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INTRODUCTION. ;

While the importance of the cell as the unit of the
tissues had been established by Schwann, Remak and Virchow,
Bernard, (1878), appears to have been the first to insist
on the necessity for the study of 1ndividual cells in the
living state. His advocacy of observation and experimentﬁ'
ation on isolated parts of the organism did not arise
from any lack of appreciation of the co-ordination which
exists between the various units of the body, but had its
origin in a realisation of the difficulty of investigating
the organism as a whole. He emphasised that although
each unit has a certain autonomy in virtue of its differ-
entiation, nevertheless the function of each is sub-
servient to the whole, and no part ought to be conceived
separatelye.

The teaching of Bermard has stimulated the search
for methods by which the various properties of living
protoplasm can be studied. The embryologists, particular-l
ly Roux, (1894), adopted early the method of observation

and experimentation on living cells isolated from their
normal surroundings, but the technique used was only
applicable to the study of the early stages of the
developing egge. Another method, pursued by Cohnheim,
was the study of thin membranes which remained attached
to the animal, such as the omentum or meséntery. Leo

Loeb, (1902), embedded pleces of embryo guineaqﬁgskhlinagagﬁ
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blood clot and implanted the mass into the base of the
ear of other gulnea-pigs. TUntil the work of Harrison,
(1907), however, no satisfactory method had been obtained
for the cultivation of vertebrate tissues outside the
animal body so that these remalned alive, and the com-

ponent cells actually underwent multiplication.

DEFINITIONS. Tissue culture is the cultivation in

vitro of parts (cells and tissues) of an organism which
have been isolated from the whole. This definition of
tissue culture, which is uwasually applied to the cultivation|
of metazoal tissues, refers also to plant tissues, which,
however, proved much less sultable.

A 'tissue culture! is such a biece of tissue which
shows migration and proliferation of cells in vitro. The {
term 'explantation!, often used synonomously with tissue |
culture, should be restricted to the process of isolating

the portion of tissue and supplying it with a suitable

medium in a convenlient vessel or container. The piece
of 1isolated tissue 1s usually called the 'explant! or
'original fragment's. The term 'zone of outgrowth' is
used to denate the cells which migrate out from the
explant during cultivation. The terms !'subculture! and
'passage'signify the transfer of the tissue to fresh

medium, the first transfer being known as the first



subculture or passage, and so on.

Erdmann‘'s, (1930), contention that a tissue culture
in the strictest sense snould consist of an actively
growing mass of cells in which no trace of the original
fragment remains 1s difficult to realise and can only be
approximated to if the tissue has been cultivated in vitro
for some months. It 1s quite unnecessary to attempt to
fulfil this condition for many of the purposes for which
growing tissues can be used.

Growth of tissues in vitro can only be obtained
provided there is a supply of "growth promoting" substances.
These may be provided in the medium or may be present in
the explanted tissue. according to Carrel and Fischer,

a culture cannot be regarded as suitable for experiment
if the medlum does not contain substances which are known
to have growth-promoting properties. Otherwise, the
culture is considered to be merely 1in au state of
'survival!, although migration and proliferation of cells
may take place. It is certainly true that for prolongsd
and maximal activity of growth the presence of added
growth promoting substances in the medium is essential.
Although such vigorous growth may be required tor certain
investigations, 1t is unnecessary tor the study of many

problems that the tissue should remain alive indefinitely,
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a point or view which has been urged especlally by Lewls
and Lewis. Even when only one of the characteristics of
growth in vitro is present, viz. migration, provided the
cells are healthy as judged by cytological standards,
important opbservations may be made, e.g. on phagocytosis;
but, of course,the limitations of the materlal must be
reallsed.

According to Fischer, (192€), "the only true tissue
cultivation is the method which deals with pure cultures",
i.e. cultures of one type of cell, fibroblasts or monocytes
etc. OCarrel, (1927),stated this view even more forcibly
and emphasised that no investigations carried out with
cultures containing several kinds of cells can have any
sclentific value. From Carrel's point of view, a culture
of connective tissue contalning fibroblasts and wandering
cells, or a culture of liver consisting of liver epithelium,
mesothelium, endothelium,fibroblasts and wandering cells
1s quite useless. He considers that tissue cultures should
be pure in the sense that bacterial cultures are pure.

Such pure strains of cells maintained in vitro over a
considerable period of time and acclimatised to conditions
outside the body are perhaps necessary for the study of
cell physilology, of the factors which affect growth-rate,

and the influence of X-rays etc. As Maximow pointed out,
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however, since bacteria do not combine with one another
to form complexes of a higher order they cannot be
compared to metazoan cells, the latter being closely
assoclated in the multicellular organism. Therefore
cultures of complex tissues can provide information con-
cerning the inter-relations of different types of cells
which pure cultures will not yileld.

HISTORY. Probebly the first reference to tissue
culture in vitro is that of Leo Loeb in his book,"Uber
die Entstehung von Bindegewebe, Leukozyten und Roten Blut
Korperchen aus Eplthel und uber eine Methoden isolierte
Gewebesteile zu zuchten", 1897. He stated that he had
succeeded 1in cultivating in vitro pleces of tissue
embedded in agar blocks. (Quoted by Carrel and Burrows,
1911,,and others: book not available for reference.)

He did not, however, publish a description of the methods
used nor any details of the results obtained.

In 1902, Haberlandt published é%e results of his
attempts in 1898 to grow certain specialised cells of the
higher plants - palisade cells of Lemium, pith cells from
Erchonia, glandular hairs from Pulmonaria. He realised
the necessity of supplying the cells with a nutrient
medium for which purpos%fhseiKnop's solution with the

addition of sucrose and various other substances. He was
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able to keep the cells alive for 3 weeks in hanging-drop
preparations and reported a considerable increase 1in size
of some of the cells explanted. No cell proliferation,
however, was obtained, and in his comment on this, he
speculated on the possibility of inducing cell prolifera-
tion by adding to the medium extracts of actively growing
plant tips or embryo sac sap, & principle adopted later
with success in the cultivation of animal tissue.
Harrison, (1907),was the first to describe a method
for the cultivation of the tissue of a vertebrate in vitro.
His object was "to obtain a method by which the end of a
growling nerve might be brought under direct observation
while alive in order that a correct conception might be
had regarding what takes place as the fibre extends out to
the periphery". He isolated from 3 mm. frog embryos
pleces of the medullary tube and ectoderm of the branchial
region which are known to give rise to nerve fibres in
normal development. The fragments of tissue were placed
on coverslips in a drop of freshly-drawn lymph from an
adult frog and after coagulation of the lymph the cover=-
slips were inverted over hollow-ground slides, the whole
preparation being sealed with paraffin wax. The cultures
remained alive fo;T:ﬁz to four weeks. Harrison fouggi;;while

differentiation occurred into organs, as such, individual
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cell elements differentiated characteristically. Cells
from myotomes developed into muscle fibres, epidermal
cells assumed a cuticular character and nmumerous fibres
were formed in the nervous tissue. Emigration and
proliferation of mesenchymal cells also occurred. From
his observations, Harrison concluded that the nerve

fibre 1s formed as an outgrowth of a single cell, and
that the method adopted should prove useful for the study
of growing cells.

Early in 1910, Burrows, (19£6f, studlied this method
of tissue cultivation under Harrison's supervislion. He
hoped to be able to adapt 1t to the cultivation of tissues
of warm-blooded animals in order to obtaln an additional
method for investigating the conditions regulating the
healing of wounds, a problem which he had been studying
in collaboration with Carrel 1n the Rockefeller Institute,
New York. During his.work in Harrison's laboratory, he
found that frog plasma was a more satisfactory medium
than lymph for the cultivation of frog tissues. 1In
addition he succeeded in cultivating tissues of avian
embryos in fowl plasma and observed the occurrence of
mitosis in some of the cells. After his return to New
York he succeeded, with Carrel, (191q3, in cultivating
many embryonic and adult avian and mammalian tissues as
well as tumours of the fowl, rat, dog and man (1915:25&

Zbﬁﬁ\

191 These workers found that according to the nature

of the tissue, epithelial or cohnective tissue outgrowto,ff
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were obtained (191])‘). .

The technique was very soon improved by Carrel, (1913),
who found that by the addition of extracts of embryonic
and other tissues to the plasma medium the rate and extent
of growth could be greatly increased and the duration of
life in vitro prolonged. A strain of fibroblasts isolated
by Carrel from fragments of the hearts and blood vessels
of 7- to 18-day fowl embryos explanted 1in January 1l7th,
1912, and subsequently maintained by Ebeling, (1913),
since June 1lst, 1912, 1s still growing actively in a med-
ium composed of plasma and embryonic extract. These cells
have thus lived for 10 years longer than the normal span
of 1ife of the fowl. In this country, H.VW. Drew, (1912413
was the first to attempt the cultivation of tissue
in vitro, and succeeded in obtalning growths of certain
tissues of the adult frog.

Since Carrel and Burrows, (1911), Carrel (1913)
published their technique, methods of tissue.cultivation
have been employed by many observers for the investigation
of biological problems. Various workers have modified
Carrel's technlque, but the general principles enunciated
by him st1ll remain the principles of tissue culture, at
least for the cultivation of tissue for a prolonged

period,




SURVIVAL OF CELLS.

The cultivation of tissue outside the animal body
13 rendered possible by the abllity of the cells to
survive for varying lengths of time after the animal is
killed or after they have been removed from the living
organism. The length of survival depends upon the type
of tissue, the environmment in which 1t is placed and the
size of the fragment. Lewis and McCoy (1922, 1 and 2),
found that at 37° C., fragments of nerve, skeletal
muscle and heart muscle placed in sterlle Locke!'s
solution survived for 24 hours, while kldney epithelium,
smooth muscle,tracheal cartilage and macrophages survived
for 10 days. To establish the survival or non-survival
of the tissues concerned, these authors made use of the
fact that neutral red stains the nuclei of dead but not
of living cells. Most workers have found that small
fragments of tilssue kept in sterile saline for a few
hours at room temperature show no diminution in activity
when subsequently explanted in a sultable medium. When
the tissue caﬁige explanted immediately, it is prefer-
able to keep it at a temperature below that at which
metabolism 1s active, 1.e. below 38° ¢C. Fragments of
most tissues can be kept in the ice chest at 0° ¢. for
4 - 5 days and still remain capable of active growth and
proliferation when placed in sultable conditions,
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connective tissue and skin epithelial cells surviving
this treatment better than other types. Bucci ante,
(1931), has recently investigated the duration of
survival of avian embryonic tissues when exposed to
temperatures of from 20° C. to -40° C., and used as his
critofion of survival, the capacity of the various
tissues for subsequent growth in vitro, under suitable
conditions. He found that the duration of survival
varied in different tissues and that the maximum period
of survival, 5 days In the case of liver epithelium and
32 days in the case of the sklin and subcutaneous fibro-
blasts, was obtained at & C. At room temperature,
survival was from 2 days to 24 days depending on the
type of tissue. Below 0° Ce, the duration of survival
rapidly diminishes and at -25° C, the skin, subcutaneous
tissue, and cornea, the most resistant to wide variations
in temperature of all the tissues investigated, survived
for only three hours. These experiments of Bucclante
confirm the experience of most workers that the different
tissues vary in thelr capacity for survival and that
between 38° C. and 0° C,, the lower the temperature, the
greater the capacity for survival as evidenced by

subsequent grthh in vitro.
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CONDITIONS OF GROWTH in vitro. f

For the successful arltivation of tissue outside
the animal body, it is necessary to provide (a) a

sultable support for the growing cells, and (b) a

nutritive medium,.

(a) Supporting Substance. It has been found that

metazoan cells become rounded and die rapidly if allowed
to float freely in a fluld medium. If provided with somei
form of support, however, they are sble to s:itretch them-
selves out and migrate on the supporting surface. Almost
any lnert or non-toxic substance may be used as a support,
some being more sultable than others, They can be
divided, hbwever, into two classes, two-dimensionsal and
three-dimensional supports.

When the culture medium is of a fluid nature, the
tissue is allowed to rest on the surface of a cover-slip
which furnishes a support, the medium being spread out
in a thin layer round the tissue. In such cultures, a
film of cells may occasionally be seen growing along
the upper surface of the liquid, thus showing that the
tension at the free surface 1s capable of supporting
the migrating cells. |

In fluid medium, however, the support is in two

planes only and it has been found that more active

migration and growth are obtained when the support

provided 1s in three dimensions. This 1s avallable
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in the fibrin network of coagulated lymph (Harrison, 1907)
or plasma (Burrows, lqub, the latter being the more
satisfactory and easily obtainable. The plasma clot is
regarded as a fine network of fibrin threads with fluid
in the interstices. It is perfectly transparent and

is therefore invisible under the microscope by ordinary
illumination.

Since, however, different specimens of plasma vary
in their characters and the collection of plasma involves
considerable preparation and care, several observers have
endeavoured to find a more simple and constant substitute
for the fibrin network. ILewls and Iewis (1911) obtained
emigration of cells 1in a medium containing agar, and
Ingebrigtsen (191%5 has used mixtures of agar and serum,
agar and embryo extract and agar and gelatine. In the
last of these mixtures the gelatine is fluid at 39° ¢.
while the agar 1is solid. Smyth (1914 ) has also used
agar as the supporting substance in culture media. In
general, 1t has been found that the use of such media
merely demonstrates the capacity of cells for taking
advantage of any supporting material provided. Growth
and emigration occurred,but penetration of the agar
coagulum did not take place to any extent and the
activity of the cultures was very much less than that

ik
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found in a plasma medium. In addition, agar 1is not so
transparent as coagulated plasma and microscopical examin-
ation of the cultures during life is thus rendered
difficult. Histological preparations are almost imposs-
ible to secure as stains are deposited on the agar.

Harrison (1912; 1914) used spiders' webs, Carrel and
Burrows (1911,&) used silk veil and cotton-wool, and
Fischer (1925,/) used elderberry pith and non-absorbent
cotton-wool as supporting substances. According to
Flscher, fibroblasts willl emigrate and divide quite
actively in media containing these substances, but the
extent of growth depends on the contact established
between the tissue and 1its support and the amount of
fluid present. The fluld present should be limited to
that amount which is capable of adhering to the support-
ing substance by capillary auttraction. Such methods are
inapplicable to most of the problems which may be investi-
gated by m;ans of tissue culturs. The cotton-wool
method of Fischer has, however, rendered possible the
isolation of individual cells; the significance of this
will be referred to later.

Ebeling (1921,/) has devised a method of using
fibrinogen, prepared according to Mellanby's method, as

a source of fibrin. The fibrinogen forms a clear
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transparent clot when embryo extract is added to 1t and
liquefaction of the medium, which tends to take place
very rapidly, is diminished by the addition of a trace
of sodlum linoleate. This method appears to be of
value for the investigation of cell physiology, but for
morphological and cytological purposes, however, 1t
possesses no advantage over the usual plasma technique.
(b) In order to obtafgg%§%%%h of tissues in vitro it is
necessary to provide the cells with a sultable medium.
Theoretically, an ideal nutritive medium would imitate
in its physico-chemical constitution the character of
the fluids bathing the cells of the tissues, the 'milieu
interieure,' but, since the composition of these fluilds
is unknown, lymph (Harrison, 1907 ), plasma (Burrows,
1910,/.2), and serum (Volpino, 1910,s+), were employed.
In plasma, proliferation of cells was reported. The
tissue lived in the plasma medium for, at the most, four
days, but Carrel and Burrows, (1911./ ), and Carrel,
(1911,/242), found that by removing the fragment from the
medium, washing it in saline, and transferring it to
fresh plasma, the life of the tissue could be prolonged.
Other means of increasing the rate of growth and the
duration of 1ife were then employed. Ruth, (1911 ),
found that by diluting the plasma with distilled water
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the rapidity of emigration could be increased, a finding
confirmed by Carrel and Burrows (1911,9 ), the hypoto-
nicity apparently being responsible for the improvement.
Carrel (1912,/ ) then attempted to prolong the life of
the tissue by alternating the phase of activity of the
tissue in the incubator with a period of latent life at
0° C. in Ringer's solution, during which time the tissue
was washed free of the metabolic products which had
accumulated during the period of active life. On the
assumption that growth does not occur in serum, he also
alternated the period of life in plasma with a period of
life in serum at body temperature. None of these
methods, however, proved entirely satisfactory, and it
came to be realised that, while the blood and inter-
cellular flulds provide the substances essential for

the nutrition of cells, they do0 not promote cell proli-
feration which, under ordinary conditions, occurs only
for the purpose of replacing loss and ceases when that
replacement is complete. Many of the problems suitable
for investigation by the tissue culture method require
cultures of actively growing cells which can be brought
under direct observation, and the life of which can be
maintained for a considerable period. It was apparent,

therefore, that in order to provide an ideal growth-
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promoting medium, some adjunct to or modification of
normal plasma was essential, an assumption which was
encouraged by the fact that, within limits, decrease of
the osmotic tension increased the activity of the tissue.
In 1907 and 1908, Carrel, (1913, ), had studied the
action of many substances on the repair of small cutan-
eous wounds and found that, under certain conditions,

the proliferation of epithelium and connective tissue
was accelerated by dressings made with pulped tissues
and organs. In 1911, in collaboration with Burrows,

he found that the growth of chicken tissues in vitro

was apparently accelerated by the addition to the medium
of extracts of chicken embryos and of Rous chicken
sarcoma. In 1912, he investigated more precisely the
actlon of tissue extracts in vitro by compering the rate
of growth of almost identical fragments in normal plasma,
and in plasma to which had been added a known quantity
of tissue extract. The area of the fragments was
measured before explantation and after 24, 48 and 72
hours. It was found that in all cases the presence of
tissue extract in the medium increased the rate of growth,
as estimated by area, from 2% to 40 times. This activa-
tion was in direct proportion to the concentration of the

extract and the most active extracts were obtained from
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embryo tissues, adult spleen and Rous sarcoma. The
activating power of all the extracts, except that from
the spleen, was markedly diminished by heating for half
an hour at 56° C., while heating at 70° C. destroyed the
activity in every case. Filtration through a Berkefeld
filter caused a diminution of activating power, and
filtration through a Chamberland filter suppressed 1it
entirely.

Carrel's discovery has been confirmed by many
observers, and the growth promoting properties of other
tissues have been investigated. Maximow, (1917 ),
recommended the use of a rabbit bone-marrow extract for
the growth of rabbit tissue. Drew (1923, 1927) found
that autolysed extracts of adult tissues were able to
activate growth, and that extracts of mammalian tumours
(Jensen's Rat 8arcoma, Carcinomg;gs, 206, and Sarcoma 37
of the Imperial Cancer Research Fund) also provided
growth-promoting substances. Erdmann (1926) obtained
similar results with tumour extracts and recommends a
splenic extract when embryos are not avallable. Heaton,
(1926 ), and, later, Drew (192@7 ) found that sub-
stances are present in alcoholic extracts of yeasts
which activate the growth of epithelia but not of con-
nective tissue. Carrel, (1924), found that leucocytes
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growing in serum or plasma provide substances which are
able to activate the growth of flbroblasts explanted
into the same preparation.

The growth~promoting substances produced by leuco-
ocytes in vitro as also those present in tissue extracts
have been called 'trephones' and the properties of the
latter have been studied extenslvely by Carrel and
others. An attempt has also been made to isolate pure
chemical substances which could be substituted for
tissue extracts.

The method used by Carrel and hls co-workers wes
to compare the rate of growth of two approximately
identical fragments of tissue obtained by division of
a single culture which was derived from the permenent
straln of fibroblasts 1solated by Carrel in 1912. oQne
fragment was explanted in plasma to which had been added
the substance to be tested; the other, which was used
as a control, was cultivated in plasma and embryo
extract. The following is a brief account of the
results so far obtained. Carrel and Ebeling, (1923,1. ),
found that although cells growing in vitro could not
utilise pure protein or bouillon, the growth-promoting
substance 1is contained in the protein fraction of embryo

extract, and that this fraction cannot be dialysed;
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(Baker and Carrel, 192é3; amino acids sappear to stimu-
late cell proliferation, but cannot be utilised as food
material (Baker and Carrel, 19255; Payling-Wright,
(1926 ), found, however, that the growth-promoting
substances could be dialysed and yet the dialysate con-
taigﬁno protein demonstrable by the biuret reaction,
while Burrows aend Neymann (1917 ) had already stated
that amino aclds were toxic to cells growing in vitro.
In further experiments, Carrel snd Baker, (1926 ),
found thet fibroblests were able to utilise the lower
cleavage products obtained by pepsin digestion of the
protein of embryo extract, egg white, rabbit brain and
commercial fibrin. Furthermore, they found that in a
medium contalining Witte's peptone in which a large amount
of proteose is preseht, the activity of the cultures was
as great as in embryo extract. In a medium containing
the proteoses obtained by hydrolysis and precipitation
of Witte's peptone the cells grew twice as actively as
in embryo extract. From these experiments, Carrel and
his collaborators concluded that cells growing in vitro
are able to utilise only the 'split' products of protein
such as proteoses and they put forward the hypothesis
that enzymes are present in the extract or in the living

cells, which are able to perform this cleavage of protein
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in vitro. They also state that the plasma clot provides
only a support for the growing cells and plays no part
in their metabolism. Baker and Carrel, (1928 ),
found that the pepsin hydrolytic products of pure pro-
teins, such as egg albumin, edestin and fibrin, can be
utilised by fibroblasts, and that the efficacy of these
substances is increased by the addition of glycocol and
nuclelc acid.

The inadequacy of plasma and serum &s culture media
for active growth has already been mentioned, and the
properties of these substances have also been investi-
gated by Carrel and Ebeling. 1In most of these experi-
ments, the medium used consisted of fibrinogen coagulated
by 2 per cent. embryo extract, according to the method
devised by Ebeling, (1921 ), to which varying amounts
of serum were added. The control cultures were culti-
vated in fibrinogen and embryo extract. Carrel and
Ebeling, (1921 ), found that homogenic serum has an
inhibitory effect on the growth of fibroblasts and that
this effect 1s directly proportional to the age of the
enimal from which the serum is taken. Similarly, the
growth rate of tissue 1in pure plasma varies according
to the age of the animal from which the plesma is taken.

Heterogenic serum, when the concentration varies within
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certain limits, has also an inhibitory effect which
varies directly with the age of the animal (Carrel and
Ebeling, 1922 ). Heating homologous serum to 70° C.
decreased this inhibiting effect (Carrel and Ebeling,
1922,2). The inhibitory action of homologous serum

is increased by shaking and that of heterologous serum
diminished by the same treatment (Carrel and Ebeling,
1922, 3.). Carrel and Ebeling, (1923.1)), found that not
only growth-inhibiting but also growth-promoting factors
are present 1in serum. Both these factors exist in the
globulin fraction and have been 1solated by precipitation.
The addition of embryo extract to a medium containing

25 per cent. of serum did not increase the rate of
growth of the tissue,as it does when added to plasma
(Carrel and Ebeling, 1923.3.).,

It might be expected from these results that embryo
extract would provide the best possible medium for
growth and that, although the support for the cells
would have to be supplied by the coverslip on which the
tissue rests, growth would be active and vigorous within
the limited area provided. This has not been the case
in my experience. The growth in embryo extract alone
is no greater, and in most cases is less, than that in

serum, and is much less than that in plasma only.
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Fischer, (1930, Gewebezuchtung, p. 104), has also found
apparently that embryo extract 1s an unsatisfactory
medium, since he uses as a fluid medium for flask
cultures, a mixture of serum and embryo extract.

As already mentioned, Caerel and Ebeling, (1923, 3‘) s
state that the addition of embryo extract produced no
effect on growth rate., In my experiemce, however, the
addition of embryo extract to serum produces a marked
effect,

During a study of the growth of various tissues
from young mice, I found that mitotic division was
very 1nfrequent in the zone of outgrowth when the medium
contained serum only.,. When, however, embryo extract
was added, growth was much more vigorous and mitotiec
figures could always be found, (Figs. 1 and 2). As
will be described later, the medium obtained by express-
ing the fluid from plasm coagulated with embryo extract
is more sultable than that consisting of serum and
extracts No reason for this has so far been found,
Drew, (1923) . on the other hand, cultivated tissue
successfully 1n a medium containing saline and tissue
extract. He seems, however, to be the only worker
who has used such a medium with success.

It is at present Impossible to assess accurately
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the relative wvalues of plasma or serum and tissue
extracts in the medium. In all Carrel's experiemnts,
the medium contained protein substances, ¢.g. plasma,
in addition to those present in the embryo extract.

A coagulated medium, conslsting of plasma and embryo
extract, provides optimum conditions, i.e. a large and
suitable substratum for migration, and growth-promoting
substances; and it 1s more suitable than plasme alone or
embryo extract alone. Similarly, & fluid medium
containing serum and embryo extract is more setisfactory
than a medium consiéting exclusively of one or other of
these constituents. Pure plasma is a better medium than
either serum or embryo extract, probably on account of
the mechanical conditions supplied. It seems likely,
therefore, that, whether or not protein in the form
supplied in serum or plasma can be utilised by cells
growing in vitro, its presence, in the case of plasma,
serves some protective functilon in addition to that of
support for the migrating cells. It may, possibly, by
raltering the viscosity of the medium,render it more
suitable for growth. In my opinion, it is an essential
constituent for the maintenance of the cells in an
active and healthy state,and the protein of embryo
extract is not adequate for this purpose. M. R. Lewis,
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(1922 ), stressed the lmportance of dextrose in the
medium. It is significant, however, that in the
experiments in which the value of dextrose was studied,
the medium contained at least 15 per cent. of muscle
bouillon.

While the composition of the medium undoubtedly
exercises a very important influence on the growth of
tissue in vitro, the effect of cutting the culture out
of the medium and transferring it to fresh medium does
not appear to have been considered. This 1is done
primarily to remove the waste products of cell meta-
bolism but it is possible that it exercises & stimulat-
ing effect on growth. The growth-rate of a culture is
not uniform, Following explantation, there is first
a latent period, which 1s followed by a phase of
gradually increasing activity. This reaches a maximum
after about 24 to 36 hours and then falls, the diminu-
tion being probably due to the accumulation of waste
products. Nevertheless, under conditions such as
Carrel's flask method, (Carrel, 1923,/. ), in which the
tissue remains undisturbed foizg% to 14 days, during
which time the medlium is changed every second day and
waste products do not accumulate to any extent, the

growth rate falls during the latter part of the culture
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period, and in order to maintain growth activity, the
tissue has to be cut out of the coagulum in the flask
and transferred to fresh medium. Likewise, de Haan
(1927 ), who uses an apparatus in which the medium
circulates actively round the tissue, cuts the culture
out of the clot and transfers it to a fresh coverslip
every 20 days although the fluid used for perfusion is
still adequate for fresh cultures. Similarly, in
hanging=-drop cultures in fluid medium which 1s renewed
every two days, emigration ceases after about 8 - 10
days'! cultivation; emigration starts again, however,
if in addition to being transferred to fresh mediunm,
the edges of the fragment are cut. It would appear,
therefore, that the tissue comes into equilibrium with
the medium, and that in order to maintain it in a state
of activity, it has to be exposed at regular intervals
to the mechanical stimulus of 'cutting' either out of
the clot in'the case of cultures on coagulated media,

:0f along the edge of the original fragment in the case

of fluid medium cultures,

Heterologous Media.,

Before the importance of the inclusion in the
medium of tissue extracts such as embryo extract had

been thoroughly recognised, efforts were made by varilous
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observers to find more suitable media. These attempts
were directed towards the investigation of heterologous
plasma and serum and the conditions which determine
suitability for growth in vitro.

It was found by Lambert and Hanes, (1911,/.), that
rat sarcoma could be cultivated in heterologous plasma.
Of the heterologous medla used, only goat plasma proved
entirely unsuitable for growth, and, although some were
more suitable than others, the degree of suitability
did not seem to depend, except perhaps in the case of
mouse plasma, on the closeness of relationship of the
species., Carrel and Burrows, (1911, §), found that
embryonic fowl tissues grew in plasma from the rabbit,
dog and man. All these workers found that growth was
more active in homologous than in heterologous plasma,
and this has been the case in my experience except in
the case of mouse tissues, which grow just as well in
rat serum or plasme as in the homologous media.
Ingebrigtsen, (1912, fy), also found that the bone
marrow of guinea-pigs grew better in homologous serum
than in heterologous sera; the latter, however, could
be rendered more suitable for growth by heating for
half an hour at 56° G. In a later communication,

Ingebrigtsen, (1912.2.), stated that an inverse ratio
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exlsted between the haemolytic power of the heterogenic
sera and the extent of growth which takes place in

them. I have found that there i1s a definite corres-
pondence (p.272) between the content of the tissue culti-
vated in Forssman's antigen and the presence in the
serum used for medium of the corresponding antibody,

It has been found that, 1n avian plasma, all the
mammalian tissues investigatéd grow well. It is a
common experlence that mammalian homologous and
heterologous plasma is liquefied rapidly, particularly
by epithelial and tumour tissues whether or not
embryo extract is present, and cultivation is thus
rendered difficult. Avian plasma, on the other hand,
resists liquefaction. Accordingly, by using a medium
composed of both homologous and avian plasma, the
advantages of the homologous substances and the pecullar
liquefaction-resisting properties of the avian coagulum
can be obtained. Growth-activity 1s greater than in
either alone. When a large coagulum 1s required, as
for the cultivation of embryonic rudiments, I find,
however, that avian plasma alone 1s more satisfactory
than a mixture, as it provides a firmer clot, whilch seems

to be of importance in determining the degree of growth

and differentistion,
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Carrel and Ebeling (1923,%.), state that heterolo-
gous embryo extracts are just as effective as homologous
embryo extracts, and this has also been my experience.
Kiaer (1925 ), found that duck fibroblasts grow just
as actively in chicken plasma and chicken embryo extract
as in duck plasma and duck extract. As stated on
p.4% , mammalian embryos are often difficult to obtain,
and unless a large number of suitable animals is avail-
able, I now use avian embryo extract as & routine in
the medium for the cultivation of memmalian tissues.

For the cultivation of rat or mouse tissues, I generally
use a medium consisting of 1 part rat plasma, 1 part
avian plasma and 2 parts avian embryo extract. For
coverslip cultures of rabbit tissues, 25 per cent.
rabbit plasma is present in the ﬁedium. A heterologous

fluid medium is also used (p.72).
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OTHER CONDITIONS NECESSARY FOR GROWTH in vitro.

Although the supply of a suitable nutritive medium
and the provision of a support for the growing cells are
essential for the growth of tissues in vitro, other
conditions have to be fulfilled. These are:-

1. The use of a saline solution which has the correct
constitution and hydrogen-ion concentration,
2. The maintenance of the hydrogen-ion concentration

of the medium,

3. Thorough cleanliness and sterilisation of all
glassware, etc,,

4. Precautions against bacterial infection during the
manipulative procedures,

6. The minimum of injury to the tissue to be cultivated,

6. A supply of oxygen for the growing cells.

l. The saline used for moistenihg or washing the

tissue fragments and for the preparation of embryo
extract must be of the correct constitution and hydrogen-
ion concentration. Physiological saline (0°9% NaCl) 1s
toxic to cells and should not be employed. Ringer's
saline (NaCl, KCl, CaClz) can be used for washing the
cultures und for preparing tissue extracts. Since the
optimum hydrogen-ion concentration of the medium for
growth lies between Pg 7 and Py 7°8, it 1s preferable

to use a saline with a Pg value from 7°4 to 7°6 which 1s
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buffered against small variations arising in the reaction
of the medium. Iwo types of buffering system may be
employed, a combination of phosphate and carbonate salts,
NaHgPO4 or CaHyq(PO4)2 and NaHCO3, and a combination of
phosphates, NagHPO4 and NaH2PO4. Tyrode's saline and
Drew's saline are examples of the former, Pannettand
Compton's saline, as modified by Strangeways, of the latter.
Tyrode's saline has the disadvantage that it cannot be
sterilised by autoclaving on account of the presence of
calcium salts and phosphate, and sterilisation by steaming
at 100° C. is not reliable since 1t contains glucose:

the solution has to be sterilised by filtration. Drew's
saline contains NaCl, KC1l, MgHPO4, NaHCO3, CaClg,
CaH4(PO4)2. The first three solutions can be steamed
together, the others have to be steamed separately. After
cooling, the solutions are added to one another in the
correct proportions. It is often difficult to obtain
solution of the MgHP04,and the saline rapidly becomes

too alkaline, the amount of phosphate present not being
adequate to cope with the loss of COg. I have found
Strangeways' modification of Pannett and Compton's saline
to be very satisfactory. Only two stock solutions are
required and these are autoclaved separately. When

required for use, 1 c.c. of sol. A which contains NaCl,
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Mg
Kcl, CaClpy and,Clp 1s added to 22°'5 c.c. of sterile

glass distilled water, and to this are added 1°5 c.c.

of sol. B,which contains NaH3PO4 and NagHPO4. If a
precipitate forms in solution B, it has to be discarded.
The hydrogen-ion concentration of this saline is Py 7-4.
The method of preparation, 1.e. the use of concentrated
salines to which distilled water is added when required
for use, helps to minimise any alteration in concentration

caused by the sterilisation.

2. The medium itself must be of the correct hydrogen-
ion concentration. As shown by Lewis and Felton,

(1921 ), Fischer, (1928), . optimum growth occurs
between a hydrogen-ion concentration corresponding to

Pg 70~ 7°8. The reaction of embryo extract 1is usually
about Py 7°2 when Pannett and Compton's saline 1is used,
and the plasma~extract mixture is usually about Pg 7°4.
This is the ideal reaction of the medium. The reactions
of fluid media ure usually the same, but that of serum
and embryo extract is occasionally Py 7°6. Precautions
which are described on ppa3¢42.have to be taken to preserve

the hydrogen-ion concentration ot stored plasma and serum.

3. It is advisable to use glassware made of chemically

'resistant' glass which does not tend tobecome alkaline.
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'Monax' or 'Pyrex' glass are both satisfactory, the
former being the better. All the glassware used must be
thoroughly clean and should be reserved for tissue
culture work only. Petrl dishes, test-tubes, watch-
glasses, slides, etc., can be cleaned in the usual way,
but coverslips, flasks, watch-glasses on which tissues
are cultivated, ought to be cleaned in a cleaning solution
bontaining potassium bichromate and sulphuric acid, care
being taken to wash away the cleaning solution in running
water before drying. Coverslips should be transferred
from running water to alcohol, from which they are dried
before sterilising. New pipettes should be immersed in
cleaning solution and thoroughly cleaned before steril-
ising. After use, it is advisable to rinse them out
immediately, first in boiling distilled water and then
in alcohol; periodically, they have to be lett 1in
cleaning solution for a few days. Centrifuge tubes for
blood, tissue-extract and plasma have to be carefully
cleaned and may also require occasional treatment with
cleaning solution.

The glassware 1is sterilised by dry heat - half an
hour at 160° C. is adequute. Instruments are sterllised
by boiling for 20 minutes. The knives used for cutting
the tissue for cultivation are sterilised by dry heat at
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120° C. for half an hour. If the temperature is too
high or the heating prolonged beyond this time, the steel
loses its temper rapidly. The rubper stoppers for
centrifuge tubes are sterilised by autoclaving; the
saline und other solutions used are also sterilised by

autoclaving.

4. The danger of bacterial infection from non-pathogenic
and pathogenic organisms can be reduced to a minimum,
provided sterilisation of glassware is adequate, if pre-
cautions are taken against undue exposure ot tissues and
fluids to the air and 1r the plasma and embryo extract

are obtained aseptically. The elaborate precautions
adopted by some workers for sterilising the culture-room
are quite unnecessary. The room should be kept as clean
as possible and currents of air avoided while cultures

are being prepared as it has been found that most of the
infections obtained have been caused by organisms resem-
bling B. subtilis. Some workers prefer to prepare their
cultures inside a closed box which can be sterilised.

If the bench to be used, however, 1s covered with a sheet
of glass which can be kept clean, the ends of the pipettes
kept well within sterile jars (p.53 ) and tissues, fluids,
etc., kept covered within sterile Petrl dishes, it 1s

guite possible to prepare and transfer cultures without
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any additional protection. The work can be done much
more expeditiously if protective devices are reduced to
a minimum, and it has been ?ound that dexterity and
rapldity in handling the tissues are most important for
avoiding infection and obteining good growths.

It i1s extremely lmportant to observe carefully every
manipulation made, so that pipettes, knives, etc., can be
discarded if there is any suspicion of their having
touched a non-sterile surface. A binocular microscope
is often used for the dissection of tlssues and for sub-~
culturing. The stage of the microscope should be pro-
tected with a suitable shleld which, while allowing free
manipulation, protects the tissue from dust or other
particles falling directly upon it. The usual bacterio-
logical precautions of flaming the tops of test-tubes,
the ends of pipettes, etc., must of course be always
cbserved. Infection of cultures from conteminated
plasma or extract has often been described and Erdmann
(1930 ) recommends that all plasma and tissue extracts
should be tested bacterioclogically as a routine before
use. In my experience, I have never had an infection
of cultures from these sources. Faulty manipulations
and undue delay have been responsible for any infections

obtained; it is possible to work with over 3,000 cultures
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during a period of nine months without having a single
contamination. If the dissection of the tissue takes
some time, washing the fragments three or four times with
fresh saline will reduce the possibility of infection.
Lack of growth is much more liable to be due to damage
of the tissue, unsuitable media and filthy glassware than

to bacterial infection.

5. One of the commonest causes of lack of growth is
injury to the tissue either during dissection or during
the cutting into fragments suitable for cultivation or
during subculture. This can be minimised if the knives
used are sharp; they should be always sharpened and the
blades and points examined under the low power of a
microscope before sterilising. Damage to the tissue can
also be avoided if the fragments of tissue are transferred
to the coverslip or culture chamber with a pipette instead
of with the point of a knife as recommended by many
workers. The vitality of the tissues 1is much more liable
to be impaired by faulty cutting than by keeping the
fragments in saline for scame time before arranging them
on the coverslips, etc. It has been found that vitality
remains quite unimpaired for several hours at room tem-
perature; in fact, certain tissues can be kept at 0° C.

for several days and still remaln capable of growth when
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supplied with an appropriate medium (p.¥. ). Delay
12 only dangerous when it oscurs during the process of
arranging the tissue in the medium, etc., since it may
then result in drying of the tissue, unless this be
kept moist with a sufficient amount of saline during
cutting and during the process of making the culture

preparation.

6. No special precautions are taken to supply the
tissue with oxygen. In all the types of culture-
chamber used, however, there is an alr-space which if
necessary can be kept moist to avoid undue evaporation
from the medium, and this seems to be adequate for the

requirements of the tissue.

TISSUE CULTURE METHODS.

PREPARATION OF MEDIA.

PLASMA,

Avian Plasma.
The usual method of obtaining plasma 1s that described

by Carrel and Burrows (1911,{. ) and Strangeways (1924 Yo
A bird, not more than two years old, is starved for 24
hours, but is allowed an adequate supply of water, It 1is

_anaesthetised with ether and the carotid artery exposed.



An oiled canmula 1s inserted into the artery and the
blood 1s allowed to flow out of the canmula. The first
few cubic centimetres are discarded; thereafter the blood
is allowed to flow into ice=cooled paraffined centrifuge
tubes., After thorough cooling, the tubes are centri-
fuged at high speed in ice for five minutes and the
supernatant plasma drawn off with a paraffined pipette
and transferred to paraffin-lined tubes which are then
stoppered and stored in an ice-~chest or refrigerator.
This 1s certalnly the 1deal way of obtaining plasma,
and the paraffining of the centrifuge tubes, the
cooling and centrifuging in ice prevent coagulation
taking place., The method, however, involves a great
deal of preparation and the help of at least two
assistants, Various workers have attempted to simplify
the method by adopting artificial means to prevent
coagulation occurring. Foot (quoted by Craclun, 1931)
has added citrate fo the blood, and others have added
oxalate, Awrorow and Timofjewskl (quoted by Craciun
1931) have used hirudin., The most useful method of
preventing coagulation of the plasma, while preserving
its qualities completely unimpaired, has been devised by
Craciun (1925).

Craciun (1925), found that heparin, a liver
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extract, originally prepared by Howell, prevents the
coagulation of the blood and of the plasms in a dilu-
tion of 1:20,000 in the blood. Heperin is prepared
for use in a dilution of 1 in 2,000 in Ringer's saline.
l c.c. of the solution is put into ampoules which are
sealed and autoclaved at 120° C. for 20 minutes. The
gsolution keeps indefinitely.

The following 1is the method which I have found to
be simpleat and most satisfactory. The instruments,
etc., are sterilised and allowed to cool. An all-glass
syringe of 50 c.c. capaclity fitted with a needle 1is
boiled and allowed to cool. The needle should be about
14 inches long, of wide bore, and sharp pointed, the
bevel of the point being about 45°. After cooling,
the syringe 1s rinsed out with Ringer's saline. lc.c.
of 1 in 2,000 heparin is taken into the syringe and
allowed to flow all over the internal surface of the
syringe. Then the heparin is distributed into 4
centrifuge tubes capable of holding 10 c.c.. without
overfilling, 2 or 3 drops of heparin being left in the
syringe. The syringe and centrifuge tubes are then
cooled thoroughly on ice. A young bird, not more than
3 or 4 months old, previously starved for 24 hours, is

chosen. It 1s ansesthetlised with ether and then tied
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down on a board. The feathers are rapidly removed
froﬁz the thorex and abdomen, and methylated spirit
poured over the skin. The abdomen 1is opened at the
lower l1limit of the diaphragm, the dlaphragm cut through,
the thorax being then exposed. The rib attachments to
the sternum are then rapidly cut through and the sternum
drawn back to expose the heart. It is important to
avoid cutting the large vessels which pass down on each
side of the sternum. The pericardium is then cut open,
the heart steadled with forceps and the syringe needle
inserted quickly into the right ventricle. The heart,
which should be beating actively, pumps the blood into
the syringe, the piston being slowly withdrawn. The
blood is then put into the centrifuge tubes which are
stoppered and allowed to cool in ice for 5 minutes.

The tubes are centrifuged at high speed for 5 minutes
and the supernatant plasma drawn off with a pipette into
small centrifuge tubes or into ampoules. Craciun
recommends ampoules but small tubes are more easlly
handled ang.;.?iust us satisfactory. It is not necessary
to paraffin the tubes in which the plasma 1is to be kept.
The plasma is then stored in the refrigerator and

remains fluid for weeks and even months. Often an

amorphous deposit forms in the tubes; this sinks to the
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bottom, however, and its presence causes no deterioration
of the plasma. Various precautions have to be observed
during the operation. The ansesthetic has to be skil-
fully administered so that the heart beats actively
during the bleeding. If the blood ceases to flow into
the syringe, the needle should be moved gently inside

the heart as it often tends to become pressed up against
the heart wall. No force should be exercised on the
piston: 1t 1s better to take a smaller quantity of blood
than to exercise suction on the heart. From a bird 3

to 4 months 0ld 40 c.c.- Of blood are easily obtained

and the concentration of heparin in the blood is then
about 1 in 80,000. It has been found possible to take
blood without any heparin at all and without lining the
tubes with paraffin, but if no heparin 1s used, clotting
is liable to take place 1f the heart 1s not beating very
actively and bleeding 1is slow. Plasma taken with
heparin coagulates rapidly when embryo extract is added
to it. The use of an 'activated'! extract as recommended
by King (1930 ) is quite unnecessary. M. R. Lewis
(1928 ) recommends heart puncture of the fowl using
0°5 c.c. of a 1 in 500 solution of heparin for every 10
c.c. of blood. Such a high concentration of heparin,

however, renders coagulation slower. Erdmann takes
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blood from a wing vein, (1930 ), or from the Jugular
vein (Erdmann and Ichida, (19287), . If facllitles

are avallable for keeping hens, bleedlng from a wing
vein is practicable; otherwise, bleeding from the heart
in the manner described gives the largest yleld of blood.
So far as tissue-culture is concerned, no difference has
been found between the plasmas of venous and arterial

blood.

.Mammalian Plasma,

Rat plasma is used in the medium for the cultivation
both of mouse and of rat tlssues. The heparin technique
as described by Craciun, (1925 ), is always employed.
The ultimate concentrationrof heparin. in the blood should
be about 1 in 20,000, A rat, preferebly a male sbout 9
months old, 1s chpseh and starved for 24 hours, Such an
animal normally ylelds about 10 to 20 c¢.c. of blood and
1 in 1,000 heparin solution is used so a8 not to dilute
the plasma too much. The instruments are sterilised
and the syringe and centrifuge tubes prepared in the same
way. The animal 1is anaesthetised with ether and the
heart exposed iIn the usual way, care belng taken to avoid
cutting superficial vessels and the vessels which run
along the sides of the sternum. The right ventricle is

_punctured and the blood should flow into the syringe.
By pressing on the viscera as the blood flow diminishes,

more blood can be
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obtained., The blood is cooled and centrifuged and the

plasma stored either in ampoules or in small tubes.

Rabbit Plaama.

Rabbit blood can be very easlly obtalned by heart
puncture and 20 c.c. can be withdrawn quite safelye.
The concentration of heparin should be about 1 in 20,000,
The same procedure is adopted for preparing the syringe,
etc., and the plasma 1s obtained after cooling and

centrifuging the blood,

Human Plasmsa.

Blood can be easlily obtained from a vein in the
antecublital fossa. A 1:20,000 dilution of heparin is
sufficlent to prevent coagulation, The treatment of
the blood 1s similar to that already described,

THE PREPARATION OF SERUM.

Avian Serum.

If blood is taken quickly from a fowl with the heart
beating actively it 1s extremely difficult to obtain
coagulation of the blood even at room temperature. In
the incubator at 38° C. coagulation takes place in an
hour or so, and after separation of the clot and centri-

fuging, the serum can be drawn off. Avian serum is

-
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rarely used for culture medium and I prefer to coagulate
plasma with extract as desoribed on p. 74 , and use thse
expressed fluid.

Mouse Serum.

A mouse about a year old 1s chosen and anaesthetised
with ether. The heart is exposed and the right ventricle
punctured with a capillary pipette. The blood flows
into the pipette and by pressing on the viscera when the
flow diminishes, from 1 c.c. to 2°5 c.c. may be obtailned.
After separation of the clot and centrifuging, the serum
is drawn off and put into ampoules which are stored in

the refrigerator.

Rat Serum.

The procedure 1s similar to that already described
for the taking of plasma, no heparin, however, being used
and ice-cooling of the syringe and centrifuge tubes being
unnecessary. The syringe must, of course, be rinsed
out with Ringer's saline. Pannett and Compton's saline
should not be used for rinsing the syringe as it always
causes slight lysis of the corpuscles. I have not been
able to find any reason for this, but it is a constant
feature. After separation of the clot and centrifuging,

the serum 1s pipetted into ampoules or small tubes and
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stored in the refrigerator.

Rabbit Serum.

Rabbits are always bled from an ear vein,from
which 10 c.c. can be quickly and easily obtained. The
serum 1s obtained in the usual way and stored in ampoules

in the ice chest.

Human Serum.

Blood 1s taken from a veln in the antecubital
fossa and the serum obtained and stored in ampoules in

the refrigerator.

PREPARATION OF EMBRYO EXTRACT.

Avian Embqyo Extract.

It is convenient to make embryo extract from embryos
between the ninth and tenth days of incubation. Slightly
older embryos may be employed, but it is not advisable to
use embryos 1in which feather formation has begun,as the
feathers cannot be centrifuged. Younger embryos may
also be used, but, if taken at too early a stage, several
may be required to provide sufficlient extract. The
'explosive! type of growth described by Erdmann (1930 )

in a medium containing extract from very young embryos
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has not been observed, and the only disadvantage of using
extract made from embryos at an early stage of develop-
ment 1s the number of fertile eggs which have to be used.
Before beginning the preperation of the extract, a
mug of distilled water must be bolled for at least five
minutes and the water kept boiling throughout the opera-
tion. Sterile instruments, etec., must also be ready.
The egg does not require to be sterilised; any dirt
should be removed by washing with water. The blunt end
of the egg 1is tapped with the handle of a scalpel until
cracked portlion of
numerous fine cracks appear. TheAahell is then care-
fully flicked off from the underlying shell-membrane
with the fingers: 1t 1s unnecessary to pick off the
pleces of shell with sterile forceps as it can be
removed much more quickly and with less chance of injury
to the underlying membrane by the method described.
When a sufflicient area of membrane 1is exposed, it is
carefully removed with forceps round the limit of the
broken shell, thus opening into the air space. The
lower layer of shell-membrane is then removed and the
yolk sac vessels and the embryo lying within the amnion
can be sseen. By tilting the egg and allowing some of
the yolk to flow out, the embryo can be brought forward

to a position convenient for removal. The condition of
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the embryo should be examlned. The heart should be
beating actively and the embryo itself translucent.

Dead embryos are, of course, useless. In the autumn
and winter abnormal embryos are often found; these
should be discarded if more eggs are avallable. The
amnion is then slit open with sharp-pointed, angled
scissors and the yolk-sac vessels cut on both sides
where they enter the body of the embryo. The neck of
the embryo 1s then hooked on to a pair of 'curved on the
flat' scissors and carefully removed, avoiding touching
the edge of the shell, and placed on a watch-glass con-
tained in a Petri dish. Sometimes the upper layer of
shell membrane 1is torn and a plece of shell falls on to
the lowsr layer. If no pleces fall on to the yolk sac
or embryo it need not be discarded. It 1s advisable

to avoid tearing the yolk sac as the embryo then becomes
covered with yolk; 1if this happens, however, the yolk
can be removed by repeated washing with salins. The
eyes of the embryo are extirpated and the embryo cut
into five or six pieces. The blood 1s removed with a
plpette which 1s then discarded. About 2 c.c. of
saline 1s then pipetted over the embryo, removed and
discarded. The pipette 1s rinsed out several times with
bolling distilled water and fresh saline pipetted over
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the embryo; this is removed, discarded, and the pipette
rinsed out as before. This process 1s repeated four
times, after which most of the blood will have been
removed. Longer washing is, of course, necessary 1if
any yolk is present. During the washing, the tissue
must be protected from exposure as far as possible with
the Petri dish 1lid. After the last washing of saline
has been removed, the embryo is then cut up rapidly into
as fine a state as possible with sharp fcurved on the
flat!' scissors, once more protecting the tissue from
exposure to the air with the Petri dish 1lid. The frag-
ments are then transferred with a wide-bored pipette to
a centrifuge tube and ground to a fine mush by rubbing
the tissue round the sides of the tube with a glass rod.
About 5 c.c. of saline are then added to the tube and
mixed with the tissue. A sterile rubber stopper 1is
inserted and the tube centrifuged for from three to five
minutes. The supernatant fluld, which is pale and
slightly opalescent, 1s the 'embryo extract.!

It has been found from experience that the extract
obtained when 5 c¢.c. of saline are added to a 9-day
embryo, which consists of from 2 c¢.c. to 25 c.c. of
tiasue, provides a sufficient concentration of growth-

promoting substances. For some tissues 1t may have to
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be diluted. TUnless, for purposes of experiment, the

exact concentration of embryo extract has to be known,

it is unnecessary, as Carrel and Erdmann recommend, to
centrifuge the embryo tissue and remove the supernatant
gelatinous fluid for subsequent dllution with saline.

In any case, embryos of the same age are often at different
stages of development, and accurate standerdisation of

the extract 1s impossible. If older embryos are used,

more saline is added; 1f younger, less 1s required.

Mammalian Embryo Extract,

The use of mouse and rat embryo extract is rendered
difficult by the fact that 1t 1s impossible to be sure
of the stage of development of the embryos. the best
extract 1s prepared from embryos from the tenth to four-
teenth day of development; but, unless very careful
mating of the animals can be done, the obtaining of embryos
at the right stage of development i1s a matter of chance.
With rabbits, on the other hand, the exact age of the
embryos 1s always known, as these animals can be mated
at any stage of the oestrous cycle. Rabbit embryos
should be taken at the fourteenth dey after mating.

the method of preparation of the extrsct 1s similar
in all cases. Mlce and rabbits are killed by a blow on

the head; rats are generally anaesthetised with ether.
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In the case of mice and rats, the whole abdominal and
thoracic wall is flooded with methylated spirit. As
rabbit hair is very fine and floats about in the alr, it
is advisable, in addition, to shave the abdominal wall.
Thereafter, it 1s again flooded with spirit. In mice

and rats, a longitudinal incision is made through the

skin from sternum to pubis. The skin is then rapidly
reflected on each side and kept reflected with pressure
forceps. The abdomen 1is opened by a transverse incision
along the upper limit of the abdomen and by a longitudinal
incision along the mid-line which passes down to the pubis.
The abdominal contents bulge forwards and the uterine
horns are removed by cutting through the ovarian ligaments
and the upper end of the vagina. The uterine horns are
placed in a Petrl dish and they are opened by a longi-
tudlnal incision along the antimesometrial side, thus
avoiding the placental site. The embryos are removed

by cutting throu?%é%ggAzggiggial cord.and-she-amnion.

As many as are required are transferred to a watch-glass
inside a Petri dish. The tissues are then cut up, washed
with saline, etc., and ground into a fine pulp in the
manner already described for avian embryo extract. To
every 2 c.c. of tissue 5 to 6 c.c. of saline are added,

and the extract is obtalned by centrifuging.
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When removing rabblt embryos, it is advisable to
make a transverse incision across the upper limlt of
the abdamen from the ends of which two longitudinal
incisions are made down towards the pubis. The skin
is reflected from the abdominal muecles and drawn down-
wards, The abdomen is opened by a T-shaped incision,
the edges being retracted with pressure of forceps.

The longitudlnal part of the incision should stop about
an inch from the publs; otherwise the abdominal contents
bulge forwards too much.,. ‘he uterine horns are then
easlly removed and the embryos taken out in the manner
alreadj described,

Some workers recommend the use of a Lataple press
or some such apparatus for grinding up the tissue, and
others reduce the tissue to a pulp with sand in a mortar.
For preparing autolysed extracts from adult organs a
mincing apparatus 1s necessary, but all such procedures
inﬁrease the risk of infection of the tissue and are
certainly not necessary for preparing embryo extract.
brew (1923), ' recommends filtering the embryo extract
through a Berkefeld filter to ensure sterility., As
already stated, infection of embryo extract has never

occurred in my experience and filtration seems unnecessary.
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It 1s usually possible to prepare embryo extract
each time it is required, but if this cannot be done the
extract should be removed from the tissue and stored in
ampoules or small-stoppered tubes in the refrigerator.

It will retain 1its properties unimpaired for several

days if kept in this way. If allowed to remain in
contact with the tissue, however, it tends to become
acid. Mammalian embryo extract has usually to be stored
for several days, as pregnant animals are mawas expensive
and difficult to obtain. It can still be used after

ten days' storage, and Maximow (1928 ) says that rabbit
embryo extract retains its properties unimpaired after

it has been kept for six weeks in the refrigerator.

EXPLANTATION.AND SUBCULTURE.

The methods of explantation and subculture employed
are similar in essentlals to those described by Fischer,
(1928 ), Strangeways, (1924 ), Erdmann, (1930 )
and Craciun (1931 ). Each worker, however, varies
the technlque to suit his individual requirements and the
facilities at his disposaly. = the procedure detailed
below is that which I have found most convenient.

Various methods have bsen devised for the cultivation
of tissues in vitro. These may be divided into two
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classes, (A) those in which the tissue has to be trans-
ferred to fresh medium every second or third day during
the culture period, and (B) those in which the tissue
can remain undisturbed for a relatively long period, up
to three weeks. To the first group belong (1) the
'hanging-drop! method, and (2) the watch-glass method
devised by Fell. In the second group are 1lncluded

(1) the flask method of Carrel, (2) the coverslip method
of Maximow, - a 'hanging-drop! method - and (3) the
various !'fluid' medium methods which are also 'hanging-
drop' methods. The flask method of Borrel, (1926 )
and the continuous irrigation method of de Haan, (1926,
1927, 1928 ) are not described,as I have no experience
of the technique employed.

A. The 'Hanging-Drop! Method.

The most convenisent arrangement of the necessary
apparatus on the bench will be described first. It is
convenient to work on a sheet of plate glass 3 feet long
by 2 feet wide which can be kept clean and sterilised
with 70 per cent. alcohol if desired. Two bunsen
burners with tripods should be arranged in convenient
poslitions, one for a mug of distilled water which must
be kept bolling-throughout the preparation of the cultures,
and the other for a mug of paraffin wax which has to be
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kept at melting point. Adequate illumination 1s

necessary. A dissecting binocular microscope, fitted

with a shield to prevent dust from falling on the stage

is often necessary for the dissection of tissue, and

should be provided with a sultable lamp.

6.
7.

The following apparatus 1s necessary:

Two sterile 'museum' jars, 8 inches by 6 inches

by 2 inches. These rest each on a half tile, with
the open ends facing the worker and tilted in such
a way that plpettes, etc., do not touch any of the
surfaces.

Two wooden 'rests! for plpettes and knives, etc.
one for each museum jar) each capable of accommodat-
ing four pipettes or knives.

A supply of steriie Petri dishes.

A supply ot sterile Petri dishes contalning watch
glasses.

Sterile pipettes of various diameters; the ends of
these shoula be plugged with cotton-wool.

Nipples for the pipettes.

Two glass rods each drawn out at one end to a fine
point.

Sterile coverslips (No. 1 square) contained in a
Petri dish. They may be either % inch square or
11 inch square.
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10.

11.

12.

13.
14.
15.

16.

54.

Sterile hollow-ground slides, extra thick with
frostea ends: the sizes most frequently used are

3 inches by 1 inch or 3 inches by 1% inches.

I find the larger coverslips and slides the most
convenient; they allow the use of a large quantity
of medium and are easier to manipulate than the
smaller slze.

Sterile knives; these are always sterilised in
peirs in test-tubes. Fine, thin-bladed knives are
the most convenient.

A Petrl dish containing 25 c.c. of Pannett and
Compton's saline.

Thick squares of glass, about 2 inches square on
whlch to arrange the coverslips. The bevelled tops
of histological stalining jars are very suitable for
this purpose.

Plasma.

Embryo extract.

Ordinary histological sliae-box trays on which to
arrange the culture preparations.

Brush for applyling the paraffin wax.

The tissue to be cultivated is removed from the

embryo or animal with the usual aseptic precautions and

is placed in a watch-glass in a Petri aish in a little
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saline. The heart of a 9-day avian embryo can be used
as an example. It is washed several times with fresh
saline to remove any blood which may be present. Between
each washing, the pipette must be rinsed out in boiling
distilled water and saline before fresh saline 1s trans-
ferred to the tissue. Thereefter, the tissue is trans-
ferred to a hollow-ground slide with a drop of saline
and placed on the microscope stage. The tissue is then
rapidly cut into pleces from 1 mm. to 2 mm. in dia-
meter. It must be cleanly cut, not pulled or torn:

I have found that the cutting of the tissue into frag-
ments can be done more quickly and with less damage to
the cells under the dissecting microscope. When a
sufficlient number of fragments have been obtained, they
are transferred with a plpette to a watch-glass contain-
ing about 2 c.c. of embryo extract. ‘Two fine-pointed
pipettes are then filled with about 1 c.c. of plasma and
embryo extract respectively and placed with their ends
well within one of the museum jars. Four coverslips
are placed each on a square of glass protected by a
sterille Petril dish 1lid. A fragment of tissue is next
placed dn each coverslip with a sufficient amount of
extract to keep it moist. One or two drops of embryo
extract are then dlscarded from the pipette containing

embryo extract and a large drop of extract placed on each
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fragment of tissue. A drop 1s discarded from the pipette
containing plasma and a drop of plasma,as nearly as poss-
ible of the same s8ize as the drop of extract, placed on
each coverslip a little to one side of the extract.

The plasma and extract must not be allowed to flow
together at this stage, otherwise unequal coagulation
will take place. The plasma and extract are then thor-
oughly mixed with a fine-pointed glass rod and the medium
spread out in a thin layer on the coverslip. A hollow-
ground slide is taken and two narrow strokes of paraffin
wax placed one on each side of the hollow; it is placed
on the bench and protected with a Petri dish 1lid. By
this time the plasma has usually coagulated round the
first oculture prepared. The coverslip is then trans-
ferred, culture side downwards, on to the hollow-ground
gslide. It is fixed in position with a drop of paraffin
and then the edges of the coverslip are carefully sealed
on to the slide. The same process 1s repeated with

the other three cultures. The remainder of the tissue
fragments are then placed on coverslips, supplied with
medium, etc., in the same way and mounted on slides.
Before adding plasma or extract to the tissue one or

two drops must always be discarded from the pipette,

80 as to wash away any foreign material which may have

settled on the end of the pipette. The glass rod with
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which the plasma and extract are mixed must always be
dipped for a few seconds in bolling distilled water and
saline before use to ensure sterility. ‘I'he pipette
with which the tissue fragments are transferred to the
coverslips must also be rinsed out in the bolling water
and in saline before use. If these precautions are
taken, infection of the cultures need not be feared,
The cultures are placed on microscopic slide trays,

coverslip upwards and incubated at 38° Ce

Subculture.

If growth is slow, the cultures do not need to be
transferred to fresh medium until the third day after
explantation, As a rule, however, i1f growth is active,
a8 in the case of embryonic avian tissue, or considerable
liquefaction of the medium has taken place, it is
necessary to transfer the cultures to fresh medium
on the second day,

The bench 1s arranged as before, and a supply of
sterile plpettes, Petri dishes, plaln microscopic
and hollow-ground slides and coverslips prepared. A
Petrl dish of sallne, freshly prepared embryo extract
and plasma must also be availlable. ‘'he knives must be

sharp and show no lnequallty of the points under the low

power
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of a microscope. A sterile microscopic slide - 3 inches
by 1 inch - is placed inside a Petri dlsh and eight large
drops of embryo extract well separated from one another
are arranged on 1it.

It is possible to remove cultures from the medium
without the aid of a microscope,but I have found that
the removal can be done more quickly and with less risk
of damage to the culture under a low power of the
binocular microscope.

It is convenient to transfer the cultures in batches
of eight. The paraffin on the coverslip 1s removed with
a scalpel and four Euts following the outline of the
coverslip are made on the paraffin #dhering to the slide.
The coverslip 1s then gently elevated with the point of
the knife until it can be conveniently grasped with a
palr of dental foroepé. It is quite unnecessary to
sterillise the slide in alcohol before removing the cover-
slip. It is then placed, culture side uppermost, on a
plece of glass, 1% inches square, lying on the stage of
the microscope. The coverslip is kept in position by
gentle pressure on the edge and a transverse cut is made
along the outer limit of the zone of outgrowth. The
coverslip is turned through an angle of 90° and another

cut made at right angles to the first one. Four cuts
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in all are made in this fashion,so that a small square
containing the original explant and the zone of outgrowth
is separated from the medium. The cuts should be made
lightly: heavy pressure on the plasma compresses but
does not cut 1it. It is important to avoid the inclusion
in the mass to be transferred of plasma which 1is sparsely
invaded or uninvaded by cells. A small drop of salilne
is then placed on the culture and it 1is transferred by
means of a pipette to one of the drops of embryo extract
on the glass slide already described. The culture is
thus washed free of the waste products which have accumu-
lated during growth. It is not necessary to wash the
cultures in several changes of extract unless infection
of the culture 1s suspected.

The remaining seven cultures are then removed from
the medium and placed each one in a drop of embryo
extract. The blades of the knives should always be
dipped for a few seconds in the boiling water and then
in saline immedlately before use. If the edge of a
knife appears to be getting blunt, a fresh one should be
taken at once, as the successful removal of the tissue
from the plasma depends almost entirely on the sharpness
of the knife. The pipette with which the cultures are

transferred to the extract should always be rinsed out
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in boiling water and saline immediately before use, to
ensure its sterility and also to prevent the possible
transfer of infeetion from one culture to another.

The explants are then transferred to coverslips in
groups of four, and the medium added in the manner already
described. They are sealed with peraffin wax over
hollow-ground slides and incubated at 38° C.

Cultures of Epithelium.

Cultures of epithellal organs cause very rapild
liquefaction of the medium. It has been found advisable
with some tissues to adopt the following procedure,
recommended by Fischer, (1922 ). A drop of plasma
and a drop of embryo extract are placed on a coverslip
and thoroughly mixed. If a series of four coverslips
are prepared one after another, the first 1is feady for
the explant by the time the fourth has been mixed. The
plece of tissue to be cultivated 1is transferred from
embryo extract on to the coagulum with just sufficient
extract to moisten 1it. The same procedure is followed
in turn on the other three coverslips. The coverslip
is then inverted over a hollow-ground slide and sealed
with paraffin in the usual way. The slide is inverted
on a slide tray so that the coverslip is downwards and

the tissue rests on the coagulum. The epithelium is
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thus able to grow on the surface of and to penetrate, the
coagulum. Epithelium appears to grow much better under
these conditions. Connective tissue cells, on the other
hand, grow more actively when the tissue 1s partially
embedded in the clot,und this method of preparation
diminishes to some extent the fibroblastic outgrowth
which 1s often so extensive that it prevents the emigra-
tion of epithelial cells. Fischer (1922 ), recommends
embedding the explant in the plasma for the first two

or three passages. I have found, however, that this 1is
lieble to produce a very abundant outgrowth of filbroblasts
and endothelium, particularly in cultures of liver, and
these cells are liable to form a thick capsule round the
epithelial cells, preventing their emigration. I con-
sider 1t advisable to cultiwate epithelial tissues on

the surface of the coagulum from the beginning. I have
also found that the inversion of the slide so that the
coverslip is downwards ensures adhesion of the tissue to
the coagulum. If this 1s not done, adhesion may not

take place, particularly if the plasma clot is firm.

Subculture.

Epithelial cultures have to be very carefully sub-
cultured in order to prevent as far as possible the

transfer of connectlve tissue, and to avoid injury to the
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delicate epithelial membrane. The use of the dissecting

microscope is essential. As far as possible, the con-

nective tissue should be removed and only the epithelilal

outgrowth transferred. It is extremely important also

to avoid transferring plasma in which no cell invasion
uninvaded

has occurred, as the smallest amount oprlasma will

prevent the emigration of cells during the next passage.

The Watch-Glagss Method.

The watch-glass method was devised by Fell. Carrel,
(1912,:1), had attempted to cultivate large pleces of
tissue on Gebritachewskl plates, but the method of Fell
(Pell and Robison, 1929 ) 1s the most satisfactory so
far devised and 1s particularly suitable for the cultiva-
tion of embryonic skeletal rudiments. A layer of
absorbent cotton-wool is placed within a Petri dish, 3
inches in diameter. A circular hole, 1 inch in diameter,
is cut in the centre of the cotton-wool so that trans-
mitted light can be used to manipulate and examine the
explants. Over the hole in the cotton-wool, a small
watch-glass, 1} inches in dlameter, is placed. Aftep
sterilisation for half an hour at 140° C. the cotton-
wool is saturated with about 20 c.c. of sterile water.

In this way an efficient moist chamber is produced.

It is not advisable to prolong the sterilisation beyond
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the time mentioned as the cotton-wool loses 1ts absorbent
properties when overheated. The medium is contained in
the watch-glass and consists of 4 drops of fowl plasma
and 4 drops of freshly prepared fowl embryo extract,
which are thoroughly mixed before clotting. The result-
ing clot should be firm as its consistency seems to be

of importance in determining the degree of growth and
differentiation of embryonic rudiments of this type.
4po—}e Fell, in her original communication (Fell

and Robison, 1929) used larger Petri dishes, 4 inches

in diameter, and larger watch glasses, which were black-
ened so that direct illumination could be used to examine
the explants. A larger amount of medium, however, 1is
required and I prefer transmitted illumination, which
allows a-more thorough examination of the explanted
tiassue.

The bench 1s arranged as before and the tilssue to

be explanted is transferred from embryo extract on to

the surface of the clot and the excess of fluid removed
with a fine pipette. It is important that the tissue
should be placed as flatly as possible on the surface

of the clot, otherwise distortion is liable to occur
owing to the unequal growth of the connective tissue of

the explant. A considerable amount of water of
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condensation often forms on the lower surface of the

1id of the Petri dish during incubation. This may be
reduced by (a) placing the Petri dishes on pleces of
wood laid on the usual metal trays of the incubator, and
(b) keeping the Petrl dishes in the upper part of the

incubator.

Subculture.

Such large pieces of tissues cause a rapid lique-
faction of the medium and the tissue has to be transferred
to fresh medium every second day. A sufficlent number
of Petri dishes containing medium are prepared beforehand.
The explant 1s loosened from the clot by cutting very
carefully round the zone of outgrowth. This should be
done in such a way that an equal amount of connective
tissue remains attached on each side of the skeletal
rudiment. If there 1s marked excess in one region,
distortion of the rudiment is liable to occur during the
subsequent passage. After the explanted tissue has been
separated from the medium it 1s transferred with a wide-
bore pipette to a hollow-groundslide, protected by a Petri
dish 1id, which contains two or three drops of saline.
This is removed and a few drops of embryo extract substi-
tuted. From the embryo extract the explant is transferred

to fresh medium, the excess of fluld removed as before and
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the preparation incubated.

Infection of watch-glass cultures is rather more
liable to occur for two reasons. The type of tissue
cultivated often takes several minutes to dissect from
the embryo and is in consequence liable to infection from
the air. This risk may be reduced by thorough washing
of the explants with saline before placing them in the
medium. A much larger area of medium is used and so
the risk of infection is greater. The most rigid pre-~
cautions must accordingly be taken to avold exposing the
medium and the Petri dish should only be opened either
on the microscope stage which is protected with a shield
or else in such a way that the watch-glass is protected
from foreign material falling on it directly. An
infection can generally be seen as a emedd whitlish spot
on the medium. A small infection c#n be got rid of if
it is far enough away from the explant by searing it with
a red hot platinum loop. The culture should then be
transferred to fresh medium as soon as possible. If it
1s not possible to transfer an infected culture at once,
the infection should be seared and the culture kept at
room temperature until the tissue can be subcultured.

An infected culture should always be transferred to fresh
medium at the end of a serles and the explant should be

washed several times in saline and embryo extract. In
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actual practice, very few infections occur if adequate

precautions for the protection of the medium are taken.

C. The Flask Method,

This method, which was devised by carrel, 1923,/ ),
allows the tlssue to be maintained in'anﬁndisturbed
state during cultivation. The tissue is cultivated in
small flasks of different types and sizes. The type
most commonly used has a dlameter of about 3 cms,., is
Oe4 cms. to 0,5 cms, in height, and has a lateral neck
passing oblliquely upwards 0.4 cms. in diameter and 2 cms,
long, through which the medium and tissue fragments are
introduced. The neck 1s closed with a plug of cotton-
wool over which is placed a rubber cap. About 0.5 c.ce.
of plasma 1s introduced through the neck and allowed to
flow over the bottom of the flask; an equal quantity
of diluted embryo extract consisting of Pannet and
Comptonis saline, 3 parts, embryo extract, 1 part, 1s
added to, and thoroughly mixed with, the plasma. Before
coagulation is quite complete the fragments of tissue
are introduced with a plipette and placed on the surface
of the medium., The excess of fluid is removed, and a
thin layer of embryo extract 1s placed on the surface of
the coagulum. ‘“The neck of the flask 1s flamed and the
opening closed with a cotton-wool plug covered with a

rubber cap. If
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too much extract is added or if coagulation is complete
before the tissue 1s placed inside the flask, adhesion
of the fragments does not take place and they float in
the extract. The embryo extract 1s removed every
second or third day and the surface of the coagulum
flooded with fresh embryo extract. This 1s removed
after quarter of an hour and a thin layer of embryo
extract placed on the surface as before. If prolonged
growth of the culture is desired, the tissue fragments
must be removed from the medium every 10 to 14 days with
a small platinum spatula, washed in saline and embryo
extract, divided into two or more pieces 1f necessary
and placed as before in fresh flasks. The removal of
the tissue fragments 1is often difficult, and considerable
practice 1s necessary before it can be done skilfully.
Carrel has devised four other types of flasks. One
has an opening on the upper surface which 1is closed
with a coverslip sealed on to the top with paraffin wax.
This pattern allows fairly good microscoplcal examination
of the cultures under a low power during growth and the
tissue fragments can be extirpated from the medlum much
more easily if this type is used. It 1s also possible
to place small pieces of coverslip on the bottom of the

flask through the opening and these can be fixed in
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position with a small amount of plasma and embryo extract.
The medium is then introduced in the usual way and the
tissue fragments to be cultivated placed over the small
pleces of coverslip. The pieces of coverslip with the
cultures attached can be removed from the medium through
the upper opening when the culture period is complete,
and fixed and stained entire for histological examination.
Another type has an opening in the base of the flask
which 1s also c¢losed with a coverslip. This method
also allows subsequent histologlcal examination of the
culture on the coverslip. The fourth type of flask

has two necks and the fifth has a neck which passes

obliquely downwards instead of upwards.

Maximow'!s Coverslip Method.

Maximow (1925 ), attached a small round cover-
slip by means of a drop of sterile saline on to the
under surface of a large square coverslip, the whole
being treated as a 'hanging-drop' preparation. The
medium used consisted of plasma and embryo extract.
Every two or three days the small coverslip was removed
from the large one, immersed for 15 to 20 minutes in
Ringer's saline and then attached to another large cover-
8lip over another hollow=-ground slide. If necessary,

more plasma and extract can be added to the culture.
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This method was found particularly useful by Maximow
(1928 ), for the study of blood leucocytes. I have
found it also useful for cultures of spleen from which
many amoebold cells emigrate which cannot be transferred
to fresh medium. The only disadvantage is that the
small round coverslip is often difficult to detach from
the square one; this difficulty may be minimised by
attaching the round coversllip with a very small amount
of sterile vaseline which renders it more easily detach-
able. If this procedure 1s adopted, the coversllip must
not be immersed in the Ringer's saline during the wash-

ing of the culture but should float on the surface.

Cultivation in Fluid Media.

Although a coagulated medium such as plasma and
embryo extract provides the best conditions for active
growth of tissue in vitro, it does not provide the best
possible conditions for cytological investigation either
during cultivation or after fixation. The plasma is
always stained by the histologlical stains employed.and
if it coagulates in a thick layer round the zone of
outgrowth, it is often impossible to distinguish the
finer detaills of the cells after stalning. If fluid
media are used they can be removed by immersing the cul-

ture for a minute in warm saline before fixation.
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Fixatlion 1is very rapid and the appearances of the cells
can be preserved - provided the proper fixing agent 1is
used - in a condition closely approximating to their
state during life., The cytoplasm is spread out in a
thin layer on the surface of the coverslip and the cell
constituents can be readily studied. While this method
of cultivation belongs to the second group - that in
which the tissue remains undisturbed for several days

on end -~ the method was adopted not on account of that
condition, which is necessitated by the fact that it is
impossible to transfer the delicate films of cells which
grow out on the coverslip, but as a means of providing
optimum conditions for cytological investigation of cells
growing in vitro. Lewis and Lewls (1924) have used
with great success a medium composed of 80 c.c. Locke'!s
solution contalning 0.5 per cent. dextrose and 20 c.c.
chicken muscle bouillon, A drop of the medlum 1s
placed on a coverslip and the tissue placed in the
centre of the drop, which is then spread out in a thin
lgyer on the coverslip. The coverslip 1is then Inverted
over & hollow-ground slide to which 1t 1s sealed with
paraffin, For avian tissues I generally employ the
fbllowing medium, 1l c.c. of avian plasma and

1l c.c. of embryo extract are thoroughly mixed in s
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small centrifuge tube which 1s then stoppered with a
rubber stopper. The tube 1s put into the incubator
for half an hour at the end of which time the clot is
broken up with a glass rod. It 1s then incubated once
more for an hour to allow retraction of the fibrin to
take place. The fluld is sucked off with a pipette
into another tube which is also closed with a rubber stop-
per. This is used as the culture medium. By incu-
bating the clot for another hour, more fluid may be oh-
talned. The cultures are prepared in the manner
described by Lewis and ILewis. I find it advisable,
however, in Brder to ensure contact between the glass
and the tissue, to invert the slide so that the cover-
sllip 1s downwards and the tissue rests on the surface
of the coverslip. The drop of medium must be spread
out as thinly and as extensively as possible and the
explant must be small - 05 mm. to 1°0 mm. in size.
If large coverslips and slides are used, considerable
evaporation of the medium takes place,and I place a
drop of sterile distilled water in the hollow of the
hollow=-ground slide in such a position and of such a
size that it does not come into contact with the medium
or the coverslip. This precaution 1s not so necessary

when small slides and coverslips are used. Concentration
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of the medlum may also be prevented by diluting it with
one-third of its volume of distilled water.

For mouse tissues, equal parts of mouse serum and
mouse embryo extract can be used,and for rat tissues
equal parts of rat serum and rat or mouse embryo extract.
As mammalian embryos are often difficult to get at the
right stage and chicken embryos are usually always
available, I generally use a medium composed of one
part rat plasma, one part avian plasma and two parts
avian extract. This 1is allowed to coagulate and the
fluid 1s obtained in the manner already described. In
this mediunm, tﬁe cells grow more actively than in serum
and extract, and just as well as 1in the fluld expressed
from the coagulum formed by equal parts of homologous
plasma and homologous embryo extract. Every second
day the coverslip 1s taken off the slide and the medium
removed. The cultures are taken in batches of four,
and from each in turn the coverslip 1s removed, the
medium sucked off and a drop of embryo extract placed
on the explant. Thereafter, the extract 1s removed
and fresh medium added and spread out as before. The
coverslips are then placed over hollow-ground slides on
to which they are sealed with paraffin in the usual way.

Most tissue can be maintained in a healthy state for 10
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days by this method, but cell proliferation diminishes
after the third or fourth day and emigration gradually
ceases.

The methods above described may have to be modified
for different purposes. The general principles are
the same, however, for each method of cultivation,and
any modification necessitated will be mentioned in the

appropriate section.
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HISTOLOGICAL EXAMINATION OF TISSUE CULTURES.

Tissue cultures can, in many cases, be examined
during life both by ordinary ana dark-ground illumilnation.
In addition they can also be photographed and fiimed
under suitable conditions. They can also be fixed,and
stained for histologlical examination either in toto or
after having been cut into serial sections. It is
convenient to descrilbe the general methods used, any
moditications required by certain tissues being described

in the approprlate sections.

Fixation.

Before fixing, 1t is advlisable to immerse coverslip
cultures for about a minute in saline at 38° C. so as to
remove any fluid containing coagulable proteins. It is
impossible to avoid the coagulation of the medium in
plasma cultures round the zone of outgrowth. If lique-
faction of the plasma has taken place round the explant,
however, the liguefied medium can be removed in warm
saline. With fluid medium cultures, the medium can be
entirely removed before fixation. Fixatives containing
alcohol should be avolded as they bring about a very
dense and coarse precipitate of any plasma present.

Zenker's fluid without acetic acid, for 5 to 10 minutes,
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1s quite a satisfactory fixative for morphological
purposes . It 1s not an ideal cytological fixative,
but 1is quite adequate to show the general character of
the cells. If 1 per cent. acetic acid is added,a
sharper picture 1s obtained after staining; the nuclel
stain more intensely und cytoplasmic outlines are more
clearly seen. The acetic acid destroys cytoplasmic
constituents, however, and it has the additional dis-
advantage of causing a rather coarse precipitate of any
plasma present. Zenker-formol, (Maximow 1925 ), does
not cause such a coarse preclipitate and preserves cell
constituents, such as mitochondria, fairly well. Fixa-
tion for quarter of an hour 1s adequate. All these
fixatives may be used for fluid medium cultures; five
minutes'! fixation is adequate.

Bouints fixative should only be used for fluid
medium cultures and plasma cultures in which considerable
liquefaction has taken place, as it causes a very denss
precipitation of plasma. Fixation should not be pro-
.longed for more than five minutes. Corrosive sublimate -
a saturated solution in water - is the best fixative
for cultures which have been stained during life with
vital dyes. Formalin - 5 per cent. to 10 per cent.
formaldehyde neutralised with MgCoz - can also be used.
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It causes considerable shrinkage of the cells, and
particulArly of the nuclei, and should only be employed
if the subsequent staining method requires it. Fischer,
(19286 ), however, recommends fixation in 2 per cent.
formalin-Ringer solution. Acetic alcohol, which 1is
used by many workers, is not sultable for subsequent
histological examination ot the cultures, as 1t causes
marked shrinkage of the cells.

Coverslip cultures fixed in a chrome fixative are
placed in a large flat staining jar of water for half an
hour. They are then dehydrated by passing them through
graded alcohols, 30%, 50%, 70%, 90%, and absolute
alcohol, (two changes): five minutes in each alcohol
1s sufficient. From absolute alcohol, they are placed
in absolute alcohol and xylol, equal parts, and cleared
in two changes of xylol. From xylol, they are once
more brought down to water for staining purposes.

I have found that stalning with all stalins 1is improved
if the cultures are treated in this way. If the cul-
tures are stained directly after washing, the staining
is always faint. Cultures which are to be stained for
fat, however, unless subjected to prolonged post-
chroming, must be stalned without this treatment. If
it is not possible to stain the cultures immediately
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after they have been dehydrated, etc., they should be
kept 1n water containing 0+5 per cent. to 1 per cent.
potassium bichromate, as prolonged washing in water or
storage 1in weak alcohol removes the chrome salt entirely
and renders satisfactory staining difficult. It 1s

not necessary to treat cultures fixed in solutionscon-
taining mercuric chloride with iodine, as the period of
fixation 1is not sufficiently long to cause precipitation
of the mercury salt in the fixative. In cultures fixed
in saturated corrosive sublimate, however, deposit of
mercuric chlorlide occurs,and they have to be treated
with iodine. '~ After fixation in Bouin's solution, it

is essential to remove all traces of the picric acid in
50 per cent. alcohol. The cultures are then dehydrated
and cleared and brought to water for staining.

Cultures of embryonic organ rudiments such as
skeletal rudiments and cultures in flasks which cannot
be treated as coverslip preparations are always removed
from the culture medium before fixation und are fixed
for varying periods of time up to 1 hour, depending on
the slze of the explant. Zenker's solution with or
without acetic acid, Zenker formol or Bouin's fixative
may all be used. After fixatlion, cultures of this type
fixed in fixatives contalining chrome salts are washed
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in several changes ot distilled tap-water for not more
than one hour. If the washing 1s prolonged beyond this
time, too much ot the chrome salt is washed out and
subsequent staining 1s not so satisfactory. Those fixed
in Bouin's solution are placed in 50 per cent. alcohol

to remove the plcric acid.

Staining.
Many of the ordinary histological nuclear stains

can be employed for staining cultures in toto, but the
methods have to be modified to produce satistactory
results. _

The cells of the zone of outgrowth are more difticult
to stain than ordinary histological sections, anda this is
apparently due to the rapid fixation which inhibits the
occurence of the changes which take place in the cells
in small blocks of tissue during the penetration of the
fixative. The production ot artefact upon which much
of ordinary staining depends is thus prevented to a
considerable extent. Even with poor cytological fixa-
tives such as Bouin's solution or Zenker's fluid plus
acetic acid, the nuclei do not show the complicated
structure seen in histological preparations, although
they appear very much more complex than during life.

Only in cells which are very degenerate before fixation
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are appearances produced which resemble those seen in
ordinary fixed and stained prepurations. In the centre
of the original fragment where fixation 1s not so rapid,
the cells resemble to some extent those seen in histo-
logical preparations. The process of embedding in
paraffin may in both cases contribute to the production
of artefacts, but the cells of the zone ot outgrowth of
cultures which have been embedded in paraffin and cut
into serial sections, although contracted, dirfer much
less from the cells in the zone of outgrowth of an
unembedded culture than those ot the central fragments.
Counter-stains such as eosin are not taken on by
the cytoplasm to any extent and are unnecessary,as the
cytoplasm is usually sufficiently tinted by the nuclear
stain. With mixed stains such as Glemsa or Eosin Azur II,
however, a contrasting cytoplasmic stain can be obtained.
Iron haematoxylin is the most useful stain,as it does
not tend to fade. The cultures ure immersed for half
an hour in 2+5 per cent. iron alum at 38° C.; they are
then rinsed in water and placed for a similar length of
time in Régaud's haematoxylin which is filtered before
use. Differentiation is carried out in 0°5 per cent.
iron alum and controlled under the microscope. The

preparation is then dehydrated, cleared and mounted in



80.

benzol balsam in the usual way. Picric alcohol may
be used for differentlation. This method is useful 1if
the mitotic flgures are being counted,as 1t 1is possible
to remove the nuclear staining of resting cells almost
entirely while the nuclei in division remain quite
sharply stalned. Weigert's iron hesematoxylin is a
useful stain, particularly for cultures which have t0 be
photographed, as it stains the cytoplasm more intensely
than Regaud's haematoxylin. The mixture of the two
solutions will keep for 2 days. Staining is complete
after 2 hours, and the cultures shoula then be immersed
in water for quarter or an hour before dehydrating, etc.
If there 1s much deposit around the explant, e _iron
haematoxylin carrl;:ge used, as the plasma 1s intensely
coloured, ana Harris' haematoxylin has to be employed.
A 3 per cent. Harris' haemato%&in in water should be used,
and the staining should be prolonged overnight. If the
stain 1s undiluted, stalning of the nuclei does not take
place. After staining, the haematoxylin is 'blued! by
immersing the cultures in tap-water for from one half to
two hours. If the stain is 'blued' in ammonia water or
in hot water, the culture may float off the coverslip.
The preparations are then dehydrated, cleared and mounted

as befors. Toluidin blue, carbol thionin blue, borax
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methylene blue can all be used,but the duration of
staining varles with different specimens of the stain.
As these dyes are easlily removed by dilute alcohol, it
is necessary to take uway the original fregment before
staining,so that dehydration may be accomplished as
quickly as possible. Maximow's Haematoxylin Eosin

Azur II stain can be used after Zenker~formol fixation.
The hsematoxylin steining should be very faint, the
nuclel being only lightly tinted. The eosin and the
azur II have, of course, to be mixed immediately before
use, and it is advisable to stain in the mixture for at
least 12 hours. The preparation should be differentiat-
ed in absolute alecohol, not in 95 per cent. alcohol.
Glemsa's stain may also be used after corrosive sublimate
fixation. A 1l in 10 dllution of the mixture 1is used,
and the cultures should be differentiated in acetone and
Xxylol. Dominici's stain can slso be used, and ulthough
the results are not so striking as in the best Glemsa
stalning, a much higher percentage of good preparations
can be obtained. For staining fat, Scharlach R. in
equal parts of 70 per cent. alcohol and acetone produces
thes best results. Other methods of staining fat are

described later.
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As already mentioned, tissue cultures on coverslips
are very favourable objects for cytological staining as
the cells are spread out in a thin layer on the cover-
slip, and embedding and sectlion-cutting are unnecessary.
A very careful study of the effects of various fixatives
has been made by Strangeways and Canti, (1927 ).

These observers i1lluminated the cells by dark ground
illumination and then fixed the same cells with various
fixatives. They found that after fixation with a 2
per cent. aqueous solution of osmic acid, the cells
presentzippearances which resemblel closely those seen
in the healthy living cell. Little or no shrinkage
occurred, precipitation of the c¢ell substance was slight,
and distortion of the cell constituents minimal. After
this fixation, the cells can be stained by mitochondrial
stains. The following method of fixation by osmic acid
as recommended by Fell (1930 ) produces excellent
results. The culture is fixed for one and a half hours
in osmic acid, 2 per cent., freshly prepared. It is
then rinsed in water and placed in Zenker's fixative
without acetic acid overnight. After washing in water
for one hour, the culture 1s placed in 50 per cent.
alcohol

alcohol, then in 70 per cent,\coloured brown with iodine

to get rid of the mercuric chloride,and dehydrated and
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cleared in xylol to remove the fat, brought once more
to water and stained by Gatenby's iron-haematoxylin
and acld fuchsin method. The treatment with Zenker's
solution mordants the cells: 1f this is not done,
staining does not take place. I have found that 3 per
cent. potassium bichromate is equally effective. If
some of
desired, the fat of the cells may be preserved by keep-
ing the culture for 3 days in the bichromate solution.
It becomes & bright yellow and resists solution in xylol.
Even after staeining, the fat retains its colour and is
easily distinguished from the other cell constituents.
Flemming's solution (stmng formula) without acetic acid
is an almost equally good mitochondrial fixative, and
owing to the smaller amount of osmic acid present is
less expensive in use. | Two hours' fixation in Flemming's
solution is sufficient. The culture is then rinsed
in water and may be stained gfter dehydration and clear-
ing in the usual way. A better result is obtained,
however, if the culture 1s kept overnight in 3 per cent.
potassium bichromate before dehydration and clearing.
The following staelning methods may thereafter be used.
1. Iron haematoxylin after both osmic acid end
Flemming's fixation.
2. Iron haematoxylin and acid fuchsin after osmic
acid fixation.
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3. Bensley-Cowdry's modification of Altmann's method

l. Iron Haematoxylin.

Any ripened solution of haematoxylin containing
about 10 per cent. alcohol may be used. I f£ind Régaud's
haematoxylin very satisfactory. It 1s advisable when
possible to remove the original fragment before staining,
as it takes up the staln and makes differentiation more
difficult. The culture is mordanted for half an hour
in the incubator in 5 per cent. iron alum. It is then
rinsed in water and placed in the haematoxylin for a
similar time in the incubator. It is differentiated
in 0°5 per cent. iron alum until the mitochondria appear
distinct, the differentiation being controlled under the
microscope. Thereafter, it is dehydrated, cleared and

mounted.

2. Iron Haematoxylin and Acid Fuchsin.

(1430)
The following method is used by FellAafter fixation

in osmic acid. The culture 1s mordanted for one and a
half hours in 2°5 per cent. iron alum. It is then rinsed
in water and placed in 1 per cent. aqueous haematoxylin
for the same time in the incubator. The cells are

differentiated with 2°5 per cent. iron alum until the
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culture
mitochondria are greyish. Thereafterthemis placed in

Altmann's fuchsin on a hot plate (52° g.) for 5 to 10
minutes, rapildly differentiated in 95 per cent. alcohol,

dehydrated, cleared and mounted as before.

3. Bensley-Cowdry's Modification of Altmann's Method.

This method may be used after fixation in Flemming's
fixative. 2 cece to 3 c.c. of Altmann's fuchsin are
placed in a watch-glass 1n the incubator for 10 minutes.
The culture is placed in the stain for quarter of an
hour and then rinsed in water. It is dipped first in
a jar of methyl green and then moved backwards and for-
wards in a jar of absolute alcohol until it appears pale
green. Thereafter, it is cleared and examined under
the microscope. As differentiation 1s very rapid in
the alcohol and is liable to be overdomne, the culture
should always be cleared before examining under the
microscope. When differentiation is complete the
culture is mounted in the usual way. This method
produces very pretty results but the preparations fade
within a few months.

Any type of culture may be cut into serilal sectionms.
The celloidin method 1s apparently the best, as shrinkage
of the tissue is reduced to a minimum and it is the only

method which gives satisfactory sections of the zone of
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outgrowth. It requires, however, a microtome capable
of cutting thin celloidin sections. For examination
of the explant, paraffin embedding 1s quite satisfactory,

provided certain precautions are taken.

Coverslip Cultures.

The following is the method recommended by Fell.
The cultures while estill on the coverslip should be
tinted with eosin, cleared in cedar-wood oll and then
transferred to paraffin (M.P.- 54° C.) in an incubator
at 56° C. After quarter of an hour, the paraffin should
be removed apd fresh paraffin added. This 1s removed
after anotber quarter of an hour and fresh paraffin
added once more. After another half-hour the coverslip
is removed from the paraffin and placed on a warm
plato;,; A square is marked out on the surface which
encloses the culture and a small amount of the medium.
This 1s removed from the coverslip with a sharp cataract
knife and placed in position in a watch-glass of melted
paraffin. It can then be cut into serial sections either
parallel to or at right angles with the surface of the
coverslip. Any histological stain, provided appropriate
fixation has been employed, can be used.

Cultures of embryonic rudiments are also cleared in

cedar wood oil and the paraffin bath should be changed
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twice, The embedding time in paraffin varies according

to the size of the rudiment, but impregnation with paraffin
is rapid and it is extremely important not to keep the tissue
too long in the embedding oven.

VITAL AND SUPRAVITAL STAINING OF CELLS in vitro.

Vital Staining.

Cells growing in vitro may be stained with vital stains

such as trypan blue and vital new red, Vital dyes of this
type, when present in the medium in sufficient concentration
to bring about staining of the cells, tend to inhibit growth,
and I find it advisable, when possible, to stain the tissues
before explantation by injecting the animal from which they
are taken. Newly~born mice and rats tolerate doses of the
dye, calculated on a weight basis, quite well. (Cappell,
1929). The injections have to be given subcutaneously or
intra~peritoneally.

Supravital Staining.

I have used extensively neutral red and jaﬁus green B
for supravital staining. As the explants absorb a large
gquantity of the dye, it is advisable to remove them before
staining, Thig is particularly important when janus green B
is used as a high concentration of the dye (1 in 5,000) which
is rapidly toxic to the cells, is necessary to produce staining
of the mitochondria if the explant is present. A dilution
of 1/25,000 will stain the mitochondria of the cells when the
explant has been removed, and according to Cowdry, (1924),
this dilution produces specific staining. The explant is
carefully removed and the coverslip is placed; culture side
downwards, in a watch-glass of Pannett and Compton's saline
in the incubator for a few minutes. Thereafter, it is placed
in a solution of the dye (prepared in Pannett and Compton's
saline), in the incubator for quarter of an hour. The dye
is washed off with saline and the coversiip mounted and

sealed on an ordinary microscopical slide.
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APPEARANCES SEEN DURING CULTIVATION

OF TISSUE in vitro.

When a plece of tissue 1is explanted in a suiltable
medium in vitro and incubated, the area occupled by
tissue in the medium inoreases in size. This increase
is due to three causes, (1) the emigration of cells
which form the 'zone of outgrowth' from the explant
into the medium, (2) the multiplication of cells in the
explant und in the zone of outgrowth, and (3) the

spreading out of the explant on the supporting surface.

l. Cell Migration.

During embryological development the cells of the
organism are capable of amoebold movement and emigration,
but after development 1s complete, the cells of most
adult tissues, apart from the leucocytes, do not show
active movements under normal circumstances. This
capacity, however, manlfests itself once more in some
cells when the tissue complex is disturbed by a wound
or by loss of substance. All cells cultivated in vitro
show amoeboid movement and emigrate away from the ex-
plant. Before movement can take place, however, the
cell must come into contact with a solid or semi-soclid
substance (see p.II ). This induces in the cell a
'stereotropic response! which shows itself in modifica-
tion of shape and possibly metabolic state. Amoeboid

movement and emigration per se depend on other additional
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factors such as temperature, composition of the medium,
character and condition of the tissue.

Emigration of cells 1s the first phenomenon
observed after explantation,and takes place after a
latent period,the length of which depends on the type
and age of the tissue, the character of the medium
employed, and the injury to which the tissue has been
exposed during its removal from the body or during sub-
culture. As a rule, the latent period 1is shortened
when the tissue has been grown in vitro for some time.
If the tissue 1is very embryonic, e.g. avian tissue about
the 2nd ‘or 3rd day of incubation, the fragment tends to
spread out as a whole,forming a thin sheet,and emigration
of cells is not extensive (Fig. 74). In general, how-
ever, it may be said that tfhe more embryonic the tissue -
from the 6th day of incubation onward in the case of
avian f&gpue - the greater the ease with which emigration
takes pla;;} This is probably due to several causes,
the most important being the absence of intercellular
material and the greater plastiocity of the embryonic cell.
According to Lewis and Lewis (1924 ), it 1is possible
that the cytoplasm becomes more rigid with age,and the
capacity for emigration 1s thus diminished. If, however,

the tissue contains a large number of migratory cells
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which are amoeboid normally in vivo, e.g. spleeﬁﬁuiymph
gland, emigration of amoeboid elements takes place
within a relatively short time although the organ may

be from an adult animal. Cells of avian tissues
emigrate more readily than those of mammalian tissues,
even when the latter appear to be at a slimlilar stage of
embryonic development. It has been noticed during
dissection of mammalian and avian tissues that mammalian
tissues offer more resistance to the knives and needles,
etc. According to Chambers (personal communication)
mammalian cytoplasm is more viscous than avian. This‘
probably accounts for the lesser ease of migration of
memmalian cells. Connective cells (fibroblasts, meso-
thelium, endothelium) emigrate after 2 or 3 hours' incu-~
bation,while epithelial cells have often a latent period
of 10 hours or more before migration begins. Even as
between different epithelial tissues, there are marked
differences; cells from some organs emigrate after a
éhorter latent period than others: e.g. liver cells
migrete particularly slowly, .18 to 24 hourgigigpsing
before emigration begins; while epithelial cells from
the medulla of the kidney emigrate after a much shorter
latent period - 10 hours or less. With regard to the
conditions modifying the extent of migration, it has
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been found that in a plasma medium, the zone of outgrowth
is much denser, cells extend further out into the medium,
and emigration continues for a longer time than in a
simple fluid medium. This is probably due in part to
the larger area provided for migration. Dilution of

the plasma increases the extent of migration (Carrel,
Burrows, 191144, Lambert, 1914) i.e. cells wander further
away from the original plece of tissue and the zone of
outgrow£h appears thicker; 1in addition migration takes
place afte} a shorter period.

Various theories have been put forward as to the
causes of migration. Rous,(1913), coloured plasma with
litmus and then explanted into 1t small pieces of
chicken tumour and late embryonic chicken heart. He
found that the explants were at first blue,but as growth
proceeded, the explants and that part of the medium into
which cells had migrated became pink, showing that acid
formation took place during growth. The medium which
was not invaded by cells remained alkaline and diffusion
was slow. Burrows, (1913), quoted by Craciun, (1931,p.232),
has suggested that these differences in reaction may by
altering the surface tension of the cell,force it into
the medium. It might be expected that in cultures in

which the medium was kept as far as possible at constant
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hydrogen-lon concentration,as in the elaborate 'perfusion’
apparatus of de Haan and his co-workers, migration would
be diminished. This, however, 1S not so: actively
emigrﬁting and proliferating cultures have been obtained
by this method. Burrows, (qQuoted by Craciun 1931, p.232),
also states that when the explant 1s large, cells migrate
further away from the original fragment than when the
explant is small,and that this 1s due to the greater
production of acid by the larger mass of tissue. In my
own experience, however, (Figs./L7,/34.) cells migrate
just as far from small as from large fragmentsj,and they
even migrate further in many cases. Lewis and Lewis
(1924) nave suggested "that the surface film between the
fluid medium and the solid may exert a definite pull on
the cells,causing them to migrate outwards under tension."
Observations on growing cultures of fibroblasts show that
there 1s a marked tendency for cells to emigrate in an
approximately radial directioangzg)long axls of the cells
being directed at right angles to the surface of the
explant. This 1s particularly noticeable in cultures

of fibroblasts when the plasma layer is thin. The
radial arrangement when once begun is maintained until

an obstacle is encountered; 1if this can be surrounded,

as in fig. 4, the radisl arrangement is then resumed.
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From appearances of this sort, it has been concluded

that substances formed in the medium by the tissue
produce at the surface a 'centrifugal pull' which draws
out the cells from the explant. To test this hypothesis,
Fauré-Fremiet and Wallich (1925) spread out a drop of
medium on a coverslip, and covered the surface with talc.
When the explant was put in the centre of the drop, the
talc gradually retreated from the explant to the peri-
phery of the drop,and a clear zone was formed round the
explant into which cells emigrated from the tissue,

They observed this phenomenon in cultures of amoebocytes
of Arenicola, and cultures of embryonic guinea-plg skin
and chicken heart. By an lngenious method of increasing
and decreasing tension at the air-fluid interface these
authors found thet the spreading out of the talc was
diminished if the pressure was lincreased, and increased
if the pressure was diminished. They conclude that in
growing cultures some catabolic substance diffuses from
the tissue which lowers the tension at the surface,
producing a centrifugal pull which draws out the cells
passively from the explant. Fauré-Fremiet and Wallich
note that while amoebocytes arising from a complex tissue
show this radial type of emigration, isolated ones do

not. Fauré-Fremiet and Ephrussi (1927) conclude later
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that there are two factors, (a) amoeboid movement which
depends on changes in the cytoplasm,and (b) 'un mouvement
d'ensemble' which depends on changes in surface tension.
1f, however, surface tension played an important part
in determining the directlion of emigration in cells like
fibroblasts,it would be expected that if two pleces of
tissue were placed on the same cover-slip in the same
drop of medium that a mutual repulsion would occur.
In my experience, however, this does not occur; fibro-
blasts from one culture intermingle with those from
another and approach the explants.(Fig. 75). It might
be expected also that the larger the explant, the
greater the amount of catabolic substance produced. The
resulting increase in centrifugal pull would cause cells
from large explants to wander further out than those
from small. As already mentioned, this does not occur.
Furthermore, an arcade-like arrangement of cells,in which
the long axes of the cells are parallel to the explant,
- 1s not uncommon, particularly in fluid medium cultures
and in cultures of eplithelium. Strands of endothelium
also show a tendency to migrate parallel to the explants.
(Fig. 5.)

It has often been observed in cultures of fibroblasts

that if the plasma and embryo extract are insufficiently
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mixed and the medium coagulates unevenly, the cells
appear to be drawn out along certain lines at right
angles to the explant,as if under tension. Lateral
processes are absent and the cells are elongated longitu-
dinally. Weiss (1928) devised a method of keeping the
medium under tension in small triangular frames of
capillary glass. He found that in cultures of fibro-
blasts the outgrowth was roughly in the form of three
radiating bundles,and that in the zones of maximum
tension along the normals bisecting the sides of the
triangle, the cells were elongated and compact,while
opposite the angles,where the tension was least, the
cells were loosely arranged. Cultures of macrophages
did not resct in this way. It seems probable,therefore,
that tension in the medium can influence the direction
of the outgrowthf(’%ﬁtﬁft’:” %1 8T nat IS’ 1tself an essential
factor in determining migration.

According to Tait (1918) amoeboid movement 1is
probably due to local changes of metabolism in the cells,
which produce variations in surface tension. When the
tension is reduced, pseudopodia are protruded, when it
1s increased they are retracted. This view was origin-
ally put forward by Rhumbler in 1898 and is held by many

other observers. Leo Loeb,from studies of amoebold
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movement in the amoebocytes of Limulus (1920, 1921),1s
of the opinion that local metabolic changes in the cell
produce changes in cytoplasmic consistency leading to
the formation of pseudopodia. When the cytoplasm
becomes more fluld, pseudopodia are pushed out; changes
in surface tension occur secondarily. His observa-
tions on amoeboid movement in cells under various exper-
imental conditions appear to have a direct bearing on
conditions seen in vitro. Wpen amoebocytes are in
contact with glass, the cells spread themselves out
quickly, and amoeboid movement takes place within a short
time. When the cells are in contact with fibrin, mo?e-
ment at first 1s not so active and the cells never become
so spread out. They remain active and healthy, however,
for a much longer time than those which were in contact
with glass in fluld medium. Similar phenomena have been
observed in tissue cultures. Cells in plasma are never
so spread out as in fluid medium, (Fig. 32), but they
remain healthler for a longer time and proliferation is
more active. In fluid medium, after a preliminary
period of activity the cells become spread out and acti-
vity eventually ceases. Thayéppear'as i1f paralysed by
over-stretching. This is particularly well seen in

cultures of macrophages. Loeb also noted that at the
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point of contact of two cells, pseudopodia are not
protruded. He concluded that when a piece of tissue 1s
removed from its surroundings, the cytoplasm at the free
end of the cell undergoes changes correlated with the
strange environment, and pseudopodia are protruded. The
capacity for movement being thus established, it tends
to continue once it has begun. The direction of out-
growth he regards as purely fortultous.

Whatever may be the causes of amoeboid movement and
migration of cells, the primary factor is the capacity
of the cell to undergo changes of shape when brought

or semi-solid
into contact with a go0lld,substance,and thls character-

A
istic 1is able to show itself when,under suitable condi-
tions,the normal anatomical restrictions are removed

and a substratum for migration supplied.

Cell Proliferation.

The multiplicatlion of cells in the explant can only
be seen in histological sections,and is more frequent
in small thin fragments than in large pleces,and in avian
mesenchymal tissues than in avian epithelial oqiﬁammalian
tissues of all kinds. In the zone of outgrowth, however,
mitotic division can be observed directly,and its occur-
rence depends on conditions similar to those necessary

for active migration, viz. composition of the medium and
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type of tissue. It is obvious, of course, that the
more suitable the medium for migration, the greater the
number of cells capable of mitosis in the zone of out-
growth.

Even when the number of potentlally dividing cells
in the explant 18 taken into account, it has been found
that cell-proliferation is more active in a coagulated
medium than in a fluld medium containing an equal amount
of embryo extract. This lessened proliferation is
probably correlated with the spread-out condltion of
the cells,ﬁhich seems to inhibit mitosis.

Cultures of embryonic mesenchyme, endothelium or
mesocthalium show more proliferative activity than those
of similar tissues from young and adult animals, and
avian cells in general have a greater proliferative
capacity than cells from mammalian tissues. Epithelial
cells of all types do not multiply so rapidly as fibro-
blasts or cells of other mesenchymal types. During
cultivation in vitro, however, the growth rate of adult
and mammalian tissues of all kinds increases,and cell-
division becomes more active.

Variations in growth-rate of primary cultures from
the same organ or tissue are often found: after 2 or

S passages 1in vitro, however, the growth-rate becomes
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more uniform and appears to depend more on the composi-
tion of the medium. It is for this reason that Carrel
recommends, for physiological experiemnts, the use of

cultures which have become acclimatised to life 15 vitro.

3. Spreading out of Explant.

Spreading out of the explant 1s more marked in the
case of embryonic than adult tissues, and is more ex-
tensive in the case of fragments of some organs than in
others. In the case of tissue from very young embryos -
avian embryos between the 3rd and 4th days of incubation -
increase in area of the culture is brought about more by
the spreading out of the explant than by the formation of
a zone of outgrowth, and the fragment forms a thin sheet on
the supporting surface, only a thin fringe of cells being
found at the periphery. (Fig. 74). Even in tissue taken
at later stages of development, e.g. intestine from 7-day
avian embryos, a similar appearance is often present. In
general, however, the older the tissue from which the cultw
is derived, the less outspread it becomes.

If the outline of the tissue fragment 1s projected by
means of a camera lucida before incubation and during the
period of cultivation, the extent of the spreading out of
the explant, and its relation to the gradually increasing
zone of outgrowth, can be £ollowed. In the illustrations

given, (Figs. 145 - 184), the area 1s expressed as square
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units. It is sometimes difficult to determine the limit
of the central fragment. In a culture of mesenchymal tissue
after say, 36 hours' incubation, three zones can often be
distinguished, (1) a central zone, iIn which cell outlines
cannot be distinguished, (2) a thick zone surrounding this,
consisting of closely packed cells with no definite arrange-
ment, and (3) the zone of outgrowth which radiates from the
latter. These areas sometimes merge into one another.so
graduélly that 1t 1s impossible to demarcate the central
area. In such a case, the central area is regarded as that
which is enclosed by a line drawn midway between the thick
central part and the inner recognisable 1limit of the zone
of outgrowth. In the outline of the zone of outgrowth,
isolated cells were not included.

Fige. 145 shows a camera lucida drawing of a plece of
choroid and sclerotic, (culture 533) before incubation. In
fig. 146, the same culture is shown after 19 hours! in-
cubation, and the area of the central fragment is seen to
have increased from 9.5 square units to 12.26 square units, :
After a further 24 hours! cultivation, the area of the

(Fig.147)
central fragment has Iincreased to 27.0 square unitqk Ex-
amination of the culture at intervals during the period of
cultivation shows that the central fragment gradually be-
comes less dense, and although this 1s in part due to the
migration of cells into the zone of outgrowth, the frag-

ment as a whole spreads itself out and increases in area,
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so that the 1mpression'is galned that the cells of the
zone of outgrowth are impelled into the medium by the
pressure of the spreading explant as well as by their
own amoeboid movement. The total area of the culture.
(Fig.147)

was 113.,3 square units: that of the originsl explant
was 9.5 square units. These figures convey no idea of
the increase in mass of the culture, as the increase in
total area is partly accounted for by the spreading out
of the central fragment.

When a culture of this type is cut out of the medium,
it contracts to a much smaller area. Fig. 148 shows
the culture shown.in fig. 147 after it has been removed
from the coagulum. The zone of outgrowth was preserved
as far as possible, so that the area, 1ll1l.3 square units,
represents almost the whole of the area, 113.3 square
- units, seen in fig. 143. As will be obvious from an
examination of figs. 149, 150 and 1§81, the central frag-
ment spreads out as before. Although the culture con-
tains more tissue than at explantation, the total area
is not much increased - 118 Bguare units as compared
with 113 square units. The zone of outgrowth was,
however, thicker. An interesting feature which I
have often noticed 1s the increased rapidity of

migration after the first transfer to fresh medium.

As wlll be seen from fig. 146 and fig. 149, the total
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area more than doubles, after the 1lst subculture,
that found in the first passage after an almost
similar period of incubation. The total areas,
however, at the end of the lst and Znd passages,
did not differ so much, belng represented by 11l3.3
square units and 131.2 square units respectively.
Burrows, (1913), quoted by Craciun, has stated
that cells migrate furtherrgway from a large than from
a small fragment. Fig. 152, (culture 523) shows a
small fragment drawn before incubation, the area being
represented by 2.2 aquare units: this culture was
cultivated at the same time and in the same medium as
culture 533. After 19 hours!' incubation, the total
area is represented by 28.5 square units, and after
43 hours, Ehe area has increased to 146 square units.
In fig. 147, the outermost cell was 4 units from the
central fragment, in fig. 154, the outermost cell was
7 units from the central fragment. In.this culture,
the central fragment became very thin and the zone of
outgrowth was not so thick as culture 533, but in the
mligratory zone figured, all the cells were in contact
with one another except at the free edge, and isolated
elements were not included in the area outlined.
Comparative measurements of area are used to

ascertaln the effects of different media on growth-

rate. According to Ebeling, (1921), provided the
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tissue has been grown in vitro for some time and frag-
ments of approximately equal size are used, the rate
of growth of two fragments in the same medium only
varies within 10 per cent. I have certainly found
that after a few passages, the growth-rate, as
estimated by area, becomes more uniform. But even
when the total areas are approximately the same, the
thickness of the zone of outgrowth may differ con-
siderably in cultures of fragments of the same size,
and this thickness , which cannot be measured
mathematically, 1s subject to more variations than
the area under the saggiggggitions. Accordingly,
only gross differences in area measurements ought

to be regarded as of any value for indicating the
effects of different media.

While fragments of epithelial organs, with the
exception of the liver, do not, as a ruls, tend to
spread out as much as those of mesenchymal tissue,
they do so to a certain extent if cultivated during
embryonic development, and the process often gives
rise to misleading appearances. For example, in
the metanephros from a 12-day aglan embryo in which
the kidney tubules are still surrounded by a large
amount of undifferentiated mesenchyme, the spreading
out of the explant, particularly when associsted with

straightehihg of the colled tubules, often gives the



104.

impression that typical tubules are actually
growing out into the medium. The significance

of this 1s referred to later.
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GENERAL CHARACTERISTICS OF CELLS
CULTIVATED in vitro.

The appearances seen in cultures depend on the
histological structure of the orgsn or tissue from
which the explant has been derived. As most tissues
and organs from an early stage of development consist
of more than one type of cell, the growths are generally
complex at first: after cultivation has been continued
for some time, it may be possible to obtain a !'pure!?
culture, 1.0. a culture consisting of one type of cell
only. The character of the growth obtained in cultures
of tissue from various organs 1s described on p. /43,
In order to avoid repetition, the genersl characteristics
of fibroblasts, mesothelium, endothelium, epithelium and
wandering cells will be described here, as one or all of
these forms may be found in cultures of different orgsns.

Fibroblasts.

Fibroblasts emigrate from almost every organ or
tissue, but are obtained, of course, in greater numbers
from some tissues than from others. The choroid and
sclerotic from 9-day avian embryos provides a very
sultable source of fibroblasts. After 2 to 3 hours!'
incubation, small tongue-shaped processes of cytoplasm
are observed protruding from the edge of the explant.
These alter continually in shape, increase in size and
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a nucleus passes into each one, Each nucleated mass of
protoplasm soon detaches itself from the explant and
migrates freely into the medium. This process goes on
simultaneously all round the explant, and eventually the
original fragment becomes surrounded by a ring of cells
which is added to by the progressive emigration of more
cells and by the proliferation of the emigrated cells,
The cells show consliderable polymorphism, from a simple
spindle-shaped type to a many-branched, multipolar form
(Figsd752). The cell processes undergo perpetual
variation; they may be broad and bhlunt or may taper to
fine points, the latter belng more frequently seen than
the former. The arrangement of the cells is roughly
radial around the explant, (Fig.3.) but the direction of
the long axes of individual cells is very variable. In
a fluld medium, the cells appear larger than in plasma
medium, ’thia being due to the spreading out of the cells
on the éurface of the coverslip. The cells are adherent
to,ard overlap, one another, and where the outgrowth 1is
thick round the explant an apparent fusion of the cells
appears to exist. In preparations stained with Harris?
haematoxylin, it 1s impossible 1n some cases to distinguish
cell outlines., With iron haematoxylin, the outlines of
individual cells can generally be seen even in the thickest
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part of the outgrowth. Apart from observations an fixed
and stained material, other evidence points to the absence
of fusion of individual cells. In cinematographic films
of growing cultures of fibroblasts, the passage outwards
of cells from the thickest part of the zone of outgrowth
can be followed,and the cells appear to move over one
another. The detachment of mononucleated elements from a
syncytial mass in the zone of outgrowth does not seem to
take place. If a cytotoxic antiserum heated at 56°C. for
half an hour (p.299-) i1s added to a culture of fibroblasts,
the cells become rounded up before death takes place and
the cells contract 1ndividually, not as a whole. Even in
places where clumps of three or more cells are found, each
nuclsus is surrounded by a narrow zone of contracted cyto-
plasm which 1s not continuous with that round the nucleus
,ﬁfi&ni%%h‘;‘ii‘xf%‘éﬁn?fﬁé Sytopiaam reacts as an entity. In
cultures of fibroblasts from adult tissue, in which cell
emigration 1s often scanty, the independence of each cell
is obvious and the cells are as a rule spindle-shaped.
Consideradble difference of opinion however still
exliasts as to whether embryonic mesenchyme growing in vitro
forms a syncytium or an adherent reticulum. Levi (1925),
considers that fibroblasts may form either a syncytium or
a reticulum, and that during growth in vitro, a syncytium



108.

may form by fusion of cells which were previously
adherent to one another. He claims to have observed the
passage of mitochondria from ome nuclear area to another.
Laser, H. (1925 ), is of the opinion that actual
anastomoses between cells exist, and he states that vit-
ally stained granules pass from one cell to another.
Fischer (1930) also consliders that connections exlist be-
tween cells, but that these may be broken and reformed.
He states (1923,/.), that isolated fibroblasts obtained
from cultures on cotton wool threads never divide; and,
before proliferation can occur, the cells must be in
intimate relation with one another. I have often found
that fibroblasts at the periphery of cultures which are
quite isolated from other cells divide, and cells which
are about to divide move away from other cells rather
than remain in contact with them.

Lewis::?igzz,/ ) from a careful study of mesenchyme
cells during life in vitro, does not consider that they
form a syncytium but is of the opinion that they give rise
to an adherent reticulum when present in sufficlent
numbers, The results of micro-dissectlion operations on
cells support this view. Chambers (1924 ) found that
if the nucleus of one cell, which was in such close relat-

ion to another that cell boundaries could not be
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distingulshed, was punctured, changes took place in the
nucleus, cytoplasm and mitochondria of the injured cell
resulting in cell death., The other cell remained healthy,
and its outline became apparent as the injured cell
retracted from it., If one daughter nucleus of a pair of
cells in the late telophase stage, which were connected

by a thin strand of sytoplasm, was punctured, death of

the punctured cell was followed in a short time by the
death of the other cell , showing that where protoplasmlc
continuity exists, the injury to one nucleus is transe
missible to another; these results have been confirmed

by Chambers and Fell, (1931). In this study, these workers
found what at first appears to be an apparent contradiction
to the above statement., Puncture of one nucleus of an
isolated binucleated cell was not always followed by
degenerative changes in fhs cytoplasm and the other nucleus
resulting in cell death. Changes occurred in the cyto-
plasm immediately surrounding the punctured muclemsbut these
disappeared and the cell regained its former appearance,
the only sign of injury being the presence of the
puanctured, shrunken nucleus, Puncture of the other nucleus
results in cell death which is preceded by typical nuclear,
cytoplasmic and mitochondrial changes. These workers

conclude that in the case of a binucleated cell, the
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presence of another nuclsus causes a reversal of degener-
ative changes i the cytoplasm. It does not invalidate
the conclusion that when a protoplasmic connection exists
between two cells, the injury inflicted on one is

transmitted to the other,

Mesothelium.

The term 'mesothelium', as defined by Maximow
(1927 ), is used to describe the continuous layer of
flattened cells which lines all the serous cavitles and
invests the free surfaces of the organs which lle there-
in. Outgrowth of mesothelium may, therefore, be obtained
from a fragment of any thoracic or abdominal organ or
tissue on whlch the mesothelial covering is present
at explantation, and 1s readlly obtalned from the heart
and from the mesentery or omentum. The outgrowth con-
sists of thin sheets or membranes of flattened cells
which are in close contact with one another, and between
which during life, whlle the cells remain healthy, no
intercellular spaces or cell boundarlies can be seen.
The outlines of the individual cells, however, are
readily made out after fixatlion and staining.
(Fig.l{ﬁS; The cells are polygonal inshape and small

intercellular spaces may be seen between them. Long thin

striae which pass from one cell to another are also seen
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in stained preparations and these are regarded by some
workers us evidence of the existence of cytoplasmic
continulty between the cells. In some places, the
cells appear to overlap one another.

At the periphery of the outgrowth, the membranous
arrangement of the cells may persist, but, as a rule,
during cultivation the cells lose their polygonal shape,
acquire typical processes and become undistinguishable
from fibroblasts. (Fig./Cﬁ4§. These separated cells
are quite healthy; they emigrate into the medium and
undergo mitotic division in the usual way. This phen-
omenon has been observed by Lewis (1923 ), who also
describes the reverse process, namely, the formation of
mesothelial membranes by the transformation of bi-polar
and multi-polar mesenchymal fibroblasts in cultures
from embryo chicken hearts. Maximow (1927 ) also
describes the transformation in vitro of mesothelial
cells growing in the form of a membrane into fibroblasts,
but does not appear to have observed the reverse process
described by Lewis. Maximow also observed the forma-
tion in vitro of colonies of typical fibroblasts from
the desquamated mesothelial cells obtained from peri-

toneal exudates.
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Endothelium.

The outgrowth of vascular endothelium occurs fre-
quently in cultures of various organs and tissue,and 1n
primary cultures, at least, 1t growa in a typlical fashion.
From the cut end of a blood vessel, either a vein or an
artery, the endothelium grows out in the form of bundles
or sprouts of long spindle-shaped cells which are closely
adherent to one another. At the peripheral end of the
sprout, the cells are often spread out in a roughly fan-
shaped fashion and resemble fibroblasts. When the
endothelium penetrates a thick coagulum, the character of
the outgrowth resembles closely the capillary sprouts
seen in repairing wounds in vivo. After one or two
subcultures, this type of outgrowth no longer persists
and the cells apparently become undistinguishable from
fibroblasts. The formatlion of endothelial sprouts from
the vessels of the pla mater has been described by
Maximow (1925 ). He found that the primary form of
outgrowth was not maintailned and that the cells became
undistinguishable from Fibroblasts. Silberberg (1929-
30 ), arrived at similar conclusions.

The endothelium from the larger vessels, seorta and
great veihs, and ffam the embryonic avian liver, shows

a different type of outgrowth. The endothelium grows
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out in the form of broad strands or sheets of elongated
and closely adherent cells which do not show the fine
branched processes found in fibroblasts. (Figs.$ /2,2578).
Many of the cells break off and resemble fibroblasts and,
after one or two subcultures, the outgrowth assumes a
fibroblastic character. W, H. Lewis (1922 ) described
similar appearances in cultures of endothelium from the
avian liver, but does not record the transformation of

the endothelial cells into a fibroblastic type.

Epithelium.

Certain types of eplthelium emigrate in vitro much
more readily than others, but the character of the out-
growth of epithelial cells, whether from organs of ecto-
dermal, endodermal or mesodermal origin,is essentlally
similar, although individual varlations, depending on the
type of epithelium explanted, are found.

Epithelial cells differ from fibroblasts in that
they form u continuous sheet or membrane in which the
individual cells, with the exception of those at the free
edge, are in contact with one another on all sides.

Such a membrane may surround the explant entirely
(Fig.48% ). Frequently, however, particularly when the
explant contains a considerable amount of connective

tissue, several small membranes may be found in the same
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culture.{iige——edes Liver and tumour epithelia usually
grow out in the form of broad spade-shaped or finger-
shaped processes and rarely form continuous sheets round
the explant. Epithelial outgrowth can be distinguished
as a rule from mesothelium by the adhesion of the cells
at the outer margin and, unless the culture becomes
degenerate, the detachment of individual cells at the
outer part of the zone of outgrowth does not take place.
In an organ such as the kidney,in which the cortex
consists of several functionally different kinds of
epithelium, more than one type may participate in the
formstion of the membrane (p./s3 ) and it is impossible
to determine the origin of any individual part of the
sheet unless the organ has been vitally stained before
explantation. Two epithelial sheets (Fig. . ) from
different kidney cultures, one from the cortex, the
other from the medulla, maey coalesce and continue to
grow out on each side.

Observations during 1life on the growth of epith-
elial organs show how the membrane is formed. After
several hours' incubation, in the case of an organ such
as the kidney, the cells at the cut ends of a tubule
abutting on the medium push out cytoplasmic processes,

spread themselves out on ths surface of the coverslip
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or coagulum in a single layer which consists at first
of three or four ocells. This small group of cells is
added to by the emigration of cells further back in the
tubule and by mitotic division of the emigrating cells.
Similar outgrowths take place all round the explant,and
the cells at the lateral margins come into contact with
one another, thus giving rise to a continuous membrane.
At the free edge, the cells possess amoebold processes
which are continually alteriné in shape. These cells,
in virtue of their movement, exercise traction on the
rest of the sheet and, aided by the addition of cells
from the explant, bring about the movement of the membrane
as a continuous carpet. Craciun (1927 ) has described
similarly the formation of epithelial membranes in cul-
tures of the kidney of guinea-pigs. Occaslonally,
tubules at a considerable distance from the cut surface
of the fragment can be seen growing out. In such a case,
the tubular arrangement persists until the zone of out-
growth 1s approached. At that point, the cells spread
themselves out in the manner described,and contribute to
the formation of the membrane in the zone of outgrowth.
Sometimes tubules or glandulsr acini may be seen
projecting from the edge of the explant. This appearance
has led many workers to the conclusion that epithelial
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cells can grow out in a manner resembling their morpho-
logical arrangement in vivo. Such complexes, however,
usually remain unchanged during the passage: 1if growth
does occur, it assumes a membranous character.

While the cells remain healthy no cell boundaries
or intercellular spaces are to be seen during life,and
the membrane thus appears to be a syncytium. Chambers
and Fell (1931 ), however, found that, if the nucleus
of an epithelial cell is punctured ,the cytoplasm, except
at two opposite ends, shrank away from the surrounding
cells, and death of the cell supervened after the usual
cytoplasmic and nuclear changes had occurred. The
injury was not transmitted to the neighbouring cells,
thus indicating that protoplasmic connection, in spite
of the apparent continuity, does not exist between the
‘cells of the membrane. When degeneration of the membrane
takes place, however, the cells tend to retract from one
another and spaces can be seen between them, thus giving
the appearance of cell boundaries. During fixation,
cell boundaries become obvious. When osmic acid is
used, little or no retraction of the cells occurs, and in
the oytoplasm remote from the nuclel fine striae appear
which define cell areas. After staining with iron |
haematoxylin, the cell boundaries stain intensely (Fig./s. )
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and each cell can be seen to consist of a central nucleus
surrounded by the cytoplasm in which lie mitochondria
and fat globules. With ordinary fixatives, a certain
amount of retraction may occur, resulting in the forms-
tion of intercellular spaces in cultures in which pre-
vious to fixation none had been present. Isolated
epithelial cells are occasionally seen. These are always
degenerate and are found only in cultures in which degen-
eration is taking place or in cultures in which, for
some reason, emigration of the epithelium hes not occurred.
The shape of epithelial cells varies in different
parts of the same culture whether they are cultivated in
plasma or fluld media, and the variation does not depend
on differences in the type of epithelium in the explant.
They may be polygonal or they may be elongated elther
parallel to,or at right angles to,the surface of the
explant. At the periphery of the outgrowth they are
often parallel to the surface of the explant and an
arcade-like arrangement of cells 1s thus produced.
According to Uhlenhuth (1916 ), the appearance of epith-
elial cells depends entirely on the consistence of the
medium. From his descriptions, however, it 1is apparent
that the differences observed were due to the occurrence

of degeneration in the cultures. The consistence of
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the medium only affects the extent to which the cells
are stretched out on the supporting surface. In fluid
medium, the further they migrate from the explant, the
more outspread they become, forming a very thin sheet
which 1s only one cell thick. The nuclei are ovoid

and flattened. On the surface of a plasma medium,

the cells are not nearly so stretched out, and the
nuclel tend to be spherical,and the membrane may consist
of two or three layers superimposed on one another.
When the epithelium actually penetrates the coagulum,
the cells are even less stretched out. Mitotic figures
are numerous in plasma medium. In a fluid medium,
probably owing to the stretched-out condition of the
cells, they are much less abundant.

Cultures of epithelium liquefy plasma with great
rapidity. When this occurs, the epithelial sheet may
break away from the explant, and the cells retract and
form a thick ring round the liquefied area. (Fig.32. ).
These cells may then migrate once more into the unlique-
fied plasms and proliferaté by mitotic division. Another
layer of cells may also grow out on the surface of the
coverslip from the explant. Sometimes the detachment
is not complete and bands of contracted cells may connect

the separated part to the explant. (Fig. 33 ).
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The presence of isolated degenerate cells has been
mentioned, When the culture 1s left too long without
being transferred to fresh medium, the cells at the
periphery withdraw their amoebold processes and become
somewhat spherical. If the adjacent cells also become
rounded, the edge of the epithelial carpet presents a
rolled over appearancee. These cells may then become
detached and migrate away from the rest of the zone of
outgrowth, They never undergo mltotic division and,
when stained supravitally with neutral red; show numerous

degeneration granules and vacuoles,

Wandering Cells,

The wandering cells of the blood and tissues migfate
as individuai units and do not unite except under excep-
tional conditions, such as the presence of foreign bodies
(Lambert, 1912) or tubercle bacilli (Maximow, 1924),
Various types of wandering cells are to be found.

Polymorphonuclear leucocytes usually die within 48 hours

and are phagocytosed by other cells. Lymphocytes
migrate out rapldly from cultures of spleen or lymph
nodes. (Fig.70.). These cells are usually elongated
and possess small globular pseudopodia, the nucleus lying
in the anterior end. When movement ceases they become

rounded up and are simllar in appearance to the lymphocytes
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seen in blood films, Mitotic division occurs in
lymphocytes, but many seem to die without undergoling any
change. Others, however, incresasse in size and come to
resemble monocytes. Monocytesare found in cultures of
spleen and may be obtained from the buffy coat of the
blood. They show the typical rosette~-like arrangement
of granules round the centriole when stained supra-~
vitally with neutral red. During cultivation, monocytes
hypertrophy, assume the character of highly phagocytic
macrophages, and, after supravital staining with neutral
red, show numerous gramiles and vacuoles in the cyto-

plasm. Macrophages or clasmatocytes (Figa(J(&) are

found in cultures of any tissue but are more numerous
in some, such as the spleen, than in others. They move
with extreme rapidity, and are very phsgocytic, engulf-
ing red blood corpuscles, dead leucocytes and other
cells. They appear to be actually attracted by dead
cytoplasm. Chambers and Fell (1931 ) found that if a
localised injury was produced on a skeletal . myoblast,
the macrophages in the vicinity surrounded the injured
area with great rapidity. If a localised infection
appears 1ln a plasma culture, they emigrate towards it
rapidly. The form of the macrophages is continually
changing and they possess broad, wavy, membranous
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pseudopodia of which only part may be in focus. Macro~
phages often appear to have fine fillform processes;
these, according to Carrel (1926 ) are really part of
a 'membrane ondulante! or large membranous pseudopodium.
Macrophages contain numerous granules and vacuoles which
have a strong affinity for neutral red: binucleate
macrophages are quite common. According to Maximow
(1928 ), Carrel and Ebeling (1922 ), Fischer (1925 ),
de Haan (192¢ ), and others, transformation of mono-
cytes and macrophages into fibroblasts occurs during
cultivation in vitro. Lewis and Lewis (1928 ) and
Strangeways (1929 ) consider that this transformation

has not been proved.

The Structure of Cells growing in vitro.

Considerable complexity of structure of cells
growing in vitro has been described by many workers.
After a prolonged study of tissue culture cells under
varying conditions, it has been found that much of the
detail recorded has been due to the use of unhealthy
cultures for examination. During the course of culti-
vation, degenerative changes of varying degree of inten-
8ity and importance occur in the cells:t hese are due to
the accumulation of waste products and to alteration of

the hydrogen-ion concentration of the mediunm. Theggjgggs
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not necessarily fata},and when fresh medium is supplied,
the cells recover their previous appearance. While

the study of the degenerative changes which take place
during cultivation has provided information on the
transformations which may occur in the cell constituents,
the state of the healthy cell must be known before these
can be interpreted. Fibroblasts and epithellal cells
growing in fluild media are very suitable objects for
examination. The cultures should be taken within 24
hours after explantation and should be mounted on flat
slides to give optimum optical conditions. If possible,
the explant should be removed without injuring the cells
of the zone of outgrowth. Ordinary and dark-ground
illumination can be used. The cultures should be
examined on a hot stage 80 that intrecellular movement
can be watched,but they should also be examined at room
temperature, as thils allows a better appreciation of the

morphology of the constituents.

Cytoplasm.

The cytoplasm 1tself is optically structureless and
appears homogeneous. No visible cell membrane delimits
the cells,but the outlines of isolated fibroblasts can
be made out owing to the difference in refractivity of

Ehe cytoplasm and the surrounding medium. The boundaries
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of epithelial cells cannot be seen in the healthy state.

An ectoplasm and an endoplasm cannot be distingulshed
during life,and the cytoplasmic network seen in fixed and
stained preperations does not exist as such in the living cell.
In the cytoplasm are embedded the nucleus, the mitochon-
dria and fat globules.

Nucleus.

The nucleus 1s ovoid or spherlcal in shape and,
being slightly less refractive than the cytoplasm, can
be distingulshed by its slightly greater opacity. With
ordinary 1llumination, no nuclear membrane can be detec-
ted, but with dark-ground illumination a thin white line |
can be seen delimiting the nucleus from the cytoplasm. ;
The substaence of the nucleus appears structureless and
is optically homogeneous. One or more nucleoli are
found in each nucleus. These alter continually in

shape and position. Under ordinary illumination they

are homogeneous, but with dark-ground illumination thsy
appear faintly granular. The gramules and complicated
network seen in the mucleus in fixed and stained prepara-
tions cannot be seen in the healthy living cell and are
due to the coagulation or precipitation of the muclear
substance brought about by fixation, a process which can

be directly observed under the microscope. The work of E
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Chambers and Fell (1931 ) has shown that the mucleus
is a fluid body which collapses when punctured and in

which the mucleoll can be freely moved about.

Mitochondrla.

The mitochondria can be seen with ordinsry illumina-
tion but are much more readily studied with dadeground
illumination. After supravital staining with Janus
greep,they become a deep blue colour. In the healthy
cell, they are in the form of filaments, short threads
and rods, the first two types predominating. The branch-

auilecwis,
ing forms described by Lewlsp(1924 ) are also to be
seen. The number present varies considerably in differ-
ent cells. While the cell remain: healthy, they are
not orientated in any particular fashion either in
epithelial cells or fibroblasts. On the warm stage,
they show very active writhing and darting movements,

and transverse division of a mitochondrium has been

observed.

Fat Globules.

Most tissue culture cells contalin highly refractile
globules which move slowly in the cytoplasm and which
stain with fat stains. Thelr number, size and consti-

tution vary according to the age of the culture and the
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length of time during which the cell has existed in the
zone of outgrowth. Some types of cell, e.g. liver
eplthelial cells, contain much more fat than others

after the same period of time in thé zone of outgrowth.
Recently emlgrated cells contain very few fat globules.

I have never seen an emigrated fibroblast or epithelisl
cell which did not contain at least one fat globule.

In an explant of mesenchyme at explantation, no fat
globules can be seen in the cells. The appearance of
one or two fat globules in a cell at the periphery of

the explant indicates that such a cell is about to
migrate and, although the conclusion is not implied that
fat globules must be present before migratlion occurs or
are assoclated directly with migration, since fat globules
appear later in cells in the explant which do not parti-
cipate in the zone of outgrowth, the presence of fat 1s

a constant accompaniment of the metabolism of cells which
show activity. In explants which for some reason die
without showing cell activity, no fat appears in the
cells. The fat globules do not prevent the occurrence
of mitosls even when present in quite large numbers.

The nature of the fat has not been accurately ascertained,
but in the early stages, it consists of neutral fats.
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Centrosphere.

In the healthy living cell I have only occasionally
been able to identify the centrosphere, which lies in
close proximity to the nucleus. According to Chambers
and Fell, (1931 ), it 1is clearly visible in fibroblasts.

Cell Granules and Vacuoles.

In the clasmatocyte, cell granules and vacuoles
are numerous,but in the healthy fibroblast or epithelial
cell they are not to be seen. During cultivation, they
may develop in the cytoplasm,and have a marked affinity
for neutral red (Lewis?i&le ) Their origin is
discussed later. The presence of a few gramles does
not prevent the occurrence of mitotic division, but if

vacuolation 1s considerable, mitosis does not take place.

Golgi Apparatus.

I have never been able in the living cell to 1iden-
tify a structure which resembles the Golgi apparatus.

MITOSIS,
The process of mitotic division has been described
by many workers and full accounts have been given by
Levi (1916), Strangeways (1922), and Lewis and lLewis
(1924). The descriptions given by these workers differ



127.

only in the time allotted to each phase of mitosis,and
they all agree that the spindle area is homogensous,

the spindle fibres seen in fixed and stained preparations
not being vislble as such during life.

Amitosis.

Amitotie division has been reported by many workers,
but as Lewis and Lewis (1924 ) point out, the statement
has been based on fixed and stalned preparations. I have
never seen direct cleavage of the nucleus take place,
although appearances suggestive of amitosis have often
been seen in stained cells. Lewis and Webster (1921 )
have observed only one case of amltotic division of a

nucleus.

Abnormal Mitosis.

Mitotic division of the nmucleus without division
of the cytoplasm has been observed by many workers.
I have always noticed that the connecting strand of
cytoplasm in the late telophase stage becomes very thin
and appears as if 1t were going to divide. The daughter
cells approach one another once more, however, the
connecting strand thickens}and after a period of from
1 to 3 hours, no trace of constriction can be seen.

Simultaneous mitotic division of both nuclei of a
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(Fig.l4d)
binucleate cellyfesulting in the formation of a cell

containing 4 nuclei of equal size has also been observed.

The Appearances of Cells after Fixation and Staining.

Methods of fixation and staining are discussed on
p. 7% The normal appearances are described on p. /OS5,
and cytological characteristies are dealt with on p. 366
The differences found in cells of cultures of the various
organs 1is described in section jﬂ: . One point, how-
ever, must be emphasised. During 1life, the nuclei of
all types of tissue culture cells appear similar in
structure,.although variations insize, shape and super-
ficial nucleo-plasmic ratio occur. Even after fixation
and staining by methods which are productive of artefact,
it is impossible, with a few exceptions, .t@ determine
the type of cell to which a given nucleus belongs. The

however,

miclel of clasmatocytesjpare denser than those of fibro-
blasts,and those of polymorpho-neuclear leucocytes can
of course alwajs be recognised;and fumour cell ..nuclel,
such as those of carcinoma M.63 and particularly carcin-
oma 2146 of the Imperiasl Cancer Research Fund,can as a
rule be distinguished by the greater complexity 6f their

structure in stained preparations.
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DEGENERATIVE CHANGES IN CELLS

in vitro.

The factors which bring about degenerative changes
in cells growing in vitro are difficult to analyse, but
they occur if the medium 1s not of the correct constitu-
tion and hydrogen-ion concentration, and if accumul-
ation of waste products is allowed to take place.

Such changes occur more rapidly in a fluid than in a
coagulated medium and, on the whole, take place with
greater rapidity in epithelial and tumour cells than in
mesoblastlic elements. Changes which occur during
cultivation such as liquefaction of the medium and
lowering of the hydrogen-ion concentration (a constant
accompaniment of active growth) also contribute to the
onset of degeneration. Acecordingly, in a rapidly
growing culture, degenerative changes may appear more
rapidly than in one in which activity 1s less pronounced.
It 1s possible that the rapld onset of degenerative
changes in epithelilal cells in coagulated medium is due
in part to the extensive liquefaction which accompanies
epithelial growth. Liquefaction of the medium, how-
ever, 1s not always accompanied by gross degenerative
changes of the cells themselves, and the liquefied

medium is not entirely unsultable for the growth of
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epithellal cells which often migrate on the surface of
the coverslip, (Fig.432d.). By renewing the medium or
transferring the culture to a fresh coagulum, the cells
may recover their healthy appearance. If the de-
generative changes are marked, however, recovery does
not occur.

In a degenerate culture, cell-division ceases and
changes take place in the cells. As a rule, these
changes consist in the appearance of granules and
vacuoles, the granules being the first to appear. As
degeneration proceeds, the granules and vacuoles in-
crease in number so that the cytoplasm becomes reduced
to a thin frameworklbetween the cell constituents.

W.H. Lewis, (1919) gave a very complete account of the
appearance and arrangement of the granules and vacuoles
‘of degenerating cells. He has found that both have
marked affinity for neutral red and accumulate round
the centrosphere area, the vacuoles tending to form
round the granules. He considers that the granules
and vacuoles have no relation to the mltochondria but
are formed, in part at least, by the breaking down of
cell cytoplasm. The relation of mitochondria to the
granules will be discussed later. In mesenchymal

cells, enlargement of the centrosphere area also takes

place during degeneration, and this also has been fully
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described by W.H. Lewis (1920). Changes described

on p.sug’pccur in the mitochondria and shrinkage of

the nuclel takes place in the later stages of cell
degeneration. The number of fatty globules in de-
generating cells seems to depend on the rapldity with
which the changes have occurred. Where the degenerative
process 1s slow, fat tends to accumulate. When it 1s
rapid, as iIn the experimental conditions described on
p.366, the accumulation of gramiles 1s more pronounced.
Alterations in shape are also seen. In the case of
fibroblasts, cell processes are slowly withdrawn and
the cell becomes rounded. In epithelial membranes,
the cells retract from one another so that spaces
appear between them. Later, the epithelial cells
separate from one another, stretch themselves out once
more, and migrate slowly into the medium. Even wPere
degenerative changes are pronounced, cell death, as
evidenced by the penetration of the nucleus with
neutral red, takes place slowly under ordinary con-
ditions. It 1s often impossible to distinguish
between degenerate fibroblasts, epithellal cells and
macrophages: but, although they may survive for
several days, they are very sensitive, however, to

Injury of any kind,
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The capacity for amoebold movement seems to be
the last property to disappear in cells growing in
vitro. Cells which by all cytological standards are
quite degenerate still retain their capacity for
movement, and migrate slowly in the culture medium.
This phenomenon is particulmrly characteristic of
cells in which vacuolation is slight and the de-
generative changes are indicated by the accumulation

of fat and granules,
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The problem of the differentiation of cells and tissues

in vitro.

During normal development, the cells of the organism

by a process of differentiation come to possess distinect-

ive characteristies and form specific tissues and organs,
each of which subserves a specialised function correlated
with its anatomical structure. During ‘such development
cell proliferation takes place in an orderly manner and

"mutual restraining influences' prevent the overgrowth of

any one organ or tissue. In the adult animal, the
differentiated character of the various cell groups, when
once established, persists throughout life unless there
occurs disturbance by certain external agencies or by the
factors which lead to tumour formation. Accordingly,
under normal adult conditions, cell proliferation only
occurs to replace loss.

From the description already given (p. /65 ) of the
general appearances seen in cultures of tissues growing
in vitro and of the growth characteristies of the various
organs and tissues (p./&83. ), it is apparent that in the

zone of outgrowth of a culture in vitro the 'restraining

influences'! which produce and maintain the normal

anatomical arrangement of the elements in vivo is lacking.
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When a piece of suitable tissue is explanted in vitro,
proliferation of cells takes place,and this proliferation
is preceded by, and associated with,another phenomenon,
cell migration. For example, in a culture of intestine,
in which all the elements present in adult life are
already differentiated, there may be found outgrowth of
epithelium, mesothelium, smooth musele, fibroblasts,
clasmatocytes and sympathetic nerve fibres. This out-
growth is quite disorderly: +the epithelial cells are in
the form of sheets in which no gland-like structures can
be made out, and the smooth muscle cells and fibroblasts
show no constant relation to one another or to the
eplthelium, The growth is thus different in character
from that which would have occurred during the process of
development from the late embryonic to the adult form.

To growth of the type observed im vitro, Thomson (1914)
has applied the term '"uncontrolled'; Maximow (19235
calls it 'histioid' or 'histiotypie'; others designate
it "unorganised’. But, while the individual cells in
the zone of outgrowth are not related to one another
anatomically, each type of cell maintains certain
peculiarities of growth, and sometimes even of function.
The epithelial cells retain contact with one another,

Just as they do in the orgenism, and in cultures of
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intestine they secrete mucin. Again, smooth musele
cells continue to show spontaneous contraction.

Similarly, skeletal muscle may contract on stimulation
(Chambers and Fell, 1931), and glycogen can be demonstrat-
ed in liver cells even after long periods of cultivation.
Although mesothelium and clasmatocytes may become trans-
formed into fibroblasts, this change cannot be regarded
as peculiar to tissues growing in vitro, since it has also

been recorded 32 vivo.

Accordingly, cells which are growing actively in
vitro lose their normal arrancement; but some workers

&0 so far as to assert that they undergo dedifferentiat-

ion, that is to say, that they revert to a primitive
type. Champy (I;zf/‘)méonsiders that all cells grown

in vitro, e.g. thyroid epitheliup, kidney epithelium and
smooth muscle ete. become transformed into an indifferent
type of cell, which is comparable to that found in the
early stages of the blastoderm; and he has regarded
this as an adaptation of the cells to conditions pre-
vailing Eg.zijzg. As & result, mesenchymal and epithel-
ial elements become indistinguishable from one another.

The rapidity of dedifferentiation is held to be related
to the rapidity of proliferation. As has been stated
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on pe. ,>h0wever, degenerate isolated epithelial cells
and degenerate fibroblasts resemble one another closely,
and it seems possible that champy has misinterpreted a
purely degenerative phenomenon. While most workers

do not agree with the view that cells revert in vitro

to so primitive a condition, the character of the out-
growth of epithelial cells is usually described as
"undifferentiated" or "de-differentiated", but it

seems that what is really meant may, for lack of another

term, be described as 'partial dedifferentiation',

In contrast to Champy, other workers (Carrel,
Ebeling, Chlopin etc.) have described the active outgrowth
of tubular structures, and consider that from a fragment

of an organ, growth which has an organised form, may occur

in the migratory zone. As stated on p./3/ this conclusion
may rest upon misleading appearances brought by several
factors — thus, spreading out of the explant at one
place, or a local contraction of epithelial cells where

an area of coagulated plasma has undergone liquefaction
may cause appearances simulating tubule fbrmation. (pp.g?)‘
In Ebeling's experiments on the cultivation of the thyroid
gland, it 1s possible (p.223) that he has interpreted

such changes which have occﬁfred in the explants as

actual growth in the migratory zone.

The process of partial dedifferentiation has been

stated to be reversible under certain conditions, and
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Drew, Fischer and others consider that the addition of
connective tissue to a so-called undifferentiated sheet
of epithelium (kidney) may result in a redifferentiation
of the epithelial elements with the production of tubules.
Skin undergoes keratinisation under similar circumstances.
The fact, however, that epithelial outgrowths of a
membranous character occur in the presence of luxuriant
outgrowths of connective tissue gives the impression that
other factors,beside the mere presence of fibroblasts,
must contribute to the redifferentiation of the epithelium,
In Drew's and Fischer's figures, the redifferentiated
eplthelium aﬁpears always in the centre of the culture,
being surrounded by fibroblasts. The phenomenon of
differentiation, therefore, seems to be in part a
methanlcal one, When the filbroblasts, in virtue of

their higher proliferative power and rapldity of emi-
gration,surround the epithelium and prevent its migration,
the latter reassumes its capacity for tubule formation
and the normal histological appearances are agaln produced.
In support of this 1is the observation that differentiatlon
in vitro always occurs in the centre of a mass. For
example, I have observed (p.347) that i1f tissue of an
embryo 1limb rudiment which is about to form cartilage is
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divided into 2 parts, the subsequent differentiation of
cartilage cells does not appear at the periphery, although
potential cartilage cells are present in that situation,
but always at some distance from it. Similarly in
Fell's experiments, (1928, 1932), differentiation of
cartilage and the production of osteoblasts and bony
matrix always occurred in the centre of the culture; in
addition, the production of the last appeared to occur
when the tissue was in a contracted state.

Recently, Fischer and Parker have re-emphasised
the antagonism between differentiation and proliferation,
and have ascribed the differentiation of cartilage which
they observed to the absence of growth-promoting substances
from the media used. It must be noted, however, that in
addition to the diminution of cell proliferation in
differentiating cultures, there was a corresponding
diminution of cell migration and, as already noted,
the differentiating cells were always surrounded by
other cells. In the centre of a culture, mitotic division
is always deficlent as compared with that seen in the
zone of outgrowth, even when the culture contains growth-
promoting substance. Accordingly 1t appears essential

that for differentiation to occur in vitro, migration
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.of the potentlially differentiating elements should be
prevented by the presence of a surrounding zone of other
cells., Dimlnution in mitosis of the differentiating
cells also favours the process of differentiation. It is
to be noted that 1n the case of a culture containing
ectoderm, when the cells of the latter have completely
surrounded the explant, they proceed to keratinise. The
question, however, remains as to whether keratin
formation 1s an evldence of differentiation or merely

of senescence.
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Organotypic Growth.

Mention must be made here of 'organotypic! or

'organoid! growth (Maximow) which takes place if an
embryo or fragment of an embryo is explanted in vitro.
Thomson calls thls type of growth '&ontrolled'! and the
term 'organised' 1s also used,

Maximow, (1925), found that cultures of parts of
rabbit embryos rounded themselves off and became
surrounded with epithelium of various sorts. In
the interior, differentiation took place, histiotypic
growth being absent although it occasionally occurred
in the later stages of cultivation. The explants
behaved as 'independent organisms!,

Fell, (1928), abserved progressive differentiation
of the explanted otocyst from 3-day embryos. The
differentiation was purely hismlogical, and the
otocyst retained its primitive vésicular form,

Within the vesicular otocyst, all the epithelial
constituents of the fully-formed auditory labyrinth
appeared.

The growth of skeletal rudiments in vitro described
by Fell and Robison, (1929), represents another type
of organotypic growth. A femur taken from an embryo
on the 6th day of incubation increased in size,

retalned a comparatively normal form and showed
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progressive hlstological differentiation {pv—I~

I have obtained similar results during a study of the
repair of cartilage and bone in vitro (p.2¥¢), From
an examination of the filgures in Fell and Robison's
paper, 1t might be imagined that the cartilaginous
epiphyses abutted directly on, and grew into, the
medium, The appearance figured, however, 1s due to
removal of the rudiments and subsequent fixation.
Durling cultivation the explants were surrounded entire-
ly by a thick zone of fibroblastic cells, and within
thils covering, the progressive development of the
rudiment in an orderly manner took place,

An interesting polnt was observed with regard to
the development of the epiphyseal surface. At
explantation, the extremities of the rudiments merged
imperceptibly into the surrounding mesenchyme. During
development in vivo this condition is maintained until
about the 10th day of incubation. In vitro, however,
the peripheral cells within a few hours flatten them-
selves out parallel to the‘surface of the epiphyses
and form a limiting perichondrium from which, later,
fibroblasts radiate into the medium,

The 'organotypic! growth described above
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demonstrates the remarkable capacity of embryonic tissue
to undergo self-differentiation when removed from its
normal surroundings. The 'intestinal' organisms of
Fischer, (1922), on the other hand, which consisted of
fully developed intestinal tissue obtained from
embryos almost 21 days old and which are usually
regarded as typlcal examples of 'organotypic! growth,
demonstrate the capacity of epithelium to grow round

a cut surface and show that cells tend to maintain
their normal anatomical relations with one another
when migration is prevented. No new formation of

intestinal tissue occurred,
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Ectoderm.

The rapldity and ease with which emigration and
growth of ectoderm takes place depends on the age of
the embryo from which 1t has been taken. If the skin
from a 5-day avian embryo is cultivated on coverslips
in the usual plasma and embryo extract medium, the
ectoderm grows out rapidly in the form of spade-shaped
epithellal sheets in which mitotic figures are fairly
numerous. Emlgration of fibroblasts and of wandering
cells also occurs, but during the perlod of active
outwandering of epithelium, no keratinisation takes
place, although the fibroblastic outgrowth is quite
abundant, After the culture 1s transferred to fresh
medium, the ectoderm tends to grow round the explant
Instead of emlgrating outwards., Only by cutting the
fragment in two parts i1s 1t possible to obtain a
fresh outgrowth of epithelium. If the explant is not
divided into two pleces, keratinisation of the epithellum
takes place after 4 days' cultivation. Keratinlsing
explants produce a very repid liquefaction of the plasma.
If a plece of skin is included in the explant of a
skeletal rudiment from a 5-day avian embryo, keratini-
sation takes place rapidly. From older embryos the
outgrowth of skin epithelium takes place more slowly
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and in the case of an 8-day embryo, does not begin
until the second or third day of activation.

The epithelial membrane is as a rule only one layer
thick in plesma medium,and intercelluler spaces cannot
be seen as long a&s the cultures remein healthy. At
the free margin, the cells show numerous amoeboid
processes and are more spread out than those near the
explant. After fixation and staining, however, inter-
cellular spaces %zngften found and the membrane appesars
almost reticular./\ The cells are elongated and are
often spindle-shasped, the long axes being directed
parallel to the surface of the explant. In fluid
media, growth is often difficult to obtainy; when it
occurs, however, it is always membrancus in type.

If the skin of an almost full-timé nmouse is
cultivated in vitro, outérowth of the skin epithelium
does not take plece until the end of the third or fourth
day of cultivation,and often it does not grow out at
all. The epithelium has a merked tendency to grow
round the explant and keratinisation of the investing
layer takes place.

The character of skin outgrowths was described by
Lambert, (1912). He found that the skin showed a

typical epithelial formation resembling the membranes
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obtained from epithelial orgens,

Uhlenhuth, (1914, 1915, 1916) cultivated the skin
of the adult frog and found that the epithelial out-
growths were formed from the basal layer only. By
using medis of varying consistence, he concluded that
the character of the outgrowth depended on the type of
medis employed: in a stiff coagulum, the cells formed
a membrane; in & fluid medium, the outgrowth consisted
of isoleated elements, and 8ll intermediate stages were
found according as the medium varied between these two
extremes. From Uhlenhuth's description, it seems
much more likely that the variastions described were due
to degeneration of the cultures,as I have found that 1if
skin epithelium is cultivated in a stiff coagulum, the
cells remein heelthy for a longer time than when culti-
vated in & soft clot. In the latter, degenerative
changes occur in the cells fairly rapidly, and the
membrane becomes broken up into groups of cells or
into isolated elements. In a fluid medium, degenera-
tion often occurs rapidly, resulting in the production
of isolated elements.

Drew, (1923), obtained growth of embryonic skin
in the form of sheets. When comnective tissue cells

were added to pure cultures or when a sufficient asmount



146.

of connective tissue was present in the zone of out-
growth keratinisation of the skin epithelium occurred.
As stated above, I have never observed keratinisation
of the epithellum in the zone of outgrowth.

Fischer, (1924), cultivated skin epithelium and
obtained a 'pure! culture unmixed with fibrobleasts.
In cultures which had become thick and in which the
growth was irreguler and scanty, he found that keratini-
sation occurred in the central part of the culture. In
contrast to Drew, Fischer does not consider that the
presence of connective tissue cells is necessary for
the keratinisation of ectoderm cells,but is of the
opinion that it is always the result of inadequate

growth conditions.

Amniotic Ectoderm.

Amniotic ectoderm grows out in the form of a
typical epithelial membrane, the cells belng in close
contact with one another., The epithelium, however, differ:
from embryonic skin ectoderm in that the cells are much
less spread out in both coagulated and fluid media. In
fixed and stained preparations, the cytoplasm of the
cells takes up the stain with great intensity: the
reticular arrangement of cells often seen at the peri-

phery of sheets of skin ectoderm is never observed.

(Fig. /8.)
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Cultivation of Skeletal Muscle.

I have cultivated skeletal muscle from 7, 8, 10, 12,
14 and 17-day fowl embryos and from almost full-term
mouse embryos, In all cases, the muscle of the thigh
was used, The tissue was cultivated by the usual 'hang-
ing-drop' method, both coagulated and fluid media being
employed. The former consisted of equal parts of avian
plasma and avian extract, the latter was similar to that
described on p.72 . In some cases, the plasma was diluted
with one-third of its volume of distilled water. The
cultures in plasma were transferred to fresh medlum every
second day, the zone of outgrowth being preserved intact
as far as possible; those in fluid medium were washed
with embryo e?tract and the medium renewed every second
day. It was found that the most iInteresting growths were
obtained when the explants were small (0.5 mm. in
diameter or less). When the cultures in plasma, however,
became of sufficient size, they were divided Into two
pleces. The maximum period of cultivation was 20 days
for plasma cultures and 10 days for fluid medium cultures.
Most of the cultures were fixed and stained entire. In
some cases, the cultures were embedded in paraffin and
cut into serial sectlons. In addition to the usual
stains, Mallory's connective tissue stain and van Gleson's

staln were employed. Many of the cultures in fluid
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medium were fixed in osmic acid, and stained for mito-
chondria in the usual way,

The muscle from 7-day embryos consists of long
multinucleated strands which show no trace of cross-
striation and in which only fine, longitudinal strise
can be demonstrated in stained preparations. In 8-day
embryos cross-striastion is present in the muscle in most
cases, and from the ninth day onwards, the muscle fibres
show well marked longlitudinal and cross-striation, The
amount of connective tissue between the muscle fibres is
greater in the younger than in the older embryos. The
muscle from the mouse embryos was highly differentiated
and showed well marked longitudinal and cross striation.

The appearances found in cultures of muscle from
10-day embryos will be described first. Within 2 hours
after incubation a fringe of mesenchyme cells can, as @&
rule, be seen round the edge of the explant. Two to three
hours later, numerous protoplasmic buds or sprouts can be
seen extending outwards from the edge of the explant.

In small fragments continuity between these buds and the
muscle fibres present in the explant can be traced. These
buds increase rapidly in length and form long protoplasmic
strands which extend in all directions outwards into the
medium and which are easily distinguishable from the
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messnchyme of the outgrowth by their refractile nature
and cylindrical appearance (Fig.@/.). Their cytoplasm
appears denser and less transparent than that of the
mesenchyme cells, These muscle fibres often send off
branches which unite with other branches or muscle fibres;
a very complex network 1s thus produced in some cases,
(Fig.2%). While the general characters of the outgrowths
are similar, there are considerable variations in detail
in different cultures. The extent of the anastomosis
between the strands is variable, and in some cultures the
distal ends of the muscle flbres are rounded, in others
the ends are stretched out and terminate in numerous

fine processes, The muscle strands contain numerous
nuclei usually arranged in rows (Fig. /&) at irregular
intervals: clumps of two or three nuclei, however, are
often seen, and in the expanded ends, several nuclel are
often found. No trace of cell outlines could be seen in
the living state and the muscle fibre appears to be a
syncytium, During cultivation, the cytoplasm of the
muscle fibres often becomes thinned out in places and

the distal part, which may contain one or morse nuclel,
(Figs./a,26) becomes separated off from the proximal part
and emigrates freely into the medium, (Fig.(f ). Branches
also become split off from the parent strand. The
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cytoplasm of these separated parts retains its character-
istic dense character. Those which contain only one
nucleus and which may be called 'myoblasts! have as a
rule a spindle=-shaped appearance which is in marked
contr?E;/{f the polymorphic outline of the mesenchyme
cells.\ Cells similar to those which have been seen to
break off directly from muscle fibres in the zone of
outgrowth also emigrate from the original fragment and
have probably become isolated from muscle fibres in the
explant, Whille they can as a rule be distinguished from
the mesenchyme cells, 1t 1s not always possible to be
certain of their nature 1f the mesenchymal outgrowth 1is
very dense.

The cytoplasm of the muscle fibres contains a few
fat globules, generally less numerous but larger than
those found in mesenchyme cells. Their mitochondria
owing to the dense character of the cytoplasm are not
so readily made out with ordinary illumination as are the
mitochondria of the mesenchyme cells. No trace of
longitudinal or cross-striation was seen in the living
state. The nuclel are ovoid in shape and contain two or
mors nucleoli. Mitotic division has been observed in

nuclei at any part of the fibre in the living state. When
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this occurs an oval-shaped area of less transparent
cytoplasm which is quite sharply demarcated from the

rest of the fibre can be seen., The nucleus undergoes

the ordinary changes characteristic of cell division and
at the telophase stage, the cytoplasm may or may not
divide. The reunion of almost separated cytoplasm has
been observed., The spindle-shaped myoblasts also under-
go mitotic division. In a series of over 300 cultures,
I have never seen spontaneous contraction of the muscle
fibres.

In cultures in which the plasma was dlluted with
distilled water&?g;g%nucleated myoblasts were very
numerous, and fragmentation of the strands was more marked.

The muscle strands diminished in number after success-
ive subcultures while the mesenchymal outgrowth became
more abundant. Even after 20 days' cultivation, however,
a few muscle strands were still present in the zone of
outgrowth. In fluld medlumpthe appearances were aimilar,
the zone of outgrowth belng, however, less dense. The
muscle strands, however, are flattened out on the cover-
slip and do not appear so cylindrical as in a plasma
medium.

In histological preparations the muscle strands

stain more intensely than the mesenchyme cells and show,
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particularly after fixation in Zenker's fluid plus
(Fg.76)
acetlc acid, fine longitudinal stria%‘reaembling those
seen in the muscle from 7-day embryos, which extended a
considerable distance along the fibre. Similar strise
are seen in the myoblasts and in the separated multie-
nucleated strands. These striae are much finer than the
myofibrils seen in fully differentiated muscle. No trace
of cross-striation was seen in any of the muscle fibres
in the zone of outgrowth, although the muscle fibres of
the explant showed cross-striation and, in favourable
cases In very thin explants, direct continulty between
a striated fibre in ths explant and its non-stristed continu-
ation in the zone of outgrowth could be seen. The cyto-
plasm surrounding nuclei in mitotic division stains more
intensely than the reast of the fibre.. The muscle fibres
in the zone of outgrowth could not be distinguished
either by Mallory'!s connective tissue stain or dy van
Glesont's stain, although the muscle in the explant
reacted specifically.

The mitochondria are long, slender and rod-shaped,
and are arranged in longitudinal rows parallel to the
long axis of the fibril in the peripheral layer of the
cytoplasm. Granular forms were seen in some fibrils in

slightly unhealthy cultures. Where mitotic division was
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occurring,the mitochondria in the associated cytoplasm
woere shorter and plumper and similar in appearance to
the mitochondria in dividing cells of other tissues,
The longitudinal strilae are much longer and finer than
the mitochondria, from which they can easily be distinguish-
ed. Since these structures are only seen in histological
preparations they apparently do not exist as such in the
living cell, but assume this form after fixation. No
trace of celloutlines could be seen in any of the muscle
strands.

The type of outgrowth obtained from muscle of 8,
9, 12 and 14-day embryos was similar in character to that
described above. No spontaneous contraction of the
muscle fibres was seen. In the cultures of muscle from
8~day embryos the mesenchymal outgrowth was more abundant.
In the cultures of muscle from 14-day embryos, muscle
buds did not begin to meke their appearance until 12 to
24 hours after incubation, In muscle from 7-day embryos,
the muscle strands were thinner and mononuclear myoblasts
were more numerous. (Fig.<2).

In the muscle from 17-day embryos, only & few fibro-
blasts and wandering cells appeared during the first 48
hours! incubation, After the first subculture, changes

were seen in the muscle of the explant., The cross-striation
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appeared less consplcuous and highly refractile fatty
globules appeared in the muscle substance, Thin, multi-
nucleated strands which anastomosed with one another,
then began to grow out into the medium. Thesé strands
occupled various planes of the medium so that it was
impossible to tell by direct observation whether or not
they were continuous with pre-sxisting muscle fibres in
the explant, Cultures were therefore fixed in osmic
acid, post-chromed, cut into serial sections and stained
for mitochondria. Many of the muscle fibres showed, in
places, the absence of cross-striation. Spaces where
fat had apparently been dissolved were seen,and short,
rod-shaped mitochondria were present. In many places
the continuity betwéen these altered muscle fibres and
strands in the medium could be traced. The changes
described in the muscle fibre of the explant did not
extend throughout its entire length,but were confined to
the part in eentinuitgifg fibre which was growing out
into the medium. Many of the growing ends of muscle
fibres remained confined to the explant.

In cultures of mouse muscle, only fibroblasts and
wandering cells were obtalned in the zone of outgrowth.

The appearances described in these cultures of

skeletal muscle correspond to the changes whilch occur
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in the early stages of muscle regeneration in vivo,
(Muir,1929). Multinucleated buds grow out from the cut
ends of divided muscle fibres, and the cytoplasm of these
buds appears homogeneous and unstriated. Lateral buds
are also sald to occur, and detached mononuclear elements
(Maximow,1931) have been described. In vivo, however,
differentiation into striped muscle-substance occurs.

In the cultures described, no cross-striation appeared
in any of the muscle outgrowths either during 1life or
after fixation. Lewls and Lewis (1917) described in one
or two instances ths appearance of cross-striation in
muscle buds In the zone of outgrowth in fixed specimens.,
It is uncertain from M.R. Lewis (1920) whether such
have also been seen iIn the living state. Lewils and
Lewis (1924) state, however, that they are uncertain

as to whether or not cross-striation developed in vitro
during life. Cross-striated fibres are frequently
observed in histologlical preparations in the tissue
surrounding cultures of limb-bone rudiments isolated
from 5% day avian embryos, (Fig./LJ)-and these have
been noted by Fell and Robison (1929), Harrison (1907)
also observed differentiation of striated muscle cells in
explants of the myotomes of 3 mnm. frog embryos. In
muscle tissue from older embryos differentiation does

not appear to continue,and in explants of 9.day muscle
\
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the cross-striation apparently disappears. (See p. )e
It seems, therefore, from the observations described,
that a position unfavourable for emigration favours the
development of cross-striation, at least in stained
preparatlions, and this only occurs in tissue which at
explantation is relatively undifferentiated. In
muscular tissue in which differentiation is already
established, the specialised characters apparently dis-
appear although multinucleated strands persist for a
considerable time, Levi (1923), on the other hand, has
described the appearance of typical striation in mono-
nucleated myoblasts in the zone of outgrowth from
cultures of skeletal tlssue of 7-day embryos, in which
no striation was apparent before explantation. In
cultures of older skeletal tissue he obtained an outgrowth
somewhat similar to that described, and consisting of
multinucleated strands. From his observations on such
cultures he confirms the view of Duesberg (1910) that
myofibrils are derived by transformation of the mito-
chondria, and he considers that this change 1s reversible.
From the preparations examined (p./5&) no evidence of
the latter transformation has been obtalned.

The appearances of the cultures which have been
studied correspond closely to the description glven by

Lewis and Lewis (1917). These authors, however, falled
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to observe division of the nucleil during 1life in the
multinucleated muscle strands, nor did they obtain
convineing evidence of it in stained preparations. They
concluded that the nucleil came from the parent muscle
fibre. The absence of mitosis in their cultures may be
due to their use of fluid medium,

Spontaneocus contraction has been recorded by M.R.
Lewls (1915, 1920), Lewils and Lewis {1917), and
Friedheim (1931)., I observed no trace of it in the
cultures examined; and de Reny and Hogue (1931),
Chambers and Fell (1931) also failed to observe
spontaneous contraction, although all these authors
found that the muscle fibres contracted on stimulation.
The capacity for spontaneous contraction apparently
depends on conditions so far undetermined, as it does not,
according to Lewls and Lewls, invariably occur in all
cultures,

Heart.

Fragments of the heart from embryonic and young
animals have been used extensively by tissue culture
workers, as the heart is an organ which 1is easily
1solated without much risk of infection, and one from
which migration of cells is readily obtained. Burrows
(1910) cultivated the heart of avian embryos and found in

a small percentage of hls cultures that the muscle grew
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out in the form of short chains of striated cells which
contracted rhythmically.

Considerable difference of opinion still exists
concerning the appearance and identification of heart
muscle growing In vitro. As Lewis (1926) has pointed
out, the heart from an early stage of development
contains, in addition to heart muscle, fibroblasts,
mesothelium, endothelium, clasmatocytes, and sympathetic
nerve cells and fibres. Any or all of these types of
cell may be found in the zone of outgrowth. In this
communlcation, W,H, Lewis (1926) reported the results of
his Investigations conducted over a period of more than
10 years on the cultivation of avian embryonic heart
tlssue. Only at the end of this prolonged study did he
obtain emigration of heart muscle. He found that in 8%
of cultures from the hearts of 6 te 7=-day embryos, heart
muscle appeared; in embryos taken at the 4th day, heart
muscle was obtained in 11% of cultures and from ll-day
embryos, only 2% of the growths contained muscle.
Mesenchyme and endothelium appeared in almost all the
cultures,and mesothelium and clasmatocytes were cormon,
these mesenchymal elements showing migration within 24
hours after incubation. The heart muscle did not begin
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to grow out into the medium until the second day of
incubation and often appeared much later. The heart
muscle migrated outwards in the form of a reticulum
in which cell outlines could be demonstrated by appropriate
methods. Both the reticulum in the zone of outgrowth
and the muscle of the explant showed rhythmic contraction,
but no true fibrillae or cross-striations were ever seen
during life. In fixed and stained preparations, fibrillae
were often found and cross-striations were observed in a
few cases. Glycogen was also demonstrable in the cyto=-
plasm. Occaslionally isolated muscle cells which con=-
tracted rhythmically were found. Lewis regards the
presence of contraction as the only reliable criterion
by which a heart muscle cell can be distinguished during
life,although he has found that after some experience it
is possible to identify by their appearance non-contracting
iceziﬁs, the identification being confirmed later by the
onset of contractions.
In this communlcatlion, Lewis reviews the results
found by various workers and i1s of the opinion that Levi
(1916, 1928) who has also studied extensively heart
muscle growing in vitro,has confused muscle and mesenchyme.

Drew (1923) also cultivated heart muscle from mouse

embryos. From an examlnation of Drew's figures,lewisis
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of the opinion that the cells figured are probably
endothelial,

Cultivation of Heart Muscle.

I have cultivated heart muscle from aviaen embryos
from the 7th to the 10th day of incubation and from
late embryonic and newly-born mice and rats in coagulated
and fluid media. In the case of the avian material,
outgrowth of mesenchymal elements of the type mentioned
by Lewls was always abundant; but, although contraction
of the explant was frequent, only in a few cases was
contractile tissue observed in the zone of outgrowth.
Fig. [7. shows part of a reticular outgrowth in which
contraction was observed during life, the culture belng
derived from the heart of an 8-day embryo. The out-
growth began at the end of the 2nd day of incubation and
the culture was fixed at the end of the 3rd day. The
appearance seen corresponds fairly well with Lewls' fig., 1
and fig. 8, On the other hand, iIn fixed and stained
preparations, fibrillated cells, similar to those
described by Levli and regarded by him as myoblasts, were
frequently seen. Such, however, never showed contraction
during life and were undoubtedly of mesothelisl or

endothelial origin,
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Mammalian Heart Tissue,

Fragments of the hearts of late embryonic and newly-
born mice and rats were cultivated in coagulated and fluid
medla, and as a rule, a vigorous outgrowth of mesenchymal
elements was obtained. As before, the explants often
showed rhythmlic contraction and the emigrated cells
were often pulled by the contracting explant. In no
case, however, were contracting elements found in the
zone of outgrowth, and I have never obtained outgrowth
of mammalian heart muscle, In fixed and stained
preparations, I have frequently seen cells simlilar to
those figured.by Drew, (1923)., My observations, though
nuch less extensive than those of Lewls, tend to confirm
his views at least with regard to the infrequency with
which migration of heart muscle occurs in tissue from
avian embryos and also with regard to the reticular
character of the outgrowth. Drew undoubtedly obtained
out growth of heart muscle in his cultures, but later
expressed the view (personal communication) that the
coells figured by him were probably of endothelial or
mesothelial origin as stated by Lewlis. Levi, too, has
probably obtained outgrowth of heart muscle cells, but
in his case also the cells described did not represent

the sctual contractile heart muscle elements.,



le62.

Smooth Muscle.

The amnion from 7-day avian embryos was used as
the source for smooth muscle, since, as M,R, Lewis (1920)
has pointed out, 1t consists of a layer of smooth muscle
cells which cover a layer of epithelial cells, the
amniotic ectoderm, both of which can be readily dis-
tinguished in vitro.

The tissue fragments were cultivated in equal parts of
avlan plasma and embryo extract. Spontansous contraction
of the explant occurred in many cultures. Outgrowth of
smooth muscle cells took place from any part of the
explant after about 24 hours! incubation. They could
readily be distingulshed from the ectoderm cells by their
elongated appearance and the peculiar rerractility of
the cytoplasm which 1s also seen in skeletal muscle
growing in vitro. Many of the cells were elongated and
band-like, and were in contact with one another both
laterally and by their proximal and distal processes,
which overlapped those of neighbouring cells, (Fig.o3. ).
These cells often showed spontaneous contractions either
in groups or individually. Isolated cells were also
found and many of these were spread out and polygonal
in shape. Mitotic figures were quite numerous amongst

the spread-out cells and 1solated elongated cells. 1In
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the reticular strands of elongated cells I have never
observed mitotic division. Fibrils were not observed
in the living state, but after fixation and staining
were seen 1n both the elongated and spread-out type of
smooth muscle cell,

Champy (1914) observed in fixed and stained
preparations that smooth muscle cells in mitosis did not
show fibrillae. On this evidence, he concluded that
smooth muscle cultivated in vitro dedifferentiated to
form a common indifferent type of call, and this
dedifferentiation was due to the rapidity of mitosis.
I have not maintained cultures of amnion in vitro for
more than 10 days; but, during that time, the smooth
muscle cells retained the appearances seen in primary
cultures, M,R. Lewis (1920) described the appearance
of smooth muscle in cultures of amnion. She confirmed
Champy'!s observation regarding the absence of fibrils
in cells fixed during mitosis, but found that fibrils
were demonstrable by fixation in daughter cells after

mitosis had occurred.
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Cartilage.
Cultivation of Cartilage.

e Bifferentiation of cartilage in vitro is dealt
with on p. 32/. The cartilage of 7- to 8-day avian
§keletal rudiments - femur and tibia - has been
cultivated Invitro. At this stage of development,
the centre of the shaft conslists of a broad zone of
hypertrophic cells surrounded by a thin layer of bone
and osteoblastic tlssue. On both sides of the hyper-
trophic area are two zones of flattened cells which
merge on each side into the small-celled cartilage of
the epiphyses. The latter are not sharply demarcated
by an epiphyseal perichondrium from the surrounding
mesenchyme, but the epiphyses themselves can be 1solated
fairly easily. It is possible to remove the peri-
chondrium and bone from the rest of the rudiment almost
entirely. Fragments of cartllage from all three zones
were cultivated in the usual plasma and embryo extract
medium.

Epiphyseal Cartilage.

Fragments of epiphyseal cartilage were cultivated
on coverslips, Small pleces of mesenchyme and develop-
ing muscle were occasionally found adherent to the
cartilage, but by cutting the tissue Into small fragments
it was possible to obtaln explants of cartilage in which
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no mesenchyme was present, the cartilage being in

direct contact with the medium. Emigration of cartilage
cells began within 12 hours of explantation. The cells
were small, resembled monocytes and could be easily
distinguished from fibroblasts (Fig. 29). As
cultivation continued, they increased i size and

became more spindle-shaped (Fig. 30): the most recently
emigrated cells, however, were small in size. Mitotic
figures were numerous and the zone of outgrowth

was preserved as far as possible. After the first
passage, the cells which emigrated were larger than
those which appeared in the primary culture. After

the second p;ssage, the cartlilage mass, which appeared
denser, was surrounded by a capsule of cells resembling
fibroblasts and the zone of outgrowth consisted of cells
which could not be distinguished from fibroblasts, After
12 days' cultlivation, the cultures conslsted of a nodule
of cartlilage conslderably larger than the original
fragment, and surrounded by a capsile of cells from
which radiated into the medium cells indistinguishable
from fibroblasts. In sections of such cultures,

a typical area of small-celled cartilage surrounded

by an actively chondroblastic perichondrium was

found. The chondroblasts were separated by more
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cartilage matrix than was present at explantation.

The perichondrium merged on the ocuter side into a narrow
zone of cells, indistinguishable from fibroblasts which
passed out into the zone of outgrowth. It is apparent,
therefore, that the cartilage cells in the centre of

the original fragment preserved their histological
characters and continued to form cartilage matrix. The
cells at the periphery emigrated into the medium, and
acquired a fibroblastic form. During subculture, when
the culture was cut out of the old medium, they became
aggregated round the central mass of cartilage. Emigra-
tion into the_medium and proliferation, however, again
took place after each transfer, but, as the zone of
outgrowth was preserved at each subcultivation, more

and more cells became included in the explant, where they
formed an actively chondroblastic perichondrium, through
the activity of which cells were constantly being added
to the central mass. From a fragment of embryonic
epiphyseal cartilage it 1s thus possible to obtaln a
culture consisting of cartilage, a perichondrium and
cells indistingulshable from fibroblasts. In some of
the cultures, the cartilage cells did not always migrate
from the cut surface, and this was found to occur in

fragments which were derived from the zone next to the



167.

flattened layer of the skeletal rudiment. In this
area, a considerable amount of cartilage matrix is
present. As stated on p.3/9 , the greater the amount
of intercellular matrix, the more susceptible are the
cells to trauma, and the injury caused by cutting
probably accounts for the lack of growth in vitro.
Fischer, (1922, 1) obtained a 'pure culture of cartilage
cells from the pars cartilegino sclerae of the eye-ball of

the embryo chick; the age of the embryo was not stated.
He found that little or no growth took place if the
explant was embedded in the coagulum. When placed on
the surface of the coagulum, active growth occurred
after 3 to 5 subcultures. The cells wére at first
small and resembled lymphocytes; later they increased
in size, and the outgrowth assumed & membranous character
and resembled epithelium. The condition of the explant
was apparently not examined. In my experiemnts, I
found no difficulty in obtaining active migration and
proliferation of the cartilage cells from the first

day of cultivation, and it was not necessary to place

the explant on the surface of the coagulum. In the
later stage of cultivation, the cells in the zone of
outgrowth were indistinguishable from fibroblasts, and,

although strands of cells were often seen, & membranous
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type of growth resembling epithelium was not found.
Fischer and Parker, (1929 ), state that a 'pure' culture
of chondroblasts was obtained from the os frontale

of 1l0-day fowl embryos. The original fragment became
necrotic and was removed, and the zone of outgrowth,

which consisted of cells indistinguishable from fibroblasts
was cultiveted in a medilum consisting of plasme or plesma
and serum only. In the centre of the cultures, after
several passages, differentiation of cartilage and/ or.

a bone-like substance was obtained. These workers made
no attempt to determine the character of the f!ground-
subatance! by staining methods, but from the figures
shown, it appears to be of a cartilaginous nature. They
concluded that it 1s necessary to diminish proliferation
by reducing the amount of growth-promoting substances

in the medium before differentiation can be obtained.
Fell, (1928, $), obtained differentistion of cartilage
in cultures of limb-bud rudiments from 3-day avian
embryos in a medium containing abundant embryo extract.
In the centre of the explant of actively growing cultures
of epiphyseal perichondrium from 1l0-day embryos, I have
frequently observed the differentiation of cartilage in
a medium containing equal parts of plasma and embryo

extract. Fischer and Parker found in thelr cultures
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that the original fragment, which consisted of cartilage, |
underwent necrosis within & short time. Since they
apparently did not use very small fragments, the necrosis
was probebly due to the large size which 1s attained in
quite a short time by cartilage,and which does not allow
of diffusion of nutritive material, or removal of waste
products. By reducing the quantity of embryo extract

in the medium, the activity of the culture was diminished,
but the cells which still retaf%itheir capacity for form-
ing cartilage proceé&ito do so when they came to occupy

a position in the centre of the explant which was unfavour-
able for migration and proliferation. If this differen-
tiation had occurred in the zone of outgrowth, the
constitution of the medium could then be considered as
playing an all-important part in determining differen-
tiation. Since, however, it occurﬁ?in a region in which
cell proliferation is always diminished, in which active
migration of cells is inhiblted, and in which differen-
tiation of cartilage occurs even when the medium contains
embryo extract, diminution in proliferative activity
brought about by the restriction of growth-promoting
substances cannot be regarded as the primary cause of
differentiation. The interest of Fischer and Parker's

experiments, in my opinion, lies in the capacity of the
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flbroblastic cells, obtained from the zone of outgrowth
of cultures of cartilage, to form cartilage or some such

substance when they become incorporated in the centre

of the explant.

Cartilage from the Flattened Zone.

The cartllage of the flattened zone was also
cultivated on coverslips in the usual way. Only a few
cells derived from tiny scraps of adherent perichondrium
emigrated from the explanﬁ even after several subcultures.
Sections of the cultures after four passages showed that
the intercellular matrix had inereased in amount in
some cultures, but a considerable number of necrotic

cells was found.

Hypertrophlc Cartllage.

The hypertrophic cartilage cells are very sensitive
to injury and I therefare cultlivated the whole central
mass on watch-glasses, No emigration of cells occurred
for the first 48 hours, with the exception, in same cul-
tures, of a few fibroblasts which had not been removed
from the cartilage. After 60 hours' incubation, a
scanty emigration of degenerate-looking, fat-laden cells
took place from the cartilage. They tended to adhere
to one another, but were so small in number that they

could not
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be transferred 'en bloc' to fresh medium. As cultiva-
tion continued, the cartilage became softer in consis-
tency, and after each subculture a few more cells emigrated
from the medium, but after 12 days' cultivation no further .
emigration occurred. The explants were then fixed, cut
into serial sections and stained with Mallory's connective
tissue stain. Round the periphery of the sections, many
empty cartllage capsules were seen and from these the
degenerate cells which emigrated into the medium were
derived. In the centre, the cartilage cells were almost
completely necrotic. The cartilage matrix stained very
poorly with the aniline blue of Mallory's stain, and the
picture presented was very different from that seen in
cultures of whole rudiments from 7- to 8-day embryos
cultivated for a similar period. In these, the hyper-
trophic cartilage which is invested by & layer of bone

and periosteal tissue remains quite healthy for 12 days,
the cartilage continulng its normal histological develop-
mnet. It thus appears that diaphyseal cartilage which
has become differentiated requires the presence of
surrounding tissue in order to meintain a healthy condi-~
tion in vitros . - it 1s incapable of active emigration
and proliferation. Unlike epithelial cells, it does

not dedifferentiate in the sense stated on p.!?" .
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Fischer, (1931), also found that the shaft and the
differentiated joint cartilage from avian embryos when
isolated from perichondrium and bone becomes necrotic
within a short time when explanted in vitro. When
explanted along with cultures of fibroblasts, the latter
rapidly grow around the cartilage, which remains healthy.

In addition, the fibroblasts assume chondroblastic acti-
vity and form new cartilage on the surface of the original
cartilaginous explant, and he concludes that cartilage is
able to induce the formation of cartilage by non-cartilage-

forming cells.
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Kidney.
The cultivation of kldney tissue has been described

by many observers, and conflicting results have been
reported by different workers. Carrel and Burrows,
(1910 ) cultivated the kidney of young cats, and
described the appearance of structures resembling urinary
tubules in the zone of outgrowth. Dadda, (1912), also
cultivated kldney tissue, but could not distinguish |
between fibroblastic and epithelial outgrowths. Lewis |
and Lewis, (1912,1), cultivated small fragments of
kidney tubules from chick embryos, and found that, from
the cut ends, epithelial cells grew out in the form of
small membranes. H. W. Drew, (1913), described the
grovth of epithelial ceils in the form of tubules from
the kidney of the adult frog. Champy, (1914 /2)
described 1n detail the results of his attempts to culti-

vate kidney tissue from embryonic and young animals, He

observed the emlgration and proliferation of epithelilal ?
cells from the cut ends of tubules, and the formatlion of
epithelial membranes. He also found that outgrowth of
connective tissue cells occurred, and described the
'de-differentiation!, during cultivation, of the epithelial
colls which reverted to an indifferent type indistinguish-
able from fibroblasts. Champy also found that in some

cases the epithelium grew round the explant, campletely irwesting
fi
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it, while in others, cells indistinguishable from fibro-
blasts, which he regarded, however, as of epithelial
origin, formed an investing ocapsule. From this
'epithelium de cicatrisation!, cells of indeterminate
.Yype often invaded the medium. Champy concluded
from his observations that kidney epithelial cells
dedifferentiate to an indifferent type which 1s compar-
able to that seen in the earliest stages of embryonilc
development, and he relates the rapidity of dedifferen-
tiation to the rapldity of cell division.

A study of the development in vivo and in vitro
of the metanephros of the chick embryo was made by
Rienhoff (1922). This worker found that differentiation
of undifferentiated nephrogenic tissue occurred in the
explant. In the zone of outgrowth, endothelium, fibro-
blasts and epithelial outgrowths were found. The latter
were usually in the form of thin membranes, but when the
mesenchymal outgrowth was thick, tubules carrying with
them nephrogenic tissue grew into the mesenchyme, and
there continued their differentiation. From an examina-
tion of Rienhoff's figures, the possibility suggests
itself that the presence of kidney tubules in the zone
of outgrowth could have been produced by the spreading
out of the explant on the coverslip, and by the
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straightening out of pre-existing kidney tubules; both
these processes are very common in kidney explants of
this type. A. H. Drew (1923) cultivated the kidney of
young rats and found that the epithelium grew out in
the form of sheets. When a culture of fibroblasts was
added to the pure culture of epithelium, the eplthelial
cells arranged themselves in a tubular fashion.
Policard (1925) cultivated the kidney of young cats

and found that the epithelium grew out in the form of
sheets in which no tubular structures could be found;
the glomerull did not participate in the zone of out-
growth.

Graciuﬂ (1927) found that kidney epithelium grows
out in the form of membranes, and did not report the
presence of tubules in the zone of outgrowth. De Ligneris
(1928) considered that he obtained growth of endothelial
cells only. From his figures, however, the outgrowths
obtained resemble typlcal epithelial membranes. Nishibe
(1928,1929) stated that he obtained only outgrowth of
endothelial and mesothelial cells from cultures of
kidney of the adult toad. The figures shown in his
commnication resemble degenerating cultures of epith-
elium. Nordmenn (1929-30) cultivated fragments of
kidney of adult rabbits and guinea pigs and found that
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outgrowth of epithelial membranes took place. These
he considered were derived from the collecting tubules,
as in sections of the explants he found that the
convoluted tubules became necrotic within a few hours.
During cultivation, the character of the epithelial
cells altered and the cells came to resemble fibro-
blasts. From his account of the changes which took
place in the eplthelial cells, it 1is apparent that the
alteration intype was accompanied by marked degenerative
processes such as occur in unhealthy cultures,

Cultivation of Kidney.

Since there 1s such considerable difference of
opinion coﬂcerning the character of the outgrowth, and
the type of cell which emligrates, I have made a careful
study of the growth of kidney tissue 1n vitro.

The kldney of newly born and young rats up to 6
weeks 0ld has been used almost exclusively for the
investigation. Mouse kidney has also been grown, but
it was found that good growths were much more difficult
to obtain and, although many variations of the medium
were tried, no reason for the difference in growth
capacity in vitro has so far been found.

The kidney is removed from the animal with the
usual precautions to prevent infection, and washed in

several changes of saline. It is then cut transversely
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into two or more pieces, which are transferred to a
hollow-ground slide, the cutting up into fragments being
done with the atd of the dissecting microscope. By

this means, it is possible to obtain fragments from either
the medulla or cortex. The cutting should be done care-
fully, and crushing or tearing of the tissue should be
avoided. The fragments should be about 1 mm. 1in size,
and may be cultivated in elther coagulated or fluid media.
The character of the outgrowth obtained from medulla and

cortex will be described separately.

Medulla of the Kidney.

Thé fragments were taken from the central part of
the medulla,and so conslisted mainly of collecting tubules
and the distal part of Henle's loop, & small amount of
intertubular connective tissue being, of course, always
present. The coagulated medium used consisted as a rule
of 1 drop avian plasma, 1 drop rat plasma and 2 drops
avian embryo extract. The explant was sometimes embedded
in the clot and sometimes placed on the surface. The
fluid medium used was similar to that described on p./2 .
It is essential that the fluild medium should be spread
out on the coverslip in as thin a layer as possible, a
tiny drop of sterile distilled water being placed on the
hollow of the hollow-ground slide to prevent undue
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evaporation from the medium. The preparations should
always be inverted so that the tissue lies on the cover-
slip.. In plasma medium, emigration of epithelial cells
begins as a rule within 12 hours after explantation, and
sheets of epithelial cells soon form round the explant.
The manner in which the epithelium spreads out has been
described on p.ll4 . Several epithelial sheets may

grow out at different levels in the coagulum,and sometimes
a very complicated outgrowth, such as 1is seen in Fig.ﬂ/
may be found. The epithelial sheet may be more than one
cell thick;énd mitotic figures are numerous. Rapid
liquefaction of the plasma takes place, particularly if
growth'is active, and the phenomenon of separation of the
epithelial carpet from the explant with subsequent
emigration into the uncoagulated medium is often seen.
Another sheet of epithelium may grow along the surface

of the coverslip in the liquefied area. Like all
epithelinl outgrowths, kidney epithelium is rather
difficult to transfer to fresh medium,and if it 1is
necessary to prolong the cultures for some time it is
advisable to cultivate the tissue on the surface of the
coagulum,as liquefaction in that situation does not take
place so rapidly; the epithelium can then be transferred
with greater ease. While the epithellal outgrowth
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remains on the surface of, or in the interior of, the
coagulum, mitotic division 1is active. In the epithelial
carpet which may grow on the coverslip, mitotic division
is usually scanty  and the cells are spread out in a
very thin layer on the surface of the coverslip. Fibro-
blasts are only occasionally found in the zone of out-
growth in primary cultures, but in the second or third
subculture they sremore cammon. The cytological structure
of the epithelial cells is described on p.366. In
healthy cultures, cell boundaries are not visible in
the living stats. When degeneration takes place, the
carpet may break up into individual cells which migrate
away from one another. These cells are very degenerate
and never undergo mitotic division.

In fluild medium, growth begins equally rapidly and
a wide membrane of epithelial cells soon forms round the
original fragment, the cells being spread out in a thin
layer. Mitotic division 1s not very active. In order
to maintain the cells in a healthy condition, it is
necessary to wash the culture in embryo extract about
every 36 hours and add fresh medium. Emigration usually
ceases after the thlrd or fourth day, but the carpet
may remain healthy for 8 or 9 days. After that time,

degeneration msually occurs, but fresh emigration may
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always be brought about by cutting away the tissue at

the periphery of the fragment and transferring 1t to a
fresh medium. I have never been able to transfer,
uninjured, a sheet of kidney epithelium growing in.fluid
medium to a fresh coverslip. If too much medium is
added to the fragment or if it i1s not very carefully
spread out, emligration of epithelial cells may not occur,
The epithelium grows round the explant itself, forming

a complete investment corresponding to the 'eplithelium de
cicatrisation! of Champy. Such a fragment may become
locally distended with fluid, and a spherical excrescence
may form in which stretched out kidney tubules are seen.
The formation of an 'epithelium de cicatrlisation! 1s
rarely seen Inplasma cultures. If such an explant is
divided into two parts and explanted in fresh medium,

outgrowth of epithelium generally occurs.

Cortex of the Kidney.

Outgrowth of cells from the cortex of the kidney
does not begin in plasma medium until about 24 hours
after explantation, and the growth-rate of the epithelium
is not as a rule so rapid. The formation of a membrane
surrounding the explant usually takes sabout 48 hours to
form; and, quite often, sheets derived from different

parts, which do not join up with one another, are found. ‘he
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general character of the epithelial outgrowth is, apart
from the slower growth-rate, similar to that found in
cultures of the medulls, and it was impossible to dis-
tinguish different types of cells,or to determine the
elements of the kidney tubules from which they had been
derived. Mitotlic figures are numerous, and the differ-
ence in growth-rate between the epithelium derived from
the cortex and that derived from the medulla appears to
be due more to a slower initial rate of migration than
to a diminished capacity for cell proliferation in the
zone of outgrowth. Emigration of fibroblasts and
vascular endothelium also occurs, and macrophages are
often seen. In subculture, it is essential, if the
growth of the epithelium is to be maintained, to avoid
transferring the fibroblasts, as these often form a
capsule round the explant and prevent migration of the
epithelium. Under the dissecting microscope, it is
sometimes possible to sear a fairly large area of con-
nective tissue outgrowth with a fine-pointed platinum
wire without injuring the epithelium. Liquefaction of
the plasma does not as a rule take place so rapidly as
in cultures of the medulla. If degeneration occurs,

seperation of the epithelial cells takes place, as

described on p.I3/ . Tubules sometimes project slightly

from the original fragment into the zone of outgrowth.
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This appearance, which at first sight is suggestive
of the outgrowth of tubules as such, is due partly to
the thinning out of the periphery of the explant, brought
about by the migration of cells from the margin, and to
the straightening out of the tubules themselves. As a
rule these projecting tubules remain unchanged, but 1if
growth does take place, 1t 1s always membranous in
character. The outgrowth of glomeruli was not observed.
Since the cortex of the kidney consists of several
different types of epithelium, conveoluted tubules, loops
of Henle and collecting tubules, an attempt was made to
ascertain if the more highly specialised types of epith-
elium took part in the formation of the zone of out-
growth. Young rats were therefore injected subcutan-
eously with 0°2 c¢.c. to 0°3 c.c. of vital new red daily
for 4 days. The anlmals tolerated the dye in all cases,
and it was found, as stated by Cappell (1929) that the
dye was deposited in the epithelial cells of the
proximal convoluted tubules only. Small fragments of
kidney cortex were then cultivated in plasma and the
migration of the epithelial cells watched. The migration
of unstained epithelial cells took place first. After
36 hours' incubation, dye~stained epithelial cells in

which mitotic division occurred were seen to be
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emigrating in several places at the margin of the explant.
and these came to form part of the eplthelial menbrane
(Fig.42 )« The amount of dye in the cells in the zone
of outgrowth appeared less than that in the tubules in
the explant or in histological sections o the kidney
from the other side of the same anlmal. This may be
due either to the spreading out of the epithelial cells,
resulting in the distribution of the dye over a larger
area so making it appear less in amount, or to the
diminution in dye-content brought about by mitotic
division of dye-containing cells. In fluid medium,
outgrowth of epithellal cells occurs after a latent
period of at least 24 hours, and vitally stained epi-
thelium is also cepable of growing out. The epil-
thelial cells seem to remain healthy for a longer time
than those from the medulla.

During the sbove experiments, the slides cmtaining
the cultures were in some cases inverted so that the
coverslip was downwards, and, in others, they were
placed in the usual 'hanging-drop' position, In the
latter, the retraction of the epithelial carpet,which
results from liquefactlion of the plasma, took place
more quickly than when the slide was inverted, and the
rhenomenon was carefully studied, I found that in

many cultures in which, before the onset of liquefaction,
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the explant was surrounded by a typical epithelial
membrane, detachment was not always complete, and a
separated ring of cells often remained attached to

the explent by a thick strand of contracted epithelial
cells which simulated a tubular structure growlng out
of the explant. I am of the opinion that the tubular
structures described by Carrel and Burrows, and

H.W. Drew were of this nature.

The appearances of the epithelial sheets seen in
my cultures of kidney resemble closely the descriptions
given by Policard, A.H. Drew, and Craciun, and from
very tiny fragments of kildney the outgrowth of epithelial
cells in the manner described by Lewls and Lewls has
also been observed. Only in degenerate preparatidns
have I ever seen appearances resembling those recorded
by Champy. Nordmann is the only worker who has
attempted to determline the type of kidney epithelial
cells which migrates in vitro, and states that the cells
seen in the zone of outgrowth are derived from the
collecting tubules, the convoluted tubules becoming
degenerate within a short time. In my cultures, I
found that the cells of the convoluted tubules in the
orliginal explant remained healthy for at least 12 days,
and in the experiment with vitally stained kidney I
found that the cells of the proximal convoluted tubules

are capable of mlgration and proliferation.
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Liver.

Cultivation of Liver.

The capacity of liver epithelial cells to show
emigration and proliferation 1s very variable. I have
obtained growth from cultures of avian liver up to
the 17th day of incubation. The liver from younger
embryos, on the other hand, quite often falls to show
growth in vitro. Similarly, with explants of mammalian
liver, growth has been obtained from mice and rats up
to the 5th day after birth, whille absence of growth has
often been found incumltures of embryonic liver. Although
excesslive proliferation of endothelium often prevents
the emigration of the liver parenchyma, the condition
of the liver 1tself seems to play an important part.

For example, I have noticed that the liver from avian
embryos of the same age often differs macroscopically.

In some embryos 1t 1s reddish in colour, in others it

is brownish-red and appears to contain fat. From the
latter type, emigration of epithellal cells rarely takes
place. In mice and rats, the same variations have been
noted with similar absence of growth in explants of

liver contalning fatty substances. After some experience,
1t 1is possible to tell by the macroscopic appearance

alone whether or not the liver epithelial cells will

emigrate in vitro.
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Avian Liver,

The most satisfactory results have been obtained
in cultures of liver from embryos at the 8th to the 10th
day of incubation, At that stage of developmwent, the
liver consists of columns of epithelial cells,and
separated by blood sinusolds in which haematopolesis is
still active, The explants should be small, about 1 mnm.
in diameter and should be explanted on ths surface of
a plasma clot conslsting of equal parts of plasma and
embryo extract, the latter diluted wita saline in the
proportions of 1:5. After a few hours' incubatlon,
outgrowth'of cells takes place,and this consists mainly
of endothelium, derived from the sinusoids. It grows out
in the form of broad strands of elongated c¢cells in close
contact with one another, The appearances have been
described on p.(/2 , Endothelial sprouts are also seen
penetrating the coagulum. In fig.5d. the outgrowth of
the sinusoidal epithelium from between the columms of
liver cells 1s well seen. Emigration of liver cells
begins after 18-24 hours' incubation and proceeds Slowly.
If it does not begin within 24 hours after explantation
it rarely occurs,as the endothelium grows actively and
has a marked tendency to grow round the explant, thus

surrounding the epithelium and preventing the occurrence



197.

of epithelial migration. This 1is shown in fig.

The culture was fixed after 48 hours' incubation and

shows the formation of a capsule of endothelial cells,
from which rapidly proliferating endothelial cells migrate
into the medium,

As already stated, emigration of liver cells 1is slow
and occurs in the form of finger-shaped or spade-shaped
processes, (Fig.92 ); a complete membrane of epithelial
cells is rarely seen, The cells at the margin of the
zone of outgrowth do not show the amoeboid processes found
in cultures of other epithelial cells, but the arrangement
of the cells is typically epithelial 1in that, except at
the free margin, the cells ars in contact with one another
on all sides, (Fig. 5/ ). Numerous fa?ty droplets,which
increase in number during cultiwation{hE:&:reaont,and
these consist of neutral fats and 1lipoids. Liverepithelial
cells even In fluld medla are never so spread out as the
epithelial cells of other organs. Mitotic division is
quite active. From an examination of living cultures,
the Ilmpression is given that the cells are less
stereotropic than those from other organs, and that in-
crease in number in the zone of outgrowth is brought
about more by proliferation than by migration of cells
from the original fragment.,
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Isolated epithelial cells are sometimes observed.
They occur in degenerating cultures or in cultures in
which typical epithelial outgrowth has not taksm place
(FPig. 43 ). They are degenerate and show the usual
accumulgéion of degeneration granules and vacuoles,

Haematopoleslis can be seen in thin explants in the
sinusoids at the peripheryzﬁkgigm cultures derived from
10-day embryos and onwards,pconsiderable emigration of
wandering cells, many of them of the monocyte and
clasmatocyte type, 1s often found. Outgrowth of
mesothelium also occurs if the explant has been derived
from the sﬁrface of the liver,

The growth of the epithelial cells 1§:§:aily
maintained by subculturse, in cultures derived from 1l0-~day
enbryos than in cultures taken from younger embryos, as
the endothelial outgrowth is less prolific in the former

case, Extreme care must be taken to prevent as far as

possible the inclusion of endothelium in the explant
during subculture,

Mammalian Liver,

The medium ussed for the cultivation of mouse and
rat liver consisted of 1 part rat plasma, 1 part avian
plasma and 2 parts avian embryo extract diluted with
saline in the proportion of 1:3. As before, the explants
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were placed on the surface of the coagulum,and the
cultures were transferred to fresh medium every second
day. The fluid medium described on p.‘i‘ was also used,
the cultures being washed and supplied with fresh medium
every second day; the embryo extract was diluted in the
proportion stated above,

Migration of wandering cells, mainly of the clasmato=-
cyte type, began a few hours after cultivation, (Fig. (&L.).
These multiplied by mitotic division and were actively
phagocytic. Lymphocytes, polymorphs and nucleated red
cells were also found in the zone of outgrowth. During
cultivation, haematoidin sometimes appeared in the
macrophages. This phenomenon is described on pe 39Gercey.

Emigration of liver cells began after 24 hours!
incubation and was always preceded by a marked spreading
out of the explant on the surface of the coagulum or
coverslip. The migration of the liver cells was similar
in character to that found in cultures of avian liver,
Mitotic division was quite active, In fixed and stained
preparations, the liver cells were polygonal in shape
and did not show the polymorphism seen in cultures of
other epithelial organs., Intra-cellular fatty globules
were numerous,

Outgrowths of endothelium in the form of capillary
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sprouts, of mesothelium and of fibroblasts were also
found. The migratlion of these mesoblastic elements was
not nearly so extensive as in the cultures of avian liver,
and the maintenance of the epithelisl outgrowth in sube
culture was easler than in the avian cultures,

Smirnow, (1916) cultivated the liver of newly born
mice, rabbits and guilnea-pigs. He obtained outgrowth of
epithelial cells similar to those described,and noted
the occurrence of largs numbers of fatty globules in the
colls,

Lynch, (1920,1921) cultivated avian liver from 5 =
14-day embryos in Locke-Lewis! medium and obtained out-
growth of liver epithelial cells., He noted the slow
rate of migration, but states that mitotic division of
the liver cells does not occur in vitro. As already
mentioned, mitoses were quite numerous in my cultures,

Kapel, (1926) cultivated avian liver from embryos
between the 9th and 15th days of incubation. He obtained
an abundant emigration of wandering cells which invaded
fragments of heart muscle which were placed in the medium,
He considered that these cells were of eplithelial origin.
From his description, howsver, the cells in question
appear to have been of the macrophage class. He did not
obtain outgrowth of epithelial cells in the form of sheets,
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Dol jansky, (1929, 1, 2; 1930, 1, 2.) has studied
extensively the growth of avian liver in vitro. He also
found that 1t was advisable to dilute the embryo extract
In order to obtain growth of the liver parenchyma. The
outgrowth of the epithelial cells was similar to that
found in my cultures, and the cells multiplied by mitotic
division. He found that by inhibiting the growth of the
mesenchymal elements either by using embryo extract
inactivated by heating, or by adding small amounts of
arsenious acid to the medium, pure cultures of liwer
epithelium could be obtained,and these maintained the
typical epithelial character, Glycogen could be
demonstrated in the epithelial cells: 1t was absent,
however, during the phase of active growth.

Ephrussi (1930) also cultivated liver tissuse, but
failed to obtain outgrowth of liver epithelial cells.

Recently, Bisceglie (1931) has glven a very complete
account of the appearances found in vitro of cultures of
the avian liver from embryos at the 8th to the 18th day
of incubation. He also found that a diluted embryo
extract favoured proliferation of the liver cells, and
his description of his cultures corresponds exactly to
that found in my cultures of avian liver, He did not,

as a rule, however, observe emigration of epithelial
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cells untll after 40 hours'! incubatlion, as compared
with 24 hours in my experiments. The membranous
character of the eplthelial outgrowth was maintained
for 85 days in vitro without showing any morphological
change. In his experilence, as in mine, isolated

liver epithelilal cells are degenerate and soon die off,
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Stomach.

Fragments of the stomach of 9-day avian embryos
were cultivated on coverslips on the surface of a
coagulum consisting of equal parts of plasma and embryo
extract. The epithelium lining the glands began to
grow out within a few hours after explantation and soon
formed a complete membrane round the explant similar
to that described by Lewis and Lewis, (1912).
(Figs. U4%.,/4). Two or three membranes were often
found growing at different levels in the coagulum.
The cells showed numerous mitoses, were quite indis-
tinguishable from the epithelial cells obtained in
cultures of gall-bladder and intestine,and were all of
the same type. Near the explant, each cell contained
one or two large fat globules. As cultivation pro-
ceeded, small fat globules appeared in the cells, so
that the cells at the periphery of the zone of outgrowth
contained in addition to the one or two large fat
globules, numerous small fat globules, and all transi-
tions between these cells and those round the explant
were seen. After 36 hours! cultivation, rapid lique-
faction of the plasma took place, and in many cultures
the epithelial sheets became detached from the explant.
In primary cultures the outgrowth of fibroblasts and smooth

mscle cells was not very abundant,and in many cultures
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i1t was sabsent. After one or two passages, however,
the mesenchymal and muscle outgrowth became profuse,and
overgrew in many cases the epithelial outgrowth.
Spontaneous contraction of the explant took place for
10 days, and the smooth muscle in the zone of outgrowth
also showed spontaneous contraction. In fixed prepara-
tions, the presence of mucin was detected in the cells
surrounding the explant. As the limit of the zone of
outgrowth was approached the mucin diminished in amount,
and none was found in the peripheral cells. Even
after subculture, mucin could always be detected in

the central part of the zone of outgrowth.

Intestine.

Fragments of intestine from l4-day avian embryos
were cultivated in a medium consisting of equal parts
of plasma and embryo extract. In order to obtain
active out-wandering of the cells, the intestine has
to be carefully cut up along its length under the dis-
Secting microscope and the intestinal epithelium
exposed. The explants should be small, about 1lmm. in
size, and should be placed on the surface of the
coagulum. The fragment soon shows rhythmic contraction.
Outgrowth of intestinal epithelium takes place within

a few hours after lncubation, and large sheets of
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epithelial cells, amongst which numerous mitotic figures

are to be found, soon form around the original fragment
(Fig.43.). These are similar in appearance to the
epithélial cells obtained from gultures of stomach,

and show the same arrangement of fat globules
(Figs.464?). Rapid liquefaction of the plasma takes
place, and the membranes may become detached from

the explant and grow out into the uncoagulated medium,
whlle a new sheet of epithellal cells grows out on the
surface of the coverslip in the liquefied area.
Migration of fibroblasts and smooth muscle cells begins
somewhat later than the eplthellal outgrowth, and often
becomes abundant when the plasma has liquefied. Macro-
phages are also seen in considersble numbers after 36 hours!
cultivation, and mesothelium was found in some cultures,
Sympathetic nerve fibres also grow out occasionally 1n
the primary culture but, as a rule, after the first
subculture. The free ends of the nerve fibres show
numerous radlating processes which change shape con-
tinually during 1life. No fibrillae were seen in the
living state, but after fixation and staining they were
easily seen, ‘

In fixed cultures, stalned with thionin blue,

muein granules were detected in the epithelial cells
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surrounding the explant, and the distributlion was

similar to that seen 1ln cultures of stomach. It
was present in the same situation after esch subculture.

After 3 or 4 subcultures, the epithelium was over-
grown by the rapid proliferatlion of fibroblasts and
smooth muscle, and emigration of eplithellum ceased.

The epithellal membranes obtalned in.cultures of
stomach and intestlne were similar to those described
by Lewis and Lewis (1912), from explants of these organs.
These workers, (1912), also described the outgrowth of
nerve flbres in cultures of the intestine. Fischer,
(1922 ); cultivated segments of intestlne from embryos
approaching hatching; 1in some cases the cylinders of
intestine were turned inside out so that the epithelium
was on the outside, He found that little or no out-
growth was obtained, and the epitheliuﬁ grew all over
the surface of the explant. These ! 1ntestinal organ-
isms' remained healthy for a month in vitro. I have
also found that no epithellal outgrowth occurred 1if
segments of intestine were placed in the medium,
Mesothelium sometimes grew out in small sheets and
fibroblasts and smooth muscle cells usually emigrated
from the cut ends. After the second subculture, the

mesothelium grew round the cut ends and cell migration
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ceased. A cyst-like structure was formed from which

fluid escaped when it was punctured. Only if the seg=
ment of intestine was turned inside out, did the epith-
elium grow over the cut surface in the manner described

by Fischer.

Gall Bladder.

Cultures of the gall-bladder from 1l2-day avian
embryos were prepared. At that stage of development
the gall-bladder contains bile and it is necessary to
wash the gall-bladder in saline before cutting the
tissue into fragments for explantation. The epithelium
can be quite easily seen under the dissecting miero-
scope,and only tissue fragments with an epithelial
layer should be taken. The tissue was explanted on
the surface of the coagulum,which consisted of equal

parts of plasma and embryo extract, the whole prepara-

tion being inverted so that the coverslip was underneath.

The epithelial cells grow out very quickly after
6 - 12 hours' incubation, in the form of a typlcal
epithelial membrane in which mitotic figures are
numerous (Fig. 90.). The appearance of the cells is
80 similar to that of cultures of intestinal epithelium
that it 1s impossible to distinguish the one from the

other. The plasma 1s liquefied very rapldly and the
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épithelium retracts from the edge of the explant and
grows out into the unliquefied medium in the manner
already described in intestinal and stomach cultures.
Another layer of epithellium often migrates outwards on
the surface of the coverslip in the liquefied area,
Fibroblasts, mesothelial cells and smooth muscle cells
also grow out from the explant., The .epithelium has
been maintained in subcultures for 6 passages, the
usual precautlons being necessary to avold as far

as possible transferring the fibroblasts and smooth
muiscle cells, Small pleces of epithelium often become
detached from the main outgrowth, and these increase

in silze by mitotlc division. Owing to the delicate
character of the cells, however, it has not been possible
to maintain them by subculture.

In stained preparations, the epithellial cells show
the usual characters., The fatty globules stain bright
red with Scharlach R. The smooth muscle cells show
the fine fibrillae which are always present in fixed
and stained preparations. When preparations are
stained with 0.5% aqueous solution of thionin blue,
numerous fine granules of mucin are seen in the epi-

thelial cells surrounding the explant, as in cultures of
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intestinal epithelium. In the peripheral cells of
the zone of outgrowth, however, no mucin is present.
Cultures of avian gall-bladder have been described
by Erdmann, (1931). Erdmann did not obtain outgrowth
of epithelial cells until the second or third day of
explantation, and in several of her cultures obtained
smooth muscle only. This was probably due to absence
of epithelium in the explant. She found, in the
cultures containing epithelium, that two types of cells
were obtalned: 1n the one type the nuclei were large
and stained intensely, while in the other type, the
nuclei were small and less intensely-staining. The
former type disappeared from the cultures, but the
latter type of epithelial outgrowth was maintained by
passage for about two honths in vitro. In my cultures,
I could not distinguish two types of epithellal growth

after 2 weeks' cultivation.

Allantois.

The allantols of 7-day avian embryos was cultlivated
on coverslips in a medium consisting of equal parts of
plasma and embryo extract. The thin fragments of
allantols were placed as flatly as possible on the
surface of the coagulum in order to prevent rounding up

of the explants. The explant spreads out &s & thin
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sheet on the surface of the coagulum, and from the
perliphery an abundant outgrowth of mesenchyme cells
and vasculer endothellum in the form of strends similar
to that seen 1in liver culturéggtakgs plece within 24
hours. Outgrowths of epithelium also occur in the
form of typical membranes,resembling ectodermel epith-
élium in stained preparations, (Fig. ) In the
spread-out explant, capillary blood vessels could be
seen in which haematOpoiésis was taking plece. The
plasma liquefied rapidly. Owing to the rapid growth
of the mesenchyme, the epithelium disappeared from the
culturesafter the second pasaage.

Lewis and Lewis, (1912, 1) obtained outgrowth of
eplthelium from the allantoils,

Katzenstein, (1925), cultivated the allantois
from 5-day avian embryos. Plesma alone proved the
most satisfactory medium, the addition of embryo extrect
apparently preventing growth. This was not the case
in my experience. Katzenstein found that the allantoic
fragments tended to round themselves up in the manner

as stated above

sometimes seen in cultures of intestine:/\this can be
ayoided by spreading out the tissue at explentation.
He obtalned, however, ocutgrowth of mesenchyme and

epithelium, and, in some cases, found mesotheliel cells

in the zone of outgrowth.
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Cultivation of Spleen.

I have cultivated the spleen of newly-born and young
rats and mice up to three months old, both in coagulated
and In fluid media, The former consists either of a mix-
ture of rat plasma and mouse embryo extract or equal parts
of a mixture of rat and avian plasma and avian embryo
extract., A mixture of rat serum and mouse embryo extract
was used for fluid medium. The plasma cultures were not
removed from the clot but were washed with embryo extract
every second day, more plasma being added if necessary.
Maximow'!s method (p.6%.) was also employed. _

Emigration of lymphocytes and polymorphonuclear P (Fi;'.'lo)
leucocytes begins within a few hours after incubation,
and soon a f;irly thick ring of cells is seen round the
explant. Monocytes also emigrate into the medium.

After 48 hours' incubation, most of the lymphocytes in

the outer part of the zone of outgrowth have become

rounded up and many die. The polymorphonuclear leuco-

cytes also die within a short time. After 36 hours! incub-
ation, migration of cells of the macrophage class begins,
and these show the typlcal segregatlon apparatus when
supravitally stained with neutral red. These cells

are very phagocytic and ingest dead lymphocytes,(f&;é?)
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polymorphs and red blood corpuscles: the fate of the
last 1s discussed on p. . The macrophages undergo
mitotic division and their number appears to be 1increased
in addition by the transformation of monocytes into
macrophages . After about 2 days!' cultivation, sprouts
of ce(lélls (91(; sembling sprouts of endothelium are often
seen. s“l‘hese extend outwards into the zone of outgrowth,
and many of the cells become detached, emigrate as
isolated individuals in the medium,and show phagocytosis.

If the spleen has been stained intre vitam with vital

new red, these sprouts of cells show small vitally stained
granmules similar to those described by Cappell (1929)
in the ceils lining the venous sirnusoids of the spleen.
It is concluded, therefore, that some at least of these
sprouts are derived from the endothellal lining of the
simusoids. In such vitally stalned fragments of spleen,
the phagocytic cells which emigrate during the second
day usually contain numerous dye granules. Bimucleate
phagocytes are quite common after several days of culti-
vation. Mesothelium and fdbroblasts are often found
in cultures of spleen, particularly from mouse tissue.

In fluld media, migration of lymphocytes and mono-
cytes takes place rapidly. The lymphocytes die very
quickly, however, and mitotlic division occurs only in tre
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monocytes. The macrophages which appear tend to become
spread out on the surface of the coverslip and do not
show such active proliferation as in a coagulated medium.
After 3 to 4 days, mitotic division and amoeboid movement
cease, and the cellstiecome widely extended on the surface
of the coverslip. They stlll retain their capacity
for ingesting freely divided particulate matter and
when a suspension ofImdia ink is added to the culture,
it is soon taken up by these cells.

Fazzarl (1926) cultivated the spleen of avian embryos
and young mice. Erdmann, Eisner and Laser (1926),
cultivateg the spleen from foetal, young and adult rats.
All these workers describe in detall the character and
origin of the phagocytic wandering cells, and derive them
from the reticulum cells of the spleen pulp and from
the endothelial cells lining the venous sinuses. They
do not appear to have observed the outgrowth of the
sinus endothelium in the form of endothelial sprouts.

Tumour Cells.

Carcinomata and sarcomata of animals and man have
been cultivated by many workers. As early as 1910,
Carrel and Burrows reported the cultivation of Rous'
sarcoma, Jensen's rat sarcoma, a spontaneous breast

carcinoma of the dog, a sarcoma of the fibula and a
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mammary carcinoma of man. Volpino (1928-29) states

that he cultivated before 1910 an adeno-carcinoma of

the mouse in horse serum,and claims priority in the fleld
of tumour growth in vitro. Lambert and Hanes (1911)
described the appearances of sarcomata of rats and
carcinomata of mice growing in vitro. They found that
the sarcomata grew in a manner characteristic of tissues
of mesenchymal origin, while the carcinomata grew in a
typical epithelial fashion.

Most workers have found that tumour cells are much
more difficult to cultivate in vitro than cells of
normal tiséues, and various methods have been adopted
to overcome the technical difficulties. It was found
that tumour cells liquefy homologous plasma with great
rapidity. FPischer (1927) has studied extensively the
growth conditions of tumours in vitro and found that the
addition of avian plasma to the medium prevented the
rapid onset of liquefaction; in a medium containing
equal parts of a mixture of 76 per cent. rat plasma and
25 per cent. avian plasma and avian embryo extract, good
growths of Ehrlich'!s transplantable mouse carcinoma
could be obtained. In addition to his contributions
to the technique of tumour cultivation, Fischer (1930)
has also established the important fact that !pure!
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cultures of carcinoma maintained in vitro for over a
year retain their virulence and are capable of producing
tumours when injected into mice. He has also found
that tumour cells growing in vitro infiltrate normal

tissues just as they do in vivo.

Cultivation of Tumour Tissues.

The following tumours have been cultivated in vitro:
1. Carcinoma M.63 of the Imperial Cancer Research Fund.
2. Tar carcinoma 2146 of the Imperial Cancer Research
Fund.
3. A transplantable melanoma of mice (obtained from
Professor Passey, Leeds).
4. Five spontaneous adeno~carcinomata of mice.
5. A .spontaneous sarcoma of & mouse.

6. A sarcoma of man.

1. Carcinoma M.63.

The type of medium used and the general character-
istics of carcinoma M.63 are described on p.29/. It is
to be noted that the nmuclel of the cells in fixed and
stained preparations more closely resemble those seen
in ordinary histological sections than nuclel of normal

tissues growing in vitro.
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2. Carcinoma 2146.

This tumour was more difficult to grow than M.63
and I found 1t advisable elther to use a 1 in 8 solution
of embryo extract or to substitute rat serum for embryo
extract. Growth occurred in only about 10 per cent.
of the cultures and was epithelial in type, numerous
small membranes occurring round the explant. The cells
were often somewhat spindle-shaped,and cytoplasmic
stalning was never so intense as 1n the cells of M.63.
The nuclel were very hyperchromatic and showed a much
more complicated structure than those of normal tissue
cells fixed by the same flxative. Degeneration of the

cultures took place very rapidly.

3. Transplantable Melanoms.

Attempts were made to cultivate this tumour in vitro
in order to ascertain, 1f posslble, from the character
of the outgrowth, whether the tumour cells were of
epithelial or mesoblastic type. Two strains of the
tumour were obtained. In one, there was a large amount
of pigment; 1in the other, verj little pigment was
present. The tumour did not grow readily and the medium
employed for the cultivatlion of carcinoma M.63 was found
to be the most suitable. From the pigmented strain,

emigration of 1solated mononuclear cells containing
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pigment gramules took place after about 48 hours!
incubation. In their appearances, these cells resem-
bled pigment-containing macrophages,and when stained
with neutral red, they showed a segregation apparatus
similar to that seen in macrophages. In sections of
this tumour, cells resembling mononuclear phagocytes
containing melanin pigment were found and 1t was con-
cluded that the cells which appeared in vitro belonged
to the macrophage class, which had phagdcytosed pigment
released from the tumour cells. In the less pigmented
type of tumour, in addition to a few pigmented cells
similar to those described above, a fairly abundant out-
growth of non-pigmented spindle-shaped cells resembling
fibroblasts was sometimes obtained. Whether these
were tumour cells or were derived from the stroma of
the tumour was not determined,vand the nature of the

neoplasm was not ascertailned.

4. Spontaneous Tumours.

In contrast with the transplantable tumours,
spontaneous tumours were relatively easy to grow in
vitro. The usual undiluted embryo extract was employed
in combination with avian and rat plasma. Quite good
growths were sometimes obtained in fluid medla. After

the cultures had been prepared, a series of mice was
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always inoculated subcutaneously with fragments of the
tumour.

In four out of the five tumours cultivated, outgrowth
of typical epithelial membranes and fioroblasts was
obtalned. (Figs1273.), The membranes resembled those
seen in cultures of normal epithelial organs;and,after
fixation and staining, the nuclel were similur in appeur-
ance to those of normal cells in vitro. 1In all cases,
the grafts injected into mice regressed after a rew days.
Histologlcally, these tumours were typical adenocarcino-
mata. In the fifth case, only one culture out of a
series of éo showed emigration of cells in vitro,and
the type of outgrowth resembled that seen in cultures
of carcinoma M.635. Histologically this tumour was more
encephaloid than adenomatous in type and resembled
carcinoma M.635. The grafts were carried through two
passages in mice, after which they regressed. These
results suggest the possibllity that the ease with which
growth of a spontaneous tumour 1s obtained in vitro

varies inversely as 1its capacity for transplantation.

5. Mouse Sarcoma.

This tumour was not grafted into other mice. It
was found in the neck of an adult mouse and had invaded

the lower jaw. Histologically, it was a spindle-celled
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sarcoms . The tumour was cultivated in mouse serum and
outgrowth of cells which were quite indistinguishable
from fibroblasts was obtained. A few wandering cells

were also found in the zone of outgrowth.

6. Human Sarcoma.

Thils tumour was u round-celled sarcoma of the
femur and was cultivated in human serum and mouse
embryo extract. Outgrowth of mononucleated cells,
some resembling fibroblasts and others resembling macro-
phages, began after 24 hours'! incubation, many degenerate
cells being present. After 4 days!' incubation, migra-

tion ceased and the cultures died.
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Pancreas.

Kapel, (1926) cultivated avian pancreas and found
an abundant emigration of isolated cells which invaded a
piece of muscle explanted in the same medium, He
considered that these cells were epithelial in origin.
Pinkus, (1929) cultivated the pancreas of newly hatched
chickens and obtalned outgrowth of epithelial cells in
the form of a membrane. He found that many of the cells
contained secretion granules, and identified gland cells,
duct cells, and cells corresponding to those of the 1slets
of Langerhans in his cultures.
Chlopin (1929-30) cultivated the pancreas of young
rabbits. He described the outgrowths of epithelial
membranes and isolated epithelial cells inhis cultures.
He stated that growth occurred later in the form of
cysts and gland-like structures and that the epithelium
became stratified. I have never observed such
appearances in cultures of pancreas,

Cultivation of Pancreas.

I have cultlivated the pancreas of newly-born mice
and rats iIn a coagulated medium, Emigration of macro-
phages and fibroblasts was abundant and the latter
(ﬁféﬁ)
tended to grow round the explant. Occasionally out-
growths of epithelium in a typical membranous form were
obtained. Stratified epithelium, as described by Chlopin

was never seen in my cultures: 1isolated epithelial cells

were always degenerate.
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Cultivation of Lung.

Fragments of lung remote from the pleural surface
of l4=-day avian embryos were cultivated in equal parts of
avian plasma an%&%%%ract on coverslips. After 24 hours!
incubation, many fibroblasts and endothelial sprouts
were seen in the zone of outgrowth, Within the next 24
hours the explants had spread out on the coverslip and
the brdnchi could be seen. Emigration of wandering cells
began during this period. Moast of these were typical
macrophages, and when the cultures were stained supra-
vitally with neutral red, showed the presence of typical
granules and vacuoles. Lymphocytes and monocytes were
also seen, Some of the wandering cells showed numerous
fine neutral red granules and could not be placed in any
definite class, During the second 24 hours' incubation
emnigration of epithelium began,and this appeared to be
derived from the cugigg bronchi which were in contact
with the medium. The epithelial cells (Figs.59¢o0)
resembled skin eplithelium, the cells belng elongated and
spindle~shaped, In splte of the abundant outgrowth of
fibroblasts, the epithelium was easy to maintain in sub=-
culture and remained remarkably healthy. The larger the
amount of epithelium in the zone of outgrowth, the more

rapid was the plasma liquefaction. The lymphocytes and
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wandering cells which contained the fine neutral red
granules became less numerous as cultivation continued,
but the macrophages remained abundant.in the zone of
outgrowth.

The lung of embryo cats was also cultivated in a
mixture of equal parts rat plasma and mouse embryo extract.
A similar type of outgrowth was obtained,but the bronchial
epithelium grew out more rapldly and formed large sheets,
The same capacity for growth in subculture was also noted
in these cultures. Wandering cells were abundant, but
these consisted malnly of macrophages. A few wandering
cells,containing fine neutral red granules similar to
those seen in the avian cultures, were foundj;but they
disappeared after the second subculture; the origin of
these cells was not determined,

Carleton, (1925) was the first to describe the
cultivation of lung tiassue, his objJect being to investigate
the phenomena of phagocytosis, He cultivated the lung
from foetal and adult cats and rabbits and obtained
outgrowthxgibroblaata, epithelial cells and wandering
cells, He found that the wandering cells were very
phagocytic towards coal and carmine particles, Consider-
able liquefaction of the medium took place, and he
described in detall the detachment of the epithelial
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sheets and the growth of epithelium round the explant.,
He considers that the epithelium in the zone of outgrowth
was derived partly from the bronchl and partly from the
epithelial lining of the alveoli. In my experiments, the
epithelium always appeared to be derived from the bronchi.
Binet and Champy, (1926), cultivated lung tissue and
described the outgrowth of epithelium and fibroblasts.
Lang, (1926) has also investigated the growth of
lung tissue in vitro and obtained outgrowtﬁ:}ibroblasts,
epithelium, endothellium and phagocytes. Like Carleton,
he was particularly concerned with the problem of
phagocytosié,but arrived at a different conclusion
regarding the origin of the alveolar phagocytes,
Thyroid Gland.

The cultivation of the thyroid gland of mammals was
first described by Carrel and Burrows (1911). The thyroid
cells grew out as continuous epithelial sheets or in the
form of tubules. Champy (1915) also cultivaeted the
thyroid gland of mammals, He states that the epithelium
showed proliferative activlity within 24 hours,and that
the outgrowth of fibroblaasts was inhibited by the
proliferation of the epithelium. The epithelial cells
showed at first a membranous arrangement, but after 72 hours!

cultivation it was impossible to distinguish them from
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fibroblasts, outgrowth of which began after 48 hours!
incubation, He concluded that the growth of the
epithelium inhibits to some extent the outgrowth of
fibroblasts, and that the cells of the thyroid iIn vitro
dedifferentiate to form an indifferent type which is in-
distinguishable from fibroblasts.

Ebeling (19245, described the morphological
appearances of cultures of the avian thyroid from 18- to
19-day embryos. He found (1924,2,), that if a culture
of fibroblasts was placed close to a culture of thyroid,
the flbroblasts grew round the thyroid culture and
encapsulated it. The growth-rate of the fibroblasts was
greater than that of control cultures in which no thyroid
tissue was present, In sections of the cultures of
thyroid and fibroblasts he found that the epithelium
possessed an acinar arrangement and in the lumen of the
gland=-like structure, colloid material could be
demonstrated . In a later paper, Ebeling (1925), stated
that he obtained pure cultures of thyroid cells from the
thyroid gland of 18=to0l9-day avian embryos. He cultivated
the tissue on coverslips,and after a few subcultures, he
transferred them to flasks. In the primary cultures, he
found that the epithelial cells grew out in the form of

a membrane on the surface of the coagulum, Tubulsr
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structures, which he considered to be epithelial in
nature, penetrated the clot. At the distal end, 1.,e. the
end farthest from the explant, the cells of these 'tubules
were spread out and it was Impossible to distingulsh them
from fibroblasts., The cultures In flasks were fixed afte:
varying periods of cultivation, up to 129 days, and were
sectioned and examined hidnloglically. In the sections,

he found 1n many cases that the epithelial cells had
assumed an aclinar arrangement and surrounded apaees
containing collold material.,

Cultivatlion of the thyroild gland.

I cultivated fragments of avian thyroid, from 14-
day embryos, on coverslips on the surface of a coagulum
consisting of equal parts of plasma and embryo extract,
The cultures were malntained for 12 days by subculturing
every second day, care being taken to avoid transferring
the mesenchymal elements of the outgrowth. After 18
hours' cultivation, sheets of epithelial cells resembling
those seen in cultures of lung were seen both on the

(Fgs 5 QR
surface of the coagulum and in the interlor of the clot. A
The epithellal cells on the surface of the clot were more
spread out than those which had penetrated it; otherwise

no difference between the outgrowths could be detected,

The general character of the cells remained the same
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throughout the culture pericd,and no tubular formation
was observed, Filbroblasts also emigrated from the ex-
plant and, in some cultures, many wandering cells were
present. In quite a number of cultures, typical
endothelium appeared in the zone of outgrowth, and those
endothelial sprouts which had penetrated the coagulum
had a somewhat tubular appearance; the cells at the
distal end were spread out, however, and resembled
fibroblasts. In stained preparations, the various types
of cells could be easlly distinguished from one another
and the t!tubular! structures in the coagulum consisted
of flattened cells identical with endothelial cells from
other organs,

From the observations recorded above, I am of the
opinion that the tubular structures described by Carrel
and Burrows, anéxgbeling were endothelial and not
epithelial in nature. Carrel and Burrows! figures bear
& strong resemblance to endothelium, Ebeling, from his
observations, 1s of the opinion that he obtained a pure
culture of thyroid epithelium,and he concludes that
thyroid epithelium'ioes not necessarily dedifferentiate!
in vitro but is able to maintain its normal anatomical
form and part at least of its physliologlcal activity,
the cells growing out in the form of vesicles, the
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epithelium of which secretes colloid materisl.

In order to justify the statement that a pure
culture of epithelium was obtained, it 1s essential that
the original fragment should have been removed and the
culture built up entirely by the proliferation of sheets
of epithellal cells, Only in this way 1s 1t possible
tc be sure that no fibroblasts are present in the explant.
Flbroblasts apparently did not occcur in the zone of out=-
growth;but, as Ebeling did not remove the original
fragment and does not say whether or not they were present
in that situation, it cannot be inferred that they were
absent from the culture. Accordingly, 1t is impossible
to conclude that the cultures were tpure! cultures.

As evldence for the statement that thyroid epithelium
'does not necessarily dedifferentiate' in vitro but grows
out in the form of collolid-secreting vesicles, Ebeling
adduces the presence of the tubular structures in
primary cultures, which I consider are endothelial and
not epithelial in nature, and the appearance, in secg{on A
of typical thyroid vesicles after varying periods of
cultivation, He does not state specifically whether or
not these were found in the central mass or in the zone
of outgrowth, although from his figures they appear to
have been found in the explant itself, Accordingly,two

cultures
8
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interpretations of this result are possible: (1) the
persistence of the original thyrold tissue on the explant,
and (2) the re-differentisation of thyroid epithelium
which at some perlod formed part of the zone of outgrowth
and later became Incorporated in the central mass. Such
é}fcﬁfferentiation would then be determined by the position
of the cells,which is unfavourable for migration,and
possibly also by the presence of fibroblasts, the absence
of which has not been proved. These conditions were
present in the cultures of thyrold gland which were
surrounded by fibroblasts. The most convincing evidence,
viz. the direct observation of the formation of vesicles,
and the gradusl accumulation of the secretion within
them, has not been given, Accordingly, I 4o not consider
that Ebeling has proved either (1) that he has obtained
a pure culture of thyroid epithelium, or (2) that thyroid
epithelium differs from other types of epithelium in
that it is able to grow out into the medium in vitro in
a manner resembling the form seen in vivo. Ebeling has
only shown that typlcal collold-secreting vesicles are
present in cultures of thyroid gland after 129 days?
cultivation in vitro.

The phenomena of dedifferentiation to an indifferent

by me
type of cell described by Champy was not observeg;and I
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did not find that epithelial cells inhibit the pro-
liferation of fibroblasts; 1in fact, the epithelial out-
growth was prevented in some cases by the presence of

fibroblasts.
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SECT IO IV,




The cultivation of tissue outside the animal
body, since the establishment of the fact that cells are
capable of active proliferation in vitro, should be regarded
only as a method of research, or technique, whereby the
properties of cells under varylng conditions can be in-
vestigated. In the succeeding section, several appli-

cations of tissue culture methods are reported.
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THE ACTION OF A CYTOTOXIC ANTISERUM
ON TISSUE CULTURES.,
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The early investigators of cytotoxic antisera action
aimed at the production of ah antibody specific for a
glven organ by injecting emulsions of the tissue into
animals of another species. They tested the effect of such
cytotoxic sera (I) by exposing the antigen (cell emulsions)
to the antiserum, and (II) by injecting the antiserum into
the animal body parenterally., * Landsteiner (1899)
von Dungern (1898) Metchnikoff (1899) Besredka (1900)
Delezenne (1900) and Lindemann (1900) all concluded that
the injection of a particular organ or tissue into an
animal of différent species resulted in the production of
antibodies in the serum to that particular organ or tissue
although it appeared that the antiserum acted on other
tissues in addition. The first method of testing
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is of 1ittle value, as the cells in emulsions are
probably considerably damaged by the process involved

in their preparation; the latter method, as Pearce
(1904) has pointed out, is worthless since the haemolytic
and haemagglutinating properties possessed by practically
all cytotoxlc sera tend to cause thrombosis, embolism and
haemorrages with secondary necrosils of organs. Later
investigators, Ranzi (1904) Schutze (1908) Miller (1908)
and others using the complement fixation reaction failed
to demonstrate any specificity of cytotoxlic sera for the
particular tissue or organ used as the antigen,

The use of tlssue cultures offers a very sultable
method for the study of cytotoxic substances. Lambert
and Hanes (1911) were the first to employ such cultures
for this purposse. They 1lnjected rats and gulnea-pigs
subcutaneously with mouse sarcoma and rat sarcoma
respectively, and found that after two injectlions the
plasma of these anlmals proved unsuitable for the growth
of the tumours. The plasma of a gulnea-plg which had
received an intraperitoneal injection of 5 c.c. of
defibrinated rat blood was also inhibitory to the
growth of rat sarcoma. The authors considered that the

inhibition of growth was due to the presence of a



232.

cytotoxin which 1s, however, not specific for sarcoma
cells. ILembert (1914) extended these observations. He
injected guinea-pigs with embryonic rat skin, rat

sarcoma and defibrinated rat blood, and obtained almost
complete inhibition of growth in vitro of both rat skin and

%figa%ﬁe plasma from the injected animals. The plasma of
the animal 1injected with defibrinated rat blood allowed
only a feeble growth of those tissues, while control
cultures made with the plasma of normal animals grew
well. Similarly the plasma of guinea-pigs injected with
either chicken heart or intestine inhiblted the growth
of both these tissues, Lambert concluded that the
cytotoxins formed after the injection of various animal
tissues into a foreign species are not specific for the
tissue injecteds 1In none of Lambert and Hanes!
experiments were more than two injections given, and
these, except in the case of deflbrinated blood, were
always subcutaneous, It is to be noted that these
workers did not investigate the effect of the "immune"”

. plasma on tissue cultures which were in the stage of
active growth, but merely tested for inhibitory effects.
Foot (1912) injected a rabbit three times intraperitoneally
with chicken bone-marrow and found that the plasma of the
injected animal allowed no emigration of marrow cells
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explanted in it, and that a dense precipitate formed in
the medium. A parallel series of cultures prepared in
normal rabbit plasma showed some emigration of cells, but
meny were degenerate, and ameebold movements were not so
active es in cultures prepared in chicken plasma. No
precipitate, however, was found in normel rabbit plasma,
It was concluded that the injection of chicken bone-marrow
into a rabbit resulted in the eppearance of antibodies in
the plasma of the injected animel. Like Lambert and Hanes,
Foot slso did not describe the effect of his immune serum
on growing cultures.

Recently Lumsden (1925, etc.) has mede use of the
technique of‘tissue culture to test antisera to various
tumours, particularly Jensen's rat sarcoma, carcinome M.63
of the Imperial Cancer Research Fund and humen mammery
carcinomate. Kimura (1927,1928) obteined antisera from
rabbits to chicken tissues which he tested on cultures of
these and heterologous tissues.

The importance of such work in connection with the
problems of tumour growth suggested that a more complete
study should be made than has so far been undertaken of
the action of immune cytotoxic seras on tissues growing
in vitro. For this purpose an antiserum was obtalned

by injecting emulsions of mouse embryo tissues into a



234.

rabbit. The action of this antiserum was tested at
various perlods in the course of a prolonged series

of immunising injections. At the same time the action
of the antiserum on cultures derived from the tissues
of other animals was examined and an attempt was made
to analyse the mechanism of the cytotoxic action. 1In
addition to investigating the microscopic appearances
of the fresh cultures when subjected to the action of
antiserum, the tissues were also fixed and steined in
various waye and the histological appearances were
studied in detail. Further, methods of vital stalning
were used 1p order to follow the harmful effects of the
antiserum on the celles of .cultures. In addition, the
properties of the antiserum were examined in order to
detect complement-fixing, heemolytic and precipitating
effects.

I. Methods.

Tissue culture. The tissue culture methods were,

in general,modifications of those described by Drew (1923)
and Strangeways (1924). Cultures were prepared from the
tissues of newly-born mice or embryos at an advanced
stage, heart being principally used on account of the
relative ease with which good growths are obteined,
especially of the fibroblasts which it contains. The
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cultures were prepared to cover glasses inverted over
hollow ground slides, sealed with a mixture of pareffin
and vaseline and incubated at 37-500., the so-~called
hanging drop method.

Two types of medium were used, & fluid and a
coagulated one. The former consisted of embryo julce,
mouse serum and buffered saline (Drew's) in approximately
equal parts; this 1is the more useful, since it can be
removed almost entirely and replaced by antiserum, a
procedure not possible with a solid medium. For the
preparation of embryo juice (eccording to a modification
of Drew's mgthod) the attempt was always made to obtain
embryos et about the end of the second week of pregnancy.
After ansesthetising the mouse with ether the uterine
tissues were removed aseptically, the embryos dissected,
cut up into six to eight pieces,quickly washed with three
changes of buffered saline and finally converted into
pulp by snipping with fine scissors. Undue prolongation
of the washing process or cutting up into too smell
pleces should be avoided, since the tissue juices are
lost thereby. After adding an equal volume of buffered
saline, the mixture was pipetted into a centrifuge tube

and frozen in a mixture of ice and salt and then allowed
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to thaw at 57-500., this procedure being carried out three
times. When it was desired to use the extract on the
following dey the mixture was frozen overnight at - 1(°
to - 14°C. After a final period of incubation for thirty
minutes at 57*500., the mlixture was centrifuged until a
clear fluid of a faint yellowlsh colour was obtained.
This was removed, diluted with an equal quantity of
buffered sasline and pipetted into ampoules which were
sealed and stored in the ice chest. This constituted
"embryo juice"; it retained ité growth-promoting
qualities practically unimpaired for about a week. It
was found desirable not to freeze the extract. In the
coagulated medium, rat plasma or & mixture of rat and
chicken plasma was substituted for the serum. The
method of obtaining the plasma hes already been described.
Tissues of embryonic and newly born mice grow
readily in both these media. After twenty-four to forty-
eight hours! incubation, growth 1s generally well
established, and out of a series of, say, twenty cultures,
fifteen to nineteen are in approximately the same
condition and can be used for experimental purposes.
Provided that the explant 1s derived directly from the

embryo or from a vigorous culture, the course of events
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is as follows. After a period of lag of four to eight
hours, emlgration of cells becomes active and increases
progressively up to thirty hours,after which it diminishes,
ceasing after about sixty hours. Mitoses make their
appearance after about twenty hours, reach thelr meximum
after thirty hours and disappear some hours before
emigration ceases. So long as the cultures are viable,
i.e. up to six days, removal of the medium and its
substitution by a further quantity of fresh medium leads
to renewed emigration and mitoses, but not to an extent
equalling that originally seen. After ten days in spite
of renewal of culture medium every forty-eight hours the
culture becomes quiescent. In order to obtain mr olonged
vigorous growth, it is necessapy to transfer a portion of
the original culture to fresh medium, i.e. to make a
subculture, every forty-eight hours; but even under these
conditions after repeated subcultures mammalian tissues
lose their activity and, in general, the most vigorous
growths are obtained in the first three or four cultures
within a period of six days after obtaining the tissue.
Mention must again be made here of the appearance

in cells growing in vitro of vacuoles known as "degeneration

vacuoles™(W.H. Lewils, 1919). These vacuoles develop in
numbers after several days (three or more} in all types of

cells, especially in primary cultures; in fluid medium
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they appear more quickly than in plasma., The vacuoles
often contain one or more granules which show an active
dancing movement and these seem to be the starting points
round which the vacuoles develop. Both the granules and
other contents of the vacuoles have a marked affinity for
neutral red.

Antlserum. Before commencing immunisation with mouse
embryo it was necessary to determine whether normal rabbit
serum showed any cytotoxic effect. Accordingly two young
female rabblts were selected, "I" (weight ®1:6 kilos) and
“c" (welght™1-45 kilos). From each about 5 c.c. of blood
were taken rapidly from an ear vein under aseptic conditions.
After separation of the clot and centrifuging, the serum
was stored in capillary tubes and ampoules of hard glass
and kept frozen. The Py of both sera was 7-5.

Cultures of embryo heart in the unheated serum of both
these animals showed such emigration of cells as one might
expect in a medium which is protective rather than growth~/
promoting. The sera were devoid of cytotoxic action. One
of these animals "I" was therefore used for immunisation,
while the other "C" was kept in order that its serum might
serve as a control and indicate the action to be expected
from that of a normal animal of similar age.

Imnunisation. The injections were given intraperitoneally
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and each consisted of approximately 5 gms. of the tissue

of mouse embryos approximately seventeen days old. The
embryos were minced into small fragments, washed free of
blood and suspended 1in Ringer's solution. The injections
were made at Intervels of seven to ten days. Occasicnally,
however, owing to lack of material, a fortnight elapsed
between them, and on one occasion between 5/8/27 and 23/9/27,
there was an interval of seven weeks. About five days after
each of the earlier injections, and at longer intervals

after the later ones, the animal was bled to the extent of
about 5 c.c. from the ear vein. The serum was collected

and stored as above described. The E;varied from 7.5 to 7.7.
The serum was tested from time to time on cultures of cells
growing in vitro.

IIl. Action of cytotoxle serum on cultures of

mouse tissues.

In order to detect cytotoxic action of the serum at the
early stages of immunisation when only weak effects were
to be expected, the method adopted was that already describe-
ed for normal serum, i.e. the inhibition test. Later on,
when the antiserum was more powerful, it was tested by two
methods on cultures which were at the stage of active
growth. (I) the culture medium was removed as thoroughly
as possible by means of a sterile glass pipette attached

to a weakly-acting water pump and was replaced by anti-
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serum which was allowed to remain in contact for varying
periods of time, from & quarter of an hour onward. The
effects were watched with the cultures on the warm stage.
(2) After allowing the antiserum to act on the cultures in
the incubator for varying perliods of time, the serum was
removed and the cultures then washed with saline and fresh
medium added. Therafter they were incubated for times
varying from half an hour to several days. The object of
this procedure was to determine whether any recovery of
damaged cells or fresh outgrowth took place. Stained
preparations werp made under both conditions and after
various intervals of treatment.

Alterations in the action on tissue cultures undergone

by rabbit's serum in the course of immunisation. A

considerable time elapsed before the serum of the injected
rabbit showed any harmful effect on tlssues already growing
in vitro. Thus cultures of embryo mouse heart, made in

the serum of the rabbit after the first injection of embryo
emulsion, showed considerable emigration of cells which was
practically equal to that of the cultures in normel rabbit's
serun. With the serum obtained after the second injectilon,
emigration of cells was less marked than in the control.
After the antiserum had been allowed to act for seventy-two

hours, the cultures were washed and mouse serum Or normel
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rabbit serum substituted; thereupon increased
emigration took place. Thus 1t was clear that the cells
were still active and capable of responding rapidly to a
fresh supply of suitable protective medium. After the
third injection, antie-properties, though slight, were
more marked, and ten flbroblasts was the largest number
seen in an individual culture out of a series of more than
twenty made with the serum at thls stage, whereas in the
control cultures the number of cells was apparently
uncountable. With the serum obtained after the fourth
injection, no emigration of fibroblasts or other cells
took place, even after removal of the serum, washlng and
substitution of normal rabbit or mouse serum and
reincubation. Inhibition of emigration 1s thus clearly
evident at thls stage.

Thereafter, the antiserum was tested at frequent
intervals for cytotoxic action on cultures in a medlium
containing embryo julce as described above. In regard to
such tests, i1t must be noted that normal rabbit's serum
hes also a slight degree of cytotoxic action which must
not be mistaken for evidence of the presence of immune
antibody (see Lumsden, 1927; Pybus and Whitehead 1929).
This: effect of normal serum 1s detected when serum is
applied to actively growing cultures 1ln a sultable nutritive
medium, 1.e., one containing embryo-~juice. It is then

observed that outlylng cells, which are often degenerate,
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withdraw their processes and become rounded up, and the
fatty droplets coaleace and form irregular masses. The
nuclei become opaque, diminish in size and show an
obvious nuclear membrane. These changes take place slowly
and cell death, as evidenced by the penetration of the
nuclei by neutral red, does not occur as a rule until six
to eight hours after the application of the serum. Stained
preparations also show pyknosis of the nuclei and loss of
cytoplasmic staining. Autolysis of these killed cells
occurs and after twelve hours only granular debris remains.
This cytotoxic action of normal rabbit serum has been
examined in eight animals at various ages and in one
animal “C" over a period of two years commencing at the
age of four months. The results indicate that individual
sera may vary considerably in their cytotoxic power, but
that age 1s an important factor. In rabbit "C" the action
was practically absent to begin with and ilncreased up to
the age of one year, but has remained practically
stationary for the subsequent sixteen months. In one
animal aged six weeks the serum was not toxic to cultures
of mouse and chicken tissue, but was definitely toxioc
six weeks later. The toxic effect, however, can in all
cases be removed by heating at 56 C. for half an hour.

Up to the twelfth injection the serum of the injected
rabbit produced effects very similar to those described

for normal serum, but the action was more rapid and
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healthy cells tended to withdraw their processes and
assume a rounded form. Recovery of many cells could

be brought about, however, by washing the cultures after
two hours, adding fresh medium and reincubating. The
effect of the antliserum at this stage might be described
as an intensification of normal properties. After the
twelfth injection, toxic effects of the antiserum such
as have been described were still more rapid in onset,
and involved all the cells which had grown out of the
explant. With serum after the sixteehth injection all
the cells became rounded within half an hour. At this
point an iInterruption of seven weeks occurred before the
next injection, and the serum obtained after this inter-
val was found to have diminished markedly in toxicity;
ten more injections were necessary to restore it to the
previous activity. After about the thirtieth injection
the action upon cells in vitro appeared to have altered
in a qualitative sense and this change was pronounced

after the thirty-seventh injection; the serum might now

be described as "rapidly acting®. Since the fortieth
injection no further change has occurred in the course
of twenty additional injections beyond a slight increase
in toxicity. The qualitative change in the action of the

serum just referred to consists 1in the disappearance of
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the stage of preliminary rounding; the nuclei and
cytoplasm now shrink rapidly and the cytoplesmic con-
stituents disappear within half an hour at 37~5°C.
Washing with salline and application of fresh medium at
this point does not bring about recovery or fresh out=-
growth from the explante.

The effects of rapidly acting cytotoxlc serum on
tlssue cultures. The following is an account of the

changes observed over a perliod of two hours after the
addition of rapldly acting antiserum (obtained after
forty-two injections of embryo emulsion)to a culture of
embryonic mouse heart; the cells which show activity are
mainly fibrobiasts, with a smell admixture of macrophages,
etce Mesothelial cells also occesionally grow out in the
form of sheets.

(a) Fibroblasts. Within five minutes after the

application of the antiserum, cell nuclei become more
distinct, opaque and delimited by a well marked but thin
nuclear membrane. Shrinkage of the nuclel begins and
continues slowly and the nuclear substance becomes
granular. After a quarter of an hour the nucleoli begin
to swell, become less conspicuous, lose their regular
shape, and in a proportion of cells move towards the

periphery of the nucleus. After fifty-five minutes the
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nuclel are very irregular in shape, indented slightly

in places and the nuclear membrane appears much thicker;
the nucleoll are now apparent in only a few 66118 and
by this stage they have become shrunken and distorted.
The process of mitosls stops abruptly. The spindle area,
which in normal dividing cells is of different refract-
ivity from the cytoplasm and quite homogeneous in
character, assumes a granular appearance. The chromo-
somes themselves become clumped together in one or two
masses, depending on the phase. Simultaneously with the
commencement of nuclear changes, i.e. within 5 minutes,

the cell outlines become indistinct, ragged and irregular.

Thls stage is followed by one which is well marked after
twenty-five minutes, at which period cell outlines can
be easily distinguished and the cells are bounded by a
very thin, refractile pellicle which 1s apparently of
different consistence from the cytoplasm, an appearance
very unlike that seen in normal cells. Some cells show
the extrusion of bleb-like processes, either empty or
containing one or two dancing granules and bounded by an
equally thin pellicle. Five minutes after the commence-
ment of the observations, the cytoplasm becomes very
granular in appearance, and a quarter of an hour later
the mitochondria cannot be distinguished. The granularity
is much finer after thirty-five minutes. Shrinkage of

the cytoplasm is very marked, so that the total area of
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the cell after two hours' application of the antiserum
(Figs . 84,82)  (Fys 93 54)
is only about one third of 1its original areafs The
processes of flbroblasts are not withdrawn under the
influence of the antiserum obtained at the advanced stage
of immunisation (compare the results at earlier stage, P-2{2).

(b) Mesothelium. The destructive effects on sheets

of mesothelial cells were similar, but, in addition, the
dytoplasm becomes heaped round the nuclei, while the cells
remain connected with each other by irregular granular
bridges, (Fys. 05,46)

(c) Macrophages. which are scanty in such cultures,

show similar changes in both nucleus and cytoplasm to those
exhibited by fibroblasts, except that the finest cell
processes disappear, whereas. the coarser ones persist as
in the fibroblasts. Macrophages, which are abundant in
cultures of other tissues, e.g. spleen, liver and sube~
cutaneous tissue, behave in the same way, but shrinkage of
the cytoplasm is specially prominent.

Reaction of cells to neutral red., The process of

death of the cells has also been followed by examining
their reaction to neutral red. It 1s generally accepted
that dilute solutions of this dye, e.g. 1:5000~1:50,000,
when brought into contact with healthy cells stain only the
so~called segregation apparatus, the healthy nucleus

remeining unstained. When death of the cell is occurring
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one of the earliest signs of injury is staining of the
nucleoli; ¢tinting of the nucleus as a whole 1is indicative
of cell death. The method followed was to prepsre a

series of parallel cultures, to each of which antiserum

was added. After fifteen minutes and at five-minute
intervals thereafter up to two hours, a culture was treated
with fresh neutral red solution (1«~5000) in buffered saline.
After twenty~-five minutes, penetration of the nucleoli

occurs &nd ten minutes later, i,.,e., tﬁirty-five minutes
after the application of the antiserum, the entire nucleus
takes the stain. A segregation apparatus 1s not a promin~
ent feature of mouse fibroblasts growing in vitro, and after
the death of the cells it does not become stained. In the
macrophages, prior to cell death the segregation apperatus
is well stained, but coincidently with the steining of the
nucleoli, 1t usually ceases to hold the stain, and the
cytoplasm assumes a transient pink colour.

Estimation of the potency of the antiserum. The

powerful cytotoxic action of the antiserum having been
established, it was of interest to determine the degree
of dilution of the serum at which the effect was still
produced. A series of cultures was prepared in which the
medium contained doubling dilutions of the rapidly acting

antiserum (in place of a similar quantity of normal serum),
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varying from 1:2 to 1:32. In one out of the four cultures
in which the dilution of antiserum was 1:32, four cells were
found to have emlgrated after thirty-six hours. A dilution
of 1:32, therefore, just inhibits growth. The effect of the
rapidly acting antiserum on actively growing cultures was
also tested in doubling dilutions with buffered saline from
1:2 up to 1:32. These dilutions were applied to a series
of cultuwres. After incubation at 37.5°C. for two hours, the
serum was removed, the cultures washed and fresh nutritive
medium added. Twenty-four hours later it was found that in
dilutions up to 1:8 all the cells had been killed, and that
no further outgrowth had taken place. With higher dilutions
all the cells of the original outgrowth had not been killed,
further outgrowth had taken place and mitotiec figures were
numerous. Lying amongst the living cells could be seen
dead cells with shrunken nuclei and cytoplasm, unaffected by
autolytic change (see below),

Action of the antiserum on cultures of epithelium. The

action of the antiserum was also tested on culturesof
epithelium from various organs. It must be pointed out
that normal vigorous growths of such cells consist of mem~-
branes which are one cell thick, the cells being so closely

applied as to present the appearance of syncytium without
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(Ft/s;’ 734as..)

recognisable cell boundarieﬂ (In old cultures, however,
e Npeochpuet § ks ctlidoncpaecs,

cell outlineaAmay be seen with high magnifications.)
Membranes of epithelium, of renal, intestinal and hepatic
type, are killed as quickly as fibroblasts, but owing to
the morphologicel arrangement, the gross effects of shrink-
age appear more dramatic. After half an hour, the area of
the membrane 1s reduced to one half or one third of its
original size. The epithelial sheets in many cases break
away from the explant, so that gaps are left, but the cells
remain in contact with one another by means of granular
bridges. Nuclear and cytoplssmic changes are similar to
those seen in fibroblasts. By way of control, the action
of normal rabbit's serum was tested on cultures of epithelium
from kidney, liver and intestine. In each of these, the
cells at the free margin showed signs of injury and some
were killed, but the rest of the epithelisl sheet remained
unchanged.

Ilate effect of the antiserum. With the antiserum

obtained at the earlier stages of immunisation, before the
thirtieth injection, it was found that if the serum was
removed from & heart culture after two hours, and the
culture was washed with saline and fresh medium added, then
on reincubation for twelve hours, practically complete

lysis of the cells occurred, only a few shrunken nuclei and
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cytoplasmic debris remaining. Membranes of renal
epithelium disappeared completely. If the antiserum was
left in contact with the cultures no recognisable remains
of cells were found after twelve hours, although the ex~
plant persisted intact. Autolytic change must therefore
have taken place. With the antiserum obtained after the
thirty-seventh injection very different appearances result-
ed. The action of the antiserum remained unaltered after
death had taken place even when the cultures were kept for
three weeks at 37:5°C. Evidently,the cells were not only
killed but also in a sense fixed by the antiserum, so that
autolysis was inhibited by some means which need not be
discussed here. 'No recovery of cells or fresh outgrowth
took place if the antiserum was removed and the cultures

were washed and fresh medium added (see also Lumsden,1926).

The effect of rapidly acting antiserum on tissue en
masse. Small fragments of mouse heart about 1 mm. in
diameter were immersed in antiserum in hollow-ground slides
for two hours at 37.5°C. Similar fragments were treated
in the same manner with normal rabbit's serum. All the
fragments were then washed 1n buffered saline, and two out
of each set were cut into two perts. All the pleces, both
cut and uncut, were explanted separately in a medium

consisting of equal parts of rat plasma and mouse embryo
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Juice, which was chosen because of 1ts great capacity

for promoting growth. Those fragments which had been
treated with normal rabbit serum showed vigorous out=~
growth after twenty~four hours. The uncut explants
treated with antiserum showed, after twnty~four hours,
only extensive liquefaction of the plasma, while the cut
pleces showed a slight emigration of cells on one side.
No mitotlc figures were present. The antiserum had
therefore not only acted on the tissue at the surface but
had penetrated it to a considerable extent.

Action of the antiserum on cultures of tumour cells.

Considerable difficulty was experienced in obtailning
satisfactory cultures of carcinoria M.63 (Imperial Cancer
Rese&arch Fund). In the fluid medium used for normal
tissues, growths were only occasionally obtained. Emigration
of cells into the medium surrounding the explant was
marked, but careful examination showed that they were
mainly isolated cancer cells which showed degeneration
vacuoles and granules in their cytoplasm. Scattered
amongst them were a few fibroblasts and cells of the
macrophage class. The degenerate cells, which never under=~
go mitotic division, often remained in an almost moribund
state for several days, exhibiting slight movement; but
they were easily killed by adverse conditions which would




not harm normal tissue cells. Thus these cultures of
tumour cells were apt to be killed by mere renewal of ths
medium, especially if the reaction was slightly alkaline
(%5708), and they were rapidly killed by normel rabbitt's
serum. Accordingly, it was decided that such cultures

were unsuited for investigating specific cytotoxic action.
It has been found that, in contrast to normal tissues, a
more sulitable medium for tumour cells results when the
concentration of embryo juice is diminished,and this has
also been observed by Drew (unpublished). The following
proved a useful medium - a mixture of two parts chicken
plasma with one pert rat plasma 1s placed on a cover glass
and coagulated by the addition of a small drop of dilute
embryo juice prepared immedlately beforshand by adding one
part of stock embryo julce to three parts of buffered
saline. (See also Fischer,1927). The explant is then
placed on the surface of the coagulum, and is surrounded
by & thin layer of the dilube embryo juice. Under these
conditions it 1is possible to obtain active growth of tumour
cells into the medium in the form of finger=-like and spade~
shaped outgrowtﬁZ?jegitotic figures are fairly numerous.
But even in these conditions, which are found to be optimal
for carcinoma M.63, the extent of growth is not so great

as that of normal mouse tissues under the best conditions;
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considerable variation likewise occurs in a series of
cultures prepared from the same material,and it 1s
necessary to select with care those intended for com-
parison. The arrangement of the cells is epithelial but
the mosaic~like appearance of normal'epithelial sheets is
not prominent and the cells are quite different in appear-
ance, a8 has also been observed by Fischer. Thus, in
fixed and stained preparations, the cells closely resemble
those seen in sections of the tumour growing in vivo, the
cytoplasm staining intensely with hesmatoxylin and the
nuclei being hyperchromatic as compared with those of
cultures of normal tissues. Pluripolar mitoses occur
occasionally. The cellular arrangement in some cultures
resembles that seen in human mammary cancers of encephaloid
type. The tumour cells were killed by the antiserum in the
same fashion as normal cells, and similar nuclear and
CFig. 90, . $7)
cytoplasmic changes occurredi. Distortion of cell outlines
and clumping of lipoid droplets were found. The tumour
cells did not show any greater susceptibility to the anti=
serum than those of normel mouse tissues. With normal
rabbit serum, no cytotoxic effect was observed on the
healthy tumour cells, but those cells which to begin with
showed evidence of degeneration were very rapldly killled.
In addition, a precipitate appeared in the antiserum, due
probably to the presence of embryo juice; it 1s not possible



254,

to remove this completely in plesms cultures. ( see also p. )

Cultures were obtained of a spontaneous adeno-carcinoms
from a mouse, probably msmmaery in origin, which failed to
yield growths when transplented into mice. The growths in
vitro were very similar to normel epithelium, and the anti-
serum had the seme action upon them as upon those of trans-
plentable tumour cells or normal tissues. Normal rabbit's
serum had no effect on the cultures.,

Influence of temperature on cytotoxic action. In

general, the occurrence of éytotoxic action on cultures has
been investigated at 37.5°C. In order to determine whether
or not effects were produced at room temperature and 0°C.,
a series of cultures wes prepared, and after they were grow-
ing actively, rapidly-acting antiserum was epplied to them
in the usual way. Some were incubated at 37:5°C., others
were kept at room temperature and the remainder were packed
in ice. In the first set, cell death took place as usual
within half an hour. In the second series, no effect was
observed for seventy minutes, then nuclear and cytoplasmic
changes became apparent, and all the cells of the cultures
were killed after two and a quarter hours. The third
series showed no change after two hours; several of these
cultures were then incubated at 37:5 C. and cell death took
place with great rapidity, all the cells being killed
within ten to fifteen minutes. The rest of the cultures
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showed no change even after two hours further at 0°C.

The effect of antiserum heated at 56°C. The rapldly

acting antiserum and normal rabbit's serum were heated at
56°C. for periods of time varying from half an hour to
thirty hours. The heated sera were applied to a series of
actively growing cultures of mouse fibroblasts obtained from
embryo heart tissue, previously washed in saline to remove
the original medium. The effect of the heated antiserum was
the same in all cases, despite the different duration of
heating. The first obvious change in the cells was vacuol-
ation of the cytoplasm, which became obvious within half an
hour of the application. Cell processes were slowly with-
drawn, the cells becoming rounded up, and nuclear and cyto-
plasmic shrinkaée with coalescence of fatty droplets took
placef' Two hours after the application of the antiserum, a
solution of neutral red 1:5000 in buffered saline showed the
presence of a large number of vacuoles of degeneration, but
the nuclel were unstained. The striking feature of this
change was the rapidity with which it occurred, since the
vacuolation, otherwise closely similar, which arises
spontaneously in old cultures, is always of slower onset
and development. (see p.9370. For some hours the cells re-
mained in this condition, clumped together in groups and
showing no change. At Intervals, cultures were stained

supravitally with neutral red; after fifteen hours,
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staining of the small shrunken nuclel was observed in a
few of the cells, indicating complete cell death; but
although the majority of the cells appeared inactive their
nuclei exhibited no obvious change beyond shrinkage.

General death of the cells, as indicated by nuclear staining,
did not take place for at<é:22§ thirty hours after the
application of the an’ciserurqr Thereafter autolysis of the
dead cells took place. No emigration of cells occurred
from the explant on removel and renewal of the medium after
forty=elght hours. The heated normal rabbit's serum had
no effect on similar cultures, and cells continued to
migrate, though less actively than in a good nutritive
medium. The contrast between the effects of the unheated
and the heated antiserum was marked, and that between the
latter and unheated normal rabbit's serum equally so.

Sheets of growing epithelium from the kidney under the
influence of the heated antiserum showed shrinkage of the
cells from each other and the diminution in size was marked.
The protoplasm beceme greatly vacuolated, and the nuclei
gradually became granular, this change being well seen
after twenty hours. Finally,after between twenty and thirty
hours, almost complete autolysis had occurred.

Reactivation of heated antiserum bl namal rebbit!'s serum.

It was found that the heated antiserum could be completely
reactivated by the addition of unheated nomal rabbit's serum.
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To two equal amounts of rapidly acting antiserum which had

been heated for half an hour and ten howrs respectively at
56°C., fresh normal rabbit!'s serum was added so as to conw
stitute one third and ons quarter of the total volume in each
cases These mixtures killed cultures of actively growing

mouse fibroblasts from embryo heart in the same manner as
unheated antiserum. When normal rabbitts sera "C," previously
heated at 56°C. for one half and for ten hours, were substitute
ed for unheated serum in the mixture, the result on the ocul-
tures was the same as that produced by heated antiserum alone.

Keeplng properties of the antiserum. Antiserum after

eight months' storage at - 10°C to =~ 14°C. was just as active=
ly cytotoxic as fresh serum when tested both on fibroblasts
and on kidney epithelium from mouse embryos. After ten months,
however, the antiserum was not quite so active, and a few cells
in each culture remained unaffected. Antiserum kept at room
temperature under sterilile conditions for six weeks had com~
pletely lost its effect on cultures of fibroblasts or epith-
elium.

The action of antiserum after treatment with the homolaw

gous tissue. The rapidly acting antiserum was absorbed at

37.5°¢. with an equal quantity of suspension of embryo mouse
tissue for one and a half hours. After centrifuging, the
f1luld was removed and applied to cultures of mouse fibroblasts,
The cells were killed in the usual way, as by untreated antie-

serum. The experiment was repeated, but the tissue was allowed
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to remain in contact with the antiserum for six hours and

was changed twlce during that period. After such prolonged
and intense treatment, no cytotoxic action on cultures of
fibroblasts or liver eplthelium was produced by the treated
antiserum. In the latter experiment dilution by the saline

in whiech the tissue was suspended was reduced to a minimum

by using tissue "packed" by centrifuging.

Injection of the antiserum into normal and pregnant mice.

On several occasions normal mice were injected intraperitoneally
with 05 ce.c. of rapidly acting antiserum within twenty~-four
hours of the withdrawal and clotting of the blood. Half an
hour after the 1njectionbthe animals were distinctly less
responsive to external stimull then those which had received
the same amount of a similar specimen of normal rabbit's
serum, but two hours aftgr the injection, they had completely
recovered from the effects. Pregnant mice in which the
pregnancy had progressed about four-fifths to thres~guarters
of the normal course were also injected intraperitoneally with
the same amount of antiserum without 11l effect, and in all
cases the offspring were normal at birth. The uterine horns
of two such animals were examined within twenty-four hours
after parturitlion and no dead fewtuses were present. Accordw

ingly no evidence was afforded by these experiments that the
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antiserum exerted toxic effects in vivo,

11ll. The appearances of tissue cultures in fixed and

stained preparations.

The experimental and control cultures in all cases were
fixed and stained in various ways. The cultures were washed
at 37.5°¢. for five minutes with saline to remove the serum
and were then fixed.

Normal appearances. As already described after fixation

with a 2 per cent. solution of osmic acid in distilled water,
the cells of tissue cultures present appearances which more
closely resemble those seen in the healthy living cell than
after any other fixative (Strangeways and Cant1,1927). On
staining osmic-fixed cultures with iron haematoxylin after
chroming with Zenker's fluild minus acetic acid, the nuclear
substance of normal cells at high magnifications (x750) is
almost homogeneous and of a greyish colour; the nudsoll are
intensely black and no nuclear membrane is present in perfect~
ly healthy cells, although, owing to the difference in charac-
ter between nucleus and cytoplasm, the nuclear limit is
distinoct. No linin network or chromatin granules can be seen.
The cytoplasm 1s very finely granular and almost unstained,
but embedded in it can be seen cell granules and mitochondria
of various shapes., In some cells the centrosphere can also

be made out. The spaces previously occupied by fatty droplets

are easily recognised; their outline is smooth and they are
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arranged usually in clusters. No cell membrane is present,
but ocytoplasmic 1limits are easlly discernible in fibroblasts,
and in epithelial and mesothelial sheets & narrow line of
demarcation between the individual cells is seen. Iron

hae matoxylin 1s the only stain which gives satisfactory
results after osmic acid flixation; since unfortunately 1t
also stalns with intensity fibrin and any debris in the
culture, it is unsuitable for plesme cultures when extensive
liquefaction of the medium has occurred. and has been used
only for special purposes. Bouln's fluid,Zenkerts solution
without acetioc acid and Zenker-formol (10 c.c. formalin and
90 cec. Zonker's fluid without acetic acid) were the fixeatives
commonly used; the last 1s a very good fixative which does
not cause any serious shrinkage of cells. Subsequent steining
with Harris' hsematoxylin diluted 1:10 with distilled water
gave good micro-snatomical differentiation, after two hours

In the case of cultures in fluid medium, and three hours for
those in plasma. By this method of fixation and staining the
nuclei of fibroblasts show a fine but well-marked nuclear
membrane and well-stained nucleolli. The nucleoplasm is
granular and small chromatin dots are often present. The
cytoplasm is always tinted with heema toxylin and is of "ground
glass" appearance. The vacuoles previously occupled by fatty

droplets are distinct. No cell membrane 1is apparent but cell
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falrly
limits arepdefinite. Bouln's fluld destroys the

mitochondria which are of course not stained by ordinary
haematoxylin. Iron haematoxylin also fails to stain them
satisfactorlly after Zenker or Zenker-formal fixation. The
fibrillae, so common in fixed mesothellal cells (Lewis, 1926),
are well stained by iron haematoxylin and Harris!'
haematoxylin after these methods of fixation. Sheets of
mesothelium and epithelium also show fine but definite

cell outlines. The nucleil and cytoplasm of epithelium
stain in the same way as after osmic acid fixation but the
detalls appear coarser. The appearance of tumour cells

in fixed and stained preparations have already been
mentioned (see 3.352). Sudan III stains the fatty droplets
of tissue culture cells with great intensity; they vary in
size and heve smooth outlines from round to oval in shape.
‘They tend to occur in groups, but isolated globules are
often found, e.g. 1n cell processes.

The appearance of cells in mitosis depends on the phase
at which fixation has taken place. In preparations fixed
with osmic acid and stained with iron haematoxylin the
cytoplasm stains with greater intensity than that of rest-
ing cells and the mitochondria are shorter and more rod-
like. The spindle area, when present, stains homogeneously
and so can be distinguished from the rest of the cytoplasm;

fibrils are not present. The chromosomes &are black in
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colour eand stand out conspicuously. With Harris' and iron
haematoxylin after the other fixatives the cytoplassm 1s also
well stained, and the spindle area may show a suggestion of

fibrilletion.

Histologlcal effects of antiserum. In order to obtain

& criterion for judging the stete of fixed and stalned cells,
a careful study was mede of cultures of fibroblasts and
epithelium to which rapidly acting antiserum had been applied,
and in which penetration of the nuclei by neutrsl red clearly
indicated the occurrence of cell death. The most remerkable
feature was the uniform intensity of nuclear staining after
all fixetives (Figures§Z2,%4). The shrinkage was very apparent,
‘and meny nuclei showed crenetion of outline (Figure 74 ). In
some of these pyknotic nuclei, more darkly staining dots
represented the remains of nuckoli. The shrunken cytoplsasm,
on the other hand, did not stain at all, and showed an
amorphous structure, more coarsely granuler than that of
normal cells, but cell boundaries could be traced easily.
"rigroid-like" granules, described by Kimura (1927) in the
cytoplasm of chicken fibroblasts after treatment with anti-
serum and subsequent staining with haemetoxylin were not

seen. After staining with sudan III, the fatty droplets
showed an irregular sheape, due epparently to partial
coalescence of individual droplets (Figure 76- ). The
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mitochondria could not be demonstrated by any staining
method (iron haematoxylin after fixation with osmic acid
or Flegeng's solution minus acetic acid, methyl-green
fuchsin by the Bensley Cowdry method). The fibrillae of
mesothelial cells were never found, nor were the centro-
spheres (figure 9‘4. The chromosomes of cells in mitosis
were clumped together into one or two groups depending
on the phase, and were smaller than normal. The spindle
area disappeared completely. The cytoplasm of tumour
cells (carcinoma M.63) did not stain with haematoxylin,
the nuclei were shrunken and pyknotic and cytoplasmic
inclusions could not be demonstrated.

Cultures of tissues treated with normal rabbit's
serum, when fixed within twelve hours, showed, on the
whole, the usual histologlcal pilcture of normal cells in
fixed and stained preparations. Those scanty cells which
had been killed by the toxic action of the normel serum
were usually rounded in outline. The nuclei showed
varying degrees of pyknosis and the cytoplasm was unstained.
In cultures which had been kept at 37°5°C. for a longer
period e.g. twenty-four hours, the appearances due to

autolysis predominated.
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IV _The action of the rapidly acting antiserum on

cultures of tissues from other species.

Rat. Cultures were made of the heart, kidney and
liver of embryo and newly-born rats in fluid medium and
in plasma, just as in the case of the mouse. On all these
tissues the antiserum when undiluted had the same effect
and killed the cells as rapidly as those of mouse tissue
cultures., It was noted? however, that the normal rabbit's
serum, although toxic for mouse tlssues, did not have any
effect on rat cultures: this will be discussed later.
In order to kill cultures of rat tissues,a higher con~
centration of the antiserum was necessary than sufficed to
K111 mouse tissues (see p.&47). Many cells were unharmed
by & dilution of 1l:2, and dilutions from 1:4 up to 1:32 had
no effects In the inhibition test dilutions of 1l:4 to 1:32
did not inhibilt growth, although a dilution of 1:2 was
inhibitory.

Guinea=pig. Cultures of fibroblasts were obtained

from the heart of embryo guinea-pigs. The antiserum,when
applied to them, killed the outgrowth. Normal rabbitts
serum, however, had a similar effect. In both cases the
killed cells became autolysed and fresh emigration took

place later from the explante.
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Rabblt. Cultures of the heart of the newly~born off-
spring of the injected rabbit "I" (born after the 55th
injection) were prepared in a medium consisting of chicken
plasma and mouse embryo julece. After growth was establishe~
ed, the antiserum and normal rabbitts serum respectively
were appllied to the cultures. Nelther of these had any
effect, and cell emigration continued as before.

Chlcken. The antiserum was tested on cultures of
chicken fibroblasts obtalned from the embryo heart, l.e.
on tissue from a species far removed from that ylelding
the antigen. In order to control the effects of the anti=
serum, the sera of six normal rabblts were also tested;
three of these had a very rapid cytotoxic action and all
the cells of the outgrowth were killed in half an hour.t?ﬁ_ga)
On reincubation without removal of the antiserum, however,
autolysis of the dead cells took place and a fresh out-
growth arose. Within eighteen hours the film of cells
surrounding the explant was as great as the original out-
growth and sometimes exceeded 1t; numerous mitotic figures
were present. Thus 1t appears that while the immedliate
effect of the antiserum or of normal rabbit serum was as
intense as that of the former on homologous tissue, the
action became rapidly exhausted. The immediate nuclear
and cytoplasmic changes were similar to those desoribed

for mouse cells after the application of antiserum, but
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the cytoplasm showed considerable vacuolation. After
fixation and staining, however, it was observed that

while the nuclear changes of the killed cells were similar,
the cytoplasm still showed slight staining with haematoxylin
and was more vaouolated than that of mouse cells killed
with antiserum. The normel cytoplasmic constituents could
not be demonstrated. The serum from two other normal
rabbits was not quite so toxic, and that from a young rabbit
six weeks 014 had no effect. Six weeks later, however, the
latter was also markedly toxic. The cytotoxic action for
chicken tissue was destroyed in both the normal serum and
the antiserum by heating for half an hour at 56°C. This
cytotoxic effect of normal rabbit serum on cultures of
chicken tissue was apparently not observed by Kimura in

his investigations on the action of an antiserum (rabbit

v. chicken embryo tissue). It is thus seen that the toxiec
action of the antiserum is exerted only on the tissues of
the mouse and of a closely related animal, the rat, amongst
the animals tested, and that accordingly the antiserum
possesses specific properties.

Effect of absorption of antiserum and of normal rabbit

serum by heterologous tissues. The rapidly acting anti-

serum and normal rabbitts serum from rabbit "C" were

absorbed at 0°C. for one hour with an equal volume of
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suspension of adult guinea-plg organs (heart and kidney),
which had been packed by centrifuging to prevent dilution
of the}gera. The treated sera when applied to cultures of
chické?iﬁ%é guinea-pig fibroblasts produced no cytotoxie
effect, but when the treated antiserum was applied to
cultures of mouse fibroblasts the cells were killed as
before. '§n rat cultures the coytotoxic effect was slower
than that produced by untreated antiserum, and the cells
were not killed for about an hour after its application.
The treated normel rabbit serum, of course, had no effect
on cultures of mouse or rat tissues. The antiserum and
normal rabbit's serum from rabbit "C" were treated in the
same way with rabblt organs (heart and kidney). This
treatment did not influence the effect produced by these
sera on mouse, rat, chicken, and guinea-pig cultures. The
results of these absorption experiments are summarised in the
table on p.206%.

It is of importance in this connection that the
tissues of the mow e, guinea=-plg and fowl all contain
Forssman's antigen and that rabbits' serum tends to contain
naturally the corresponding antibody, or to develop it as
a result of immunisation with any of the tiaguos mentioned.

As will be seen later, both the normal and the immunised
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rabbit developed this antibody in equal amount (see p. )
and there 1is a definite correspondence between the suscept=-
ibility of tissues to the cytotoxic action of normal rabbits?
serum and their content in Forssmants antigen. The results
of the absorption experiments bear this out. Thus treate
ment of the antiserum, as well as of the normal rabbit's
serum "C", with guinea-pig tissues removed cytotoxic

properties for cultures of chicken as well as for guinea-

plg tissues;

s ot N . Normal rabbit’s serum (*C ") : eftect
Species of Antiserum : eflect on cultures of l on cultures of
tissue used for |— - -
absorption. Mouse Rat Guinea-
se. 3 pig.

iy [P -
Chicken. | Mouse. Rat. (‘l;)li“gw- Chicken.

None. .| +++4+ +++ | +++ | +++ + — +++ | 4+

Mouse . - - ’

Guinea-pig | + + + + i + 4 \‘ - _ _ _ \ B
Rabbit A ‘

+ 4|t + - l+++ +++

— indicates the absence of cytotoxic action,
+ + + + indicates the occurrence of cytotoxic action which is intense and prolonged.
+ + +, + +, + indicate progressively diminishing degrees of such action.

and the slight toxic property possessed by normal rabbit
serumn for mouse tissue is removed by the same treatment.

On the other hand, the powerful cytotoxiec properties of the
immune serum are removed only by treatment with mouse
tissues. Thus it appears that the immune antibody possesses
a high degree of species specificity.

V. The complement-fixing, hsamolytic and precipitating
properties of the antiserum (rabbit v. mouse

embryo tissue) during the course of immunisation.

As the injections were in progress the serum of rabbit
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"I" was examined at intervals to determine the presence
of complement~fixing and hsemolytic antibodles; 1its
precipitating action on embryo juice was also tested. The
development of these properties, as will be sesn from the
tables, was very slow. The serum from normal rabbit "c"
was used as a control throughout.

Gomg;ement-rixation. Table I shows that after

twelve 1lnjections, the antiserum in conjunction with the
homologous antigen fixed completely 4 M.H.D. of guinea=~
pig's complement. The normal rabbit's serum gave no
fixation. With the antiserum obtained after fifty-four
injections (table II) 14 M.H.D. of complement were com-
pletely fixed and with 20 M.H.D., less than I M.H.D. of
complement remained free. With normal rabbit's serum at
thlis stage, however, between 3 and 5 M.H.D. of complement
were required to give complete lysis of the test corpuscles.
Table III shows that an emulsion of tumowr tissue was just
as effective for fixing complement in conjunction with the
antiserum as mouse embryo tissue, The experiment detailed
in table IV was undertaken (1) to see 1f treatment of the

antiserum with guinea-pig organ at 0°C. for one hour

reduced the complement~fixing power in the presence of the

homologous antigen, and {2) to determine if the antiserum
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Tasre L

The amount of guinea-pig's complement fized by antiserum (rabbit v. mouse
embryo tissue) + corresponding antigen.

Antigen 0°5 c.c. suspension of embryo mouse tissue.

Antiserum obtained after immunisation had been in progress for three months (12
injections) heated at 56° C. for half an hour, 005 c.c.

Normal rabbit’s serum heated at 56°C. for half an hour, 005 c.c.

J’ M.H.D. 2 3 4 5 7
Complement
ce .o . 0012 0018 0-024 003 0-042
I

Antigen + antiserum ‘ 0 0 » 0 tr c
Antigen + normal rabblt’ y

serum . . . c ¢ | c
Antigen alone . . . c i c
Antiserum alone . . c E c

The results in this and the following tables indicate the lysis of 05 c.c. of 3 per
cent. suspension of ox or sheep’s red blood corpuscles sensitised with at least 5 M.H.D.
of the corresponding immune body from the rabbit. The complement used throughout
is that contained in guinea-pig’s serum.

In all these experiments a preliminary test was made in which 05 c.c. of varying
dilutions of the antigen were incubated along with two and four doses of complement
for one and a half hours at 37°5° C. Then the test corpuscles were added and the
mixture kept at 37:5° C. for a further period of an hour and a quarter. The highest
concentration of antigen which permitted of complete lysis of the corpuscles with both
amounts of complement was that used for the experiment.

As controls, the action on complement of the antigen by itself and of the antiserum
added to 05 c.c. of saline were always tested.

= no lysis. ftr = faint trace of lysis. d = distinct lysis.
ac = almost complete lysis.  jc = just complete lysis. ¢ = complete lysis.
.. = not done
Tasre IL

Stmilar to table 1. except that the antiserum was obtained after immunisation
had been in progress for 20 months (54 injections).

( MHD. . 2 3 4 5 7 14 20
Complement

1 c.c. 0015 0-0225 003 00875 00525 0-105 0°16
Antigen + antiserum. 0 0 0 0 0 ftr
Antigen + normal

rabbit’s serum . m ac c c c c

Antigen alone . . c c
Antiserum alone . ac c

before and after treatment fixed complement salong with a
heterologous tissue antigen (emulsion of chicken tissue).
As will be seen, 14 M.H.D. of complement were almost

completely fixed by the treated antiserum with mouse embryo
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tissue antigen, while the untreated antiserum gave é’npleto
fixation. It may be deduced, therefore, that the comple=-
ment-fixing power of the antiserum with

TasLe IIL

Similar to table 11. except that both embryo mouse suspension and tumour tissue
suspension (carcmoma .63, Imp. Cancer Res. Fund) were used as antigens.
001 cc. of antiserum (rabbit v. mouse embryo tissue) was used in this

expervment.
Complemnt { M.H.D. . . 2 3 4 5 7 10
c.c. . . . 001 0-015 002 0025 0035 005
i
Embryo mouse antigen + anti- J
serum . . . . . 0 0 ! 0 0 ftr
Tumour antigen + antiserum . 0 0 | 0 0 ftr
Embryo mouse antigen alone . m e ¢ .
Tumour antigen alone m | ¢
Antiserum alone . . . m ¢ . .
Embryo mouse antigen + \ ’
normal rabbit’s serum . . m c [ ¢ c
Tumour antigen + normal } \
rabbit’s serum . . . m c | ¢ c c
i
TaBrLE IV,

Simalar experiment to table I1. except that (1) 025 c.c. of mouse embryo tissue
suspension and 025 c.c. of embryo chicken tissue suspension were used as
antigens, and (2) the antiserum and normal rabbit’s serum were treated at
0° C. for 1 hour with an equal volume of *“ packed” suspension of adult guinea-
pig organ (heart and kidney). The amount of untreated or treated antiserum
and normal rabbit’s serum used was 003 c.c., and of sensitised sheep's red
blood corpuscles, 0°25 c.c.

M.H.D. . . . 8 b 7 10 14

Complomen't
ee. . . . . 0-016 0-026 0085 005 0-07

Mouse embryo antigen + treated

antiserum . . . . . 0 0 0 0 ftr
Mouse embryo antigen + untreated

antiserum . . . . . 0 0 0 0 1]
Chicken embryo antigen + treated .

antiserum . . ftr je c c ¢

Chicken embryo antigen + untreated
antiserum . . . . . 0 m c c ¢
Mouse embryo antigen + treated

normal rabbit’s serum . . . m c c c
Mouse embryo antigen + untreated .

normal rabbit’s serum . . . ftr je c c
Chicken embryo antigen + treated

normal rabbit’s serum . . . m c c c
Chicken embryo antigen + untreated

normal rabbit’s serum . . . ftr ac c ¢

The antigen, normal serum and antiserum controls all gave almost to just complete
]ysié with two doses of complement and complete lysis with four doses of complement.
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the homologous antigen was not much reduced by treatment,
a result which confirms the findings of the tissue
culture experiments (p.244). With chicken tilssue as
antigen, the untreated serum fixed completely 3 M.H.D. of
complement, and lyslis was complete with 7 M.H.D.; the
treated antiserum, in comblnation with the same tissue,
gave complete lysis with 5§ M.H.D. of complement. The amount
of complement fixed by the untreated antiserum in com~
bination wilth chicken embryo emulsion is not so great as
one might have expected from the tissue culture experi-
ments (p.d66.). The results with normal rabbit's serum in
the case of both mouse and chicken tissue antigen show a
diminution in the amount of complement fixed by the treated
normal rabbit!s serum. With the latter tissue, the results
are almost the same both with antiserum and with normal
rabbit's serum and are probably to be explained by the
content of the sera in heterophile antibody (see p.£73.).
Hoemolytic properties of the antiserum. (a) Hetero=-

phlle antibody. It 1s well lmown that tissues of the mouse

as well as those of the guinea~plg and fowl contain
Forssman's antigen, 1.e. when injected into rabbits they
cause the development of a hsemolytic immune body for

sheep corpuscles, heterophile or Forssman's antibody.
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Accordingly the sera of the immunised rabbit "I" and the
normal animal "C", were examined from this point of view.
After the twelfth injection of mouse embryo 0°l c.c. of

the antiserum from rabbit "I" caused complete lysis of
a
0:5 cecs Ofy3 per cent. suspension of sheep's corpuscles,

while the same amount of normal rabbit's serum "C" did
not do so (ses table V). In the serum of the latter,

however, heterophile antibody gradually developed, and at

TABLE V.

The amount of haemolysin for sheep’s red blood corpuscles en the anteserum
(rabbit v. mouse embrijo tissue).

Antiserum obtained after immunisation had been in progress for three months (12
injections), previously heated at 56°C. for half an hour.
Normal rabbit’s serum previously heated at 56° C. for half an hour.

Serum in c.c. . . . . | 0-001 . 001 i 01 |
: 3
Antiserum . . . . 0 tr [
Normal rabbit’s serum . . 0 0 0

‘The results in this table indicate the amount of lysis of 0'5 c.c. of a 3 per cent.
suspension of sheep’s corpuscles by the antiserum (rabbit v. embryo mouse tissue) in
varying amounts. The method adopted was to add to 05 c.c. of 3 per cent. suspension
of sheep’s red blood corpuscles varying amounts of serum (antiserum and normal
rabbit’s serum respectively), and 5 M.H.D. of guinea-pig’s complement which had
previously been treated with washed sediment of sheep’s corpuscles at 0° C. in order to
remove any natural immune body. This amount of the treated complement by itself
produced no lysis of the test corpuscles.

M.H.D. of treated complement = 0'005 c.c.

the time when rabbit "I" had received forty-two injections,
both its serum and that of the normal rabbit in a dose of
0°056 c.0e caused lysis of 0-5 c.c.‘of suspension of sheep's

corpuscles. Accordingly it 1s oclear that, even after a
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prolonged course of injections of mouse embryo, the content
of the animal's serum in heterophile antibody did not
exceed the 1imit met with in normal animals (see also
Mackie,1925). This contrasts with the appearance in the
serum of specific antibodies for mouse tissue.

It has already been seen that normal rabbits! serum
and the antiserum exert a considerable degree of cytotoxic
action on cultures of gulnea-plg and chicken tissues, and
that normal rabbit's serum also has a slight effect on
mouse tissues. In view of the fact that all these specles
contain Forssman's antigen in their organs, and that the
rabbits! serum contalins normally corresponding antibody,
it was of 1mport€nce to determine whether any relationship
existed between these two properties of the serum.

On treatment both of the immune serum and the normal
serum with an equal volume of packed suspension of gulnea=
pigts organs (heart and kidney) for one hour at 0°C. the
haemolytic immune body of the serum was practically re-
moved, Thus while the M.H.D. of both sera in the untreated
state (after heating for half an hour at 56°C.) was 0:05 c.e
for oig‘o.c. suspension of sheep's corpuscles, 1°0 c.c.
of treated sera (similarly heated) caused only a faint trace
of lysis. Since the presence of this large amount of

treated serum might itseéxf inhibit the action of the com=-
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plement, the experiment was slso veried in the following
manner . Th treated normal serum and the treated anti=-
serun (both heated at 56°C.) were added to the red
corpuscle suspension, and, after contact for one and a
half hours at room temperature, the fluld was removed by
centrifuging and replaced by normal saline. Then 5 M.H.D.
of complement were added and the tubes were incubated at
37-5°C. The result was the same as that above described.

Hemolytic antibody for mouse red blood corpuscles.

As tested in the usual way with 0°5%.c. of 3 per cent.
mouse red blood corpuscle suspension and gulnea-pig com=
plement (5 M.H.D. as reckoned for sheep's corpuscles with
immune body from fhe rabbit), the M.,H.D. of the heated
antliserum was 0:06 c.c., whereas, with 0.1l c¢.c. of the
normel serum "C" only a faint trace of lysis resulted.

Precipitation reaction with mouse embryo juice. The

antiserum in amounts of 0 .1 and 0<0l ce.c. when added to
03 ceCe Of 1:10 dilution of embryo julce, as used for
cultivation purposes, gave rise to & distinct precipitate
which developed within half an hour. With 1:100 and
1:1000 dilution of embryo Julce, no precipitate appeared
even after eight hours. With O+l c.c. Of normal rabbit's
serum "C" no precipitation occurred with any of the con-

centrations of embryo julce. It is not possible to compare
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these results quantitatively with those of Kimura.

VI. Summary.

I. A study has been made of the cytotoxic property,
as manifested on tissue cultures, which developed in
rabbit!s serum as the result of injecting suspensions of
tissues of mouse embryos.

2. The first evidence of cytotoxic action in the
serun was an inhibition of emigration of fibroblasts when
tissue, e.g. embryo heart, was cultured in the serum.
Iater on, death of the cells was produced when actively
growing culture was exposed to the serum for a short time
(half an hour). 'On substituting a suitable nutritive
medium, no further activity was shown by'the cells,

3e To produce a powerful cytotoxic serum it was
found necessary to continue immunisation over a long |
period. It was noted that the mode of action of the anti=
serun underwent also a qualitative change. At first, under
the influence of the serum, death of cells took place only
after several hours, and autolysis then followed; the
persisting cells of‘the cultures resumed activity, and

emigration and mitoses occurred when a suitable medium
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was supplied. At a later stage of immunisation, the
rapidly acting cytotoxin which had been developed, whilst
killing the cells, appeared to inhibit the subsequent
autolysis.

4. The antiserum acted on cultures of naemal epith~
elial cells (kidney,liver, intestine), carcinome M.63
(Imperial Cancer Research Fund) and a spontaneous adeno-
carclinoma of the mouse, as well as on various mesoblastic
elements, fibroblasts, mesothelial cells, macrophages,etc.
The changes produced were studled in fresh preparations,
alterations in morphology and in the behaviocur of cells
to supra=-vital staining by neutral red being examined. In
addition, the chénges in the cells were investigated after
fixation and staining by various methods.

5« The eytotoxic action took place most rapidly at
37+5°C., more slowly at room temperature and not at 0°C.
At 0°. fixation of cytotoxin by the cells occurred, since
on transferring to 37:5°C. the cytotoxic action took place
with great rapiditye.

6« When the rapidly acting antiserum was heated at
569C., its oytotoxic action was not entirely destrayed,but
underwent a modification characterised especially by
delayed action and the production of vacuoles in the cyto-

plasm. The action of the heated antiserum was completely
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restored by the addition of normel rabbitts serum which
by 1tself was devoid of rapldly acting cytotoxic properties.
Accordingly, complement appears essential for the occurrence
of rapid and intense cytotoxic action, although a thermo=~
stable antibody may by itseélf produce a certain amount of
damage to the cells, shown by hlstological changes.

7« The antiserum was tested on cultures of the

and
tissues of other animal species. On those of the embryosnewly-

ﬁ?ﬁ%, the effect was similar to, but slightly weaker than ,
that on mouse tissues. On embryo chicken and guinea=-pig
tissues, the antiserum did not act more intensely than did
namal rabbits! serum, and this effect appears to be related
to the normal content of rabbits! sera in heterophile anti=-
body. This 1s borne out by abaérption experiments with
the various tissues. The conclusion is reached that a
specific antibody has been developed for mow e tissues
which acts aleo on those of a related species, the reat.

8. The entiserum shows 1n addition to its cytotoxie
properties a slight degree of hsmolytic, precipitating

and complement-fixing action.
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THE REPAIR in vitro OF EMBRYONIC SKELETAL
RUDIMENTS AFTER EXPERIMENTAL INJURY.

The followlng observations on reparstive processes
in embryonic skeletal rudiments have been rendered
possible by the methods which Fell and Robison (1929)
applied to normal development. These observers found
that the femorasl rudiments isolated from 53-day and
6=-day fowl embryos are capable of undergoing a con-
siderable degree of hlstological and morphological
growth and differentiation when cultivated in vitro.
The course of development which these authors estab-
lished was as follows. The femur,which at this stage
consists of early cartilage, develops a diaphysis and
epiphysis of typlcael avian character, and periosteal
bone and a periosteal membrane appear. The cartilage
becomes differentiated into three zones, with rounded,
flattened and hypertrophic cells respectively, charac-
teristic of normal development. The hypertrophic
zone occupies the centre of the shaft and is bounded
on each side by a zone of flattened cells. The extre-~
mities are composed of small rounded elements which

are falrly well demarcated from the flattened zone;
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the hypertrophic and flattened areas, however, merge
into one another. The hypertrophic cells are larger
than the other constituents of the cartilage and
contain a large clear spherical nucleus in which two
or more nucleoll can be seen: the cytoplasm is very
vacuolated and stains faintly. These cells do not
multiply by mitosis; thelr number increases by the
addition of cells from the flattened zone,which under-
go similar changes as development proceeds. Increase
in size of the rudiment 1s brought about to a con-
siderable extent by the formation of intercellular
material. The flattened zone consists of chondro-
blasts which are compressed in the horizontal plane
and which merge on the one hand into the small round
chondroblasts of the extremities and on the other into
the hypertrophlc area. Mitoses are often seen
amongst the flattened chondroblasts. The extremities
are composed of small round chondroblasts which are
irregularly arranged except at the articular surfaces,
where they lie parallel to the surfsace. Mitoses are
numerous amongst them, particularly in the superficial
parts. The tissue surrounding the central zone of
cartilage becomes differentlated to form a periosteum

in which two layers can be distinguished, an outer
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layer of elongated fibroblasts separated by fine
collagen fibrils,which forms the fibrous layer of the
periosteum,and an inner layer of polygonal cells, the
osteoblasts, which form bone on the surface of the
hypertrophic cartilage. The appearancesdescribed
correspond to those which are found in early develop-
ment in vivo (Fell (1925)). Simultaneously with this
histological development, the femur increases in
length and acquires a form which resembles the normal
anatomical structure. Fell and Robison (1930) have
also shown that the dlstal part of Meckel's cartilage
from & 6=day fowl embryo, which forms part of the
embryonic skeletal rudiment of the lower jaw but which
does not undergo periosteal ossification, increases in
length during cultivation in vitro. The chondroblasts
of Meckel's cartilage, however, do not, either in
vitro or in vivo, undergo the characteristic histo-
logical development found in the cartilage of long
bone rudiments in which periosteal bone appears.

Such isolated femora and Meckel's cartilages
from early embryos, 1f injured either before or during
cultivation in vitro, provide useful material for the
study of repair in cartilage and bone uncomplicated by

the presence of a blood~ or nerve-supply. Again, by



282,

injuring rudiments isolated from older embryos the
repalr of cartilage and bone which have already attalin-
ed some degree of histological development in vivo can
be compared with that of cartilage and bone which have
differentiated in vitro.

The observations to be recorded also supply a
means of studying the proliferative capacity of carti-
lage cells, regarding which there has been diversity
of opinion. Many authors (e.g. Maximow (1930),
Schaffer (1930)) hold that in the adult independent
regeneration of cartilage does not occur.

Methods.

The culture technique employed was similar to
that used by Fell and Robison (1929) for the cultiva-
tion of 1solated femoral rudiments. It bas already
been described on page &2.

The material used consisted of the femoral and
tiblal rudiments isolated from fowl embryos, after
from 5 to 10 days!' incubation, the distal part of
Meckel's cartilage taken from 6-to 9-day embryos, and
femora and tiblae from embryo mice. When fowl tibise
were used, the tarsal element which fuses with it
during development was sometimes removed along with

the long bone rudiment. The rudiments were injured,
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either before explantation or after different periods
of growth in vitro, by cutting with a sharp knife on
the surface of a glass slide. The region of the cut
depended on the area of the tissue in which 1t was
desired to study repair. In some cases, the rudiments
were cut through at the centre of the shaft at right
angles to the long axls, in others at the junction of
the upper and middle thirds. In order to study
epiphyseal repalr, cuts were usually made into the
epiphyseal surface parallel to the long axis. The
Meckel's cartilages were often cut in several places.
The rudiments were then transferred to the surface of
the clot and the cut ends placed in apposition; some-
times, however, the rudiments were not completely
severed. Two explants were placed on each clot.
Every 48 hours, the explants were loosened from the
clot by cutting round the zone of outgrowth and after
washing 1in saline and embryo extract, were transferred

to fresh medium.

Fixation and staining. = Explants were fixed in

Bouin's solution or Zenker's fluld plus acetic acid;
Flemming's solution (strong formula without acetic acid)
was used for small explants. After dehydration, clear-

ing and embedding, serilal sections were cut and stained
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with Mallory's triple stain, safranin or magenta and
picro-indigo-carmine, or by Masson's trichromic stain-
ing methods. Rudiments 1isolated from embryos of the
same age and of corresponding development were fixed

as controls so that the degree of differentiation of
the tissue before explantation could be determined.

In some cases, the femur and tibia of one limb were
used for experiment while those from the other 1limb
were fixed as controls. Since the processes of repalr
are similar in both femoral and tiblal rudiments iso-
lated from embryos at the same stage of development, 1t
is unnecessary to describe them separately. It has been
found that during the winter months, the embryos are
less advanced in development than those taken from eggs
during the spring and early summer after an equal
period of incubation. Any modification in technique
necessitated by this variation will be mentioned.

REPAIR OF LONG BONE RUDIMENTS FROM FOWL EMBRYOS.
Repair of femora and tiblas, isolated from 5—da1

fowl embryos.

The femur and tibia at this stage of development
consist of an early type of cartilage, which shows no
trace of differentiation into epiphyses and diaphysis

(f1g.97.). The cells in the centre are arranged with
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their long axes at right angles to the'long axis of

the shaft and are separated by more intercellular
material than those of the future epiphyses. Towards
the two ends the cells are smaller and more irregularly
disposed and become indistinguishable from the surround-
ing tissue. The shaft 1is surrounded by a zone of
somewhat compact cells, which merge into the surrounding
mesenchyme, but there 1is no trace of bone or of a
definite perichondrial membrane. It 1s convenlent to
cut such rudiments on the surface of the plasms clot on
which they are subsequently cultivated, as otherwise 1t
1s difficult to determine the cut surface of cartilage,
and correct apposition is not easy to obtain.

Appearances after repair in vitro.—-— TUnion of the

two fragments takes place with great rapidity and after
24 hours! cultivation complete fusion has occurred.
Fibroblasts and wandering cells emigrate on to the
surface of the medium from the periphery of the explant.
The cartilage is much more distinct than it was before
explantation and has increased in length. No trace of
the cut can now be seen, and this is confirmed by histo-
logical examination (fig.9§.). The cells of the

centre of the shaft are larger than in the control
specimen and the cartilage already shows differentistion
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into three zones, the cells of the future epliphyses
being separated from those of the dlaphysis by two
narrow zones of flattened cells. The region of the
enlarged cells 1is covered externally by a layer of
flattened cells which form a rudimentary perichondrium.
The appearances correspond in all respects with those
of a 5-day rudiment which has been cultivated for 24
hours in vitro without previous injury (figqq ).

After 6 days' cultivation 1n vitro of femora and
tibiee from 5-day embryos which have been cut across,
considerable increase in length has taken place, the
epiphyses are enlarged and the explants exhibit a form
which resembles closely that of the normal structure.
Histological examination shows that the cartilage has
advanced in development and is arranged in the three
zones (hypertrophic, flattened and round-celled),
characteristic of normal histogenesis, both in vitro
and in vivo (fig:éag). Around the hypertrophic area,
the perlosteum, which has developed by differentiation
of the layer of compact cells surrounding the shaft,
conslists of an inner layer of polygonal cells, the
osteoblasts, and an outer layer of elongated fibroblasts

between which fine collagen fibrils can be seen.

Between the osteoblastic layer and the hypertrophic
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cartilage 1s a thin sheet of early bone. Such appear-
ances correspond to those of uncut 5-day rudiments
which have been cultivated for 6 days in vitro. It
appears from these results that the cartilage of a long
bone rudiment isolated from a 5-day fowl embryo is
capable after injury of undergoing complete repair by
cartilage, and the rudiment as a whole continues 1its
histological and morphological development, just as if
it had not been cut.

If such 5-day rudiments are cut in two and the
fragments cultiveted separately, increase in size takes
place, but the cut ends become rounded and do not enlarge
to form epliphyses. Similar absence of regeneration
was observed by Levi (1930), who cultivated fragments of
rudiments from 5%-to sé-day fowl embryos. The epiphyseal
end acquires 1its appropriate shape; for example, the
proximal half of the divided femur develops a head and
a trochanter while the distal half develops condyles.
The cartilage also undergoes histological differentia-
tion during the culture perilod in those situations in
which this would normally ococur. After 9 days!' culti-
vation the epiphysis consists of small-celled cartilage
and 1s separated by a zone of flattened cells from an

area of normal hypertrophy which extends almost to the
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cut end of the rudiment. Osteogenesis has proceeded
as usual in the region of hypertrophic chondroblasts,
and the osteogenic tissue has grown round the cut end
and depositéd a thin layer of bone on the surface,
continuous with that of the shaft. Levi also observed
histological differentiation of fragments of rudiments

in vitro.

Repair of femora and tiblae, isolated from

Qégday fowl embryos.

Femora and tiblee, isolated from 5%-day fowl
embryos aré slightly more advanced 1in development than
those from 5-day embryos (fig./of/). The chondroblasts
in the centre of the shaft are larger and are separated
by more matrix than those at the two ends, but there is
no differentiation into three zones. The shaft 1s
surrounded by a broad zone of compact cells in which
there 1s no trace of bone or of a perichondrial mem-
brane. Such rudiments can be cut very conveniently
on a glass slide and transferred by means of a pipette
to the culture medium. It is important that the frag-
ments should be placed in as accurate apposition as
possible,for at this stage of development the rudiments

grow very rapidly and are liable to become very dis-

torted.
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Appearances after repair in vitro. - Immediately

after the rudiment has been cut, the cartilage in
direct relation to the injury loses 1ts semi-translucent
character and appears black by transmitted light.
Union of the fragments takes place quickly,but an
opaque area persists at the site of fracture. Con-
siderable increase in length and breadth of the rudi-
ment takes place during the culture period; the
epiphyses develop and in their form resemble closely
the normal development. After 6 days' cultivation
in vitro the chondroblasts above and below the site of
fracture have become hypertrophic and vacuolated and
the intercellular material 1s much greater in amount
than in the control specimen. This hypertrophic
cartilage is separated from the small-celled cartilage
of the epliphyses by two broad zones of flattened cells.
The outer layer of cells around the central area of
the shaft becomes differentliated to form a periosteum
in which two layers can be distinguished, an inner
stratum of polygonal cells which have formed a thin
sheet of early bone on the surface of the hypertrophic
cartilage,and an outer layer of elongated fibroblasts
arranged parallel to the long axis of the shaft with
fine collagen fibrils between them. At the site of



290.

section (fig./cv/gfj the cut ends of the fragments become
approximated more closely by the growth and development
of the cartilage,but no union of healthy cartilage

occurs and the site of fracture remeins visible, outlilned
on each side by a zone of necrotic chondroblasts. TUnlon
of the fragments 1is brought about by the proliferation
of the periosteal cells and of the surrounding mesen-
chyme, which bridge across the gap. Cells from the
osteoblastic layer of the periosteum may also grow
between the cut ends to a varying extent depending on

the degree of separation and the rapldity of development
of the chondroblasts; that 1is to say, where the gap

is wide, elther by faulty apposition or owing to relative
failure of the cartilage cells to undergo their normal
hypertrophy, the cells from the osteoblastlic layer tend
to spread over the surface of the necrotic chondroblasts
and fill the gap across the line of fracture. No trace
of proliferation of chondroblasts in the hypertrophic
area has been seen, but mitotlc figures have been observed
in the osteoblastic cells in the gap across the site of
fracture. Osteold tissue is often formed by these
cells, which retain their character in this situation

and never become transformed into chondroblasts (fig./00)

This osteoid tissue, however, becomes compressed by the
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continued development of the cartlilage, and where
cartilage hypertrophy is abundant, the resulting close
apposition and compression of the cut ends may even
prevent osteogenesis in this situation.

In favourable cases, the explants retain their
shape after cutting. Distortion, however, often
occurs and this usual}gyﬁ%gss the form of angulation
at the site of fracture. Twisting and curving of
the shaft occur also in unfractured rudiments and
according to Fell and Robison (1929) are due to two
main causes, prolific outgrowth of the epliphyseal
perichondrium,which may anchor the ends so that in-
crease in length can only take place by bending, and
the formation of tough bands of fibrous tissue which,
extending between and attached to the epiphyses, prevent
elongation taking place along the normal axis. This
latter factor, these authors consider, can be eliminated
by removing as much as possible of the zone of outgrowth
during subculture. These observations have been con-
firmed and in fractured rudiments it has also been found
that the normal elongation of the shaft is often inhib-
ited by the presence of the osteoblastic tissue and the

zone of dead chondroblasts near the site of fracture,so

that distortion may occur in spite of the greatest care
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during subculture. The following histological

features are similar both in fractured and unfractured
rudiments. More bone is found in Eiﬁd;oncavity of

the curvature than over the convexity,. In the latter
situation, the cells appear to be stretched, the varilous
layers are thinned out and osteogenesis 1s diminished;
previously formed bone may even disappear in this
situation. In the concavity, on the other hand, the
osteoblastic layer 1s thicker, and there 1s an accumula-
tion of osteoblasts within the filbrous coat which 1s
more fibrotic than usual. Much more bone 1s formed
than would have occurred if the rudiment had remained
straight. The effect of curvature is particularly
well seen in cultures of rabbit embryonic femora at a
corresponding stage of development. Differentiation

of the osteogenic tissue 1is much more difficult to
obtaln in these, however, than in similar avian material.
This is probably due to the degeneration resulting from
the diminished vitality of all mammalian tissue when
cultivated in vitro. When rabbit femora become curved
during cultivation, the formation of the periosteal
layers and of osteold tissue 1is markedly greater in the
concavity than on the convexity, where differentiation is

minimal and little or no osteoid tissue is formed.
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The thickness of the zone of osteold tissue 1s never

so great in the most healthy rudiments which remain
straight as it 1s in the concavity of those which

become curved and which may be as a whole more degener-
ate. Similar appearances have also been described by
Murray and Selby (1930) in chorio-allantoic grafts of
isolaeted avian femorsa. These workers consider that

the approximation of the eplphyses on the concave side
resulting from the curvature causes a loosening of the
perichondrium, while on the convex side the perichon-
drium is pulled taut. They are of the opinion that

the conditions thus established favour ossification.

In addlition, however, the present observations on living
explants 1in vitro suggest strongly that the pressure in
the concavity favours fibrosis of the fibrous periosteum,
which separates from the shaft and subsequently shortens;
in the potential space thus produced the osteoblasts
multiply and form osteold tissue. The results described
above show that although fracture of a 6%-day rudiment
causes a certaln degree of lrreparable damage to the
cartilage, further histological and morphological develop-
ment takes place and & continuous sheath of periostesl
bone 1is laid down, completely covering the site of

fracture.
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Repair of rudiments cultivated in vitro for 6

to 9 days before injury.

In 53-day rudiments which have been cultivated
for 6 to 9 days in vitro, the cartilage shows the usual
differentiation into hypertrophic flattened and small-
celled zones. The periosteal layers are well-developed
and between the hypertrophlic cartilage and the layer of
osteoblasts a thin sheet of early bone, which is often
calcified, has been formed. When such rudiments are
injured repair occurs within 48 hours. The site of
injury in the cartilage 1is always indicated by an

opaque area in the cartilage, the extent of which varies
according to the amount of trauma to which the bone has
been subjected. The continuity of the fibrous layer

of the periosteum is restored within 48 hours and the
layer of osteoblasts also becomes complete. At the
site of injury in the cartilage numerous necrotic
cartilage cells are present. The osteoblasts f1ill up
the gap between the cut ends to a varying extent and
tend to accumulate round the margins of the cartilage;
many of them show mitoses (fig./05). After 6 days'
further cultivation, the continuity of the bone of the
shaft 1s restored. The osteoblasts which have wandered

into the gap between the cut ends sometimes form osteoid



295.

tissue; often, however, they become compressed and
do not do so. While repair is taking place, the
rudiments increase in length, just as if they had not

been cut.

Repair of rudiments isolated from 5-day embryos

and cultivated for 24 hours in vitro before

being cut.

Since it had been found that the repair of rudiments
isolated from 53-day embryos differs markedly from that
of 5-day rudiments (in which repair takes place by
cartilagé), it was decided to cultivate 5-day rudiments
for 24 hours in vitro before injury in order to determine
if such a period of cultivation outside the animal body
would render the cartilage incapable of repair. After
this cultivation, the rudiments have Iincreased in length
and the cartilage shows differentlation into three zones.
The chondroblasts of the central area are larger than in
the control specimen but do not at this stage show the
vacuolation which is such a prominent feature of hyper-
trophic chondroblasts. When such rudiments are cut and
the cut ends placed in close apposition, union of the
fragments takes place within 24 hours but the site of
injury can be seen by transmitted light as a black trans-

verse line in the cartilage. Histological examination
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of such rudiments 4 days after the injury shows that
union of the fragments takes place in a manner different
from that described for 5-day rudiments cut prior to
explantation (fig./O%). The rudiments increase in
length and continue their usual histological development.
The cartilage cells above and below the site of fracture
become hypertrophic and vacuolated, and the amount of
matrix between them increases. By their rapid growth
in all dirsctions, the hypertrophic cartilage cells
assist in bringing about fusion of the fragments in a
purely mechanical way. The site of fracture 1is clearly
indicated by the presence of a zone of necrotic chondro-
blasts across the centre of the shaft whlch appears as

a dark line in the explants before flxation; the signi-
ficance of this will be referred to later. The fibrous
periosteum and the osteoblastic layer which have deve-
loped by differentiation of the rudimentary perichondrium
already described are continuous at the site of fracture,
and the growth of these layers and of the surrounding
connective tissue also helps to fuse the fragments
together. Cells from the osteoblastic layer f£ill up
the gap round the margins of the dead cartilage and
encroacﬁ upon 1t to a varying extent depending on the

degree of separation of the cut surfaces and the rapidity
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of development of the uninjured cartillage. These
cells, however, never become transformed into chondro-
blasts. It appears, therefore, that the cartllage of
the centre of the shaft of a long bone rudiment 1isolated
from a 5-day fowl embryo is no longer capable of direct
repair by cartilage after 24 hours' cultivation in vitro.
The chondroblasts themselves are very sensitive and
those injured by the traume die; repair 1s then brought
about by the progressive formation of matrix by the
uninjured cartilage cells and by the agency of the
developlng layer of osteoblasts, the fibrous periosteum
and the surrounding connective tissue. Differentiation
of the osteogenic tissue 1s not inhibilted by the injury,
and a continuous sheath of periosteal bone covering the

slte of fracture 1ls formed.

Repair of the terminal zones of cartilage in

rudiments isolated from 6-day embryos.

The repalr of the cartilage in the less differen-
tiated parts of rudiments isolated from 6-day embryos
was then investigated by making vertical and oblique
as well as transverse cuts in the future epiphyseal
region and in the zone between 1t and the centre of the

shaft. This part of the investigation was done during
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the winter, when development 1s retarded,and the
rudiments used correspond to those isolated from
53-day embryos already described. The cartilage was
not completely severed as it 1is very difficult to
obtain correct apposition of a small and a large
piece of tissue on the surface of a plasma clot.

The results vary according to the position of the
injury. (a) When a vertical cut involves only the
small-celled cartilage and not that zone which after
2 days' cultivation becomes the flattened layer, com-
plete repalr by cartllage takes place and the articular
surfaces develop their usual form. (b) When a trans-
verse cut 1s made at the junction of the proximal or
distal and the two middle fourths, repalr agaln takes
place by cartilage but constriction of the shaft
develops at the site of injury. This is due to the
rapidity with which the cartlilage cells in that region
become transformed into the flattened type,and to the
corresponding diminution of proliferative activity
associated with this differentiation. (¢) When an
oblique cut extends from the diaphyseal limit of the
future epiphyses through that part of the cartilage
which after 2 days' cultivation becomes the flattengd

layer, an area of necrosis is found at the inner end
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surrounded by healthy flattened chondroblasts. The
more superficial and less differentiated cartilage
repairs itself completely by multiplication of the
chondroblasts themselves. (d) When transverse cuts
are made at the junction of the upper (or lower) and
middle thirds, no repair by cartilage takes place and
the injured area 1s easlly located by the presence of
a zone of necrotic chondroblasts. The necrosis is
not so extensive as that which occurs in the centre

of the shaft after a similar degree of trauma. When
such rudiments are examined after 2 days'! cultivatilon,
the area of necrosis 1s surrounded by healthy flattened
chondroblasts; after 4 days' cultivation, the surround-
ing healthy cells are hypertrophic. Union is brought
about by the growth of the uninjured tissue on each
side which approximates the cut surfaces, and, when
the gap is large, by the ingrowth of cells from the
tissue investing the cartilage at the point of injury.
After 8 days' cultivation, osteogenesis has extended
up the shaft beyond the site of injury and the cells
which have grown into the gap also show osteogenic

activity.
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The repair of the eplphyseal cartilage, derived

from 6-day rudiments,which has subsequently

become differentiated as a result of cultivatlion

in vitro.

Femorsa and tibise from 6-day embryos were culti-
vated for 4 days in vitro, before being injured.
During this period of cultivation, the extremities
enlarge and develop their characteristic form. The
centre of the shaft 1is composed of hypertrophic cells
bounded on each side by broad zones of flattened cells.
The epiphyses consist of small chondroblasts which on
the diaphyseal side merge into the flattened zones
and are separated by a gradually increasing amount of
matrix as this area 1s approached. The articular
surfaces are covered by a thin compact perichondrium
which has marked chondrogenic capacity; the cells
immediately underlying it are arranged psrallel to
the surface. When vertical cuts are made in the
epiphyses, healing of the perichondrium takes place
within 24 hours. After 4 days'! cultivation, small
areas of necrosis are present in the deeper parts of
the eplphyseal cartilage adjoining the flattened zone,
where the cells are separated by a fairly abundant
matrix (fig./by). The adjacent chondroblasts are
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multiplying by mitosis which 1s a normal occurrence

in this area during cultivation in vitro, and so has
probably no direct relation to the injury. The peri-
chondrium shows marked activity in the region where the
cut was made. If the cut surfaces are not closely
approximated after the injury, cells derived from the
perichondrium wander into and f1ill the gap, 1in the
superficial part of which they multiply by mitosis and
continue to give rise to chondroblasts. In the deeber
part of the cut, on the other hand, they fall to form
cartilage matrix and come to resemble fibroblasts. The
explanation of this striking difference 1is not yet

apparent .

Repair of femora and tibilse isolated from 7-day

fowl embryos.

At thls stage of development the cartilage is
arranged in three zones and the central area of hyper-
trophy, which consists of large vacuolated chondroblasts
separated by a fairly abundant matrix, occupies about
two-fifths of the total length of the rudiments. The
epiphyses consist of small rounded cells and are
separated from the hypertrophic area by two broad zones
of flattened cells. The periosteal layers are well-
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developed in the region of hypertrophic cartllage and
consist of an outer fibrous coat sharply demarcated
from the surrounding mesenchyme, and an inner layer

of osteoblasts. Between the osteoblastic layer and
the cartilage lies a thin sheet of early bone whilch 1s
generslly calcified (fig.((O).

Appearances after repair in vitro. - When 7-day

rudiments are cut, the injury produces immediately a
marked change in the cartilage in its proximity. The
cartilage appears black by transmitted light and the
change is more marked than in the case of 5f-day rudi-
ments, in which the intercellular material 1is much less
abundant. The change 1s apparently due to some altera-
tion in the matrix,as it appears before degeneration
and necrosis have had time to occur in the cells, and
it varies in intensity according to the amount of matrix
present. At first the altered matrix stains more
Intensely than the uninjured matrix with light green,
safranin or the aniline blue of Mallory's triple stain;
later, however, it may loée almost entirely its staining
capacity, particularly in large explants.

Union of 7-day rudiments takes place less rapidly
than in 5-to 6-day rudiments. After 48 hours' cultiva-

tion, however, the union feels quite firm when the
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explants are transferred to fresh medium. But the
site of fracture is always indicated by an opaque aresa
in the cartilage. Union is brought about by the
emigration of cells from the osteoblastic layer into
the gap between the cut ends, by the growth and develop~-
ment of the cartilage above and below the fracture,
which helps to approximate the fragments, and by the
growth of the surrounding connective tissue. The
extent to which the latter process takes place depends
on the degree of separation of the cut surfaces and the
rapldity of development of the cartilage. If the separ-
ation 1s relatively great the cells of the osteoblastic
layer are able to grow into the gap before apposition
of the cartilage occurs. Subsequently they form
osteoid tissue in this region (fig.////s). If the
(FlJ./ll
apposition is very close, the osteoblasts which wander
in become compressed at right angles to the long axis
and do not give rise to osteold tissue. Areas of
necrotic chondroblasts are present at the site of
fracture above and below the line of fusion, and no
evidence of proliferation of the hypertrophic cells
has been seen. The osteoblastic and fibrous layers

become continuous once more and the continulty of the

investing layer of bone is also restored by the agency
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of the osteoblasts. The deposition of periosteal
bone continues and the rudiments increase in length.
During cultivation, the emigration of fibroblasts and
macrophages from the tissue surrounding the explant
continues and after repeated subculture this emlgration
may involve the fibrous layer of the periosteum. When
this occurs, ossification extends outwards into the
looser connective tissue, and a small exostosis forms
(fig.!lle), It appears, therefore, that the fibrous
layer of the periosteum during development and during
cultivation in vitro serves a simllar function as ar
limiting membrane to that which it exercises in vivo,
viz., 1t prevents the excessive formation of bone and
limits its distribution. The 7-day rudiments do not
tend to become so distorted as those from S5i-day

embryos, probably owing to their lessened rate of
growth.

The repair of femora and tibiese 1isolated from

9~day embryos.
At this stage of development the femora and tibiae
are larger and considerebly more advanced in histologi-
cal development than at 7 days. The bone of the shaft

has assumed a trabecular character and the osteoblastic



layer is vascularised (£ig.l1%5). As a rule, invasion
of the cartilage by capillary blood-vessels, osteoblasts
and fibroblasts does not appear until 94 days after
incubation,but sometimes this occurs early on the 9th
day. It is necessary to separate the developing
muscles as much as possible from the bones so as to
allow the maximum amount of diffusion of nutritive
materials into the large explants, and it 1s often
difficult to do this without stripping the periosteal
layers. The bones have to be cut carefully with a
heavy and very sharp knife so as to avold excessive
compression of the cartilage. The clot on which they
are placed should be as flat as possible to allow of
accurate apposition of the fragments. Union of the
fragments is generally falrly firm after 2 days' culti-
vation and the fractured bones can be transferred to
fresh medium without difficulty.

Appearances after repsir in vitro. - If the

bones are examined histologically at this stage the
emount of injury to the cartllage due to the fracture
can be determined. Subsequently the cartilage
degenerates, probably owing to the insufficient nutri-
tion of such large explants under the conditions of

cultivation in vitro. The bone and the periosteal
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layers remain healthy for a much longer time. The
cartilage does not play such an important part in bring-
ing about union of the fragments as 1t does in younger
rudiments, because in the central area it is already
fully differentiated and has ceased to produce matrix.
The growth of the fibrous layer of the perlosteum and
of the surrounding connective tissue unites them,and
the osteoblasts accumulate at the site of fracture and
£11l up the margins between the divided cylinder of
bone, where they multiply by mitosils. After 8 days'
cultivation in vitro newly formed bone can be seen in
many places and this becomes continuous with the exist-
ing bone (fig.lﬁz'). After 14 days' cultivation the
repeir of the bony cylinder is generally complete all
round the shaft. Cells from the osteoblastic layer
also emigrate into the gap between the cut surfaces of
cartilage. There they become spindle-shaped, resemble
fibroblasts and multiply by mitosis but do not form
osteold tissue in this situation as they do in 7-day
rudiments undergoing repair. They grow into the carti-
lage and occupy the lacunae of the damaged cartilage
cells, where they can sometimes be seen lying beside
necrotic chondroblasts and can be easily recognised in

well-fixed preparations by their healthy appearance
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and the character of their cytoplasm, which is more
voluminous and less vacuolated than that of hypertrophlc
chondroblasts (Fig.//§.). The cartilage cells and
matrix disappear during cultivation in the region of
osteoblastic invasion, thls area being eventually
occupied only by spindle-shaped cells. Fibroblasts
from the fibrous layer of the periosteum do not parti-
cipate in this invasion of the cartilage and there 1s
no development of capillary blood-vessels. Disappear-
ance of the cartilage of the shaft occurs 1n normal
development in vivo and has been fully described by
Fell (1925),who found that capillary blood-vessels
penetrate the bony cylinder between the 9th and 10th
daysof incubation, carrying with them osteoblasts and
strands of fine conneqtive tissue. The cartilage
ultimately disappears from the centre of the shaft and
is replaced by the developing marrow. Endochondral
ossification similar to that which occurs throughout
the developing diaphysis of a mammalian long bone occurs
only at the eplphyseal end of the diaphysis. Up to
the first day after hatching, no bone trabeculese are
present in the centre of the shaft, 1.e. in the region
corresponding to the site of fracture, even although

many osteoblasts have invaded this area. The mechanism
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of resorption of cartilage is unknown,but it 1is probable,
as suggested by Shipley (1928), that the osteoblasts
play an important part. That it can occur without the
agency of blood-vessels has been shown by Fell (1928),
who described excavation of cartilage in cover-glass
cultures of 8-day embryonic limb cartilage which had
undergone ossification in vitro. In cultures of entire
long bone rudiments, however, no excavation of cartilage
has been seen by Fell,and I have seen 1t only in frac-
tured 9-day bones and in 10-day bones in which penetra-
tion of the bony cylinder had taken place before
explantation. The behaviour of the osteoblasts in

the repalr of 9-day bones 1is probably due to their
possessing at that stage the capacity not only for
forming bone but also for eroding cartilage. In rela-
tion to preformed bone, they retain the former property,
but when they gain access to the cartllage, as they do
after fracture, the latter property becomes predominant.
It 1s not implied, of course, that in normal development
osteoblasts are alone responsible for resorption of

cartilage.

THE REPAIR in vitro OF MECKEL'S CARTILAGE AFTER
INJURY.

Normal appearances. - During normal growth
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in vivo Meckel's cartilage, which forms part of the
embryonlc skeletal rudiment of the lower jaw, does not
undergo periosteal ossification except at the proximal
end, where it gives rise to a typlcal cartilage bone,

the os articulare. The rest of the cartilage becomes

surrounded by typlcal membrane bone which develops in
the adjacent mesenchyme. At the 6th day of incubation,
the distal end consists of a rod of cartilage composed
of small chondroblasts, lying in a scanty matrix
surrounded by a cellular perichondrium. The rod
increases in length mainly by the formation of inter-
cellular materlal and to some extent by the activity

of the perichondrium. After the 8th day of incubation,
however, the perichondrium becomes less cellular, the
outer cells becoming indistinguishable from the surround-
ing connective tissue. The inner cells give rise to

a thin fibrous membrane which invests the cartilage.

The chondroblasts do not undergo the hypertrorhy and
vacuolation found in the cartilage of developing long
bones assoclated with periosteal ossification. The
investigation of the repair of the dlstal end of
Meckel's cartilage after injury provides useful material
for camparison with fractured long bone rudiments. As

it was not desired to include the articular ends of the
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cartilages, they were cut off and the distal part of
Meckel's cartilage was isolated as cleanly as possible
from the surrounding tissue in order to prevent
inclusion in the explant of osteogenic tissue. The
apposition of the cut surfaces of such thin rods of
cartilage was found to be very difficult and distortion
was very liable to occur. Cuts were therefore made

in the cartilage but the mesenchyme surrounding it was
generally left intact at one polnt in order to connect
the divided cartilage.

Appearances after repair in vitro of Meckel's

cartilages isolated from 6-day embryos. - Union of

the cut surfaces takes place quickly and the site of
injury can be recognised only with difficulty in the
explant after 24 hours' cultivation. Histological
examination at this stage shows at the site of injury
an accumilation of chondroblasts, in which mitotic
figures are present, and these are separated by less
me trix than the surrounding cartilage cells. No zone
of necrotic tissuse 1s present such as is found in the
shaft of injured 5%-day long bone rudiments. The
perichondrium is very active and is giving rise to
chondroblasts. Repair is brought about by the activity
of the perichondrium and the proliferation of the
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chondroblasts themselves. After 8 days' cultivation
in vitro the site of injury can only be recognised in
such explants by the presence of a slight constriction
of the cartilage. At this stage the perichondrial
activity has ceased as a rule and the cartilage 1s
bounded by a thin fibrous membrane. The rod has also
increased in length and the matrix between the cells
is much more abundant.

Normel appearances of Meckel's cartilage isolated

from 8~day embryos. - At the 8th day of incubation the

distal end of Meckel's cartilage is composed of chon-
droblasts which are larger and are separated by more
intercellular material than at the 6th day. They do
not, however, resemble the hypertrophic vacuolated cells
- found in the dilaphysis of a developing long bone. The
perichondrial activity has usually ceased and the
cartilage,except at the proximal end,is invested by a
thin fibrous sheath.

Appearances after repair in vitro of Meckel's

cartilages isolated from 8-dey embryos. - Transverse

cuts were made in such cartilages and after different
periods of cultivation they were fixed and examined
histologlically. Union of the cut surfaces takes place,

but the site of injury can always be seen in the explant
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by transmitted 1light as an opaque, blackish area,
similar in origin and appearance to that already
described in long bone rudiments. On histologlcal
examination the presence of a zone of necrotic cells
is seen where the cartilage has been cut,and union
appears to be brought about by the pressure of the
increasing amount of matrix formed by the cartilags
above and below the injured area,and by the rapid
healing of the investling connective tissue. At the
margins of the necrotic area, lmmedlately under the
fibrous sheath, there is often an accumulation of
chondroblasts; but whether these arise by prolifera-
tion of the peripheral chondroblasts or by resumption
of the chondrogenic activity of the perichondrium is
uncertain: the latter process has been observed in
some explants at places remote from the injury. If the
gap between the cut surfaces is relatively large,how-
ever, 1t becomes filled with cells derived from the
surrounding connective tissuse, but these cells do not,
even after 14 days' cultlvation, become transformed

into chondroblasts.
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THE REPAIR OF MAMMALIAN EMBRYONIC BONES in vitro
AFTER EXPERIMENTAL FRACTURE.

The repair of femora and tiblee of embryo mice
removed from the utefus almost at full time was inves-
tigated in the same way. One femur and one tibla
were fixed as histological controls; these controls,
which were respectively 4°3 mm. and 4°2 mm. in length,
were well-developed and showed the following structure
(£1g./720). The middle three-fifths of the total
length was invested by a layer of calcified bone,
thicker in the centre of the shaft, where 1t was vascu-
larised and had a trabecular structure, than at each
end. The cartilage had disappeared from the centre
of the shaft and was replaced by the developing marrow,
caplllary blood-vessels, thin bone lamellae and osteo-
blasts. Farther up the shaft, active endochondral
bone formation was taking place and small areas of
degenerating cartllage surrounded by osteoid tissue
were present. The epiphyses consisted of small
irregularly dlsposed chondroblasts. Between the
epiphyses and the zone of provisional calcification
were two zones of flattened chondroblasts which merged
on the one hand into the small-celled cartilage of the

epiphyses and on the other into the hypertrophic
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chondroblasts of the zone of provisional calcification.
The experimental bones were severed through the
centre of the shaft and the fragments placed with the
cut ends in apposition on the surface of a plasma clot
consisting of equal parts of fowl plasma and fowl
embryo extract. After 2 days' cultivation, fibro-
blasts and wandering cells had emigrated on to the
surface of the plasma clot from the connective tlssue
surrounding the explants,and this tissue had become
continuous above and below the fracture. The union,
however,was by no means firm and was broken durlng the
process of separation of the explant from the clot in
subculture, so that the fragments had once more to be
placed in apposition. After a further 2 days' culti-
vation, the union was much firmer and no further
difficulty was experienced in subculture. In specimens
examined after 4 days'! cultivation there were present
between the cut ends of the bone numerous osteoblasts,
separated by a fine fibrillar substance and easily
distinguishable by thelr polygonal shape and bulky
cytoplasm from the developing marrow cells and fibro-
blasts. Mitoses were observed amongst them. These
cells were apparently derived from the endosteum, the

peripheral osteoblasts and the osteoblasts of the
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marrow-cavity. Bone cells liberated from their
lacunse by the injury also appeared to be taking part
in the repair. After 8 days' cultivation,areas of
newly~-formed osteold tissue could be seen between the
cut ends, continuous with the pre-existing bone. The
matrix was less dense than that of the pre-existing
bone and stained less intensely (fig./2/.). This newly-
formed bone was not uniform in amount all round the
shaft, probably owing to nutritional differences 1n
the various parts of such a relatively large explant.
In a bone fixed after 22 days' cultivation,the shaft
was completely invested with bone round three-fifths
of 1ts circumference and the site of fracture could
only be recognised by the fact that repair was not
complete all round. This bone was of a compact type,
containing typical bone cells, and resembled that seen
in cultures of femora from 5%-day fowl embryos which
have been cultivated for 18 days.

During cultivation the bones increased in length,
the maximum increase being about 33 per cent. The
epiphyses also enlarged and retained their character-
istic shape. Their histological differentiation
continued and was similar to that which occurs in vivo.

At explantation, the epiphyses consisted of small-
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celled cartilage similar to that seen in developlng
chick epiphyses (fig./20). During cultivation the
amount of intercellular material increased,and after
16 days in vitro the chondroblasts showed typlcal
hypertrophy and vacuolation; this area of hypertrophy
was separated from the hypertrophic cartilage of the
diaphysis by a broad zone of flattened chondroblasts
(£ig.f19). This formation of an independent centre
of hypertrophy in the epiphysis, which 1s a feature of
mammalian development, does not occur in the epiphysis
of the fowl, which consists of small-celled cartilage
throughout development both in vivo and in vitro. The
mammalian epiphysis, thereforeg is capable of continuing
its characteristic histological differentlation even
when deprived of nerve and blood supply and cultivated
in a heterologous medium outslide the animal body.

The replacement of cartilage by osteoid tissue
continued in the epiphyseal regions of the diaphysis,
but in the centre of the shaft meny of the bone lamellae
and the hasmo)poletic tissus present before explantation
gradually disappeared and became replaced by fibrous
tissue. This phenomenon occurred simultaneously with
the transformation of the originally trabecular bone

of the shaft into that of a compact type. The
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significance of the fibrous replacement end the means

by which it is brought about are not clear.

SUMMARY.

1. The part played by the various constituents of
rudiments of long bones in bringing about repalr has
been studied by fracturing and incising them at varlous
stages of development and then studying the behaviour
of the fragments after cultivation in vitro. For this
purpose fowl embryonic rudiments have been used chiefly,
and to a less extent mouse embryonic material.

2. Thé results depend greatly on the period of
embryonic life at which the injury is made.

5. In 5-day long bone rudiments of the fowl, after
the cartilaginous shaft has been cut through and the
fragments have been brought into close apposition,
repalr rapidly occurs by proliferation of the chondro-
blasts, so that the fragments fuse and no trace of the
injury persists.

4. At 2 very slightly later stage, in rudiments
from 53-day embryos, repair is brought about by a
serles of processes, prominent among which are:-

(2) Rapid increase in the adjoining cartilage matrix,
there being no proliferation of cartilage cells;

(b) restoration of continuity of the surrounding
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osteogenic tissue and undifferentiated mesenchyme;

and (¢) the frequent ingrowth of osteogenlc cells into
the gap between the fragments,which sometimes results
in the formation of osteoid tissue in this situation.
The amount of osteold tissue depends on the closeness
of apposition of the fragments, being minimal when the
distance between them is small.

5. When a 5-day embryonic femur or tibia is
cultivated for 24 hours in vitro and then inclsed, the
process of repair under these conditions is essentially
similar to that described for 5%-day rudiments,
incised before cultivatlon.

6. During and after repair in vitro development
of the rudiments as a whole continues to progress
normally, 1.e. increase in length and breadth takes
place and the epiphyses acqulre their characteristic
form. The cartilage and bone also show normal histo-
genesis.

7. If the rudiments are fractured at a later stage,
when the formation of bone has begun (femora and tibiae
from 7-day fowl embryos), repair is effected, after
restoration of continulty of the osteoblastic layer
and fibrous periosteum has occurred, by the deposition

of bone between the fragments. Here again, when there
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is an apprecliable gap between the fragments, osteoblasts
pass in and continue thelr histogenesis as in the 5%-day
rudiments. The cartilage does not participate in the
process of local repair. 5%4-day rudiments which have
been cultivated for 6 to 9 days before being cut behave
similarly to 7-day rudiments fractured before explanta-
tion.

8. When rudiments from 9-day embryos are fractured,
the processes of repalr are simllar to those described
for rudiments from 7-day embryos, except that the cells
from the osteoblastlc layer which f£ill up the gap
between the cut surfaces bring about resorption of
cartilage.

9. At the earliest stage studied (5-day rudiments)
the cartlilage cells are as little susceptible to injury
and as capable of proliferation as the surrounding
mesenchyme. Iater (from 5% days omwards) they are
distinctly more vulnerable and no longer show regenera-
tive proliferation; these characters increase as
histological development of the tissue progresses.

10. Meckel's cartilage exhibits somewhat different
behaviour from that of long bons rudiments. At a
comparable stage of development, to judge by histological

appearances, the cells of Meckel's cartilage possess
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the capacity for multiplicatlon when the central part
of the long bone rudiments has lost that property.
Eventually they, teo, become more susceptible to
necrosis after injury. Thus, the behaviour of Meckel's
cartilage resembles that of the deeper layers of the
developing eplphyseal cartilage of long bones.

11. After fracture of embryonic mouse bones,
examined in embryos approaching maturity, repair of
the cortical bone occurs by the agency of osteoblasts
and resembles generally that seen in the bony rudiment
of the embryonic fowl. In the mouse bones the deposit

of bone was thicker than in the fowl rudiments.
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Introduction.

The part played by extrinsic and intrinsic factors
in the development and maintenance of skeletal form 1is
8till undetermined,and while most authors agree that
extrinslc factors such as movement, musculer activity,
tension in the limb are essentiesl to the maintenance of
skeletal form, there is considerable difference of
opinion as to the relative importance of these factors
in early development. Murray and Huxley (1925) and
Murray (1926) showed, by means of choric-allantoic grafts,
that the limb-bud of the chick embryo from the end of
the third day onwerds 1s a self-differentiating mosaic,
and that the form of the cartilaginous elements of the
developing limb, including that of the articuler sur-
faces, self-differentiates and does not depend on the
presence of contiguous elements, the nervous system,
functional activity, musculer pull, etc. Murray (1926)
described the results of & large number of experiments
in vwhich the graft consisted of limb-buds of avian
embryos or fragments of limb-buds, from embryos 3 or
more days old onwards. He found that the grafts in-
creased in size and that cartilaginous structures were

formed which were very like the normsl. He showed
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conclusively that in the limb-bud isclated from a 4-day
embryo, a8ll the segments of the limb skeleton can
differentiete independently. FPell and Robison (1929 )
described the development in vitro of femora isolsted
from 53-day and 6~day embryos and found that the femora
increeased in size and that the articular structures
continued to develop in the absence of adjacent parts.
Murray and Selby (1930 ) grafted femora isolated from
6-day embryos on to the chorio-allentois of other
embryos. Their results were in general similer to
those of Fell and Robison. In this paper, the authors
review in considerable detail the literature of the
subject and discuss the various factors concerned in

the development of the cartilaginous skeleton, with
particuler reference to the femme. They conclude that
while the gross form of the shaft and articuler surfaces
is brought into existence mainly by the action of forces
intrinsic in the femur itself, which demand for their
actlion a certain approach to normality of the surrounding
conditions, an important part 1s played by extrinsic
factors of & mechanical nature in modelling the finer
detalls of skeletal form. On the other hend, they
state that the form of the bony skeleton in the case

of replacing bones depends entirely on conditions
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extrinsic to the bone; it is primerily dependent on
the form of the cartilaginous framework and is very
liable to alteration if the mechanical conditions be
changed.

As slready stated, all observers do not agree thsat
the factors responsible for the primary form of the
cartilaginous skeleton are intrinsic in the limb-bud
itself. Carey (1922 ) considers that the primary
form of the cartileginous skeleton depends entirely on
mechanical conditions brought about by differentisl
growthsrates of contiguous parts, the passive pull of
soft parts retarded in growth, active muscular pull and
the weight of the free part of the limb; in support of
which view he adduces evlidence derived from & study of
the normael development. In a later paper, Carey,

Zeit and McGrath (192{) describe the regeneration of
the patelle. These workers removed the patellas from
puppies 6 to 8 weeks old and found that regeneration
took place if movement of the knee-joint was permitted,
the new patella passing through cartilaginous and bony
stages. When erthrodesis of the knee-joint was per-
formed, no regeneration of the patella occurred. They
adduce these experiments in support of the mechanical

theory of the origin of embryonic and adult bone
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substance. They conclude that bone and presumably
cartilage are formed by modification of a polyvalent
mesenchyme cell, both the modification itself and the
shape of the resulting element being determined by the
mechanical conditions existing in the part.

As Murraey and Selby (1930 ) have pointed out,
however, there are at least two problems connected with
skeletal development, (1) the development of the skeletal
tissue, and (2) the development of the skeletal form.
Carey and his co=workers appear to consider that the
same forces act 1in both cases. In pathological condi-
tions, cartilage and bone are certainly found to arise
from mesenéhyme which does not normally produce either
cartilage or bone. Levi (1930 ) has produced cartilage
experimentally in the region of the phalanges in guinea-
pigs and fowls by intermittent pressure. Recently,
Fischer (1931 ) has found in vitro that fibroblasts
isolaeted from the heart produce cartilage when in con-
tact with skeletal cartilage which has been freed
entirely from perichondrium, the skeletal cartilage
taking no part in the production of the newly-formed
cartilage. It does not necessarily follow, however,
that the factors which operate in regeneration, in the

formation of ectopic bone, or in experimental conditions
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such as described by Levli or Filscher act also in

normal develcpment . Although there is no direct
experimental evidence pointing to the existence, in

the embryo, of cells specifically end intrinsically
determined for chondrogenesis, there is a certain amount
of suggestive indirect evidence such as the experiments
of Fell (1928 ), who found that cartilage differentiated
in cultures of 3-dey avian limb-bud, and those reported
by Murray (1926 ) in which cartilage of all stages of
histological development was found in grafts of 2-day
limb-bud regions. Concerniﬁg the development of
skeletal form, it is apparent, as already stated, from
the work of Murray, that the primary cartilaginous form
of an element such as the femur ‘'self-differentiates'
when 1t is in conditions which are not too remote from
the normal.

In the experiments recorded by Murray (1926 ) the
appearance in grafts of structures resembling the patella
is described, but later Murray and Selby (1930 ) state
thet the plece of cartilage which most resembled the
petella was probably a detached piece of fibula. The
patella does not normally begin to develop until the end
of the 10th or the beginning of the 1llth day, at which

time movement is active in the embryo and the muscles
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are well-developed and arranged in definite groups,

that 1s to say, at a stage when the conditions postulated
by Carey are thoroughly established. Accordingly, 1t
was decided to ascertain whether or not presumptive
patellar mesenchyme would differentiate in vitro when
isolated from the rest of the limb skeleton, and to
determine as far as possible the factors responsible

for 1ts final form.

HISTOGENESIS OF THE AVIAN PATELLA.

Since no adequate data are avallable, the normal
development of the avlan patella was investigated. It
is convenient to describe the degree of development of
the future knee~joint region and the bones in relation
to it.at the beginning of the 9th day of incubation.
The femur, tibia and fibula are well-developed and
exhibit the maln characteristics of form which they
possess in later l1life, The shafts of both femur and
tibia are ossified, the ossifled area occupying at least
one third of the total length of the bones. The
fibula also shows advancing ossification; it has a
well-developed head, but ends distally in a fine,
tapering bony point. The muscular tlissue consists of
long thin fibres, arranged in definite bundles,
corresponding to their future distribution in the limb,
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Arising from the pelvic region and passing down on to
the anterior surface of the femur is a well-defined
mess of muscle which represents the great extensor
group of the thigh. This ends at the upper limits of
the condyles of the femur in a2 mass of mesenchyme which
is continuous with the mesenchyme on the anterior
surface of the tibia and with that lying between the
ends of the bones where the knee-joint subsequently
develops. Staining with thionin blue at this stage
(Fig. /26 ), however, shows no trace of chondrogenesis.
Round the epiphyseal ends of the bones, the mesenchyme
has become condensed to form an sctively chondrogenic
perichondrium. When the ends of the bones sre pulled
apart, the mesenchyme often tends to separate from the
perichondrium, and in fixed and stained preparations, an
artificial line of cleavage is often seen between them.
Histologically, this mesenchyme consists of fibroblasts
separated by a very small amount of intercellulear
" material. On the outer side of the limb, however, the
tissue is less cellular and contains fine collagen
fibrils arranged parallel to the long axis of the limb.
Towards the end of the 1l0th and the beginning of
the 1llth day, the epiphyseal perichondrium of both ferur

and tibia has become much thicker and is separated from
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the surroundling mesenchyme and the developing intrea-
articuler ligaments by well-defined spaces which
represent the cavity of the knee~joint. An area of
precartilage iﬁ which mitoses are numerous appears in
the mesenchyme Just below the termination of the
extensor muscle. By the end of the 1llth day, the
mesenchyme surrounding this area of chondrification

has become condensed to form a rudimentary perichon-
drium, {Big-—>)> By the end of the 12th day, the
cartilage cells sare separated by narrow but deeply
staining partitlions of matrix and the chondroblasts are
still multiplying by mitotice division. The whole mass
is surroundéd by a definitive perichondrium.

Between the 1llth and 12th day -: ( Fig.!%7 ) the
developing patella 1is roughly triangular in shape when
looked at from the anterior or posterior aspects. The
two sides are unequal in length, the outer or lateral
slde being shorter than the medial. They meet in a
rounded apex which becomes slightly flattened out as
development proceeds at the expense of the longer side.
The rudiment increases rapidly in size in all directions,
pertly by perichondral activity and also by the formastion
of cartilage matrix. In the early stages of develop-

ment, the anterior and posterior surfaces of the patellar
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rudiment are convex, but during the 16th dey of incuba-
tion two concavities develop on the posterior surface
for articulation with the condyles of the femur.
These are separated by a ridge which terminates below
at the somewhat flattened apex of the patella. The
articular surfaces are well-merked at the end of the
17th day and at this stage capillary blood-vessels and
fibroblasts begin to penetrate the perichondrium and
invade the cartilage. Simultaneously the development
of the knee-joint and of the muscular system continues.
A band of tough fibrous tissue develops between the
lower part of the anterior surface of the patella and
the upper énterior surface of the tibia and a mass of
fatty tissue intervenes between this and the synovial
membrane of the knee-joint. On the outer side, another
ligament appears, which stretches to the head of the
fibula.

Histologically, at this stage the chondroblasts
of the patellar cartilage are of the small=-celled type
characteristic of hyaline cartlilage and separated by a
very abundant matrix. The perichondrium remains chon-
drogenic, and the connective tissue cells which accompany
the invading blood vessels also form cartilage. As

development proceeds, the patella increases in size.
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The formetion of deeply staining cartilage matrix
continues, but the chondroblasts retain their small-
celled character. At the llth week after hatching,
ossification begins. The perivascular fibroblasts
cease giving rise to cartilage cells, and in the centre
of the patella the cartilage cells around the blood
vessels become hypertrophic and vacuolated. Calcium
salts demonstrable with alizerin and silver nitrate are
deposited in the matrix in these hypertrophic areas.

The fibroblasts surrounding the blcod vessels now assume
the character of osteoblasts and lay down bone. Erosion
of the cartilage takes place rapidly,and soon the whole
patella,wi£h the exception of the articular surfaces
becomes replaced by trabecular bone in the interstices
of which haematopoliesis 1s active. This cealcification
of the hypertrophic cartilage is interesting in view

of the fact that in normal ostéogenesis of the long
bones of the fowl (femur, tibia, fibula, humerus)
calcification of the hypertrophic cartilage does not
occur. In mammalian long bone development, it is a
constant feature. In both birds and mammals, the
hypertrophic cartilage cells appear identical; but, as
judged by staining reactions, the quantity and possibly
the quality of the cartilage matrix varies. The cartilage
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of the long bones of mammals differs from those of
birds in the greater quantity of matrix and in the fact
that it stains more intensely with aniline dyes; the
avian patella, on the other hand, has a very abundant

matrix which stains deeply with aniline dyes.

NETHODS .

The methods employed in this investigation consisted
essentially (1) in the isolation from the 1limb skeleton
and cultivation In vitro of the tissue in which the
patella subsequently develops, and (2) in the cultivation
of the entire knee-joint region. The tissue was taken
from embryés at the beginning of the 7th, 8th and 9th
days of incubation.

Perichondrium of developing articular surfaces
gives rise to cartilage when cultivated in vitro,
and so great care must be taken to prevent its inclusion
in the explant. At the beginning of the 9th day of
incubation, this perichondrium is fairly well-defined,
and it is possible to remove the mass of tissue lying
between the condyles of the femur without injuring or
tearing it. With embryos of this age, the following
procedure was adopted. The limbs were removed from
the pelvic girdle and the skin dissected off. A trans-

verse incision was made at the lower end of the extensor



352,

group of muscles, avoiding injury to the perichondrium,
and another in the region between the femur and the
tibia and the fibula. The mass of tissue between
these two cuts was carefully separated from the long
bones and from the surrounding tissue. The future
patellar tissue from 7- and 8~-day embryos was removed
in the same way, but greater difficulty was experienced
in preventing injury to the epiphyses. Explants of
the whole kmee-joint were obtained by removing the

skin and cutting through the muscles and bones a little
beyond the epiphyses. The tissue thus removed, which
was about 1% mm. square in size in the case of 9-day
embryos, 1éss in those younger, was then explanted on
large coverslips (1% in. square) so that either the
anterior or posterior surface was uppermost. The medium
used consisted of equal parts of fowl plasma and embryo
extract prepared from a 9-day embryo. After the plasms
had coagulated,the coverslips were inverted over large
hollow=ground slides and sealed with paraffin in the
usual way. The cultures were transferred to fresh
medium every 48 hours. The zone of outgrowth was
removed, the centre of the explant being kept intact.
In some cases, the tissue was cultivated by the method

already described which weas used by Fell and Robison



333.

(1929 ) for the cultivation of isolated femoral rudi-
ments. The explants were placed on the surface of a
clot, contained in a small watch-glass, consisting of
equal parts of plasma and embryo extract. The watch-
glass was enclosed in a Petrl dish and was surrounded
by cotton-wool saturated with sterile watep. As befors,
the cultures were transferred to fresh medium every 48
hours, the zone of outgrowth being removed while the
centre of the explant was kept intact. Whole lmee-joint
cultures were always cultivated on watch-glasses. The
cultures were fixed in Zenker's fluid plus 2 per cent.
acetic acid for quarter to half an hour after varying
periods of cﬁltivation in vitro. In the case of covere
8llip cultures, some of the cultures were sectioned
serially either at right angles to, or parallel with,Kthe
plane of the coverslip, i.e. in either the coronal or
the sagittal plane, and the sectlons stained with
Mallory's triple stain or safranin ploro-indigo-carmine.
Others were mounted whole and stained with thionin blue.
Watch-glass cultures were always sectioned serially in
the sagittal plane.

The knee=joint reglon from which the tissue was
taken was fixed either in Bouin's fluid or in Zenker's

fluid plus 2 per cent. acetic acid, and serial sections
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were examined histologlcally in order to make sure that
chondrogenesis had not begun before explantation. The
sectlons were in many cases stained with thionin blue,
a stain which demonstrates chondrogenesis in the very
earliest stages. Thus every culture had two controls,
Wax reconstructions of cultures and of stages in the

normal development of the patella were also made,

THE DEVELOPMENT in vitro OF THE AVIAN PATELLA.

Since the most interesting results were obtained
from cultures of presumptive patéllar tissue from
embryos at.ths beginning of the 9th day of incubation,
these wlll be described first,

Appearances of Cultures from 9-day Embryos.

The tissue when first explanted consists of a
roughly rectangular mass of mesenchyme about 1} mm.
square in size, in the centre of which no structure
can be made out. Attached to one side are a few
strands of muscle which represent the lower end of the
extensor group. After 24 hours' cultivation in vitro
the tlissue has spread out slightly on the coverslip
and there 1s a considerable emigration of fibroblasts
and mononuclear wandering cells into the medlum; this

émigration increases during the subsequent 24 hours,



The muscle grows out in the form of long thin multi-
nucleated strands which show no trace of cross-striation,
although the tissue from which it has arisen is already
striated. No trace of contraction of muscle strands
was ever seen, and after three or four subcultures the
muscle is no longer present in the zone of outgrowth.

A number of degenerate cells are often present during
the flrst three or four days! cultivation both in the
explant and in the zone of outgrowth. Theée cells have
probably been injured durling the process of dissection;
as a rule they dilsappear after the second or third sub-
culture. On the third day of cultivétion, a translucent
area is generally seen at that end of the explant to
which the muscle is attached. This 1ndicates the
commencement of chondrogenesis, but the detalls of this
cannot be made out owing to the size and thickness of

the explant. As cultivatlion proceeds, this area increases
in size and translucency, and by the sixth day of cultiv-
ation it has a very definite roughly triangular form
(Fig./25). The shape of the cartilage is well seen in
‘whole mount! preparations stained with thionin blue
(Fig./25). The base of the triangle 1s  slightly
concave, and%%t are attached the remailns of the muscle

removed during the original dissection. The other two
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sldes are unequal in length, the short one being about
one half the length of the longer. They meet in a
rounded apex. The longer side is often slightly concave
near the base. The cartilage increases in size and

the shape of the mass persists as a rule for at least
twenty days in vitro. After that time, however, it
tends to become oval in shape and loses its typical out-
line, although some cultures have retained their trian-
gular form for at least seven weeks. The cartilage
mass 1is very precisely demarcated from the rest of the
explant and does not extend in a diffuse manner into it.
Both upper gnd lower surfaces of the cartilage are
slightly convex and show no irregularity of contour
during the culture period.

In some cultures, two separate areas of chondrifi-
cation were found which were quite distinct from one ano-
ther. One was always triangular in shape and was gener-
ally larger than the other which was rounded or oval in
form. The trilangular mass was always in direct relation
to the muscle of the explant and probably represented
the patellar rudiment, while the other had no constant
position in the explant. In such a culture, the control
usually showed that the epiphyseal perichondrium had been
injured to a considerable extent. Where the injury was

slight, second centres of chondrification were never found.
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In such cases, the cartilage-forming cells probably
emigrated into the medium and formed part of the zone

of outgrowth where multiplication was active and the
conditions unfavourable for differentiation. As the
zone of outgrowth was always removed at each sub-culture
and was not transplanted with the original explant, they
did not become incorporated in the central mass where

the circumstances are favourable for chondrogenesis.

Histological Appearsances.

As already described, the cultures were fixed after

varying periods of cultivation, and examined histolo-
glcally elther us whole mounts or in serial sections.
After three days! cultivation, an area of early cartilage
is generally to be seen. This consists of a zone of
compactly arranged cells multiplying by mitotic division
and separated by a small amount of intercellular materisal.
It is roughly trdengular in shape, the base of the
triangle being always in close relation to the muscle
which represents the lower end of the extensor group.
At this stage the margins of the area of chondrogenesis
are not sharply demarcated by a perichondrium from the
surrounding tissue. (Fig./30). A section through the
knee-joint regilon from which this tissue was taken is

shown in Fig. /2§. As will be seen, the femoral and
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tiblial perichondria are intact,and examination of the

of sections
whole series,reveals no injury at any point. Fig. (30

shows the k;:e-joint region of the other side from which
no tissue was taken. The sectlon is through the centre
of the situation of the future patelle and no trace of
cartilage 1s present. The cartilage, therefore, has
apparently differentiated in the culture, from the un-
differentiated presumptive patellar tissue.

In a culture examined after six days'! cultivation,
the cartilage cells are separated by a fairly abundant
matrix and the whole area is surrounded by a perichon-
drium which contains white fibres. From this stage
onwards, increase in size of the cartilage mass 1is
brought about mainly by the activity of the perichondrium
and by the production of cartilage matrix. The chon-
droblasts themselves only show occasional mitoses. As
already mentioned, the cartilage always appears in a
definite position in the explant immediately below the
muscle. The perichondrium consists of two or three
layers of cells and 1s well demarcated from the rest of
the tissue. On the longer side, however, the perichon-
drium is somewhat diffuse externally and tends to fade
into the surrounding tissue,which consists of fibroblasts
separated by fine collagen fibrils, and amongst which
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fine thin-walled vessels persist for a considerable
period. The limits of the cartilage, however, are
always well defined. The muscular tissue of the
original explant does not continue to develop. The
muscle substance apparently undergoes some form of
degeneration resulting in the formation of bundles of
multinucleated cells with somewhat bulky cytoplasm, which
are separated by fairly large spaces. The exact nature
of this change is unknown, but the condition is quite
obvlious after the eighth day of cultivation. If the
presumptive patellar tissue 1is explanted on a plasma

clot in a wgtch-glass,the arrangement of muscle, develop-
ing patella and the sharp demarcation of the latter

from the surrounding tissue is well seen after 6 days!
cultivation owing to the manner in which the tissue
spreads out on the surface of the clot. In some cultures,
branched pigment cells appeared in the explant after
several days' cultivation. These were not present at
explantation and represent a differentiation of previous-
1y unpigmented elements.

The cartilage remains healthy for at least three
weeks in vitro. After that time, areas of necrosis are
often found in the centre of the cartilage, although in
some casea it has been found healthy after 38 days. The
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degeneration of the cartilage is probably due to the
large size of the explants and the formation of a thick
connective tissue capsule round the explant, which pre-
vents diffusion of nutritive substances from the medium.
A series of cultures was maintained for eight weeks
in vitro. The zone of outgrowth remained healthy and
was derived from the thick connective tissue capsule
which developed round the explant. In most of the
cultures, the cartilage mass became oval in shape and
was partially or completely necrotic at the end of the
culture period, the surviving cartilage cells being of
the small-celled type. No invasion of the cartilage
by fibroblasts occurred,and it is presumed that the
presence of blood vessels is necessary for the invasion
of the cartilage. No trace of ossificatlion was present;
this was to be expected,as the length of the period of
cultivation was less than that which normally elapses
before ossification of the patella begins. The develop-
ment of fat between the lower part of the posterior
sspect of the patella and the synovial membrane of the
knee-joint in vivo has been mentioned. In the cultures,
the region corresponding in part to this area remained
very cellular throughout the period of cultivation,but

no transformation of fibroblasts into fat cells occurred.
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In these cultures in which two centres of chondri-
fication appeared, the smaller centre consisted of
small-celled cartilage and was always surrounded by a
perichondrium which was uniform in arrangement round the
nodule, and no connection was ever found between it and

the larger triangular mass.

The Form of the Patellar Cartilage which differentiates

in vitro.

The triangular form of the cartilage mass which
differentiated in vitro has been described. 1In all
cultures of tissue isolated from 9-day embryos (81
specimens) the shape of the cartilage was more or less
the same at least up to the twentieth day of cultivation.
Variations in size were sometimes found, the mass remain-
ing small in some cases. The concavity of the upper
margin-was slightly variable, belng deeper in some cases
than in others. Occasionally the difference in length

Ctec f55-1%4.)
between the two sides was diminished. Apart from these
minor differences, however, the form was remarkably
constant.

As already mentioned, each culture had two controls,
the knee-joint region from which the tissue was taken
and the intact knee-joint region of the other side. All

these controls were examined histologically. In the
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intact knee-joilnts no trace of chondrogenesis at the
site of the future patella was ever observed, showing
that chondrogenesis must have taken place during culti-
vation in vitro. 1In the knee-joints of the side from
which the tissue was taken fairly extensive tearing of
the eplphyseal perichondrium of the femur or tibila was
present in 18 specimens, out of 81. In only 5 cultures,
however, were additional nodules of cartilage present.
In 13 specimens, the femoral or tibial perichondrium

had been separated but not removed from the cartilage.
In none of the corresponding cultures were additional
nodules of qartilage found. It 1s, therefore, to be
concluded that the differentiated cartilage represents
the patellar rudiment and has not arisen from epiphyseal
perichondrium.

In normal development, as already stated, the
patellar cartilage remains triang%é:zh%a)shape until the
end of the 15th day of incubation. The anterior and
posterior surfaces are convex, the former being rather
more rounded than the latter. Between the 1l6th and
the 17th day, two well-marked concavitlies appear on the
upper part of the posterior surface. Wax reconstructions
were made from serial sections of the normal patella

taken at the end of eleven and of fourteen and a half
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days'!' 1lncubation. Photographs of these are shown in
FPigs. 137, 138, 169-end—340~. The anterior surface is
uppermost, and to the upper concave margin the extensor
muscle was attached. The inequality of the two sidés
is obvious and in the older rudiment the smaller (lateral,
side is slightly concave. Reconstructions were also
made of the patella from 17- and 19-day embryos. These
showed the presence of the concavities for articulation
with the condyles of the femur. Figures /39, /40

are photographs of reconstructions made from serial
sections of cultures after 14 and 20 days' incubation
which were chosen at random from the series. The
anterior aﬁd posterior surfaces of both are convex, and
as will be seen, they are simllar in shape and resemble
also the reconstructions of the patella from ll- and
143-day embryos. The most obvious difference between
them and the patella from the 1l4}-day embryo is the
absence in the cultures of a small concavity on the
shorter or lateral side. They differ, however, from
the reconstruction of the patella from the 17-day
embryo in that they show no trace of articular surfaces.
In a reconstruction of a 38-day culture, two projections
were seen on one surface. Between them was a shallow

depression, the depth of which was Vq/;a as estimated
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from the number and thickness of the sections. In this
culture, considerable necrosis of cartilage was present.
The structures did not correspond in position to the
situation of the articular surfaces,and it was decided
that the condition was due to fixation shrinkage of the
necrotic cartilage. The presence of some form of
irregularity was detected in the sections by the presence
of two areas of cartilage. In no other culture, except
when an additional nodule of cartilage was present, was
a similar appearance found in section.

From these observations, it is apparent that the
cartilage hgs arisen from mesenchyme destined to form
the patella and that the shape of the cartilage mass
resembles that seen in the primasry stages of the develop~-
ment of the patella. The resemblance ceases, however,
when the articular surfaces begin to form.

Cultivation of entire knee-joints from 9-day embryos.

Since articular surfaces for the condyles of the
femur do not develop in the patellar rudiment which has
differentiated in vitro, the entire knee-joints from a
series of embryos at the beginning of the 9th day were
cultivated on watch-glasses in order to ascertain if the
presence of the condyles of the femur would bring about

the formation of concavities. Degeneration of the
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explants took place very rapidly, however, owing to
thelr large size and no differentiation of the patella

occurred.

Appearances Of cultures of tissue from 7- and 8-day

exbryos .
It was then decided to investigate the earliest

stage at which the patellar cartilage would differentiate
under the conditions of cultivation in vitro. For this
purpose, the presumptive patellar tissue was removed
from embryos at the beginning of the 7th and 8th days

of incubation. In all cases, cartilage appeared in the
explants frem 8-day embryos, generally on the 3rd or 4th
day of explantation. The shape of the cartilage mass
was often, however, irregular, sometimes round, sometimes
oval. In 50 per cent. of the cultures, however, it
resembled that seen in the cultures from 9-day embryos.
Two centres of chondrification which were quite distinct
from one another often developed. This was due partly
to the greater difficulty of removing the tissue at this
stage and also to the fact that the epiphyseal perichon-
drium is not very sharply marked off from the surrounding
tissue,and the small-celled cartilage of the epiphyses
merges imperceptibly into the tissue intervening between
the ends of the bones. Thus potentially epiphyseal
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cartilage-forming tissue was probably removed along with
future patellar tissue. It was thus not always possible
to say whether or not the cartilage had arisen from
future patellar tissue. The triangular form of the

in the case of tissue from 8-day embryos,
patella certainly does not differentiate invariably,as it

rA\
does in the case of tissue removed from 9-day embryos.

In the tissue 1solated from the inter-condylar
region of 7-day embryos, cartilage always appeared after
2 or 3 days! cultivation. The mass never resembled the
shape of the patellar cartilage. Histological examina-~
-tion of the knee-joint region at this stage revealed the
fact that the small-celled cartilage of the epiphyses
merged imperceptibly into the surrounding tissue, and it
was impossible to determine the limit of the tissue
destined to form epiphyseal cartilage.

Since indubitable patellar cartilage does not differ-
entiate 1n the tissue removed from the patellar site of
7-day embryos, the whole future knee-joint region from
such embryos was cultivated in vitro in order to see 1f
patellar cartilage would differentiate itself from the
mass of chondrogenic tissue surrounding the developing
epiphyses. The tissue was explanted on watch-glasses
80 that the anterior surface was upwards>and this position

was preserved throughout the culture period. The explants
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grew raplidly in size, but separation of the developing
articular surfaces did not take place. The epiphyses
fused, the patella did not differentiate,and the whole
knee-joint, after 8 days' cultivation was represented
by an irregular mass of cartilage. Degeneration of the
cartilage took place very rapldly owing to the large
slze of the explants.

Cultivation of part of the Patellar Mesenchyme.

Murray (1926 ), found that in a number of grafts
derived from transverse halves of limb-buds, the carti-
laginous shafts are incomplete, ending usually in a blunt
point. Histologically the cartilage was of the hyper-
trophic and vacuolated type found in the centre of the
developing skeletal rudiment. He obtained a similar
result in a graft of the posterior 1limb regions of a
2-~day embryo,and consliders that this lncompleteness 1s
due to the cut which divided the original bud or tissue
having traversed the anlage of the skeletal element con-
cerned. He 1s of the opinion that the anlagen of the
cartilaginous elements of the long bones of the limb-bud
are each s mosaic with respect to the kind of cartllage
to be produced from each part,and that, accordingly, no
one part 1s capable of regenerating the whole. Since,
however, the patella develops relatively late in embryonic
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life and the cartilage remains of the small-celled

type for at least 12 weeks after chondrogenesis has
begun, 1t was of interest to determine whether or not

in embryos at the beginning of the 9th day of incubation
the patella 1s also a mosaic system.

The future patellar tissue was removed from both
limbs of embryos at the beginning of the 9th day, the
knee-joint regions being kept as controls. Only those
cultures which had controls showing no trace of injury
to the epiphyseal perichondrium were studied. The
tissue from one side was kept intact and explanted on
coverslips in the usual way, and that from the other was
divided lonéitudinally into two parts as nearly equal
as possible. These parts were explanted separately.
In the divided explants, the zone of outgrowth was
preserved at subculture for the first three passages.
In the entire explants, the cartilage differentiated as
usual, forming a triangular mass. In the divided explants,
a centre of chondrification usually appeared in each.
One of these was always larger than the other and was
generally oval in shape,while the smaller was generally
rounded (Figs. 135, 136). The larger covered an area
at least four times that of the smaller. In no case
did the form of the cartilage mass which developed in a
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divided explant resemble the shape of that which appeared
in the undivided explant (Fig. 134). The sum of the
total amount of cartilage obtained in the divided ex-
plants was always less than that obtained in the undivided
explant from the other side of the embryo. This is
probably accounted for by the injury to the cartilage-
forming tissue durling the cutting. In addition, some
of the cartlilage-forming cells probably emigrated into
the medium during the first passage and may not have
become Incorporated in the part of the explant where
differentiation takes place. The inequallity in size
may be explained by the dlvision of the tlssue into two
parts which; though approximaetely equal in size, are
unequal as far as cartllage production is concerned.
In some cases, a centre of chondrification appeared in
one explant only. This was always larger than was the
case when two centres were found, but was never so large
as the cartllage in the undivided explant, nor had it the
triangular shape of the other. In such cases it was
always notliced at the time of explantation that the
parts were unequal in size.

It seems likely in those cases in which cartilage
appeared in both explants that the smaller nodule repre-

sents that part of the patella medial to a line drawn at
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right angles to, and bisecting, the upper marging

while the larger mass represents that part of the pat-
ella lateral to that line. Since, however, the two
pleces when placed together have not the form of the
normal patellar cartilage in vitro, it cannot be defin-
itely stated that the patella is a mosaic. The only
conclusion to be drawn from this experiment is that the
tissue in which the patella develops is, as a whole,

a mosaic in which the non-cartilage forming part

cannot replace any of the cartilage-forming tissue.

DISCUSSION.,

The patella is still regarded by many workers as a
sesamold Bone which developsin tendon and is comparable
to the structure found in the neighbourhood of the inter-
phalangeal joints of many ahtmals. The work of de Vries

#P(IQO?), who made a comparative study of the development
of the patella in different animal gpecles, showed that
the cartilaginous rudiment of the patella develops in a
cellular mesenchyme in a manner histologically similar
to that of the cartilage of the rest of the limb-skeleton
This finding has beencomfirmed for the avian patella.

As mentioned in the introduction, Murray and Selby

(1930 ) consider that.the gross form of the cartilaginous

F*  Data Ly Kedk, Heum e B lgrtefy. Refionce wb avadaite
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skeleton and of the articular structures self-differentiates
and they consider that these principles are probably
applicable to the rest of the limb-skeleton. Concerning
the self-differentiation of cartilaginous forms they
state, however, that their data deal mainly with the
femur, and they have no evidence concerning the influences
which regulate the development of 'negative! (concave)
articular surfaces. In additlon, these workers show
that there 1s no direct evidence which demonstrates
conclusively that cartilage as a tissue differentiates

in the absence of extrinsic conditions.

Carey (1922 ), from experimental and morphological
1nvestigations of a different kind, concludes that the
development of cartilage as a tissue and the development
of the primary form of the cartilaginous skeleton depends
entirely on mechanical conditions present in the part.
The results of the present investigations do not gilve
any additional information concerning the conditions
determining the differentiation of cartilage. They
show, however, that the tissue in which the patella
develops 1is of such a nature that cartilage develops in
it when it is isolated from the limb-gskeleton and from
the mechanical conditions existing therein. It might
be considered that the presence of muscle in the explant



352.

by exercising tension on the mesenchyme would favour
the formation of cartilage. The muscle, however, was
scanty in amount and much of it grew out into the
medium and was removed at the first subculture: it did
not preserve 1lts histological identity and showed no
functional activity. In some cultures the muscle was
almost completely removed and the cartilage differen-
tiated in the usual way.

The shape of the patellar cartilage which develops
in vitro resembles closely that seen in the early stages
of normal development in vivo. Such an almost geomet-
rical form ;s never seen in nodules of cartilage which
develop in vitro in cultures of 3-day limb-buds or in
cultures of perichondrium. It is apparent, therefore,
from the observations recorded that the primary form
of the patells 'self-differentiates' in vitro in the
sense stated by Murray and Selby (1930 ).

A significant feature was the absence of the
development of the concave articular structure for
articulation with the condyles of the femur. The non-
appearance may have been due to the slowing down of the
developmental rate which occurs in vitro. Even after
7 weeks'! cx?itt:}iv%%fgze/\rﬁgggvg% lgow%gghceg lg%‘searticular

surfaces was seen in patellar cartilages which had
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preserved thelir primary form in vitro. It appears,
therefore, that in the case of the patells the presence
of contiguous elements, in this case the condyles of

the femur, 1s necessary for the development of the
articular surface. The 'negative'! surface thus possibly
differs from a 'positive! surface like the head of the
femur in that it requires for its development the
presence of the corresponding surface.

The mesenchyme destined to form the patellar carti-
lage seems to be 1solated from the surrounding tissue at
a relatively late stage of development. Only after the
formation of epiphyseal cartilage begins to be limited
to a definite zone of cells céﬁi;ggg%igr-forming mesen-
chyme be oﬁtained. The development of the patella in
vivo does not appear to take place until almost three
days after this has occurred.

SUMMARY .

1. The normal development of the avian patella has

been described. Chondrogenesis begins at the end of

the tenth and the beginning of the eleventh day of incu-
bation. The articular surfaces for the femur do not
begin to appear untll the sixteenth day. Shortly after
this, the cartilage is invaded by caplllary blood-vessels
and fibroblasts. Many of these perivascular fibroblasts
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become transformed into chondroblasts and give rise to
cartilage. About the twelfth week after hatching, the
perivascular formation of cartilage ceases and the
cartilage round the blood-vessels hypertrophies: in ths
matrix of this hypertrophic cartilage calcification
takes place. Simultaneously, bone 1is formed around the
blood-vessels by the perivascular fibroblasts which have

become transformed into osteoblasts.

2. The mesenchyme from 7-, 8- and 9-day avian embryos
from the site 1n which the patella develops was culti-
vated in vitro. Cartilage appeared in the explants in
all cases. -In tissue from 9-day and from some 8-day
embryos the form of the cartilage mass resembled that
seen in the early stages of normal development. This
was not the case with the tissue from 7- and some 8-day

embryos .

3. Articular surfaces did not appear in the cultures

even after 7 weeks'! cultivation.

4. In cultures of the knee-joint region, including

the ends of the long bones, from 7-day and 9-day embryos,
the patella did not differentiate. This is considered
to be due to the large size of the explants which pre-

vented adequate mutrition of the tissue.
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5. In cultures of parts of patellar mesenchyme, carti-
lage appeared in vitro, but the size of the cartilage

mass was smaller,and it did not resemble that which
developed in cultures of the undivided patellar mesenchyme.
The tissue 1n which the patella develops is a mosaic of
cartilage-forming and non-cartilage-forming tissue, and

no one part 1s capable of regenerating the whole.
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THE FORMATION OF HAEMATOIDIN in vitro AND in vivo.

During a preliminary study of the appearances found
In cultures of newly-born mouse liver, the phagocytosis
of red blood corpuscles derived from the explant by cells
of the macrophage type was frequently observed, When
the cultures were maintained for perlods up to 10 days,
changes sometimes took place in the phagocytosed
corpuscles, resulting in the formation of crystals of
haematoidin inside the cells. The behaviour of macro-
phages derived from the spleen and subcutaneous tissue
towards red blood corpuscles was then investigated and
the whole process, from the stage of phagocytosis to
the appearaﬁces of crystals of haematoldin, was studled.
The formation of haematoldin in vivo was also studied,
Methods.

Cultures of liver, spleen and subcutaneous tissues
of newly-born mice up to one week after birth were used.
As 1t was essential that the cultures should remain un-
disturbed during the culture perlod, and,in order to
provide optimum conditions for examining the cells
during 1life, the cultures were prepared in hanging-drop
preparations, a fluld medium, consisting of equal parts
of rat serum and mouse embryo extract, being employed.

After the first two days of cultivation,
he medium was renewed elither every day or every second
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‘day, as appeared necessary. To thls medium at explant-
ation, a small drop of a suspension of mouse red blood
corpuscles was added. The suspenslon was obtained by
washing defibrinated mouse blood free of serum and
suspending in buffered saline, the volume of saline
added being about one half of the total volume of the
blood from which the corpuscles were derived, In other
experiments, lysed corpuscles (haemoglobin in solution)
were added to the medium 1n the proportion of 2 drops

of medlum to 1 drop of lysed corpuscles.,

Appearances seen in Cultures of Liver.

The cultivation of liver tissue has been described
on p.l1l95., As will be remembered, wandering cells of
the macrophage type emligrate from the liver in large
numbers. They show the typlcal segregation apparatus
when stained with neutral red, and during cultivation
they undergo hypertrophy, and the intra-cellular granules
and vacuoles in the cells increase in number. In all
probability, they are derived malnly from the Kupffer
cells of the liver as 1n cultures of liver derived from
young mice, in which the Kupffer cells were stained intra-
vitem with trypan blue, numerous dye-containing macro-

phages were found: the macrophages of the portal tracts
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probably also migrate into the medium. The red blood
corpuscles soon become entangled in the processes of

the macrophages and come to lie inside the cytoplasm.
Surrounding the noﬁ intra-cellular corpuscle a very
narrow ring of clear cytoplasm is often seen. At the
end of the second day of cultivation, most of the cells
contain phagocytosed red blood corpuscles, as many as ten
being sometimes seen in one cell, Dead polymorpho-
nuclear leucocytes and lymphocytes are also ingested

by the macrophages.

Changes 1in the intra-cellular corpuscles then
begin, usually towards the end of the second day of
cultivation, sometimes later, sometimes earlier. These
changes may take place in one of two ways., In some
cells, the corpuscles appear to dissolve in the cytoplasm
resulting in a diffuse golden-yellow coloration of the
cytoplasm. In other cells, the corpuscles may shrink,
assume blzarre shapes and become slightly brownish in
colour, Whatever the preliminsary stages, golden-
brown crystals of haematoidin appear in the cytoplasm
from the 4th day of cultivatlion onwards. (Fig. 124).
The appearance of haematoidin crystals has been seen as
early as the 3rd day, and as late as the 9th day, of

éﬁltivation. The crystals do not occupy & constant
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position in the cell and vary considerably in size.

The smallest ones are usually rhomboidal, the largest,
which may be 5Ju in length, have the shape of
parallelograms., As a rule, they remaln intra-cellular
but occasionally I have observed small crystals being
extruded from the cell.

If such a culture is fixed, dehydrated and cleared
in xylol, the crystals are dissolved out immediately
by the clearing agent. Attempts were made to apply
the van den Bergh reaction in order to identify the
golden~yellow pigment which often appears in .the cells
before the crystals. These, however, were completely
unsuccessful.

Crystals of haematoidin were occasionally observed
in the liver fragment itself. They generally appeared
after crystal formation had begun in the zone of out-
growth. Owing to the thickness of the explant, the
process could not be followed in detall but the
yellowish coloration sometimes seen in the emigrated cells
was often observed there. The crystals in the explant
are probably derived either from material already
present in the Kupffer cells before explantation, or
from red blood corpuscles remaining in the capillaries

which were phagocytosed by persisting Kupffer cells.
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Haematoldin formation did not take place in all
although phagocytosis of the red blood corpuscles always occurnag
liver cuf%ures,nand the conditions deter&ining 1tsy

occurrence were not determined.

Appearances 1in fixed and stained preparations.

Cultures were fixed after varying periods of
cultivation and the prussian blue reactlon was
applied to the cells. Various stages in the formation of haemo-
siderin were fumd within the cells. After 3 to 4 days! i
cultivation, many of the macrophages showed a diffuse
blue coloration of the cytoplasm. In such cells the
red blood corpuscles could no longer be detected in the
cytoplasm. In others, those in which the corpuscles
had become shfunken, deeply coloured granular masses
appeared (see fig. 123) and many of these contained
darker granules in their interilor. Localised blueing
of the cytoplasm was also seen in such cells. After
haematoidin crystals had appeared, haemosiderin could be

demonstrated in the form o granules. Occasionally,

in cells in which it was known that crystals had just
appeared before fixation, the application of the prussian
blue reaction resulted in the formation of a coating of
iron-containing substance round the crystals. This
appearance was found in cells in which shrinkage

of the intra-cellular corpuscles had preceded the

-

appearance of haematoidin.
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Outgrowths of liver epithelium, fibroblasts,
mesothelium and endothelium occurred in many of the
cultures. None of these types of cells phagocytosed
red blood cofpuscles, and in none of them did haematoid-
in appear.

Appearances in cultures of Spleen.

The growth charucteristics of splenic cultures
are described on p. 211, The cultures were cultivated in
the same way, red blood corpuscles being added to the
medium. Macrophages emigrated in large numbers and
the phenomenon of phagocytosis, resulting in the
appearance of haematoidin crystals, took place. All
the cells in which haematoildin appeared gave the
typical macrophage reaction with neutral red. In
the central fragments, as 1in the liver cultures, |
haematoidin crystals sometimes appeared after 6 to 8 days‘:
cultivation, and these, as in the case of the liver, were
probably formed either from msterial present before
explantation, or from red blood corpuscles which were
phagocytosed by the splenic macrophages. As in liver cultures,

haematoidin formation did not always occur although phagocytosis
Subcutaneous Tissue, : was always marked.

Although the subcutaneous tissue of the mouse
contains a large number of histocytes, they are often
scanty in cultures of subcutaneous tissue, and many

cultures had to be prepared before typlcal haematoldin
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formation was observed., The formation of haematoidin
was similar to that described in liver and spleen
cultures. Haemosiderin could also be demonstrated in
the cells, Flg. 123 shows two macrophages each
containing haematoidin and haemosiderin. As will Dbe
seen, the cells are separating after mdtotlc division,
The fibroblasts did not participate in the formation
of haematoidin, and haemosiderin was not found in the
cytoplasm.,.

A suspension of red blood corpuscles was then
lysed by freezing and added to the culture medium in
order to ascertain whether or not the macrophages
would form haematoidin intra-cellularly from haemoglobin
in solution. In none of the cultures, out of a series
of 170, were haematoidin crystals observed in the
macrophages, except in cells which had phagocytosed
red blood corpuscles derived from the explant .

No accurate information 1s avallable concerning
the time which usually elapses between the occurrence
of a haemorrhage and the appearance of haematoidin
crystals. The only observations so far found are

those of Durck (1892). Durck produced cerebral injuries
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in guinesa-pigs and rabbits and examined the sites of
injury after varying periods. Haemosiderin began to
appear a few days after the injury, but haematoidin
crystals were not detected until about 50 days later.
By this time, the haemosiderin had disappeared. The
time taken before the appearance of haematoidin was
thus very much longer than in my experiments in vivo.
Since the subcutaneous tissue of mice contains a large
number of macrophages, a series of animals was injected
with 0.5 ¢c.c. of washed corpuscles and killed at
varying intervals after the injection, in order to de-
termine the time elapsing between the injection and the
appearance of haematoidin in vivo. Spreads of the
subcutaneous tissue were examined in the fresh state,
and after fimation and staining, The cells were also
tested for iron with the prussian blue reaction. 3
days after lnoculation, many cells at the site of the
injection contained phagocytosed red blood corpuscles,
and these cells reacted like macrophages with neutral
red. 6 days after inoculation, the macrophages showed
a diffuse iron reaction. 2 days later, crystals of
haematoidin were found in the cells and these, though
larger, were similar in shape to those found in macro-
phages in vitro. All these haematoidin-containing
cells showed small granules of haemosiderin as well

as a diffuse blue coloration of the cytoplasm,
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No extra-cellular haematoidin crystals were found, and the
iron reaction was limited strictly to the cells. 18 days
after the commencement of the experiment, haematoidin
crystals were found lying free in the tissue between

the cells and haemosiderin granules were also

demonstrable in this situation. Whether these sub-
stances were formed extra-cellularly or were released
from dead macrophages could not be ascertained.

Thé process of formation of intra-cellular haematoidin,

up to the time of apvearance of the crystals,

is thusvsimilar in vivo and in vitro, and takes
approximately the same time.

Since haematoidin did not occur in vitro when lysed
corpuscles were added to the medium, a series of mice was
injected with lysed whole blood, lysed corpuscles, and
haemoglobin from which the stromata of the corpuscles
had been removed by centrifuging. In no case did haemat-
0oidin appear in the macrophages, although after varying
lengths of time, haemosiderin, first in a diffuse, and
later in a granular, form could be demonstrated. It is
apparent, therefore, that 6%3f€ﬁ?¥¥%8¥ion of macrophages
in vitro arenot solely responsible for the absence of

haematoidin formation when the cells are in the presenée

of haemoglobin in solution.



365.

The descriptlion gliven above of the phagocytosis
of red blood corpuscles by cells of the macrophage
type, and the subsequent production within the cell
of haematoidin, and an iron-containing moiety, con-
firms the results of Rich, (1924). Rich observed
the formation of blle pigment in avian subcutaneous
tissue macrophages which had phagocytosed red blood
corpuscles., The blle pigment was present éither in
the form of 'bilirubin' = 'haematoidin', or as
biliverdin, which coloured the cell diffusely. An
iron-containing portion was also present. Rich
never observed phagocytosis of red blood corpuscles
by ectodermal or endodermal cells and concluded, so
far as his evidence goes, that only the cells of the
reticulo-endothelial system are concerned 1in the
production of bille pigment, or 1ts lsomere, haematoldin.
He did not observe any indication of extra-cellular

bilirubin or haematoidin formation.
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CYTOLOGICAL CHANGES 'FOLLOWING MILD TOXIC ACTION

in vitro WITH SPECIAI, REFERENCE TO THE MITOCHONDRIA.

A healthy living cell growing in vitro shows the
structure which has been detailed on pages 121 to 1<b5.
The nucleus appears homogeneous and contains one or
more nucleoli. The cytoplasm is also homogeneous and
in 1t are embedded the mitochondria and one or more fat
globules which are of the nature of neutral fat. The
centriole may or may not be present. In the case of
epithelial cells, cell boundaries cannot be made out in
the living state. If a healthy kidney epithelial
cell is stained supravitally (p.87) with a 1/25,000
solution of Janus Green Bythe mitochondria take up
the dye and an appearance similar to that seen in
Fig. 155 is produced. The mitochondria are long and
filamentous, only a few rod-shaped, and one or two
granmular, formsbeing present. When neutral red is
applied to an absolutely healthy kidney epithellal cell,
no vitally stained granules are to be seen. If a
similar healthy cell is fixed in osmic acid and stained,
after approprilate treatmenﬁ,with Altmann's fuchsin and
methyl green (p.85) the appearances seen in Fig. 160
are produced. The mitochondria, which,as in Fig, 155,
consist mainly of slender filaments and a few rod-shaped

forms, are stained pink with the fuchsin. The nucleus
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~is stained a greenish-pink colour, the nucleolus

. ot Sy Lefolaton.
standing out prominently. Spaces nwhere fatty droplets
have been dissolved out by the clearing agent are to be
seen. When fixed in formalin and stained with Nile
Blue sulphate A, the fatty droplets stain bright pink
and consist of neutral fats only, (Fig. 161).

During cultivation in vitro, degenerstive changes
of varying degree of severity are liable to take place
(pe 129). These degenerative changes have been
described by W.H. Lewis, (1919) and consist in the
appearance of granules and vacuoles which stain
intensely with neutral red. According to Lewis, the
granules and vacuoles are derived from the cytoplasm
and are not formed by transformation of the mito-
chondria. The mitochondria also undergo degenerative
changes but these are of a different nature, and have
no relation to the granules and vacuoles aforementloned.
During a study of kidney epithelial cells, it was found
that, in contrast to fibroblasts, vacuolation of the
cytoplasm did not often occur, the degenerative chahges
o nsisting mainly in the appea ance of granules of
varying size. These granules appeared to accompany,
and result from, mitochondrial changes. Kidney epi-
thelium thus provides sultable material for Fhe
invéstigation of the origin and nature of bﬁe granules

which appear during degeneration.
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It has the additional advantage that it can be
cultivated'readily in fluid media on coverslips,
and so0 can be easily examined during 1ife; The
spread out character of the cells 1s very suitable
for subsequent cytological staining. Accordingly,
the effect of a mild toxic agent on kidney epithellal
cells was studied, and théﬁg§2010gical changes
investigsated.
Methods.

Cultures of fragments of kidney of newly-born
rats were prepared in a fluid medium (p.72). After
16 to 18 hours! growth, fairly extensive eplthelial
sheets had formed in many of the culturés. These
were examined carefully and only those which appeared
healthy as judged by the standardz laid down on p. 365,
were chosen for experiment. In order to produce
slight toxic effects over a prolonged perlod, it was.
found convenlient to expose the cells to the action of
volatile substances placed upon the hollow of the hollow-
ground slide upon which the culture rested, Phosphorous
dissolved in olive oil was first used. The P20s given
off by the phosphorous was dissolved in the medium,
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however, rendering it more acid, and this produced too
rapid degeneration of the cells. Chloroform and

carbon tetrachloride dissolved in olive oil were then
tried and the latter proved to be the most convenient

in use. The cultures were examined in the living
state, after supravital staining with Janus Green B in Q&
ddélution of 1/25,000 and neutral red in a dilution of 1
1/40,000, and after fixation and staining XLy fheaesal hudlo, K

Appearances in Cells exposed to Mild Toxlc Action 'in vitrd

The first observed effect was a slight swelling of
the mitochondria which rendered them more visible under
ordinary illumination. This occurred about 2 hours
after the beginning of the experiment. |

After gbout 4 hours, they break up into short rods
and granules byva process of transverse fission. At
this stage, they stain intensely with Janus Green B
(Fig.156). After this state has been reached, vari-
ations in the individual mitochondria in a single cell
take place, provided the toxlc action isnot too intense.
Some may persis%ﬁthe condition described above for a

considerable time, others undergo further changes. These

changes consist of (1) swelling and fusion of the

altered mitochondria, resulting in the formation of

"gpanules", (2) alteration in staining reaction to
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Jamus Green B, and neutral red, and (3) the appearance
of fatty globules inside the fused mitochondria. The
extent of fusion of the mitochondria varies in different
parts of the same cell, so that small and large

' are formed. If such a cell is stained

"granules'
With a mixture of Janus Green = B and neutral red,
both rod-shaped and granular mitochondria are stained
by the Janus Green. The "granules", however, which
were formed by fuslon and swelling of the mitochondria
stain intensely with neutral iggjfﬁ If a similar cell
is stained with Janus Green B only, the granules acquire
a bluilsh colour, less Intense than that of the mito-
chondria, thus showing that they are still capable
of being stained with Janus Green B, to a certain extent,
although they have a much greater affinity for neutral
red, as evidenced by the staining which takes place
when a mixture of the dyes is supplied.

As degeneratién proceeds,these "granules" enlarge
and 12 hours after the beginning of the experiment,
a highly refractile globule resembling fat can be
seen in the interior of some of them. When such cells
are stained with neutral red, thege fatty globules can
be seen within the red "granules" .&[x\sqwhen stuined with

Janus Green B, which still stains the "granules" stightly,
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the fatty globule i? again visible within the dye-
stained mass (Fig. 13;5. At this stage, the affinity
6f the granules" for neutral red is once more evidenced
by theilr capacity for staining intensely with this

dye when a mlixture of Janus Green B and neutral red

is suppliedgﬁngg% small mitochondrial rods and
granules, in which degeneration has not advanced, still
contlinue to stain intensely with the Janus Green B.

In Fig, 159 a cell contalning neutral red masses of
varying size, some of which contain fatty globules,

is seen. As degeneration proceeds, the fatty globules
increase in sige and the neutral-red staining, non-
fat-containing part diminishes in amount. Staining
with Janus Green B becomes falnter until only a pale,
bluish purple coloration is found. Occasionally,

however, a bright blue staining dot may remain.
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APPEARANCES IN FIXED AND STAINED PREPARATIONS,

Supravitally stained preparations with neutral
red and Janus Green B last only a few hours and no
really satisfactory method has yet been elaborated
which fixes these stains In the cytoplasm in order
thet permanent preparations may be obtained,

Cultures at stages corresponding with those described
above were fixed and stained with Altmamm's fuchsin
and methyl green, and with iron haemagoxylin. As
the former method 1s more specific than the latter,
and is also capable of demonstrating very slight
gualitative changes in the mitochondria, 1t was used
extensively 1n'these investigations.

The earliest stages in mitochondrial injury is
demonstrated by an apparent increase in thickness

increased )
and/intensity of staining both with fuchsin and
iron haematoxylin, so that with fuchsin they appéar
bright red, and with haematoxylin, almost blaék:
in addition these stains are less easily removed
by the differentiating flulds. Thls corresponds
with thelr increased visibillity in the living state
and increased capaclty for staining with Janus Green.
When the filamentous forms break up into rods and
granules as pr eviously described in the living cells,

these rods and granules stain with an even greater
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intensity than in the earlier stages of degeneration.
(Fig. 162). Thls intensity of staining persists in
‘those mitochondria which do not undergo further changes.
In those mitochondria, however, which become swollen,
fuse with one another, and acquire an affinity for
stalning with neutral red, the capacity for staining
with fuchsin disappears, and they take on a greyish
green colour with the methyl green. Occaslonally,
however, a bright red dot may be seen at one part of
the greyish green'granule; dgince a corresponding
appearance has been seen with Janus green, one may
justifiably infer that this represents the remains
of mitochondrial substance. Iron haematoxyllin, at
this stage, oontinues to staln both the mitochondria
and the’granulas“intensely. In cells'in which the
fatty droplets which appear within the "granules"
have attalned a relatively large size, sbéces can be
seen in the greyish green granules which have been
apparently left by the dissolving-out of a fatty
substance. In iron haematoxylin preparations,
similar spaces can be found.

When such cultures are stained with Sudan III,
staining of the intra-"granular" fat did not occur.

Since mitochondria are destroyed by acid fixation
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and since the material surrounding the fatty globgles
has been seen to be derived from the mitochondria, a
series of preparations was fixed in Zenker plus 4%
acetic acid, in the hope of destroying the "granules"
as well as the mitochondria, thus rendering the
intra-"gramular" fat penetrable by fat stains,
The "gramules", however, resisted the acid of the
fixatlve to a great extent, thus showing that they had
lost one of the most marked characteristics of mito-
chondria. The aldol method of Lorrain Smith was
also used, but the results obtailned were uncertain.
With Claccio's method, small globules of stained
material were found in:a few cases in some of the
"granules" but the results were not uniform. When
preparations were fixed 1In formalin and stained with
Nile Blue sulphate A, the result shown in Fig. 163
was obtalned iIn many cases. In the cytoplasm
neutral fat globules (stalned pink) are seen. Small
bright blue granules, probably of fatty aclids are also
present. The "granules", however, show the most
interesting features. In the cell figured, they are
purplish in colour, and many of them contain bright
blue droplets which probably consist of fatty acid.

The droplet of fatty acid pepresents in, all probability,
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the intra-"granular" fatty droplet. The purplish
staining material represents the remains of the
degenerate mitochondria from which the granule

was derived. In most of the "granules" found in
degenerating cells, similar droplets of fatty acid
are present. In very degenerate cells, however,
the granule may be bright purplish in colour and
surrounded only by a thin rim of faint staining
material, thus showing that the original character

@s gudped” by slanis g Caclris
of the fatty droplet is not maintained.

In cultures which have been allowed to degenerate

spontaneously}similar mitochondrial changes take place

but these occur less quickly and uniformly.

Accordingly the mitochondrial changes above described

are not a specific reaction to the effect of carbon

tetrachloride but are evidently an expression of the

effect of general toxic changes which may occur 1ln

various unfavourable conditions.
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As mentioned in the introduction, W.H. Lewis
considers that the "granules" and vacuoles,possessing
a marked affinity for neutral red, which appear in
mesenchymal cells undergoing degeneration in vitro,
are derived from the cytoplasm, the mitochondria playing
no part 1in their production. From direct observation,
I have found that in the eplthelial cells of kidney
cultures, "granules" having a marked affinity for

neutral red appear under mild toxic conditions.

Since W.H. Lewls did not apparently observe further

" ]

changes in the of mesenchymal cells leading

granules'
to the appearance of fatty droplets, the possibility
arises that two types of 'degeneration' granule may
occur, one derived from the mitochondria, the other
from the cytoplasm. In support of this view, is the
fact that, in kidney epithelial cells, vacuolation
which seems of constant occurrence in Lewis' cultures
was rare in my epithelial cultures.

Alterations in mitochondria in disease and in
experimental conditions have been described by various
workers and the changes which occur are regarded as

amongst the earliest indications of cell injury.

Scott, (1916) has described the changes in the pancreas
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pancreas following phosphorus poisoning. He observed
the breaking up of the mitochondria into short, thick
forms, Agglutination and fusion then took place and
lipoid droplets appeared in the agglutinated masses.
Lorrain Smith and Rettie (1925) found that in cloudy.
swelling and fatty degeneration, mitochondria were
destroyed and lipoids were released.

The appearances found in my cultures resemble, to
some extent, the description given by Scott. He
regarded the droplets whlch developed in the agglutinated
and fused mitochondria as lipoids, In my eultures,
the fatty droplets which appeared inside the "granules"
produced by swelling and fusion of the mitochondria,
reacted ,with Nile Blue sitlphate, like fatty acid.
Since, however, the "granules" alter in character as
degeneration progresses, these droplets may only

ropresent a stage in the series of changes which

occur inthe mitochondria in toxlc conditions.,.
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Figs.l & 2 show the effect of growth promoting substances in the medium.
Fig.2 is part of a culture pre-
pared at the same time which was
cultivated in equal parts of mouse
normal serum. The cells are serum and mouse embryo extract
fibroblasts. Bouin: iron and fixed after 4% hours’lgrowth.
% 50. The outgrowth, which consists of

Fig.l is a culture of heart
from a newly-born mouse fixed
after 48 hours’ growth in a

haematoxylin. fibroblasts, 1s much more abund-
ant, and mitotic figures are
numerous. Bouin: iron haematoxylin. x 80
Fig.4»- Culture of fibroblasts from
the sclerotic of an 8-day avian
Fig.5*- Subcutaneous tissue from a embryo fixed after 44 hours’ growth
9-day avian embryo cultivated for in equal parts of plasma and embryo
24 hours in equal parts of plasma extract. Lying close to the fragment
and embryo extract. The culture of sclerotic is a piece of neural
shows the usual radial tyoe of out- ectoderm from which no outgrowth
growth of fibroblasts. Zenker: took place. The fibroblasts emigrated
Yreigert’s haematoxylin. x 20. in a radial direction from the Diece

of sclerotic, surrounded the niece cf
neural ectoderm, and thereafter, as
seen in the figure, resumed the
radial direction. Zenker formol:
Harris’ haematoxylin. x 55%*



Fig.5» Endothelium from liver
showing strand-like outgrowth.
Some of the strands are migrat-
ing radially; others are growing
round the explant. Sprouts of
endothelium are penetrating the
coagulum from above. Zenker
formol: Weigert’s iron haema-
toxylin. x 75%

F i g . Fibroblasts from sub-
cutaneous tissue of 8-day avian
embryo. Cells are forming an
adherent reticulum. Several
mitoses are present. Zenker
formol: Harris' haematoxylin.

x 300.

Fig.6 .- Part of zone of out-
growth .of culture of choroid and
sclerotic from 9-day avian embryo
after 48 hours’ cultivation. The
cells are mainly fibroblasts.
Zenker: Harris’ haematoxylin.

xJ55.

Fig.8.- Fibroblasts from sub-
cutaneous tissue of a young

mouse after 24 hours' growth in
vitro. Most of the cells are
spindle-shaped and are in contact
with one another by fine elongated
processes. Fleming's fixative:
iron haematoxylin. x 120.



Fig.9*- Fibroblasts from the heart
of a young mouse after 48 hours’
cultivation in serum and embryo
extract. The cells are elongated
and spindle-shaped and possess

long fine processes which adhere to
neighbouring cells. Flemming's
fixative minus acetic acid:

iron haematoxylin. x 300.

Fig.1l1l.- Culture of liver from a 7-
day embryo cultivated for 48 hours
in plasma and embryo extract. The
fragment was taken from the surface
of the liver and from the uncut
peritoneal aspect only a few cells
have emigrated. On the other side, a
wide outgrowth of endothelial cells
in the form of strands is seen.

Endothelial sprouts are also present.
x 30.

Zenker: Weigert’s haematoxylin.

Fig.10.- Part of a mesothelial
membrane from the heart of a 9-
day avian embryo after 18 hours’
cultivation. Fibroblasts are also
seen 1in the zone of outgrowth. At
the periphery of the membrane, the
cells are becoming isolated and
resemble fibroblasts. Zenker:
Weigert’s haematoxylin. x  75%

Fig.1l2.- Part of fig.1ll under a
higher power showing the arrange-
ment of the endothelial cells. The
narrow strand of cells crossing
the field is penetrating the
coagulum from a higher level.
Harris’ haematoxylin. x 250>



Fig.13»- Culture showing the
union of Wo epithelial carpets;
one derived from the cortex, the
other from the medulla of newly-
born rat kidney. Outgrowth of
fibroblasts is also present.
(First subculture.) Zenker plus

acetic acid: Harris’ haematoxylin.

x 30,

Fig.15.- Epithelial cells from
culture of newly-born rat kidney
cultivated in fluid medium. The
cells are spread out in a thin
layer on the cover-slip and differ
in shape. Cell outlines are well
seen. No intercellular spaces are
present. Osmic acid: iron
haematoxylin. x 300.

Fig.1l4.- Part of an epithelial
membrane derived from a culture of
stomach from a 12-day avian embryo
after 48 hours’ incubation. The
cells are in contact with one
another and no intercellular spaces
are seen. Several mitoses are
present. Weigert’s iron haematoxy-

1lin. x 300.

Fig.16.- Macrophages from culture
of spleen of young rat after 48
hours' incubation. The cells
contain ingested red blood corpusc-
les and leucocytes. Zenker formol:
Harris' haematoxylin. x 300.



Fig.17.- Culture of heart from
8-day avian embryo fixed after
3 days' cultivation. A retic-
ular outgrowth of intensely-
staining heart muscle cells is
seen. This showed contraction
during life. Bouin: iron
haematoxylin. x 100.

Fig.18.- Culture of amnion from
6-day avian embryo after 24 hours'
incubation showing outgrowth of
amniotic ectoderm in the form of
an epithelial layer. Smooth muscle
strands are also seen projecting
from the explant. Zenker:
Weigert's iron haematoxylin. x 65.

Figs.19 & 20 show multinucleated muscle cells which have become isolated
from the strands of origin in the explant derived from a 12-day avian
embryo, and have migrated into the zone of outgrowth where they lie
amongst fibroblasts. In Fig.1l9 two mononucleated myoblasts lie in the

centre of the field (M - myoblasts).

haematoxylin.

Zenker formol: Weigert's iron

x 300.




Fig.21.- Culture of muscle (2nd
passage) from 10—day avian embryo
after 24 hours’ growth in plasma
and embryo extract. The muscle has
grown out in the form of thick
sprouts which stain intensely.
Zenker formol: iVeigert's
haematoxylin. x 40.

Fig.23.- Muscle strands from 9-
day embryo showing mitoses and
anastomoses between the strands.

Zenker formol: iron haematoxylin.

x 125% (m * ".t5.8'y

Fig.22.- Radial outgrowth of thin
muscle strands from a 7—day embryo.
Numerous mesenchyme cells are also
present. Zenker plus acetic acid:
Harris' haematoxylin. x 20.

Fig.24.— Culture in plasma and
embryo extract diluted with
distilled water. Muscle strands
from 10-day embryo showing lateral
branches and mononucleated myo-
blasts, some in mitosis. Zenker
formol: V/eigert's haematoxylin.

x 250.



Fig.25.- Endothelial cells from
heart of a 9%day avian embryo.
The cells form an adherent
reticulum. Cell outlines can be
distinguished. Zenker:

haematoxylin.

iron
x 250.

Fig.27.- High power view of
Fig.26, showing mitochondria in

a fibroblast.
haematoxylin.

Osmic acid:

iron
x 1,000.

Fig.26.- Fibroblasts from sub-
cutaneous tissue of newly-born
mouse. The cells are polygonal
in shape and in contact with one
another by long fine processes
which contain mitochondria.
Osmic acid: iron haematoxylin.

x 500.

Fig.28.- Epithelial cells from
kidney culture in fluid medium. The
nuclei, which contain one or more
intensely staining nucleoli, show
the almost homogeneous character
obtained after osmic acid fixation.
Surrounding the nuclei and lying
embedded in the cytoplasm are
numerous fine filamentous and broad-
shaped mitochondria. Fat droplets
are also seen. Osmic acid: iron
haematoxylin and Altmann’s fuchsin.

ado



Fig.29*- Cartilage cells from
epiphysis of 8-day avian embryo

after 18 hours' growth in vitro.

The cells are elongated and
spindle-shaped. Several
mitoses are present. Zenker
formol: Weigert's iron

haematoxylin. x 300.

Fig.31.- Culture of fragment of
cortex of rat kidney (48 hours'
cultivation) e The zone of out-
growth consists of several sheets
of epithelial cells which have
grown out at different levels in
the coagulum. Zenker plus acetic
acid: Harris' haematoxylin. x 35*

Fig.30*- Cartilage cells from
epiphysis of 7-day avian embryo
after 48 hours' cultivation. The
cells are larger and less
intensely stained than in Fig.29.
Numerous cells in various stages
of mitosis are seen. Zenker
formol: Weigert's iron

haematoxylin. x 300.

Fig.32.- The effect of liquefaction
of the plasma on epithelial culture
is shown. The primary sheet of
epithelium, which completely
surrounded the explant, became de-
tached within 30 hours except at
one point (X). Later the detached
cells grew out into the unliquefied
area in two planes. A fresh carpet
emigrated on the surface of the

cover-slip in a liquefied area. Zenker plus acetic acid: Harris'

haematoxylin.




Fig.33 also shows the effect of liquefaction of the medium on a

kidney culture,

the primary epithelial membrane remaining attached
to the explant in several places.

The projections from the explant

are not newly-formed structures of tubular character but represent

contracted masses of epithelial cells.

haematoxylin.

Harrisl
x 35.

Zenker formol:

Fig.54 shows the membranous appearance of kidney epithelium similar

in character from both cortex and medulla.

Migration of fibroblasts

is also seen but their presence has not influenced the character of

the epithelial outgrowth.
haematoxylin.

Fig.55«- Growing edge of kidney
epithelial culture in plasma and
embryo extract from a young rat.
The membrane consists of more than
one layer of cells and numerous
mitoses are present. Zenker formol:
Weigert’s iron haematoxylin.

Zenker plus acetic acid:

x 250.

Harris'

Fig.56.- Growing edge of another
kidney epithelial carpet which is
only one cell thick, cultivated in
plasma and embryo extract. The
cells are in general elongated at
right angles to the surface of the
explant. Several mitoses are
present. Fibroblasts are also seen.
Zenker plus acetic acid: iron
haematoxylin. x 250.



Fig.5 7 Part of kidney epithelial Fig.58.— High power view of
memhrane in fluid medium, showing Fig.37, showing mitochondria in
the variation in extent to which kidney epithelial cells. x 800.
the cells may stretch themselves

out. Osmic acid: Altmann’s

fuchsin. x 400.

Fig.59«- In this culture no
trace of cell outlines was seen
during life. During fixation in
osmic acid cell boundaries
appeared. Osmic acid: iron
haematoxylin. x 300.

Fig.40.- Epithelial cell from
kidney carpet in metaphase

stage of mitosis. Longitudinal
division of the chromosomes is
seen. Zenker formol: Harris'
haematoxylin. x 700.



Fig.41»- Culture of kidney fixed at the end of the 4th.passage.
During the first two passages outgrowth of epithelium was
abundant. After the 2nd. subculture fibroblastic outgrowth took
place. During the 3rd. passage numerous fibroblasts migrated
and prevented the outgrowth of epithelium after the 3rd. sub-
culture. In the zone of outgrowth fibroblasts and wandering
cells are seen. No epithelium is present. Zenker: Harris'
haematoxylin. x 20.

ig.42.- Lie
ipithelial cells
from kidney of
l4-day rat which
was 1injected
intra vitam with o
vital new red.
The proximal con-
voluted tubules
contained
granules of the
dye. Dye-
containing cells
have migrated
into the medium
participating in
the formation of
the epithelial
membrane. These

cells are in contact on all sides with non-dye-containing cells.
Corrosive sublimate: Harris' haematoxylin.



Fig.43.- Culture of intestine from 1l4-day avian embryo, showing
epithelial outgrowth completely surrounding the explant. Smooth
muscle cells are present round the central fragment and wandering
cells have also migrated into the medium. Zenker formol: Weigert’s

iron haematoxylin: Scharlach R. x 35.
Fig.44»- Part of epithelial membrane from culture of 1l4-day intestine
which was stained with thionin blue. (Second subculture.) Mucin-
containing cells can be seen round the central fragment. Zenker
formol. x 5.

Fig.45.- High power view of

Fig.44# showing cells contain- epithelial cells at periphery
ing mucin granules round the of Fig.43# showing presence
explant. x 250. of large and small fat globules.

x 700.



Fig.47*- High power view of
cells near central fragment of
Fig.43* The epithelial cells
contain only large fat globules.

Fig.48*- Culture of stomach
from 9-clay avian embryo, show-
ing outgrowth of epithelium.
30 hours’ cultivation in plasma

The cells are not so spread out and embryo extract. Zenker

as those in Fig.46, which are at formol: Weigert’s iron
the periphery of the culture. haematoxylin. x 30.
x 700.

Fig.49*%- High power view of
epithelial cells in Fig.48.
Mitoses are present. x 150.

Fig.50.- Epithelial sheet,grow-

ing on cover-slip, derived from
culture of 12-day avian gall-bladder.
Note the spaces in the cells pro-
duced by the dissolving out of

large globules of fat. The
appearances are similar to those
found in cultures of stomach and
intestine. Zenker formol: Weigert’s
haematoxylin. x 75%



Fig.51.- Finger-shaped epithel-
ial outgrowth from liver of 10-
day avian embryo. The cells
show spaces out of which fatty
droplets have been dissolved.
Endothelial cells are also
present. Zenker formol:
Weigert’s iron haematoxylin.

x 300.

Fig.55.- Culture of liver, show-
ing endothelial cells, from which
no epithelial outgrowth took
place. A few intensely-staining
degenerate liver cells, in which
no structure can be made out, are
seen, d = degenerate liver cells
Zenker formol: Weigert's iron
haematoxylin. x 150.

Fig.52.- Outgrowth of
epithelium and endothelium
from liver of 8-day avian

embryo. (Second subculture.)
Zenker formol: Weigert’s iron
haematoxylin. x 60.

(E = epithelium).

Fig.54.- Culture of liver from 1l6-
day avian embryo. In the zone of
outgrowth fibroblasts and wander-
ing cells, mainly macrophages, are
seen. A few lymphocytes and mono-
cytes are present. Note the elong-
ation of the macrophages character-
istic of actively migrating cells
of this type in a coagulated med-
ium. Zenker formol: Weigert's

iron haematoxylin. x 54.



Fig*55*- Periphery of liver culture
from 7”day avian embryo. The columns

of liver cells in the explant are
very intensely stained and no endo-
thelial outgrowth has taken place.
Between them can be seen the sinus-
oidal endothelium which is continuous
with the cells in the zone of out-
growth. Note the tendency of the
endothelium to grow round the explant
Zenker: Weigert’s iron haematoxylin.

x 75.

Large cell from culture
liver showing abnormal mitosis, the
chromosomes being divided into two
unequal groups. Zenker: Weigert'’s
iron haematoxylin. x 750.

Fig.56.- Periphery of explant of
culture of 5-da-y avian liver showing

a sinusoid in which haemopoiesis 1is
progressing. L B limit of liver cell
zone: S » sinusoid: E.E - limits of
thick zone of endothelial cells which
have grown round the fragment, prevent
ing emigration of liver parenchyma.
Zenker: Harris’ haematoxylin. x 300.

Fig. 58*- Strands of elongated
band-like smooth muscle cells
from culture of amnion. Longit-
udinal fibrillae are to be seen
in the cells. Zenker formol:
Weigert’s iron haematoxylin.

x 250.



Fig. 59>- Culture of lung from
l4-day avian embryo (3rd. sub-
culture). The zone of outgrowth
shows broad sheets of bronchial
epithelium, fibroblasts and
wandering cells. Bouin; Harris'
haematoxylin. x 30.

Fig.61l.- Culture of thyroid of
l4-day avian embryo after 2 days’
cultivation. A sheet of epithel-
ial cells showing variation in
shape is present. Endothelial
sprouts, wandering cells and
fibroblasts are also seen.

Zenker formol: Weigert's iron
haematoxylin. x 30.

Fig.60.- High power view of
epithelium from fig.59* The
epithelial sheet resembles that
seen 1in cultures of skin.
Bouin: Harris' haematoxylin.

x 30.0

Fig.62.- Epithelium from culture
of thyroid showing variation in
shape of epithelial cells. Spaces
produced by the dissolving out of
fatty and lipoid globules which
often appear in large numbers of
cultures of thyroid epithelium

are seen. Zenker formol: Weigert's
iron haematoxylin. x 300.



Fig.63.- 3rd.subculture of newly-
born mouse thyroid. During the
first two passages fibroblasts and
epithelial cells were found. Later
excessive fibroblastic outgrowth
inhibited emigration of the epith-
elium and in this culture only
fibroblasts and macrophages are
present in the zone of outgrowth.
Zenker: Harris’ haematoxylin.

Fig.65.- Retinal epithelium from
6-day avian embryo. Fine pigment
rods are seen in epithelial cells
and these have increased in amount
during cultivation. Zenker:

Harris' haematoxylin. x 700.

x 40.

Fig.6 4 Culture of allantois from
7-day avian embryo showing outgrowth
of epithelium and sprouts of
endothelium. Zenker: Harris'

haematoxylin. x 30.

Fig.66.- 3-day culture of spleen

from young rat, stained intra vitam
with vital new red, showing numerous
wandering cells consisting mainly of
macrophages and monocytes and long and
somewhat flattened strands of sinusoid-
al epithelium. The endothelial cells
contain fine granules of the dye which
cannot be seen in the photograph.
Corrosive sublimate: Harris' haematoxy-
lin. . x 60.



Fig.67.- Culture of spleen from
newly-born rat after 2 days’
cultivation. Extensive lique-
faction has taken place in the
area figured. In the liquefied
zone numerous spread-out
macrophages containing ingested
material are present.
Harris'

Zenker:
haematoxylin. x 40.

Fig.69.- Culture of pancreas from
l4-day rat showing fibroblasts

and macrophages. A small epithelial
outgrowth was obtained in the
primary culture. During the second
passage the fibroblasts, however,
grew round the explant, preventing
further epithelial outgrowth.
Zenker formol: Harris'

x 300.

haematoxylin.

Fig.68.- High power view of
macrophages from culture of spleen
showing numerous phagocytosed red
blood corpuscles, lymphocytes and

polymorphs. Zenker: Harris'

haematoxylin. x 300.
Fig.70.- Polymorphonuclear
leucocytes, lymphocytes, mono-

cytes which have emigrated from
cultures of spleen.

P * polymorphs* L = lymphocytes*
M . monocytes. Zenker: Harris'
haematoxylin. « 00



Fig.71.- Part of epithelial
memhrane from culture of skin of
5-day embryo. During life no
spaces could be observed between
the cells. The reticular appear-
ance of the cells seen was pro-
duced by fixation. Zenker:
Weigert's iron haematoxylin.

x 250.

Fig.73.- Part of epithelial
membrane from another spontan-
eous mouse tumour cultivated in
plasma and embryo extract. The
cells show typical epithelial
arrangement similar to that seen
in cultures of normal organs.
Several mitoses are present.
Zenker plus acetic acid: Harris'
haematoxylin. x 250.

' IW

Fig.72.- 4-day culture of
spontaneous mouse tumour (adeno-
carcinoma) showing typical
epithelial outgrowth resembling
that seen in cultures of normal
organs. A few wandering cells
are present in the zone of out-
growth. Zenker: carbol fuchsin.
x 72. n

Fig.74 .- Mesenchyme from 4-day
avian embryo. The explant has
spread out in a thin sheet and is
surrounded by a narrow fringe of
cells. Zenker: Harris'
haematoxylin. x 30.



Fig.75.- *n this preparation two
small fragments of subcutaneous
tissue from 8-day avian embryo were
cultivated close to one another (24
hours’ cultivation). The fibroblasts
show the usual radial arrangement and
those from one culture have approach-
ed and are mingling with those from
the other. Zenker formol: Weigert’s
iron haematoxylin. x 35%

Pig*77.— Part of zone of out-
growth of culture of fatty tissue
from 12-day avian embryo which
has been stained with Nile blue
sulphate A, Fibroblasts and
intensely stained, rounded,
cells are seen. Formalin,

fat
x 300.

Fig.76.- Part of culture of
muscle from 12—day avian embryo.
Broad muscle strands containing
fibrillae and numerous nuclei
arranged in longitudinal rows
are seen. Zenker: Nile blue
sulphate A. x 300.

gig.78.- Endothelium from 9-day
avian embryo showing both capillary
sprouts and membranous arrangement
of the endothelial cells. Zenker:
Harris' haematoxylin. x 100



Fig.79»- Newly-born mouse kidney: Fig.80.- Fibroblasts from

two hours in normal rabbit serum. newly-born mouse heart after
Typical epithelial growth one cell two hours in normal rabbit

thick. Some cells at margin show serum. Numerous normal mitotic
evidence of injury. Zenker minus figures. Zenker minus acetic
acetic acid; iron haematoxylin. acid, iron haematoxylin. x 750%
x 80.

Figs.8l & 82.- Embryo pouse heart, good growth of fibroblasts after

forty-eight hours, Medium then removed, cultures washed and serum
added for two hours. Zenker minus acetic acid, iron haematoxylin.

Fig*8l.— Normal rabbit serum. Fig.82.-

Cells normal, sharply defined Cells greatly shrunken, outlines
nuclear structure and long cyto- difficult to distinguish,
plasmic processes. x 80. x 80.

Cytotoxic serum.



Fig.85.- High power of fig.81.
Cells healthy; cell in early pro-
phase in centre. x 300.

Fig.85.— Culture of fibroblasts from
mouse heart treated with heated
antiserum for 30 hours.
as evidenced by supravital staining
with neutral red, were dead before
fixation. They are rounded up and
have contracted individually and

in clumps. Zenker formol, iron
haematoxylin. x 45.

All the cells,

Fig.84 .- High power of fig.82.
Extreme pyknosis and loss of cyto
plasmic structure. x 300.

Figs.86 & 87.- Cultures of
carcinoma M. 63 after forty-eight

hours' incubation. Treated as before
with serum for two hours. Zenker-
formol. Harris' haematoxylin.

Fig.86.- Normal rabbit serum. Epi-
thelial arrangement of cells with
finger-like processes at periphery,
x 350.



Figs,86 & 87.- Cultures of

carcinoma M. 63 after forty-eight
hours’ incubation. Treated as before
with serum for two hours. Zenker-
formol. Harris' haematoxylin.

Fig.87.- Cytotoxic serum. The nuclei
are pyknotic and the cytoplasm is
unstained. x 400.

Fig.89.- Cytotoxic serum. Cells
shrunken, nuclei pyknotic and
cytoplasm faintly stained, x 125.

Figs.88 & 89.- Embryo chicken heart
fibroblasts after twenty-four hours'
incubation. Treated for two hours
with fresh antiserum and antiserum
absorbed with guinea-pig organs.
Zenker-formol. Harris' haematoxylin.

Normal
x 125.

Fig.88 .- Absorbed antiserum.
appearance of fibroblasts,

Fig.90.- Sheet of tumour-
epithelium treated for 2 hours
with antiserum. The nuclei are
pyvknotic and cytoplasm un-
stained. Zenker formol, Harris'
haematoxylin. x 60.



Fig.91.- High power of fig. 88.
Nuclei and cytoplasm stain
normally: mitotic figure in
centre, x 350*

Fig.92.- High power of fig. 89.
Nuclei are markedly pyknotic, cyto-

plasm vacuolated and faintly stained,
x 350.

Figs. 91 & 92 are high power photographs of figs. 88 4 89 respectively



'v
o™
fa**
05
& ©
*
© .
© . ®
Q
a d « @
©
© -

Fig.95«- Normal
rabbit serum.
Typical epi-
thelial growth.

Cell outlines plain
and spaces previous-
ly occupied by lipoid
droplets are seen.
Two cells in

early pronhase

and one 1in metaphase
stage of mitotic
division are
present, * 9°°

Fig.94.- Cytotoxic
serum. Cells greatly
shrunken, but
attached to one
another. The nuclei
are much smaller
than in fig.93, and
are nyknotic and
crenated. The cyto-
plasm is granular
and the usual
structure has dis-
apneared. *9oo0.

Figs.93 & 94.- Newly-born rat kidney epithelium after incubation

for forty-eight hours.
Zenker—-formol. Harris’ haematoxylin.

Treated with serum for one hour.



Fig.95.- Normal rabbit serum. The cells are
healthy and the normal arrangement of lipoid
dronlets and fibrillae is seen. * 720.

Fig.96.- Cytotoxic
serum. The cells are
shrunken but remain

g * in contact by fine
granular cytoplasmic
£ > bridges. Lipoid
droplets have fused
o, together in places,
. and no fibrillae

are present.x72.0

Figs.95 & 96.- Mesothelial cells from embryo mouse heart
after incubation for forty-eight hours. Treated with
serum for two hours. Zenker minus acetic acid, iron
haematoxylin and sudan III.



Fig. 97. - Section through
centre of control tibia
from a 5-day fowl embryo.
The tibia is composed of a

simple type of cartilage and
shows no differentiation into

epiphyses and diaphysis.

Mallory's triple stain, x b55%
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Fig. 98. - Section through centre
of a tibia from 5-day fowl
embryo, cut through centre of
shaft and allowed to repair for
24 hours in vitro. No trace

of the injury persists.

Normal histogenesis of cartilage
has begun. Masson's iron
haematoxylin, wuonceau 2R, light
green. x n2.



Fig. 99. - Section through centre
of control tibia from 5-da.y fowl
embryo cultivated for 24 hours

in vitro (cf. fig. 2).

Mallory's triple stain, x 50»

A3o

Fig. 100. - Section through centre
of a tibia from 5-day fowl embryo,
cut through centre of shaft and
allowed to repair for 6 days in
vitro. No trace of injury can be
seen and normal histogenesis of
cartilage and bone is continuing.
Masson's iron haematoxylin, ponceau
2R, 1light green, x 80.



rig. x\)d *- section tnrol centre or lemur from
fowl embryo which was cut thro’ centre

*E
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Fig.”10l.- Section through |[0f shaft and allowed to repair for 6 days in
centre of control femur from ivitro. Union has occurred and normal histo-

5e day fowl embryo. Cartilage .genesis of uninjured cartilage and of the
shows no differentiation into iosteogenic tissue 1is progressing. Osteoblasts,
epiphyses and diaphysis but ;continuous with those of the shaft, form a
cells ot centre of shaft are 'bridge across the cartilage. The adjoining
larger and separated by more echondroblasts are necrotic. On each side of
matrix than in fig. 97* the necrotic areas hypertrophic chondro-
H.allory's triple stain, x 55* blasts are seen. Mallory's triple stain.x

Fig.105.- Section thro' centre of

femur from ~-day fowl embryo which -Fig.104.- Section through centre of
was cut thro' centre of shaft and tibia from 5”%-day fowl embryo which
allowed to repair for 3 days. Union was cut through centre of shaft and
has been brought about by developing allowed to repair for 9 days.

osteogenic tissue which is being Apposition of cut ends was faulty:
compressed by the developing carti- union of cut ends brought about by
lage. Masson's iron haematoxylin, osteogenic layers and surrounding
ponceau 2R, light green, x 30. tissue and formation of osteoid
tissue between the fragments is pro-
ceeding. Safranin picro-indigo- f

carmine. x 25.




Fig. 105. - Part of a section through centre
of a tihia from 5i"-day fowl embryo cultivated
for 6 days in vitro, then cut through centre
of shaft and allowed to repair for 2 days in
vitro. The osteoblastic layer and the fibrous
periosteum have repaired themselves and
osteoblasts have accumulated round the margins
of the necrotic cartilage where they show
mitoses. Masson’s iron haematoxylin, ponceau
2R, light green, x A30-



Fig. 106. - Section through centre Fig.107.- Section throl centre of tibia
of shaft of fractured tibia from from 5s'-day fowl embryo which was cut
5*--day fowl embryo which was culti- and allowed to repair for 9 days.

vated for 12 days in vitro.

A zone Marked distortion has occurred. Over

of osteoid tissue continuous with convexity of the cartilage, the osteo-
that of the shaft has been formed blastic layers have almost dis-
by the osteoblasts which have appeared, 1in the concavity, formation
grown in between the cut surfaces of osteoid tissue is proceeding.

of cartilage.

Safranin picro-

indi go-carmine.
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x 150.

Mallory’s triple stain, x 17*

-——-—— developing epiphysis of 6-day tibia which was cultivated for 4 days

in vitro and then incised through the articular surface and cultivated for
a further 4 days, llepair of the perichondrium has taken place and it is
giving rise to cartilage cells which have emigrated into the gap. An area
of necrotic cartilage is present at the inner end of the cut. Masson’s iron
haematoxylin, ponceau 2R, light green, x 175.

108 . 5-day tibia cultivated for 24 hours in vitro then incised at centre of shaft

and cultivated for a further 4 days. Repair has occurred and normal
histogenesis of cartilage and bone is taking place. The site of injury is
indicated by an area of necrosis in the cartilage and a few osteoblastic cells

have accumulated in the gap between the cut surfaces. Iron haematoxylin,
ponceau 2R, light green, x 80.



Fig.Ill.- Part of a section thro' centre of
a 7-day femur which v/as incised thro' centre

of shaft and allowed to repair for 9 days in

It vitro. The periosteal layers are continuous
HO . - Section through centre at the site of injury and continuity of the
of control femur from 7-day fowl ©periosteal bone is being restored. Osteo-
embryo showing hypertrophic blasts have grown into the gap between the
cartilage, developing bone and cut surfaces of the now necrotic cartilage
periosteal layers. Magenta picro- have formed osteoid tissue continuous
indigo-carmine. x aoo. with the bone of the shaft. Magenta picro-

indigo-carmine, x I**5

ig.112.- Part of section thro' centre of 7- pig 115.- Section thro’
ay tibia which was incised thro’ centre of centre of shaft of 7-day

haft and allowed to repair for 2 days, femur which was incised thro'
steoblasts have migrated between the cut centre of shaft and allowed
nds of cartilage and union has been brought i, repair for 16 days. The
bout by restoration of continuity of peri- gite of injury is occupied
steal layers and the fusion of cartilage by a broad zone of osteoid
ue to its progressive development above tissue continuous with that
nd below the site of injury. BouimMasson’s gf the shaft above and below
ron haematoxylin, ponceau 2R, light green. the site of injury. Bouin:

_ x 175. magenta picro-indigo-

carmine



Ai*iJgJAe7 “ar”® section of a 7—day
tibia cultivated for 16 days in vitro

showing extension of ossification in-
to the surrounding connective tissue
in a region '/'here the fibrous peri-—
osteum has disappeared. Ossification
is normal where the fibrous peri-
osteum is intact. Safranin picro-
indigo-carminees x 80.

Fig.116.- Section through centre of
shaft of 9-day tibia which was cut
completely across and allowed to re-
pair for 10 days in vitro. Continuity
of the periosteal layers 1is complete
all round but union of bony cylinder
is complete on one side only. Masson's

iron haematoxylin, ponceau 2R, light
green. x 70.
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Fig.115.— Section through centre of
ghaft of 9 day (control) tibia

showing hypertroohic cartilage,
trabecular bone and periosteal
layers, Masson's iron haematoxylin,
POnOeau 2R, 1light green, x 80.

Fig.1l17.- High oower of 116: part of
section through site of fracture of 9

JV2 W* .

day tibia which was cultivated for 10
days I vitro. The continuity of the
periosteal layers and of the outer
cylinder of bone has been restored. The
gap between the cut surfaces of cartil-
age is occupied by spindle-shaped cells
resemoling fibroblasts, derived, howeva-,
from the osteoblastic layer, which are
invading the cartilage and causing its
resorption. Masson’s iron haematoxylin
ponceau 2R, light green, x 200.



Fig.118.- Part of section throl site of fracture of femur from
9-day embryo showing invasion of cartilage capsules by osteo-

blasts.

These are distinguished by their nolygonal or

triangular shape and by their intensely staining cytoplasm.
The surviving chondroblasts have faintly staining nuclei

and vacuolated cytoplasm, o)

Safranin picro-indigo-carmine.

_Fig.119.- Section through proximal
epiphysis of embryonic mouse tibia
cultivated for 16 days in vitro.
The epiphyseal cartilage is hyper-
trophic and is separated from the
cartilage of the diaphysis by a
zone of flattened cells

Safranin picro-indigo-carmine. xk-O

osteoblasts,

(cf.fig.120).

c = chondroblasts.
x 250.

Fig.120.- Section through centre of
control embryonic mouse tibia show-
ing small-celled epiphyseal region,
trabecular bone and developing

marrow. Safranin picco—indigo-
carmine. x SO.



Fig.121.- Site of fracture of embryonic mouse
tibia after 8 days’ cultivation showing newly-
formed osteoid tissue continuous with the pre-
existing and intensely staining bone.
Safranin picro-indigo-carmine. x 5 70



Fig. 125»- Whole mount of patella
culture 6 days after appearance
of cartilage in the explant.
Note the triangular shape of the
cartilage mass which is sharply
demarcated from the surrounding

tissue. Zenker:

Fig.126.- Section through centre

of knee-joint region of limb of
other side of same embryo as that
from which explant in fig.125 was
derived. The section was stained
with thionin blue which demonstrates
specifically areas of early chondro-

genesis. At the site (s) at which
the patella develops, no trace of
cartilage 1is seen. Zenker. x 56.

thionin blue.

Fig.127.- Section through the
middle of knee-joint region of limb
from which presumptive patellar
tissue was removed. In this mass of
mesenchyme the cartilage in fig.1l25
developed. Epiphyses of the femur
and tibia are uninjured and the
perichondrium is intact. Zenker:
thionin blue. x 36.



Fig. 128.- Section through centre
of knee-joint from which tissue
for culture shown in fig.130 was
taken. The femoral and tibial
epiphyses are undamaged and the
perichondrium is intact. Bouin:
Mallory’s triple stain. x 40.

Fig. 130.-

Fig.129.- Section through centre
of knee-joint of limb from other
side of same embryo as fig.128.

In the region where the patella
subsequently develops no cartilage
is to be seen. Bouin: Mallory’s
triple stain. x 40.

Culture of presumptive patellar
mesenchyme after 3 days’ cultivation,

show-—

ing commencing chondrogenesis. L = upper

limit of future patella:

M = muscle fibres

derived from distal end of great extensor
muscle of thigh. The area of commencing
chondrogenesis is roughly triangular.
Zenker plus acetic acid: Mallory’s triple

stain.

x 40.



Fig.131.- Section through culture of patella
developing in vitro after 12 days’ cultivat-
ion. The cartilage mass, which consists of
small-celled chondroblasts, is roughly
triangular in shape and sharply demarcated
from the surrounding tissue. Zenker:

Mallory’s triple stain.

Fig.132.- Section through knee-
joint of other side of same
embryo as fig.131. Cartilage
formation in the patellar region
has not yet begun. Bouin:

Mallory’s triple stain. x 60.

x 55»

Fig.133.- Section through knee-
joint region from 13—day avian
embryo, showing formation of
cartilaginous patella.

P a patella. Bouin: Mallory's
triple stain. x 40.



Fig.134*- Whole mount of avian patella which differentiated
in vitro. 8 days' cultivation. Zenker: thionin blue, x 40.

Figs. 135 and 136 are cultures derived from the future
patellar mesenchyme of the other side of the same embryo
as fig. 134. The mesenchyme was divided into two equal
parts which were explanted separately. The cartilage

in culture shown in fig.135 is considerably greater in
amount than that obtained in the culture shown in
fig.136, but the sum of the cartilage in both cultures

is less than that in fig.134. Zenker: thionin blue, x 40.
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Fig.1l57.- Wax reconstruction of Fig.158.- Wax reconstruction of

patella isolated from avian embryo patella isolated from avian embryo

at the end of the 11th day. after 142 days’ incubation.
Fig.159.- Wax reconstruction of Fig.140.- Wax reconstruction of
20-day culture of avian patella l4-day culture of avian patella
which differentiated in vitro. which differentiated in wvitro.

Notes. All 4 photographs of the reconstructions should have been
placed with the upper margin parallel with the top of the place.



Fig.141.- Sheet of mesothelium
from heart of 10-day avian
embryo. Note the spread-out
character of the cells towards
the periphery of the culture,
(P). Zenker: Weigert's iron
haematoxylin. x 100.

Fig.1434- Culture of subcutan-
eous tissue from choroid of 9-
day embryo. A large cell con-
taining two nuclei, both in
late prophase stage of mitotic
division is seen in the centre.
Above it is a cell in metaphase
stage. Zenker plus acetic acid:
Harris’ haematoxylin. x 650.

Fig.1l42.- Part of connective tissue
surrounding skeletal rudiment from
5-day embryo cultivated for 12 days.
Fine collagen fibres are seen
separating the cells and in the
centre are two thin cross-striated
muscle fibres which have developed
in vitro. Zenker plus acetic acid:
Masson's iron haematoxylin:

Ponceau's 2 R light green. x 650.

Fig.144.- Edge of explant of liver
from newly-born mouse after 2 days'
cultivation. Numerous fibroblasts,
wandering cells and lymphocytes
are seen. A small sheet of meso-
thelium is also present.

Corrosive sublimate: Harris'
haematoxylin. x 200.
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Fig.155»- Healthy kidney epithelial
cell stained janus green B, showing
fine filamentous and rod-shaped mito-
chondria. Two granular mitochondria

are present. A few fat globules are
also seen. * 12.00
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Fig.156.- Kidney epithelial cell
stained janus green B after 4 hours’
exposure to carbon tetrachloride.

The mitochondria consist of short,

thick rods, and granules. Compare
fig. 162. X-12.00

In figs. 155* 156, 157, 158 and 159 the unstained
fatty globules are coloured nale green.



157>- Kidney epithelial cell stained Jjanus green B,
after 10 hours' exposure to carbon tetrachloride. The
mitochondria consist of short, thick rods and granules.
A few spherical forms are also seen, and several fatty
globules containing small granules of dye-stained sub-
stance are present. In some of these, the dye-stained
particles are purplish in colour. * 1,200
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Fig.158.- Kidney epithelial cell stained with Jjanus
green B and neutral red, after 12 hours' exposure to
carbon tetrachloride. The mitochondria are granular
and rod-shaped. Numerous neutral red stained granules
of varying sizes are present. Some of these contain
small, fatty droplets. xi,zo0



Fig,139»- Kidney epithelial cell stained with neutral
red after 12 hours' exposure to carbon tetrachloride.
Numerous vitally stained granules of varying sizes

are present. Some of these contain globules of fatty

material. Two large masses (m = large masses), formed
by fusion of several neutral red granules, are seen.
X 12.00

Fig.160.- Healthy kidney epi-
thelial cell fixed in osmic acid
and stained with Altmann's fuch-
sin and methyl green. Numerous
fine filamentous mitochondria are
present, x 1,200



Fig.1l6l«- Healthy kidney epi-
thelial cell.fixed in formal-
in and stained with Nile "blue
sulphate A. The fat globules
are pink in colour and consist
of neutral fat. * 12.00

Fig.162.- Kidney epithelial

cell fixed in osmic acid after

4 hours'’ exposure to carbon
tetrachloride. The mitochondria
consist of granules and short,
thick rods. A few short fila-
ments are present round the peri-
phery of the cells. Compare fig.
156. * 1ao00



Fig.163.- Kidney epithelial cell
fixed in formalin and stained
with Nile blue sulphate A, after
8 hours’ exposure to carbon
tetrachloride. Pink globules of
neutral fat are seen. Several
small, bright blue granules of
fatty acids and purplish masses,
some of them containing small,
bright blue droolets of fatty
acids are also seen. * 12.00



