intensive 
calcification, this involving large areas of the older cultures. 

In order to study the composition of the calcium salt deposits the X-ray diffraction 
pattern was recorded for one culture (no. 61 m) grown in homologous and hetero­
logous media for 50 days. A few diffuse diffraction rings were observed which were 
probably due to the organic substance of the culture. Moreover, there were numerous 
rings characteristic of hydroxyapatite, (CaijPO^)^ · (0H)2. Apatite was found in 
fairly large quantities, the crystals being the same size as in normal bone, but they 
were not oriented (Fig. 19). 

The values relating to the morphologic changes observed in this group are given in 
Fig. 14. As in the case of cultures grown in homologous medium, these values, too, can­
not be regarded as representative. 

The observations on sectioned cultures grown in heterologous medium may be 
summarized as follows. As in the case of the homologous medium, no essential mor­
phologic changes could be observed until the formation of the perichondral capsule 
was begun. Practically no osteogenetic layer developed in the capsule, nor was any 
pre-osseous tissue formed. Degenerative changes of the cartilage could be detected 
in some cases, and calcium deposition occurred in a higher percentage of these cul­
tures than of those grown in homologous medium. 
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DIAPHYSEAL, SERIES 

The study of the 25 sectioned cultures of the diaphyseal series revealed one case 
of a fully developed perichondral capsule, one in which the capsule was moderately 
developed, and a third in which it had just begun to form. In the first 2 cases flattened 
cells could be identified, and in the second of these cases a thin layer of pre-osseous 
tissue was found below the perichondral capsule. Metachromatic staining was ob­
served in 2 cases in addition to the 3 above-mentioned, and in another 5 cases it was 
suspected. In one case there was a positive calcium reaction to both alizarin and von 
Kossa's stain, but this was ascribed to a small remnant of periostal bone. In the re­
maining cases the sectioned cultures were found to be composed of hypertrophied 
and degenerated chondrocytes, with none of the above, or other, changes. Remnants 
of medullary tracts were present in all but one of the sectioned explants of this group. 
In 6 cases the medullary tract was empty, while in the rest it contained medullary 
rests. 

Practically no morphologic changes were evident in the sectioned explants of the 
diaphyseal series. 

INFLUENCE OF CULTURE VARIANTS 

An analysis of the results of the study of the sectioned material with respect to the 
type of medium used in each group suggested the following conclusions. 

Media. A distinct difference existed between the results obtained from cultures 
grown in the homologous and those grown in the heterologous medium. The peri­
chondral capsule formed earlier and its development was more marked in the former 
group than in the latter. The same difference was evident in respect of the meta­
chromatic staining. N o pre-osseous tissue at all was found in sectioned cultures 
grown on the heterologous media, while there was clear evidence of this tissue in 
22.1 + 3.16 per cent of the cultures grown in the homologous media. In contrast 
the deposition of calcium salts appeared earlier and developed more steadily in 
cultures grown in the heterologous media. 

Tyrode's solution. Owing to the marked disparity in the size of the homologous and 
heterologous groups treated with calcium-enriched Tyrode's solution, it is difficult 
to ascertain whether the addition of calcium to the solution was a significant factor 
in the occurrence and development of the morphologic changes. 

Embryo extract. Out of the 81 sectioned cultures grown exclusively in the hetero­
logous medium, 37 were treated with fresh embryo extract while the remainder were 
treated with filtered extract. 

No essential differences between these two groups could be found. However, a 
significant difference was observed in respect of the 172 cultures grown exclusively 
in the homologous medium, of which 39 were treated with filtered and the remainder 
with freshly prepared extract. I t was found that those treated with filtered extract 
developed no pre-osseous tissue at all, whereas 29.3 + 3.95 per cent of those cultures 
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Formation Metachromatic Formation Deposition 
of capsule s t a i n i n g ( + ) of preosseous of ca lc ium-

(+ + +) tissue (+ ) salts (+•) 

FIG. 20. The percentage frequency of the various morphologic changes in sectioned cultures 
grown in homologous medium either with fresh embryo extract (hatched columns) or with filtered 
embryo extract (unhatched columns). Shaded areas denote the confidence intervals. 

treated with fresh extract did display evidence of such tissue. The development of the 
perichondral capsule and the deposition of calcium salts were also more pronounced 
in cultures treated with fresh extract. The metachromatic staining, however, was 
better in cultures treated with filtered extract. As the number of cultures grown in 
each medium variant was small only major differences in the observed morphologic 
changes have been discussed. 

The values relating to the morphologic changes observed in cultures grown in 
homologous medium Avith either fresh or filtered embryo extract may be compared 
in Fig. 20. 

To summarize, there was evidence that cultures grown in the homologous medium 
and treated with normal Tyrode's solution and freshly prepared extract showed a 
higher degree of morphologic differentiation and better formation of pre-osseous tis­
sue than cultures grown on the same medium but treated with filtered embryo ex­
tract. Cultures of the latter group failed completely to form pre-osseous tissue. In 
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D I S C U S S I O N 

Macroscopic observations 

Shape. The first macroscopic changes observed on the cultures consisted in a 
thinning and flattening of the mass, an increase in the initial area and a smoothing 
of the contours. These changes have been interpreted partly as a manifestation of 
growth and partly as a re-arrangement of the cells of the colony so as to improve the 
nutritional conditions in the new environment. The spreading of a tissue culture is a 
characteristic of explanted material of various origins. 

Curving of the longer explants is a macroscopic change the nature of which could 
not be studied with the methods used. However, it would seem that biomeehanieal 
factors are involved, the real nature of which might be disclosed by study of the 
ultrastructure. 

Colour and consistency. The changes in the consistency and the colour of the cultures 
seem to be closely related to the formation and development of the perichondral 
membrane. The encapsulation of the cultures by this membrane probably results 
in the loss of their initial colour and translucency. When no capsule was formed this 
property remained unchanged throughout the period of cultivation. In the white 
areas that appeared on the surface of some cultures—usually at their diaphyseal 
pole—histologic examination demonstrated the presence of calcium deposits. 

Migratory activity of the cells 

The migratory cell activity was a fairly early characteristic of the cultures. It is 
known from earlier investigations^!' 123. lei that when a fragment of tissue is cultured, 
cells make their way outwards to the medium. Teleologically, this phenomenon can 
be considered as resulting in the anchoring of the explants to the supporting medium. 
However, this migration is an extremely complex process, the real cause of which is 
still obscure. According to Willmer,!'^ when migrating outwards to the medium the 
cells of a colony are moving to areas of higher oxygen tension, lower carbon dioxide 
tension and weaker concentration of waste products. A different mechanism of the 
migratory activity observed in cultures of various origins has been suggested by 

either medium, the morphologic changes described above could be observed only 
where there was a definite formation of perichondral capsule. This feature and the 
migratory activity of the cells were always coincident, in so far as they were ob­
served in cultures in solid media. Thus, irrespective of the period of cultivation, 
cultures displaying no migratory, activity of the cells usually also failed to form a 
capsule and presented no morphologic changes other than degenerative ones, and, 
in some cases, deposition of calcium salts. 
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* Personal communication. 

Gustafson,* who tentatively ascribes the behaviour of cells in colonies to the fre­
quency of the cell contacts. Cell contacts are, of course, rarer at the periphery than 
at the centre of the colony, where the cells are closely packed. A diffusion of cells 
into the medium may occur, therefore, at the periphery of the cell colony. In this 
and previous investigations^'^ ' the migratory cell activity was observed later in the 
case of cartilage than of other tissue. This observation would appear to contradict 
the findings of Willmer and Gustafson. It is difficult to interpret the wide difference 
in behaviour of chondrocytes and cells of other tissues. 

The wandering cells have been described as embryonic in type and more or less 
histologically undifferentiated. Such cells are usually called fibroblasts, because 
they are similar in appearance to the cells in the body that are believed to function 
in this manner. 

Early in this study it was realized that the interpretation of the observed mor­
phologic changes is intimately related to the problem of the origin of the wandering 
cells. It has been stated earlier that the encapsulation of tissue cultures is a prere­
quisite of differentiation,5* and in the present study the wandering cells were found 
to be responsible for the formation of the fibrous capsule. Moreover, the development 
of the changes observed in the cultures and interpreted as the formation of pre-
osseous tissue was evidently closely related to the development of the capsule. 

Two hypotheses on the origin of the wandering cells may be advanced, (i) They 
are derived from the perichondral residues in the sectioned specimens, and then 
the osteogenetic activity of the cultures must be regarded as having the same origin, 
(ii) The wandering cells originate from certain types of chondrocytes which would 
thus be directly or indirectly responsible for the osteogenetic activity displayed by 
the explanted epiphyseal cartilage. In this case the perichondral remnants play 
no part in the development of the wandering cells. 

The former hypothesis is supported by the results obtained by Fell,*^ who in 
similar experiments observed that the perichondrium, which remained adherent, gave 
rise to a broad zone of outgrowth consisting of fibroblasts and numerous highly 
amoeboid wandering cells. Further support for this hypothesis is found in the fact 
that perichondral remnants were present in a high percentage of the sectioned con­
trols (94.6 + 3.72). Accordingly, it must be these perichondral remnants that, by 
proliferation, enclose the culture, and lead to the formation of a perichondral capsule, 
which in turn results in the development of pre-osseous tissue. However, if the peri­
chondral remnants are to be considered as responsible for the formation of the peri­
chondral capsule the question arises why these remnants do not form mature bone. 
Using the hanging-drop technique with homologous plasma and embryo extract 
as nutrient medium. Fell found that bone readily developed from the rudimentary 
perichondrium isolated from the cartilaginous limb skeleton of 6-day embryos. '" '*' 
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The second hypothesis on the origin of the wandering cells—that they are derived 
from chondrocytes—implies that the changes observed in the cultures develop ac­
cording to the following scheme. Immediately the explant is placed in tissue culture 
there is an intense kinetic activity of the cells, which is probably accompanied by 
proliferation. Both these activities result in an initial rapid growth in the area of the 
cultures. Almost simultaneously the perichondral remnants—small pieces of tissue 
that have been exposed to severe mechanical damage and dried for several seconds 
during the dissection—die, are detached and fall on the medium. Such cells and cell 
debris are usually found on the clot-bed beneath the explants during the first sub­
culture. After this phase, which usually lasts for about one week, some groups of 
chondrocytes in the culture display activity. As has been described above, cultures 
composed exclusively of hypertrophied and degenerated chondrocytes—the dia­
physeal series—failed to display any migratory activity of the cells. On the other 
hand, it was found that a migratory activity was characteristic of cultures composed 
of these two groups of cells together with flattened chondrocytes. It may be in­
ferred, then, that it was the flattened chondrocytes that became the wandering 
cells observed in the cultures. 

By way of explanation of the transformation of flattened chondrocytes into wan­
dering cells two mechanisms are suggested: 

(i) The peripheral flattened chondrocytes modulate to an indifferent type of 
fibroblast-like cell, and make their way out into the medium. A similar dedifferentia-
tion has been observed by r e l l , ^ " who pointed out that highly differentiated skeleto-
genous cells—osteoblasts—can dedifferentiate into an indifferent type of cell that 
is capable of further differentiation into osteoblasts or chondroblasts, according to 
the environmental conditions. Modulation as a biologic process is also accepted by 
Chévremont,^' who states that when a tissue fragment is cultivated in a medium 
rich in growth-promoting substances the cells of the peripheral zone often lack their 
normal properties. However, when the proliferation decreases or is curtailed the 
cells again assume their normal function, although some of their morphologic charac­
teristics are modified. 

(ii) According to the second mechanism the flattened cells described by Fell** 
as a type of chondrocyte may be assumed to be mesenchymal cells at a low stage of 
differentiation. Determination of these cells may occur at later stages in the skeletal 
development. The morphologic appearence of the cells was found to be quite dif­
ferent from that of mature chondrocytes (Figs. 6 a and 6 b) . These cells might provide 
mature chondrocytes by further differentiation and contribute to the formation 
or the growth of the perichondrium. A special mechanism of osteogenesis taking 
place in the region of the epiphysis—termed by Ranvier "la zone de I'encoche d'ossi-
fication"—by a direct transformation of chondrocytes into osteoblasts has been 
reported by several workers.^^a. «*• 27,12e. ββ 

The further evolution is characterized by a period during which the wandering 
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FIG. 21. Section through upper tibial epiphysis of a 10-day chick embryo. Chondrocytes are 
seen merging with perichondrium cells. Haematoxylin-eosin. x 7 9 0 . 

cells proliferate and form a capsule, which encloses the culture and consequently 
functions as a perichondrium. The cells of the irmer layer of the perichondral capsule 
so formed differentiate into osteoblasts, which in turn form pre-osseous tissue. 

Much evidence was found in support of this hypothesis. The stage at which the 
wandering cells were first observed is consistent with this course of events. It is diffi­
cult to explain why the proliferating cells of the perichondral remnants do not 
migrate into the medium earlier and in a higher percentage of cultures than was 
found in this study. It has been proved earlier that cells in cultures of periosteum 
exhibit an intense migratory tendency as early as at the end of the 1st day of cultiva-
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FIO. 22. Section through lower femoral epiphysis of a 2-day-old rabbit. Chondrocytes are seen 
merging with perichondrium cells. Haematoxylin-eosin. χ 790. 

tion,*' and that perichondral remnants adherent to cartilaginous explants give rise 
to a broad zone of outgrowth after 48 hours.** 

Further support for this hypothesis is the fact that in some sectioned controls it 
was difficult to distinguish flattened chondrocytes from neighbouring perichondral 
cells (Figs. 21 and 22). Moreover, clear morphologic evidence was found of the 
transformation of chondrocytes into wandering cells, and a series of intermediate cell 
types could be observed (Fig. 23). 

If the wandering cells derive from chondrocytes, then the flattened cells must be 
regarded as having the capacity under certain conditions of being transformed into 
osteoblasts, and hence of forming immature bone. Wilton strongly refutes this pos­
sibility. He states categorically that after certain embryonal tissue has been induced 
(determined)* to an enchondral part, the development of cartilage and bone takes 
place along previously determined paths, independently of each other.ι*^. ιβ4 j j e thus 
supports the view that ossification cartilage is a unipotential tissue and maintains 

* Determination (cell determination) according to Wilton is the transformation of an 
"omnipotent" cell (a cell which can give rise to different tissues) to a "unipotent" one (a cell 
which can give rise to only one kind of tissue). 
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FIG. 23. Flattened chondrocytes merging with wandering cells in culture X V I 6 , grown for 18 
days in homologous medium with fresh embryo extract and normal Tyrode's solution. Haema­
toxylin-eosin. X 790. 

that whereas the development of bone occurs from vessels in the medullary tracts 
the development of cartilage takes place independently of them. 

As has been pointed out earlier, this study does not provide an objective basis for 
deciding whether the formation of the pre-osseous tissue obtained in the cultures 
was a result of the activity of perichondral remnants or of a direct or indirect activity 
of the explanted cartilage tissue—that is to say, a particular group of chondrocytes, 
the flattened cells. 

Attempts to resolve this problem proved unsuccessful. When epiphyseal cartilage 
from the rabbit and human embryo was dissected and fragments from the centre 
were explanted in homologous medium the cultures even after 2 weeks still showed 
no signs of life such as expansion or cell migration. This was attributed to unavoidable 
impairment of the explants during dissection. In another experiment cartilaginous 
explants dissected from chick embryos in the usual way were first treated with 
Tyrode's solution containing no calcium or magnesium salts and then incubated for 
15-30 minutes in a 3 per cent solution of crystalline t r y p s i n . T h i s was done to effect 
an enzymatic digestion of the superficial layers of the explants and consequently of 
the perichondral remnants; but, here too, the explants failed to show .signs of life 
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after two weeks. Thus, only morphologic evidence was taken into consideration, and 
as this is invariably more or less subjective the real nature of the osteogenetic ac­
tivity in the cultures can only be speculated upon. 

However, there was morphologic evidence of osteogenesis in the cultures grown in 
homologous medium. This process was limited to its early stages possibly because 
under the prevailing experimental conditions the cultures had not the capacity for 
completing the process by the formation of mature bone tissue. The development of 
osteogenetic activity by cultures grown in homologous medium is further supported 
by the biochemical results reported in Part II . 

Areal growth 

Changes in the initial area of the cultures were followed by the standard method, 
which provides a measure of their growth. The measure of the growth obtained in 
this manner is not absolute, however, for only the dimensions of the surface are 
considered, and growth is, of course, three-dimensional. 

The accuracy of the measurements was influenced by various sources of error, the 
most important of them being the position of the culture—prone, supine or inclined— 
and the skill of the worker. The standard error of the method was found to be as 
high as + 3 7 . 1 . However, despite the magnitude of the error the differences between 
the rate of the areal growth for the experimental groups were statistically significant. 

The increase in the initial area of the cultures began almost immediately after 
explantation, as was demonstrated by measurement of the growth at short intervals 
during the first 3 days of cultivation (Fig. 3). As mentioned above, the increase in 
the initial area of the culture during the first stage of cultivation is usually attributed 
largely to a flattening of the specimen. It is evident, however, from this study that 
cell proliferation was also responsible for the increase at this stage, evidence for this 
being found in the rapid increase in the initial area during early stages of cultivation 
with no simultaneous migration of the cells; an intense activity would be expected 
to accompany the re-arrangement of the cells in their adaption to the new environ­
ment. The characteristic pattern of the areal growth during this period may be con­
sidered as additional evidence of the dual mechanism of the increase in the initial 
area of the explants. The rapid increase in area during the first 24 hours of cultiva­
tion may be attributed to the flattening of the cultures. The increase in area from 
the end of the second day may be attributed to proliferation. It is difficult to accept 
that proliferation can start during the first hour of cultivation, or to suppose, on the 
other hand, that the re-arrangement of the cells should be able to continue for days, 
or even weeks, without these small tissue fragments becoming extremely flat and 
thin. As has been earlier described in detail, differences in the pattern of areal growth 
were observed, on the one hand between cultures from the epiphyseal and the dia­
physeal part of the cartilaginous cones, and, on the other hand, between cultures 
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from the epiphyseal part of the cones, but cultivated under different conditions. 
The differences observed in the former case were attributed to the presence or ab­
sence of flattened chondrocytes. Some activities of these cells were assumed to be 
closely related to the areal changes of the cultures, but the nature of this relation­
ship is obscure. As would be expected, hypertrophied and degenerating chondrocytes 
displayed no capacity of proliferation. The difference in the pattern of areal growth 
observed in the latter case was attributed to the varying composition of the medium 
used in each group. It may be assumed that the differences were due to the mutually 
antagonistic nature of the processes of differentiation and proliferation.i*^ 

In the cultures of the diaphyseal series, there was no evidence of proliferation or 
differentiation. No significant changes in the initial area were observed, and no 
other signs of life were evident during the period of cultivation. However, nor were 
there degenerative or autolytic changes that would suggest that these cultures had 
died. 

The cultures grown in homologous medium at first showed an intense proliferation 
that was reflected in a rapid increase in the initial area. Such explants exhibited 
morphologic and chemical evidence of differentiation, but not until the end of the 
2nd week of cultivation. Parallell with the development of the differentiation there 
was possibly a slight proliferation, at least up to the end of the 5th week. 

Cultures in heterologous medium displayed intense but short-lived proliferation; it 
appeared that this proliferation ceased abruptly, and it was even followed, after an in­
terval, by a gradual decrease in the area. In this experimental group there was mor­
phologic and chemical evidence of an initial differentiation which soon ceased, to be 
followed by degeneration. The cultures placed first in homologous and then in 
heterologous medium showed the longest period of proliferation, but here, too, 
there was morphologic and chemical evidence of only short-lived differentiation. 

The cultures of the first group, which were composed only of hypertrophied and 
degenerating chondrocytes, did not contain the necessary elements for proliferation 
or differentiation under the prevailing conditions. The cultures of the third group, 
which were composed of flattened, hypertrophied and degenerating chondrocytes 
and which were grown in heterologous medium, apparently contained the necessary 
elements for further development and had displayed intense proliferation, though 
only for a brief interval; however, there was no differentiation, probably owing to 
an unsuitable environment. The cultures of the second group were also composed of 
all three groups of chondrocytes, but they were grown in homologous medium, 
which provided the necessary conditions for proliferation and differentiation. After 
two weeks of intense proliferation these cultures displayed incipient differentiation, 
a process that could be brought to an advanced stage, as shown by morphologic and 
chemical evidence of the formation of pre-osseous tissue. The last group consisted 
of cultures that contained all three groups of chondrocytes but they were grown 
first in homologous and later in heterologous medium. These cultures had the ne-
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cessary elements for proliferation and differentiation, and during the first two weeks 
grew under favourable conditions and developed an intense proliferation and in­
cipient differentiation. However, because the environmental conditions were un­
favourable after the 2nd week of cultivation the differentiation soon ceased. With 
the disappearance of the antagcmistic process of differentiation further proliferation 
was promoted so that the cultures achieved their maximum area of growth. It may 
be inferred that proliferation was entirely independent of the composition of the 
culture medium, whereas the process of differentiation was absolutely dependent 
on this factor. 

The tissue cultures displayed an intense proliferation during the early period of 
cultivation, during which no differentiation took place. Then, when proliferation 
activity had attained its maximum, differentiation began. When the medium pro­
vided favourable conditions differentiation continued with increasing intensity, 
while proliferation was inhibited. When, however, the conditions for differentiation 
were unsuitable, proliferation continued intensively and suppressed the differentia­
tion. Hence, the findings of this study support the conception of antagonism be­
tween differentiation and proliferation. 

Closer study of the areal growth showed a statistically significant decrease at a 
certain point of cultivation in the majority of the experimental groups. The same 
observation has been made in an earlier s t u d y . A t that time no acceptable explana­
tion could be advanced but it was supposed that the decrease in the areal growth 
might be related to the curving of the explants. However, this change occurred at 
quite early stages of cultivation. With the progress of the investigation it was found 
that there was no further evidence of morphologic and chemical differentiation 
after a certain period of cultivation. This would suggest a limited capacity of these 
cultures for differentiation under the prevailing conditions, so that the process 
could not be advanced beyond a certain stage. The fall in the curve for the areal 
growth of the different experimental groups was then considered as an expression of 
the limited ability of the cultures to proliferate and differentiate beyond a 
certain point. It was observed, furthermore, that the fall in the curve of areal 
growth occurred at the end of the 7th week of cultivation in cultures grown in 
homologous medium, and at the end of the 5th week in cultures grown in hetero­
logous. It might therefore seem that homologous medium promotes differentia­
tion to a more advanced stage. However, a fall in the curve of areal growth at the 
end of the 7th week was also observed in the diaphyseal series, which showed no 
signs at all of proliferation and differentiation, so that the above explanation is not 
valid here. This is confirmed by the fact that evidence of a chemical differentiation 
(an increase in the acid phosphatase activity and collagen content) was found in 
other groups of cultures after the decrease in the areal growth. No satisfactory 
explanation of this change in the course of the areal growth can at present be 
advanced. 

4 - 586124 Sevastikoglou 
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Period of cultivation (days) 

FIG. 2 4 . Areal growth of cultures obtained from chick embryos of different ages grown in homo­
logous medium with fresh embryo extract and normal Tyrode's solution, (a) 10-day embryos, 
(6) 11-day embryos, (c) 12-day embryos, (d) 13-day embryos, and (e) 14-day embryos. 

The rate of the increase of the areal growth differed widely from that reported by 
other authors. It has been found that cartilage nodules usually increase to three to 
four times their original size when the cartilaginous extremities of the long bones of 

day chick embryos are used.*^ On the other hand it has been reported that ex­
planted embryonic cartilaginous phalangeal and metacarpal bones from human 
embryos 9-15 weeks old increase to up to 120 to 300 per cent of their original vol-
ume.iee This discrepancy between these results and those of the present study may 
evidently be attributed to the use by these workers of material at an earlier stage 
of the embryonic development. This explanation is supported by the findings ob­
tained by explanting in homologous medium the epiphyseal cartilages cones pre­
pared as described above, and derived from embryos incubated for between 10 and 
14 days. The areal growth of these groups of cultures was followed up to the 3rd 
week of cultivation; at the end of the first week the percentage areal growth was 
found to vary directly with the age of the embryos from which the cultures were 
obtained. At the end of the 2nd and 3rd week, however, this relation was changed 
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and the curves for the areal growth of the cultures from 11-, 12-, 13-, and 14-day-old 

embryos crossed. The cultures derived from 10-day embryos consistently showed a 

higher pattern of areal growth (Fig. 24). 

Observations on sectioned cultures 

The morphologic changes displayed by the cultures and characterized by the for­
mation of a perichondral capsule have been discussed in connection with the ob­
served migratory tendency of the cells. 

The presence of metachromatic staining has always been considered as related to 
the turnover of chondroitin sulphuric esters in the intercellular substance of the con­
nective tissues. The study of these substances constituted a special part of this in­
vestigation, and the observations on the metachromatic staining of the sectioned 
cultures will be discussed in the appropriate section (p. 83). 

The morphologic changes observed in the cultures and characterized by the forma­
tion of a tissue that apparently originated in the inner layer of the perichondral 
capsule were interpreted as evidence of differentiation, with the formation of bone as 
a result. The newly-formed tissue closely resembled "osteoid" tissuei^*'^' and "imma. 
ture" bone.i^o These terms usually refer to bone tissue in an early stage of develop­
ment, but at times they have also been used to indicate atypical forms of bone. 
Pommer^^' first described a form of uncalcified bone tissue—later called "physiological 
osteoid"!*!—a conception that is disputed by MacLean et αί.*'· loo 'Osteoid" and "imma­
ture" bone are terms that are generally used to denote a tissue that is markedly dif­
ferent in its structure and histogenic details from mature bone, the difference lying 
in the intercellular substance and the osteocytes.i'" The matrix of such tissue is not 
calcified,^* but has the capacity for ca l c i f i ca t i on .The term "pre-osseous tissue", as 
used in this paper, denotes a non-calcified tissue, morphologically similar to the 
osteoid or immature bone tissue but with distinct differences from mature bone, 
and with biochemical characteristics of developing bone tissue. 

Pre-osseous tissue was found to develop and fill the narrow structureless zone that 
stained metachromatically, and which formed between the marginal chondrocytes 
and the osteoblastic coat of the perichondral capsule. Ham«« has described a similar 
structureless zone, which developed just before the formation of the osteoid tissue. 
This zone was attributed to formation of bone matrix by the osteoblasts of the osteo­
blastic layer of the periosteum. N o signs of degeneration of the marginal chondro­
cytes were observed in the present study that might explain the formation of the 
structureless marginal zone.i** 

The formation of pre-osseous tissue that evidently occurred in one of the culture 
groups is the essential point in the interpretation of the results of this investigation. 
As it is open to discussion whether true, mature bone can be obtained in tissue cul-
ture,2 and as the conception of the morphologic character of pre-osseous tissue is 
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M E D I U M V A B I A N T S 

The principal differences between the various culture groups were found to be 
related to the use of homologous or heterologous medium. However, the use of fresh 
or filtered embryo extract also proved a significant factor. The differences between 
the results for the homologous and heterologous groups were attributed to inhibition 
of differentiation by the heterologous medium. Differentiation in heterologous 
medium has been reported, but this finding was made only in short term cultiva-
tion.2s.'« T o judge from the available results, including those of the present study, 
the choice of medium would appear to have no effect on the differentiation in the 
early stages of cultivation. 

The differences observed between the groups of cultures treated with either fresh 
or filtered embryo extract were attributed primarily to an oxidation of the vitamin 
C of the extract during filtration. It has been earlier observed^*" that osteogenetic 
cells from chick embryos cultured in plasma obtained from scorbutic guinea pigs 
failed to form collagen fibres and displayed fatty degeneration, while similar cultures 
treated with plasma from normal animals exhibited a normal pattern of develop­
ment. Bourne^' observed that in the impaired bones of scorbutic animals there was 
a delay in cell migration to the affected area. He also found a greatly reduced alkaline 
phosphatase activity in bones of scorbutic guinea pigs, and he maintained that in 
scurvy calcium in an amorphous form is deposited in various tissues. Similar changes 
were also observed in the cultures grown in heterologous medium and treated either 
with filtered or with freshly prepared extract: namely, suppression of the migratory 
activity of the cells and subsequent formation of the fibrous capsule around the cul­
tures, reduced alkaline phosphatase activity and calcification of a degenerative na­
ture. However, analysis of samples of extract that had been (a) freshly prepared, 
{b) freshly prepared and stored for 24 hours at 4°, and (c) filtered and stored at —14° 

based on subjective criteria it was impossible to decide with any degree of certainty 
whether the histologic changes observed in the cultures could be interpreted as evi­
dence of the formation of pre-osseous tissue. The biochemical findings, however, 
bear out the occurrence of differentiation in cultures grown in a certain type of 
medium. 

Calcification was seen in those parts of the culture displaying evidence of extensive 
degenerative changes of the chondrocytes and was thus of a degenerative nature. 
In no case were there signs of mineralization in regions where pre-osseous tissue was 
formed. The presence of calcium salts, although related to degenerative changes of 
the cultures, was probably not due merely to deposition of amorphous salts. The 
X-ray diffraction pattern in one case disclosed the presence of hydroxyapatite 
crystallites. Where calcification was present it had evidently occurred by crystalliza­
tion. 
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* Vitamin C determinations were performed according to the method of Roe and Kuether.^*' 

for about 2 months, revealed no significant difference in the vitamin C content, the 
respective values being 64 y, 75 γ and 60 y/ml.* 

In this case the difference in the results must therefore be ascribed to other fac­
tors than a change in the vitamin C content of the extract. It is conceivable that some 
component of high molecular weight that promotes differentiation is retained or 
destroyed on filtration of the extract. The existence in the embryo extract of factors 
that promote and inhibit growth and differentiation has been suggested earlier.^'* 

For the above reasons the whole material was considered as falling into two main 
groups, one consisting of cultures grown in medium containing components promoting 
both growth and differentiation, and the other consisting of cultures grown in medium 
containing components that inhibit differentiation. In the former group the promo­
ting components were homologous plasma and freshly prepared extract, whUe in the 
latter group the inhibitory component was the heterologous serum, the effect of 
which was so marked that any difference in the action of the fresh and filtered ex­
tracts was masked. Cultures grown first in homologous and later in heterologous 
medium also belonged to this group. 

The cultures in these two groups have been denoted as "differentiating" and 
"degenerating", respectively. 



P A R T T W O 

BIOCHEMICAL STUDY 

A study of certain biochemical reactions characteristic of the various stages of 
osteogenesis was undertaken with the purpose of ascertaining, on other than mor­
phologic grounds, whether osteogenesis does in fact take place in cultures of the 
explanted epiphyseal cartilaginous cones. Enzymologie studies of the alkaline and 
acid phosphatase and phenolsulphatase activities were performed. As the results 
obtained from these studies were considered to prove that differentiation really 
occurs in the tissue cultures, the biochemical study was extended to two compo­
nents of the intercellular substance—collagen and chondroitin sulphate. 

N o statistical analysis of the results was performed owing to the nature of the 
material and the difficulty of obtaining sufficient values. In the curves of this part 
the broken lines are drawn through the averages of the experimental values; the 
continuous lines represent the assumed development. 

A L K A L I N E P H O S P H A T A S E A C T I V I T Y 

Since the discovery in the ossifying cartilage of young rats and rabbits of an en­
zyme, "bone phosphatase", that hydrolysed hexose monophosphoric acid to give 
free phosphoric acid,i34. i35 the importance of the role played by a group of similar 
enzymes (possibly 15 to 20)i*i in the biology and biochemistry of the living tissues 
has become increasingly realized. Such enzymes have been demonstrated in prac­
tically all living cells, and especially during the process of cellular differentiation, 
such as occurs in the embryonic development in mammals,*"- *2 the chick,ΐ"*· i"' and 
the sea urchin.^i-'^ in the repair of wounds and cutaneous burns^* and in the forma­
tion of secretions of a protein nature, such as silk.2" 

"Bone phosphatase" belongs to a group of phosphatases with an optimal pH 
ranging between 9.2 and 9.4. To the same group belong phosphatases of other organs 
(kidney, intestine, liver, bladder) with the same** or slightly different p H optima. 
There is no incontestable evidence that the alkaline phosphatases from the different 
sources are not identicaLii"'!' 

Alkaline phosphatase activity has long been considered to be involved in the 
phase of osteogenesis characterized by mineralization of the intercellular substance. 
However, this concept has been much debated during recent years, as bone minera-
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Experiments 

Quantitative determinations of the alkaline phosphatase activity were performed by 
the method of King and ArmBtrong*^, as modified by Binkley et al? and Gustafson et ai.*i 
Each specimen was weighed and manually homogenized in a glass homogenizer in the 
presence of 1 ml distilled water saturated with chloroform. The substrate consisted of 
5.0 ml of 0.005 Μ di-sodium phenylphosphate in a veronal buffer at p H 9.2, to which 
1 ml of a 0.1 Μ solution of magnesium chloride was added as an activator. After incuba­
tion at 37°C for 6 hours in a water bath the reaction was arrested by the addition of 2 ml 
Folin-Ciocalteu's phenol reagent. After centrifugation, 2 ml of a 20 per cent solution of 
sodium carbonate was added to 5 ml of the centrifúgate, and after incubation for 30 
minutes at 37°C the colour intensity was read in a Spekker absorptiometer, using an 
Hford spectrum red filter no. 608. The optimal conditions for the alkaline phosphatase 
activity were chosen after preliminary study of the p H , the period of incubation and 
the concentration (Fig. 25) of the materials and substrates. The optimum p H range for 
the reaction was 9.2 to 10.2. A value of 9.2 was used throughout as providing the best 
conditions for the stability of the sokitions. The enzymatic activity-time curve was 
linear up to 12 hours with respect to the maximum extinction values, after which it 
levelled off. The period used was 6 hours, as a satisfactory hydrolysis of the substrate 
was then ensured even in samples with a low enzymatic activity. When the activity 
was expected to exceed the maximum scale reading of the absorptiometer the period 
of incubation was limited to 3, 2 or even 1 hour and the result was multiplied by 
2, 3 or 6, respectively. (The enzymatic activity-time curve was linear in the range in 
question). If, in spite of the restricted period, a very strong reaction was obtained the 
final solution was diluted with equal parts, or twice the volume, of distilled water and the 

* References- i" . 1 3 5 , 1 3 9 , lae, 1 3 5 . i 3 8 , 1 4 4 , 1 2 5 . 1 0 , 1 1 , 7 2 , n o . m , 1 4 , »o_ 

lization has proved to be a more complex process than Robison believed when he 
expressed the view that phosphatase liberates phosphate ions until their concentra­
tion exceeds the solubility product, at which point they are precipitated with 
calcium. It has been suggested that, instead of functioning as a hydrolytic agent to 
furnish inorganic orthophosphate, alkaline phosphatase may participate in the en­
zymatic transfer of a phosphate group from a metabolic ester to an acceptor in the 
matrix.*^ The prevailing opinions on the role played by alkaline phosphatase in cell 
biology in general, and in osteogenesis in particular, are the following: (i) Alkaline 
phosphatases are widely occurring enzymes that are essential for the biologic func­
tion of several organs. The enzymatic activity is concerned in cell differentia-
tion.8<>-42.io8.i»9.M2 (ü) Alkaline phosphatase is involved in the stage of ossification 

characterized by mineraUzation of the intercellular substance*, (iii) Alkaline phos­
phatase is concerned in the formation of the fibrillar component of the intercellular 
substance of bone and connective tissue in general.si-i*'i^'ii"'' (iv) Alkaline phos­
phatase is involved in processes of cell degeneration.*^' 

It would seem to be generally accepted that alkaline phosphatase is in some way 
involved in osteogenesis but that its precise significance is still obscure. 
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FIG. 25. The optimal conditions for determina­
tion of the alkaline phosphatase activity under 
the prevailing experimental conditions. 

Concentrat ion 

result multiplied by 2 or 4, respectively. (The dilution and colour intensity were found 
to be directly related.) 

Histochemical determinations were made by the method of Gomori** as described by 
Glick.59 

Quantitative determinations of the alkaline phosphatase activity were performed: 

(i) on cultures grown in homologous medium and treated either with fresh or 
filtered embryo extract; 

(ii) on cultures grown in heterologous medium, and treated with fresh or filtered 
embryo extract; 

(iii) on cultures grown first in homologous and then in heterologous medium; 
(iv) on cultures belonging to the diaphyseal series; 
(v) in vivo—that is to say, on epiphyseal cartilage cones obtained from chick 

embryos from the 10th day of incubation until hatching, and from newly hatched 
up to 5-day-oId chicks. (After this age the cartilage cones become honeycombed 
by perforation of medullary tracts and vessels.) Determinations were also per­
formed on similar specimens of cartilaginous cones, together with the surrounding 
bony cylinder. 

Histochemical determinations were performed on 10 cultures grown for 25 to 48 
days in homologous medium and treated with fresh embryo extract (2 cultures for 
25 days, 3 for 26 days, 3 for 28 days and 2 for 48 days). 
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Fio. 26. Alkaline phosphatase activity for cultures grown in homologous medium with fresh 
embryo extract and normal Tyrode's solution. Upper curves: epiphyseal series. Lower curve: 
diaphyseal series. 

Results 

The course of the alkaline phosphatase activity varied according to the type of 
medium, and the histologic composition of the cultures. 

Homologous media 

(a) Freshly prepared embryo extract. There was a decrease in the enzymatic activity 
from the initial values lasting for the first 5-10 days of cultivation, succeeded im­
mediately by a steep rise between the 15th and 25th day, the maximum occurring 
between the 25th and 50th day. There followed an almost immediate steep fall to 
approximately the initial value, which was reached on about the 70th day (Fig. 26). 
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F I G . 2 7 . Alkaline phosphatase activity for cultures grown in homologous medium with filtered 
embryo extract and normal Tyrode's solution. 

(0) Filtered embryo extract. The decrease from the initial values was slightly longer 
than when freshly prepared extract was used. Moreover, the maximum activity was 
much lower, and the subsequent fall occurred somewhat earlier (Fig. 27). 

Heterologous media 

(a) Freshly prepared embryo extract. There was a more rapid development of the 
alkaline phosphatase activity, the maximum value being reached as early as the 10th 
day of cultivation but lasting only 5 days, before a steep fall to slightly below the 
initial level, reached after the 20th day of cultivation (Fig. 28). 

(6) Filtered embryo extract. The activity was consistently below the initial value, 
except for a rise to that level between the 20th and 25th days. After this period no 
alkaline phosphatase activity could be detected in the cultures (Fig. 29). 
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ΐτα. 28 . Alkaline phosphatase activity for cul­
tures grown in heterologous medium with fresh 
embryo extract and calcium-enriched Tyrode's 
solution. 
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FIG. 29. Alkaline phosphatase activity for 
cultures grown in heterologous medium 
with filtered embryo extract and calcium-
enriched Tyrode's solution. 
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FIG. 30. Alkaline phosphatase activity for cultures grown first in homologous medium for 2 weeks 
and thereafter in heterologous medium. Filtered embryo extract and calcium-enriched Tyrode's 
solution were used throughout. 
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FIO. 3 1 . Alkaline phosphatase activity in vivo. 

Homologous and heterologous medium 

The cultures of this group were treated with filtered embryo extract. The alkaline 
phosphatase activity gradually decreased until the 35th day of cultivation, by which 
time it was practically extinguished (Fig. 30). 

Diaphyseal series 

There were no detectable signs of alkaline phosphatase activity between the 7th 
and the 42th day of cultivation (Fig. 26, lower curve). 

In vivo 

A gradual but moderate increase up to the 16th day of incubation was succeeded 
by a steep and practically constant rise up to the 5th day after hatching (Fig. 31). 
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FIG. 32. Alkaline phosphatase activity studied histochemically in culture 248e grown for 28 days 
in homologous medium with fresh embryo extract and normal Tyrode's solution. A positive reac­
tion was obtained in the region of differentiating osteoblasts, whereas the adjacent capsule and 
cartilage showed no activity. Gomori. χ 480. 

No appreciable differences were observed between the alkaline phosphatase ac­
tivity for the cartilage specimens alone and those, of the same age, with the sur­
rounding bony cylinder. 

Histochemical study 

A positive reaction for alkaline phosphatase was obtained in all the cases. This 
was characterized by dark brown to black staining at the sites of the enzymatic 
activity. These, however, were not the same in all cultures. In 3 cases a positive re­
action was obtained at places in the perichondral capsule, whereas in 7 cases the 
capsule was negative. The sites of positive response were located in the inner layer. 
Sites in pre-osseous tissue gave a positive reaction in 8 cultures, and in the remaining 
2 cases there was no morphologic evidence of pre-osseous tissue. In 6 cases weak 
positive staining was found in limited regions of peripheral chondrocytes—not neces­
sarily adjacent to positive regions of pre-osseous tissue or perichondral capsule— 
and in the 2 other cases regions of central chondrocytes gave a positive response. In 
all these cultures there were hypertrophied chondrocytes that displayed a positive 
reaction. Flattened and degenerated chondrocytes never exhibited a positive reaction. 

When a positive reaction was obtained in pre-osseous tissue it was usually very 
intense in the osteoblasts and less so in the intercellular substance (Fig. 32). When 
regions of chondrocytes showed positive staining the cell nuclei and protoplasm also 
stained more intensely than the intercellular substance (Fig. 33). 
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FIG. 33. Alkaline phosphatase activity studied histochemically in culture 263/ grown for 28 days 
in homologous medium with fresh embryo extract and normal Tyrode's solution. A positive reac­
tion was obtained in the region of the hypertrophied chondrocytes whereas the flattened cells 
showed no activity. Gomori. x 480. 

Discussion 

The results of the estimations of the alkaline phosphatase activity demonstrate a 
relationship between this enzymatic activity and the histologic composition of the 
cultures. Those obtained from the diaphyseal part of the cartilaginous cone dis­
played no such activity during the period of cultivation. It is logical to infer, there­
fore, that the presence of phosphatase activity is related to the presence of flattened 
cells. Furthermore, there was a close relationship between the level of alkaline phos­
phatase activity and the composition of the culture medium. Cultures grown in a 
medium that promoted differentiation (p. 53) displayed a high activity. The results 
obtained in this case confirm earlier findings.*'-*' 

Variation in the composition of the medium, however, resulted in a change in the 
enzymatic activity. More specifically, the filtered embryo extract inhibited, but did 
not eliminate, the activity. On the other hand, cultures grown in heterologous me­
dium showed a low enzymatic activity of short duration when treated with freshly 
prepared extract, and almost negligible activity when filtered extract was used. 
For cultures grown first in homologous and later in heterologous medium and treated 
with filtered extract the activity was also low. As the cultures of this last group 
displayed intense proliferation it may be inferred that the level of alkaline phos­
phatase activity does not play any part in the proliferation. This was borne out 
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by the absence of any enzymatic activity during the early stage of cultivation 
characterized by intense proliferation. The initial decrease in the alkaline phos­
phatase activity during this period of cultivation might be ascribed to the marked 
proliferative activity of the cultures. 

The relation between the composition of the medium and the enzymatic activity 
was similar to that between the composition of the medium and the degree of 
differentiation. The rise in the alkahne phosphatase activity in the group of "dif­
ferentiating" cultures may therefore be a biochemical manifestation of the differen­
tiation taking place in these cultures. From the chronologic correlation of the mor­
phologic observations and the alkaline phosphatase for the "differentiating" cul­
tures it is evident that the rise in this enzymatic activity begins during the advanced 
stage of development of the perichondral capsule. The migratory activity of the cells 
and the early stage of capsule formation coincide with the extremely low level of 
enzymatic activity. As the differentiation of the osteoblastic layer of the perichondral 
capsule occurred almost as soon as this had begun to form and as no traces of phos­
phatase activity could be detected by histochemical methods in the outer layer of 
the capsule, the rise in the enzymatic activity may be linked with the appearance 
of osteoblasts in the inner layer of the perichondral capsule. However, the enzymatic 
activity remained at a high level throughout the period of formation of the pre-
osseous tissue. 

No mineralization of the matrix of the pre-osseous tissue and only rare degenera­
tive calcification could be detected in the group of cultures grown in homologous 
medium in spite of the intense phosphatase activity over a long period. On the other 
hand, degenerative calcification was observed in 30 per cent of cultures grown in 
heterologous medium, and as a rule in the absence of any detectable signs of alkaline 
phosphatase activity. These observations were interpreted as evidence that calcifi­
cation may occur without simultaneous high alkaline phosphatase activity. 

In the "differentiating" cultures the alkaline phosphatase activity was most intense 
in the osteoblastic layer of the perichondral capsule and at the sites of formation of 
pre-osseous tissue. Hypertrophied chondrocytes displayed a marked activity, though 
less than the pre-osseous tissue. These findings would suggest that the alkaline phos­
phatase activity is related to the various processes of differentiation occurring in 
cultures. There was evidence that the enzyme played a dual role in that it participated 
both in the process of differentiation of hypertrophied chondrocytes from flattened 
cells and in the formation of osteoblasts from the cells of the inner layer of the peri­
chondral capsule. Though they appeared to occur simultaneously there was no ap­
parent connection between these two manifestations of the alkaline phosphatase 
activity. 

The alkaline phosphatase activity in vivo showed fairly low, constant values be­
tween the 10th and 17th days of incubation, although there is a gradual increase in 
bone formation at this time. There followed a period of increasing activity. This 
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may be interpreted as an inverted state of equilibrium, either between the prolifera­
tion of the cartilage and the differentiation of osteoblasts or between proliferation 
of the cartilage and hypertrophy of the chondrocytes. However, as there was no 
osteogenesis in the parts of the cartilaginous cones used in these experiments the 
latter assumption must be considered as the more probable. The curve for the 
alkaline phosphatase activity in vivo was similar to those obtained by previous in­
vestigators.*'- 4 ' ·111 

There was a parallel between the alkaline phosphatase activity in "differentiating" 
cultures and in vivo. In both cases an initial period of low activity was followed by 
a steep rise. However, there was an essential difference between the materials used 
in the two cases, the in vivo determinations being performed exclusively on cartilage 
in which no osteogenesis takes place, whereas in the cultures there was periosteal 
osteogenesis. The results are therefore not comparable. 

In all cases quantitative determinations showed fairly constant values at the 
periods of low enzymatic activity, but when a high level was recorded the values 
displayed wide variation in cultures of the same age. This divergency was ascribed 
primarily to experimental errors in the chemical analysis, but it may be due in part 
to the individual pattern of development of the cultures and the chick. 

The study of the alkaline phosphatase activity suggests the following conclusions: 
(i) The high enzymatic activity detected in "differentiating" cultures may be 

regarded as biochemical evidence of differentiation. 

(ii) The rise in the alkaline phosphatase activity apparently coincided with the 
differentiation of osteoblasts from the cells of the inner layer of the perichondral 
capsule developed in these cultures. 

(iii) There was a rise in the enzymatic activity during the process of differentiation 
of hypertrophied chondrocytes from the flattened cells. This finding together with 
the above (ii) would suggest that the enzyme played a dual role in the development 
of the cultures. 

(iv) Calcification of a degenerative nature, characterized by crystallization of 
hydroxyapatite, occurred almost invariably in the absence of any detectable signs 
of alkaline phosphatase activity. 

(v) There was a certain parallel in the course of the alkaline phosphatase activity 
in differentiating cultures and in vivo but no conclusions may be drawn since it is 
not known whether the materials are comparable. 

A C I D P H O S P H A T A S E A C T I V I T Y 

Acid phosphatase is, after alkaline phosphatase, the most widely distributed en­
zyme in nature.1*2 It has been found, however, that most tissues displaying an intense 
activity of the latter enzyme are practically devoid of the former.*2-2e.24,i20 jjoth 
phosphatases are present in the mesoderm tissue from the 4th day of incubation.i" 
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A rise in the acid phosphatase activity in connection with the development of the 

chick skeleton has been observed earlier^s and a dual role played by acid and alkaline 

phosphatases in bone metabolism has been suggested,^** but on the whole the rela­

tionship between the acid phosphatase activity and the process of osteogenesis has 

received little attention. 

Experiments 

As in the estimation of alkaline phosphatase activity, the method described by Bink-

ley et aV with slight modifications was used for the quantitative determinations of the 

acid phosphatase activity. Five millilitres of a 0.005 Μ solution of di-sodium phenyl-
phosphate in an acetate buffer of p H 5.0 was used as substrate. The reagents and the 
analytical procedure were identical with those used in the study of alkaline phosphatase. 

A preliminary study of the incubation time, the concentration and the optimal p H 
(Fig. 34) was made in order to ascertain the most suitable conditions for the experiments. 

The optimal p H of the reaction was found to lie between 4.6 and 5.5, and 5.0 was 
chosen for these estimations. I t was foimd that the enzymatic activity-time curve was 
linear with respect to the maximum extinction values up to the 12th hour of incubation 
but that it decreased sharply thereafter until, after 18 hours, only traces of activity 
covdd be detected. In order to ensure satisfactory hydrolysis of the substrate even in 
tests with low enzymatic activity an incubation time of 12 hours was used throughout. 
However, when the enzymatic activity was expected to exceed the maximum scale 
reading the time of incubation was, as in alkaline phosphatase, restricted to 6, or even 3, 
hours and the results were multiplied by 2 or 4, respectively. 

5 -586124 Sevastikoglou 
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FIG. 35. Acid phosphatase activity for cultures grown in homologous medium with fresh embryo 
extract and normal Tyrode's solution. 

Determinations of the acid phosphatase activity were performed: 
(i) on "differentiating" cultures, 
(ii) on cultures grown in two variants of heterologous medium, and 
(iii) on in vivo material, obtained as for the alkaline phosphatase experiments. 

Results 

In the case of this enzyme, too, different types of activity were obtained, depending 
on the composition of the culture medium. 

(i) In cultures grown in homologous medium and treated with freshly prepared 
embryo extract a decrease in the enzymatic activity was observed during the 1st 
week of cultivation, followed by a slight increase during the 2nd week, after which 
the values remained fairly constant until the end of the 6th week. There was then a 
surge of activity and maximum values were attained at the end of the 8th week. A 
steep fall in the activity occurred during the 9 th week and the values remained con­
stant until the end of the 10th (Fig. 35). 

(ii) Estimations of the acid phosphatase activity in "degenerating" cultures 
showed that where heterologous medium and freshly prepared embryo extract were 
used there was an initial decrease lasting to the end of the 2nd week, after which 
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FIO. 36 . Acid phosphatase activity for 
cultures grown in heterologous medium 
with fresh embryo extract and calcium-
enriched Tyrode's solution. 
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FIO. 37. Acid phosphatase activity for cultures grown first in homologous medium for 2 weeks 
and thereafter in heterologous medium. Filtered embryo extract and calcium-enriched Tyrode's 
solution were used throughout. 
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Fio. 38. Acid phosphatase activity in vivo. 

there was a slight rise, the values then remaining constant between the 25th and 
40th days of cultivation, when they fell again ( K g . 36). 

In the group of cultures grown first in homologous and then in heterologous 
medium there was also a decrease, which lasted one week and which was succeeded 
by a period, between the 10th and 40th days, when large variations were recorded. 
There followed a continuous fall from the 40th to the 70th day (Fig. 37). 

(iii) The in vivo study revealed constant values of the acid phosphatase activity 
at a low level from the 10th day of incubation to hatching. On the 1st day thereafter 
a rise was noted, followed by a rather stable period until the 4th post-embryonic 
day, at the end of which there was a steep rise in the activity to the 6th day (Fig. 38). 

N o appreciable differences were observed between the acid phosphatase activity 
for the cartilage specimens alone and those, of the same age, with the surrounding 
bony cylinder. 
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Discus eion 

The intense activity of acid phosphatase displayed by the "differentiating" cul­
tures may be regarded as further biochemical evidence of differentiation. As the 
differentiation of these cultures led to the formation of pre-osseous tissue, the rise 
in the acid phosphatase activity is probably associated with some stage of this pro­
cess. 

As in the case of the alkaline phosphatase activity, the results of the study of the 
acid phosphatase were compared with the morphologic observations, viz. (i) intense 
proliferation during the initial period of cultivation, (ii) formation of the perichondral 
capsule, and differentiation of osteoblasts from its inner layer, and (iii) formation of 
pre-osseous tissue. The rise in the acid phosphatase activity observed between 
the 6th and the 9th weeks of cultivation corresponded approximately in time to the 
last of these processes, in which it would thus appear that the enzyme is involved. 

There was a distinct relationship between the course of the acid phosphatase ac­
tivity and the composition of the medium. In cultures grown in heterologous medium 
only a negligible rise in the enzymatic activity was recorded. Owing to the highly 
variable activity for the cultiu-es grown in the two types of media the validity of 
the determinations in this case is open to question. 

As in the case of the alkaline phosphatase, the initial decrease in activity was at­
tributed to the intense proliferation of the explants during that period of cultivation. 
However, this drop was followed by a moderate rise and, in contrast to the case of 
the alkaline phosphatase activity, the subsequent values were constant. The signifi­
cance of the slight rise following the initial decrease is difficult to interpret. 

There was a similarity between the acid phosphatase activity in vivo and that ob­
served in the "differentiating" cultures. There was in both cases a period during 
which the activity was at a fairly constant low level; there followed a two-step rise. 

The course of the acid phosphatase activity in vivo, as in the case of alkaline phos­
phatase, may be interpreted as indicating a marked variation in the intensity of the 
processes of osteogenesis during the successive stages of the embryonic and early 
post-embryonic development, and taking the form of a disturbance of an existing 
state of equilibrium. 

The suggested dual role of alkaline and acid phosphatase in bone formationi^^ 
seems to be further supported by these results. It is difficult, however, to subscribe 
to the view that both enzymes are involved in the same process of osteogenesis, since 
the rise in the activity of each enzyme began, and attained a maximum, at a different 
period of cultivation. 

The study of the acid phosphatase activity suggests the following conclusions. 
(i) The rise in the acid phosphatase activity occurring in "differentiathig" cultures 

during the period of cultivation may be considered as further biochemical evidence 
of differentiation. 
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P H E N O L S U L P H A T A S E A C T I V I T Y 

Hydrolysis of potassium indoxyl sulphate to free indoxyl and potassium hydrogen 
sulphate has been shown to involve the action of an enzyme,^! which is also capable 
of hydrolysing potassium phenyl8ulphate.ii*'ii''ii* This enzyme, phenolsulphatase, 
has been found to be present in lower plants,^i' lower animalsi*' and in higher animals, 
and to be most abundant in the liver, adrenals and kidneys.'>·ΐ*^· i The enzymologie 
study was extended to an examination of this enzyme, as it has been suggested that 
phenolsulphatase is involved in the detoxification of aromatic amino-acids produced 
during the synthesis of collagen from the protein reserve in the course of embryonic 
development of echinoderms.^i and as little is known of the role of this enzyme 
during osteogenesis. 

The method used for the quantitative determination of this enzyme was the same as 
that described for acid phosphatase, with appropriate modifications proposed by Gustaf­
son.* A 0.005 Μ solution of potassium phenylsulphate (1.06 Gm in 500 ml distilled water) 
was used as the substrate with an acetate buffer. FoUin-Ciocalteu's phenol reagent, a 20 
per cent solution of sodium carbonate and water saturated with chloroform, were used. 

The examination of the phenolsulphatase activity was restricted to the preliminary 
study of the optimal conditions for the enzymatic reaction. p H values from 4 to 6.5 
were used, as this range has in other experiments been found to favour this enzymatic 
activity. '3 Incubation was performed up to 24 hours at 37°C,** although the rate of 
reaction has been reported to be greater at 50°.i 

Under these experimental conditions no phenolsulphatase activity could be de­
tected in the epiphyseal cartilage from the 12-day chick embryos, or in a number 
of samples taken at random from the "differentiating" cultures. Further study of 
this enzyme at regular stages of cultivation therefore seemed unnecessary. It may be 
concluded that there is probably no phenolsulphatase in the epiphyseal cartilage of 
the 12-day embryordc chick and that this enzyme is not involved in osteogenesis. 

* Personal communication. 

(ii) The acid phosphatase activity was probably related to the actual formation of 
pre-osseous tissue. 

(iii) In spite of the similarity observed between the course of the acid phosphatase 
activity in "differentiating" cultures and in vivo it is doubtful whether the results 
obtained in these two cases can be compared. 
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C O L L A G E N 
The connective tissues—connective tissue proper, bone, cartilage and haemo-

poietic tissue—are of mesodermal origin and generally composed of cells with the 
intercellular spaces filled, with fibres and matrix. Fibres consist of a special 
group of proteins which includes elastin, reticulin and collagen." Collagen is the 
most abundant fibrous protein in connective tissue occurring in vertebrates and 
lower animals.* The collagen of invertebrates differs so distinctly from that of the 
vertebrates that it cannot be considered as collagen in the accepted sense of the 
term.*" Collagens from various species of mammals and birds on the other hand, dif­
fer little in their fibrillar structurei^i and their chemical composition.!^* 

Collagen is arranged in fibres, the elementary unit of which is the collagen "fi­
brilla", visible only under the electron microscope. Closely packed aggregates of 
many such fibrUlae constitute the primitive fibres, which are just resolvable under 
the light microscope. These fibres in turn form the fibre bundles, which constitute 
the easily recognizable fibrous unit of bone structure.i** In newly formed embryonic 
bone the fibre bundles are disposed with no apparent order; in mature lamellar bone, 
however, the fibre pattern is remarkably uniform and r e g u l a r . W i d e l y divergent 
opinions are held on the origin and mode of formation of the collagen fibres, and it 
is much debated whether they are formed by the extracellular fluids or by cellular 
elements under the influence of these fluids. 

The principal opinions can be summarized as follows, (i) Collagen fibres develop 
extracellulary and involve the conversion of fibrin into collagen.^-ii* (ii) They develop 
extracellulary but are not derived from fibrin, although the fibrin threads may 
form a basis for the collagen fibres during their formation.**'* ΐ"̂ · " 2 . i2i (üj) Collagen 
fibres originate within the c e l l . * ^ - i " - ( i v ) It has been demonstrated by tissue 
culture experiments that the elementary "fibrillae" of the connective tissue are 
formed outside the cytoplasm—that is to say, in the intracellular substance—by the 
influence of cellular secretions.** (v) It has recently been suggested that fibroblasts 
produce a soluble protein procollagenous substance, which precipitates collagen 
fibre in the presence of a carbohydrate fraction in the ground substance.^' (vi) Col­
lagen fibres are extracellular elements but their precursors can be traced back into 
the cytoplasm." 

Collagen has a very high molecular weight and is composed of a variety of amino-
acids.i*'-11*· " A characteristic of collagen is its high content of proline (15-16 per cent), 
hydroxyproline (13.5 per cent), and glycine (27-29 per cent)^^**'*" and a very low 
percentage of aromatic and sulphur-containing amino-acids.*'- '*· ii* Collagen is the 
only protein besides elastin that contains hydroxyproline.^^*'-*" 

Since no reliable microbiologic method was available for estimating hydroxy-
proline, and since quantitative chemical'*-!!** or paper chromatographic" techniques 
had not then been adapted for micro-estimation of this amino-acid the total proline 
was taken as a measure of the collagen level in the cultures. 
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Fio. 3 9 . Collagen content of cultures grown in homologous medium with fresh embryo extract 
and normal Tyrode's solution. 

Experiments 

Estimation of proline was performed by the method evolved by Dunn et al.,^ with 
slight modifications and using Lactobacilliis brevie, ATCC 8287. The growth of the micro­
organism was meaaured with samples and with standards of 10-40 y-proline per tube by the 
conventional acidometric procedure. The modification of Dunn's method consisted in the 
use of the technique of Banhidi et cd.^ in the preparation of the stock cultures oiL. brevis. 

Samples of 5 to 12 specimens of different stages were lyophyllised with 2.δ JV hydro­
chloric acid for 10 hrs at 120°C in fused pyrex tubes, and the p H adjusted to 6.8 with 1 Ν 
sodium acetate and 0 .5-1.0 mg of dry substance per ml before testing for proline. 

Estimations of the proline were made (i) on cultures grown in homologous medium, 

and (ii) in vivo, as in the case of alkaline and acid phosphatases. 

Results 

(i) The curve compiled from the values obtained from the estimation of proline 
in "differentiating" cultures showed that epiphyseal cartilage cones from the long 
bones of 12-day chick embryo—0-day samples—contained a fairly large amount of 
proline. Until the end of the 4th week the proline remained more or less constant; 
it then rose to a maximum at about the end of the 7th week. An immediate decrease 
ensued from the end of the 8th week to the end of the 9th, after which the values 
were nearly the same as during the initial period (Fig. 39). Estimation of the proline 
in cultures grown in homologous medium, but with homogenization of the samples 
before hydrolysis, showed the increase to occur about one week earlier, the period 
of high values being prolonged by one week. 
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FIG. 40. Collagen content in vivo. 

(ii) From the curve of the in vivo values it is seen that in the epiphyseal cartilage 
cones from embryonic and early post-embryonic bones the proline was fairly con­
stant between the 10th day of incubation and the 5th day after hatching. The small 
waves in the curve are probably of no significance (Fig. 40). 

No appreciable differences were observed between the proline content of the 
cartilage specimens alone and those, of the same age, with the surrounding bony 
cylinder. 

Discussion 

The increase in the collagen content that is reflected in the observed increase in 
the proline level provides further biochemical evidence of differentiation in cultures 
grown in homologous medium, since collagen synthesis during osteogenesis has been 
considered as a specific activity of the osteoblasts involved in the formation of the 
organic components of the intercellular substance of bone. However, as collagen is a 
component of the intercellular substance of cartilage and other forms of connective 
tissue, the rise in the collagen in this case might be related to the formation of 
intercellular substance of cartuage or of pre-osseous tissue. Nevertheless, since 
the rise occurred at a late stage of cultivation and did not coincide with the initial 
period of proliferation of the cartilage, or to the formation of the perichondral 
capsule, it is reasonable to suppose that the rise in the collagen content was related 
to the formation of the intercellular substance of pre-osseous tissue. 

The initial decrease in the alkaline and acid phosphatase activity observed in 
almost all the cases was attributed to the coincident intense proliferative activity 
of the cultures. The absence of any initial decrease in proline may be ascribed to the 
production of collagen simultaneously with the proliferation of the cultures. On the 
other hand, it has been held that once collagen has been laid down its turnover is 
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very slow, a fact that may also explain the equilibrium of the collagen level during 
the early stages of cultivation. 

The fairly stable collagen content of the epiphyseal cartilage cones in vivo through­
out the embryonic and early post-embryonic development may have been due to the 
absence of any formation of intercellular substance of bone or cartilage. 

The alkaline phosphatase activity rose and attained maximum intensity much 
earlier than the collagen content. The rise in the collagen level, however, occurred 
during the period of intense alkaline phosphatase activity. It would be hazardous 
on the basis of these findings to attempt to draw definite conclusions on the nature of 
the relationship between the activities of alkaline and acid phosphatase and the 
collagen content of the cultures, as no special study of this problem has been per­
formed. However, the coincidence between certain morphologic and biochemical 
observations warrants discussion. The proliferation phase of the "differentiating" 
cultures was characterized by a decrease in the alkaline and acid phosphatase activi­
ties, while the collagen level remained stable. During the period of formation of the 
perichondral capsule and the differentiation of osteoblasts from its inner layer there 
was a steep rise in the alkaline phosphatase, while no significant change in the acid 
phosphatase and collagen was detectable. The formation of pre-osseous tissue coin­
cided almost exactly with the rise in the collagen content and the acid phosphatase. 
During the same period the alkaline phosphatase remained at a very high level, but 
there was no evidence that differentiation of osteoblasts had ceased by this time. 
All the processes showed an almost simultaneous decline, which may be attributed 
to the limited osteogenetic capacity under the prevailing experimental conditions. 
The parallel between the alkaline phosphatase, acid phosphatase and collagen levels 
in "differentiating" cultures was not evident in vivo. 

The study of the collagen content suggests the following conclusions. 
(i) The rise in the collagen content observed in "differentiating" cultures during 

the period of cultivation may be regarded as further biochemical evidence that dif­
ferentiation occurred in this group of cultures. 

(ii) It is possible that small amounts of collagen were formed during the period of 
proliferation. 

(iii) The rise in the collagen content occurred almost simultaneously with the rise 
in the acid phosphatase level and displayed a parallel development. 

(iv) The rise in the collagen occurred during high alkaline phosphatase activity. 
However, the alkaline phosphatase rose long before the collagen. 

(v) The variation in the collagen content in in vivo material bore no resemblance 
to that observed in "differentiating" cultures. 
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S U L P H O M U C O P O L Y S A C C H A R I D E S 

The sulphomucopolysaccharides, the sulphuric acid esters of the mucopolysaccha­
rides, constitute an important group with a wide distribution in various organs and 
tissues. Compared with other tissues, connective tissue is rich in sulphomucopolysac­
charides, which are believed to occur as protein-bound components of the ground 
substance. Sulphomucopolysaccharides play a dominant role in cartilage biology. 
Cartilage in fact represents the richest atore of chondroitin sulphate in the body. On 
hydrolysis, chondroitin sulphuric acid yields galactosamine (chondrosamine) uronic 
acid, sulphate and acetic acid. Chondroitin sulphate is one of the main constituents 
of hyaline cartilage. Meyerio^. 103 states that three different chondroitin sulphates. A, 
B, and C, could be identified, which could be distinguished by virtue of differences 
in their solubilities, optical rotation, digestability with hyaluronidases and their 
colour reactions. Chondroitin sulphates A and C are of interest in the study of car­
tilage or bone. The mucopolysaccharide pattern of growing bone is different from 
that of cartilage. 

The importance of chondroitin sulphate in the biologic function of cartilage has 
been widely studied and divergent opinions are held on the role played by the chon­
droitin sulphate, and the sulphomucopolysaccharides in general, in osteogenesis. 
It has been held that the maintenance of a high level of the sulphate is a device by 
which cartilage is protected against calcification,** but it is doubtful whether this 
itself can be regarded as a protective mechanism; it is more probable that its re­
moval is a pre-requisite for the action of the bone-forming osteoblasts. The concept 
of an antagonism between alkaline phosphatase and chondroitin sulphate finds sup­
port in the fact that depletion of chondroitin sulphate in cartilage precedes calcifica­
tion, while a high alkaline phosphatase activity appears during ossification and 
mineralization of the ossifying cartilage.i*^. isa ^ connection between, on the one 
hand, depletion of sulphate and, on the other, the formation of bone*»-1*2.153 or 
calcification,38'39.30.e,2 has been suggested. On the other hand, chondroitin sulphate 
has been considered as largely responsible for the binding of calcium ions.i* Histo-
chemical studies of developing teeth have revealed that mucopolysaccharides are 
widely distributed in several components of this organ. There was a gradual increase 
in the amount of mucopolysaccharide in functional ameloblasts and odontoblasts, 
and with the onset of calcifiction the dentine showed a corresponding increase in 
mucopolysaccharide.* 

Experiments 

The study of the sulphomucopolysaccharides consisted principally in the estima­
tion of the mucopolysaccharide in various materials. However, as it is known that 
most inorganic ^sg sulphate introduced in experimental animals is incorporated in 
sulphomucopolysaccharides,**'3β· 12.13 this isotope was used for examination of the 
synthesis of mucopolyssacharides in the material of the study. 
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U P T A K E O F 35S 

The method vised for determining the incorporation of the radioactive inorganic sul­
phate (**S) was that used by Boström,!^ with a modification of the ashing procedure." 

A number of cultures, usually 4 to 10, of the same age were sliced finely by hand and 
the material was divided into two approximately equal parts. Each sample was placed 
in 4 ml sulphate-free Krebs-Ringer's solution containing 1-2 ml of a solution of inorganic 
ääg-labelled sodium sulphate (2 μΟ per 150-500 ml Krebs-Ringer). After incubation 
in a water bath for 3 to 6 hours at 37°C the tissue fragments were washed with distilled 
water and incubated overnight in saturated sodium sulphate solution at the same tempe­
rature. The samples were then dried, weighed and ignited. The ash was dissolved in 2.0 
ml distilled water and plated. The coimt rate of the samples was then determined in a 
standard position under a thin-windowed Geiger-Müller tube. In each experiment O-time-
inhibited samples were used. Inhibition was performed by iodo-acetic acid. 

Estimations of the uptake of **S-labelled sodium sulphate were performed 

(i) on "differentiating" cultures, the determinations being performed on two 

series of cultures at weekly intervals and on cultures at daily intervals during the 

1st week of cultivation; 

(ii) on "degenerating" cultures; and 

(iii) in vivo, the same material being used as for similar determinations of the 

alkaline phosphatase activity. 

As the radioactive solutions and incubation times in the experiments were not 

identical, the results for the various series are not quantitatively comparable. 

Q U A N T I T A T I V E E S T I M A T I O N 

Estimation of mucopolysaccharide in the cartilage cultures was performed by the 
chromatographic method described by Gardell.*^ This is based on chromatographic 
determinations of the two amino-sugars, glucosamine and galaotosamine. 

The tissue samples, about 10 cultures for each determination, were freeze-dried, pul­
verized and further dried in vacuo over phosphorus pentoxide at 100°C. Samples of the 
dry powder were hydrolysed with 6 Ν hydrochloric acid for 8 hours on a boiling water 
bath. After hydrolysis, the mixture was placed in a small beaker and evaporated to 
dryness in a desiccator over sodium hydroxide ajid concentrated sulphuric acid. The 
residue was taken up in a suitable volume of 0.3 Ν hydrochloric acid and applied to the 
top of the ion exchange column. Thereafter the analysis was conducted as described 
by Gardell. 

Quantitative determinations of the mucopolysaccharides were performed (i) on 

"differentiating" cultures (ii) on "degenerating" cultures and (iii) in vivo, the material 

in this case being obtained in the same way as for the corresponding determinations 

of the alkaline phosphatase. 
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Fie. 41. Galactosamine {upper curves) and glucosamine (lower curve) content of cultures grown 
in homologous medium with fresh embryo extract and normal Tyrode's solution.* 

Results 

MUCOPOLYSACCHARIDES 

(i) The galactosamine (chondroitin sulphate) content of cultures grown in homo­
logous medium was studied at weekly intervals until the 9th week of cultivation, 
with one determination on the 4th day. The curve compiled from the values obtained 
at various stages of cultivation showed that the epiphyseal cartilage cones in 12-day 
embryos, 0-day samples, were rich in galactosamine, which constituted about 10 
per cent of their dry weight. There was a pronounced rise in the galactosamine on 
the 4th day, followed by a steep fall to the end of the 1st week, which then gradually 
leveled out. This fall was ascribed to erroneous determination, as such a low value 
of the galactosamine was never observed. 

The glucosamine level was fairly constant up to the 63rd day of cultivation, and 
much lower than that of the galactosamine, even initially (Fig. 41). 

(ii) Estimation of the mucopolysaccharides in cultures grown in heterologous 
medium was performed at 10-day intervals until the 70th day of cultivation. The 
variation in the galactosamine and the glucosamine levels in this group of cultmes 

* The galactosamine and glucosamine were determined as the hydrochloride, dry substance. 
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FIG. 4 2 . Galactosamine {upper curves) and glucosamine {L·wer curve) content of cultures grown in 
heterologous medium with filtered embryo extract and calcium-enriched Tyrode's solution. 

The twenty-day values are based on infected material. 
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FIG. 4 3 . Galactosamine {upper curves) and glucosamine {hwer curve) content in vivo. 
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was almost identical with that for the "differentiating" cultures, galactosamine 
showing a gradual decrease, whereas the glucosamine was constant throughout the 
period of cultivation (Fig. 42). 

(iii) The mucopolysaccharide content in vivo showed that there was a stabilization 
of the galactosamine values from the 11th day of incubation to the 2nd day after 
hatching, when a progressive decrease occurred. The glucosamine content of the 
samples remained almost constant throughout the period of observation (Fig. 43). 

UPTAKE OF 3*8 

(i) In the "differentiating" cultures a high initial uptake of ^^S was recorded for 
0-day samples. This was followed by a steep fall until the end of the 1st week, and 
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FIG. 4 5 . Uptake of »'S during the first week of cultivation by cultures grown in homologous 
medium with fresh embryo extract and normal Tyrode's solution, Δ denotes a value of the 
O-time-inhibited samples. 

from then onwards there was only a very low uptake, the values remaining at about 
the same level as those of the 0-time inhibited samples (Kg . 44). A third series of 
determinations was performed in order to study the steep decrease in the uptake of 
'^S during the 1st week. Thus, at the end of the 24th hour of cultivation there was β 
significant rise in uptake, followed by a steep decrease, a very low value being re­
corded from the 3rd to the 6th day of cultivation. In this experiment, too, the values 
were approximating to those for the 0-time inhibited samples (Fig. 45). 
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FIG. 4 6 . Uptake of "S by cultures 
grown in heterologous medium with 
filtered embryo extract and cal­
cium-enriched Tjrrode's solution. 
Δ denotes the values of the O-time-
inhibited samples. 
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Fio. 47. Uptalce of in vivo. Two readings were performed on each sample with a 3-hour interval. 
Δ and • denote the values of the O-time-inhibited samples. 

(ii) Weekly determination of the uptake of ^̂ S by "degenerating" cultures of 
various periods of cultivation from the 6th up to the 55th day showed constant 
values but here the level was appreciably higher than that for the 0-time inhibited 
samples. In contrast to the case of the "differentiating" material, no 0-day samples 
were used here (Fig. 46). 

(iii) In vivo determinations of the uptake of ^^S showed that the rate of the uptake 
of by the epiphyseal cartilage fell steeply between the 12th and the 17th day of 
incubation, after which fairly constant values were recorded until hatching. On the 
1st day there was a new decrease, followed by a period of low constant values to the 
5th day (Fig. 47). 

β -586124 Sevaetikoglou 
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Personal communication. 

Discussion 

As the main polysaccharide in cartilage is chondroitin sulphuric acid, this is re­
presented in the samples by galactosamine. The presence of glucosamine in cartilage 
indicates the existence of hyaluronic acid, keratosulphate, heparine, neutral gluco-
proteins or a mixture of these components. 

The estimation of mucopolysaccharides revealed a similar variation in the level in 
"differentiating" and "degenerating" cultures. There was a gradual decrease in the 
amount of galactosamine, and hence of chondroitin sulphate, throughout cultivation, 
whereas the glucosamine level remained stable. In 0-day samples and during the 
early stage of cultivation, galactosamine was by far the more abundant of the two 
components, but there followed a gradual change in the ratio until they were present 
in approximately equal quantities. However the decrease in the galactosamine may 
have been only apparent. As this was expressed as a percentage of the dry weight, 
the presence of calcium salts or organic substances would influence these values. 
Little being known of the role of these amino-sugars in the biology of the cartilage, 
it is difficult to conceive the significance of the variations in the level. However, 
there was evidence that there was no synthesis of chondroitin sulphate throughoμt 
the period of cultivation except for an initial increase in the galactosamine on the 
4th day of cultivation in cultures grown in homologous medium. 

Even during the 1st week the rate of uptake of by cultures grown in homo­
logous medium showed a steep decrease, the very low subsequent values still being 
slightly higher than in the O-time inhibited samples. For cultures grown in heterolo­
gous medium no estimation was performed on 0-day samples, but as the values 
were found to be constant at a low level between the 6th and the 55th day of cultiva­
tion, a higher rate of uptake of ^^S could be expected in 0-day samples than was the 
case in differentiating cultures. 

Parallel with the increase in the chondroitin sulphate there was a marked rise 
in the uptake of ^^S during the early stage of cultivation. However, as chon­
droitin sulphate was not determined more than once during the first week of cultiva­
tion (on the 4th day) it is difficult to compare the rise in the two cases. However, the 
increase in the rate of uptake seemed to occur slightly earlier than the increase in the 
chondroitin sulphate, since by the time the chondroitin sulphate level had reached 
its maximum the had already fallen to its minimum. The initial rise in the uptake 
of by cartilage in vitro has been observed earlier under different conditions. Bo-
ström* noted that when articular cartilage of young calves was stored over-night 
in a refrigerator it showed a higher uptake of than before. However, as both this 
and the chondroitin sulphate content were higher during the early stage of cultiva­
tion, and as there was apparently an intense proliferation of the cartilage explants 
at the same time, the increase in chondroitin sulphate and uptake of might be 
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considered as related to the production of new cartilage tissue in the cultures. On 
the other hand the high rate of incorporation of ^̂ S on the first day of cultivation is 
not compatible with the view that, at least during the first 24 hours of cultiva­
tion, only a flattening of the cultures occurs, proliferation beginning somewhat later. 
Moreover, the short-lived rise in chondroitin sulphate might be considered to con­
flict with the view that the sulphate content is related to proliferation; hence this 
process has been assumed to continue to about the end of the 2nd week of cultivation. 
In the morphologic study the frequency of metachromatic staining differed for the 
various groups of sectioned cultures. However, in no case were there reliable signs 
of metachromatic staining in sectioned control specimens. Furthermore, in the sec­
tioned cultures of all the groups inetachromatic staining did not appear until the 
3rd week of cultivation. On the other hand, as pointed out above, the highest level in 
sulphomucopolysaccharides wás always found in 0-day samples. It is widely ac­
cepted that metachromasia is related to the presence of sulphomucopolysaccharides 
in the metachromatically stained tissues. In the light of the results obtained in 
the present investigation it is doubtful whether this is, in fact, the case. However, 
as the sectioned specimens were fixed in formaldehyde before sectioning and staining 
and as this substance dissolves carbohydrates, it is unjustified to draw conclusions 
on this point. 

The study of the sulphomucopolysaccharides suggests the following conclusions. 
(i) The sulphomucopolysaccharide content of "differentiating" and "degenerating" 

cultures and in vivo material decreased gradually with age. 
(ii) Synthesis of such substances occurred in the "differentiating" cultures during 

the earliest stage of cultivation, when there was proliferation. Thereafter, there was 
little if any synthesis. 

(iii) Mucopolysaccharides were not involved to any appreciable degree in the 
process of differentiation in the cultures. 



G E N E R A L D I S C U S S I O N 

The osteogenetic capacity of the isolated embryonic epiphyseal cartilaginous 
cones of the 12-day chick was studied in tissue cultures. In one group of cultures 
grown in homologous medium with fresh embryo extract there was morphologic 
evidence of differentiation and of formation of pre-osseous tissue with the appearance 
of uncalcified, immature bone. This differentiation was influenced by the histologic 
composition of the cultures, those having no flattened chondrocytes failing to display 
differentiation. The differentiation was also influenced by the composition of the 
culture medium. Cultures grown in either heterologous medium or in homologous 
medium but treated with filtered embryo extract, displayed no formation of pre-
osseous tissue. It was therefore inferred that differentiation depended on the presence 
of flattened chondrocytes in the explants and on some properties of the homologous 
medium and the freshly prepared embryo extract that promote differentiation. 

Differentiation was preceded by an initial period during which the cultures dis­
played proliferation, this being manifested as an increase in their initial area. It ap­
peared that the proliferation was inhibited at the time differentiation began; this 
confirms the conception of an antagonism between these processes. 

In a further stage of cultivation a perichondral capsule was formed, which gradually 
enclosed the culture. From the cells of the inner layer of the capsule osteoblasts 
differentiated, these in turn forming the pre-osseous tissue, which must therefore be 
regarded as periosteal in type. 

The formation of the perichondral capsule was consistently found to coincide 
with the migratory activity of the cells, from which it may be inferred that these 
cells were responsible for the formation of the capsule. 

As adherent perichondral remnants were found on a high percentage of sectioned 
control specimens and as attempts to obtain cultures free from such remnants were 
unsuccesful, no definite conclusions can be drawn as to the origin of the wandering 
cells and hence of the formation of the perichondral capsule. This might occur either 
from the perichondral remnants or from the cells of the original explant. The former 
possibility is unlikely. Moreover, as the formation of the capsule was characteristic 
of cultures containing flattened chondrocytes, these might be considered responsible 
for the formation of the capsule. The transformation of the flattened cells into cells 
of the perichondral capsule might occur in one of two ways—viz., either by modula­
tion of these chondrocytes under the prevailing experimental conditions or in the 
course of the normal function of the flattened cells, which contribute to the growth 
of the perichondrium. 
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FIG. 4 8 . Differentiating cultures. Each curve has a different ordinate scale, for which see the 
respective individual figures. 

The morphologic study showed that no mature bone was formed in the cultures. 
This, however, proved an advantage in that the early stages of osteogenesis could 
be studied independently of mineralization by the applied method. 

As the criteria for the interpretation of the various morphologic changes 
were highly subjective, objective support was sought for the occurrence of dif­
ferentiation by studying various enzymes and chemical substances known to be 
involved in osteogenesis. Estimation of the alkaline phosphatase revealed a marked 
increase in the activity of this enzyme during the period of cultivation. The acid 
phosphatase activity also increased, the rise occurring here later than in the case of 
the alkaline phosphatase. Moreover, an appreciable increase in the amount of collagen 
was observed at later stages. It was inferred from the biochemical study that the 
increase in the alkaline and acid phosphatase activities and in the collagen content 
provided objective evidence of differentiation in cultures grown in homologous 
medium with fresh embryo extract. 

The course of events in "differentiating" cultures (surveyed in Fig. 48) may be 
summarized as follows. During the earliest stage of cultivation there is a re-arrange-
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FIG. 4 9 . Material in vivo. Each curve has a different ordinate scale, for which see the respective 
individual figures. 

ment of the cells, followed immediately by intense proliferation; these phenomena are 
manifested as an increase in the initial area of the culture. During this period there 
is only a brief increase in the chondroitin sulphate content. A t the end of the phase 
of proliferation flattened chondrocytes display a migratory tendency and form a 
perichondral layer, which encloses the culture. At the same time differentiation be­
gins, characterized by the appearence of osteoblasts from the inner layer of the peri­
chondral capsule. There is simultaneously a steep rise in the alkaline phosphatase 
activity, the maximum probably coinciding with the increase in the differentiating 
activity of the osteoblasts. A t the end of the period of high alkaline phosphatase 
activity and before any decline is evident there is an increase in the collagen content, 
with an almost simultaneous rise in the acid phosphatase activity. During this phase, 
there appears to be an elaboration of the ground substance as the formation of the 
pre-osseous tissue is completed. However, owing, probably to the limited osteogenetic 
capacity of the cultures under the prevailing experimental conditions, all activities 
then showed a steep decline. 

The results obtained from in vivo biochemical studies (surveyed in Fig. 49) show 
that the alkaline and acid phosphatase activities are constant during a certain 
period of embryonic development. A rise follows at later stages of incubation and 
during the early part of the post-embryonic period. The course of the activities of 
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these enzymes may be a manifestation of the advance of a certain process of osteo­
genesis at various stages of embryonic and early post-embryonic development at the 
expense of another process, this resulting to the disturbance of a state of equilibrium. 
The collagen content remains fairly constant throughout the period of observation, 
while the chondroitin sulphate content is stable until the 2nd day after hatching, 
when there is a decline. Although in the course of the various biochemical studies 
there was a similarity between "differentiating" cultures and material in vivo, no con­
clusions can be drawn as it is doubtful whether the materials are comparable. 



S U M M A R Y 

1. A morphologic and biochemical investigation has been carried out in order to 
ascertain whether epiphyseal cartilaginous cones from chick embryos differentiate 
and form bone when grown as tissue cultures. The material was obtained from the 
long bones of the leg of 12-day embryos. The original "watch-glass" tissue culture 
method described by Fell and Robison** was followed in the majority of the cases, 
a static, homologous medium being used. In some other cases, however, static heterol­
ogous medium was used, as described by Chen.^s Altogether 4523 explants were 
cultivated for periods of up to 10 weeks. 

2. Two main groups of cultures could be recognized; the first consisted of cultures 
grown in homologous medium with freshly prepared embryo extract, and the second 
group, of cultures generally grown in heterologous medium. In both groups an in­
crease in the areal growth was demonstrated within the first 3 weeks of cultivation, 
this being followed in the former group of cultures by a moderate rise and in the 
latter group by a decrease in area. Moreover, the cultures displayed a migratory ac­
tivity of the cells. The rate of the areal growth and the migratory activity of the 
cells was higher in the cultures of the first group. This group exhibited morphologic 
evidence of differentiation. In the second group, on the other hand, there were 
morphologic signs of degeneration. 

Differentiation depended on the histologic composition of the explants and the 
composition of the culture medium. Cultures containing no flattened cells displayed 
no differentiation. Those grown in heterologous medium showed only initial differen­
tiation. 

3. The first morphologic change seen in sectioned cultures comprised the formation 
of a perichondral capsule, which enclosed the culture. The cells forming this capsule 
were apparently derived from flattened chondrocytes that had moved out into the 
medium as wandering cells. This capsule later played the role of a true perichondrium, 
and osteoblasts were differentiated from the cells of its inner layer. These subse­
quently produced a pre-osseous tissue, which in spite of prolonged cultivation did 
not mineralize and form mature bone. Calcification of a degenerative nature was 
found in 30 per cent of the "degenerating" and in a few "differentiating" cultures. 
The X-ray diffraction pattern of one of the cultures of the former group revealed the 
presence of non-oriented hydroxyapatite crystallites. 

4. The alkaline phosphatase activity was studied by quantitative and histo­
chemical methods in cultures, and quantitatively in embryonic material in vivo. In 
"differentiating" cultures an initial period of low enzymatic activity was observed, 
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which corresponded to a period of intense prohferation. This was followed by an in­
crease in activity to a maximum, after which a period of constant values led to a 
steep decline. 

During the whole period of high activity no mineralization of the pre-osseous tis­
sue occurred. There was a parallel between the curves of the enzj'matic activity in 
"differentiating" cultures and in vivo material. 

"Degenerating" cultiires, on the other hand, displayed a low alkaline phosphatase 
activity in the early stages of cultivation. In a high percentage of this group of cul­
tures calcification of a degenerative nature was observed, usually at a late stage of 
cultivation and in the absence of any detectable signs of enzymatic activity. 

Determinations of the alkaline phosphatase by histochemical methods showed 
that the highest enzymatic activity was located in the region of the osteoblasts and 
at places where formation of pre-osseous tissue was observed. An intense activity 
was also present in hypertrophied chondrocytes. No apparent coimection between 
these two manifestations of the enzymatic activity could be assumed, though they 
occurred simultaneously. 

5. The acid phosphatase activity was also studied by quantitative methods in 
cultures and in vivo. This enzyme showed a significant rise in activity in the "dif­
ferentiating" cultures at a later stage of cultivation. "Degenerating" cultures dis­
played no significant changes in the acid phosphatase activity. There was a similarity 
between the curves of the enzymatic activity for "differentiating" cultures and in 
vivo material. 

6. Since no traces of phenolsulphatase activity could be detected in epiphyseal 
cones from 12-day chick embryos and "differentiating" cultures taken at random, 
it was inferred that this enzyme did not participate in the process of osteogenesis. 

7. An increase in the collagen content of "differentiating" cultures was established 
during cultivation. This variation was strikingly parallel to that of the acid phos­
phatase activity, a finding that suggests a relationship between the two properties. 
The collagen content in vivo was constant throughout the period of observation. 

8. Estimations of the chondroitin sulphate content and studies of the synthesis of 
this substance by means of ^^S-labelled sodium sulphate showed a decrease in the 
chondroitin sulphate content and a very low ^^S uptake in "differentiating" and 
"degenerating" cultures and in vivo material throughout the period of observation. 
A short-lived increase in the chondroitin sulphate was present only during the initial 
stage of cultivation. These findings suggest that chondroitin sulphate is of little, if 
any, significance in osteogenesis. 
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