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FOREWORD

Even at the risk of beginning with an unnecessary remark, it may be
worth stating that this is not a text-book of cytology. The readers’
acquaintance with the elements of the subject has been assumed. The
intention of this book has been rather to review recent progress in the
study of the dividing cell, and to relate it where possible to the history
of the subject. It cannot be claimed that precisely equal justice is done
to all branches and in common with most cytological works, a larger
share of attention has been paid to those topics with which the re-
scarches of the author have been concerned. The centre of gravity lies
more towards the physiological than to the descriptive aspects of the
subject, though the attempt has been made, however imperfectly, to
view the subject as a whole. In recent years there has been a marked
growth of interest in the dividing cell, though for several reasons it is
impossible yet to assess the extent of the permanent contributions to
knowledge which are now being made. One cannot forecast for how
long the present trends in research will be maintained, though their
momentum is still high. Caution in any estimates of this kind is sug-
gested by the previous reviews of this field, from which the contem-
porary reader may well have gained the impression that the way was
clear for substantial progress in promising directions, though not always
would such Lopes have subsequently been fulfilled. For instance, in Pro-
fessor FAURE-FREMIET's classical Cinélique du Développement the approach is
from the standpoint of energetics, which has since been found more
applicable to the wider embryological aspects of growth than to the
study of the single cell in division. Again, Professor Gray’s Experimental
Cytology, to which the writer in common with many others owe their
interest in the problems of the cell, has the unifying theme of cell
mechanics which is there expounded with masterly grace and pene-
tration. It is a sobering experience to realize how little the past twenty
years can add to the treatment of some topics on cell division to be
found in that book. There can be no doubt that the single living cell in
mitosis is one of the most difficult objects which the experimental
biologist has ever attempted to analyse.

The present author has been fortunate in enlisting the help of two
colleagues, Dr Charity Waymouts and Dr Michael Swann, each with
special and indeed unique experience in their own fields; their contribu-
tions appear on pages 163-182 and 119-134 respectively. He is further
indebted to them for the help which they have given in advice and
criticism elsewhere in the book, though their responsibility is here
entirely restricted to their own respective sections.
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FOREWORD

He is further indebted for much advice and assistance to Dr Honor
Ferr, Dr Michael WeBB, and other colleagues at the Strangeways
Laboratory; to Dr Gray and to Dr Perc of the M.R.C. Radio-
therapeutical Research Unit, to Dr C. D. DarvingTroN and- his
colleagues at the John Innes Horticultural Institution, to Dr R. A.
Bearty of the Department of Animal Genetics, Edinburgh;, and to
Dr Ivor Cornman of Washington who generously allowed him to make
use of his unpublished survey of the effects of aromatic compounds on
dividing cells, and to his publishers for their interest in this book and
their promptitude in its publication.

Cambridge, October, 1951

‘Les méthodes nouvelles de I’anatomie microscopique qui per-
mettent de saisir la matiére vivante aux differentes périodes de son
évolution, de la fixer dans sa forme, de différencier, au moyen de
réactifs chimiques, les éléments qui entrent dans sa constitution, les
perfectionnements apportés aux objectifs des microscopes qui font
apercevoir des détails qui devaient fatalement échapper aux anciens
observateurs, ont montré que la structure et la vie d’une cellule sont
plus complexes qu’on ne le pensait. Nous sommes loin aujourd’hui du
temps ot l'on considérait la cellule comme une petite masse de sub-
stance homogéne, sarcode ou protoplasma, entourée ou non d'une
membrane d’enveloppe et renfermant un petit corps réfringent, le
noyau, contenant lui-méme un corps plus petit, le nucléole.’

L. F. HeEnnEGUY, 1896.

‘From the extensive investigations on the mechanism of cell division
it must be concluded that there is as yet no full understanding of the
physical and chemical mechanisms which bring forth this process.’

E. S. G. Barron, 1949.

‘We have learned many things about cell division, but we do not
know much in the end.’
W. D’Arcy WenTworTH THOMPSON, 1042.
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1
THE NUCLEIC ACIDS

BEFORE we attempt to discuss the behaviour of the cell and of its
microscopically appreciable components, there should be given some
account of those macromolecules the changes in which, at a lower
order of magnitude, are now known to relate to the visible events
within the cell, and are believed in some way to initiate and govern the
course of the whole complex of biological events which results in the
production of two cells from one,

HISTORICAL

The history of this branch of biology is an interesting one, for it may
be said that it began in the seventies and eighties of the last century
with studies on the chemistry of the cell nucleus, which only in recent
years have been resumed. Then, as now, there are two general
methods which could be used for such investigations. Under the micro-
scope one can study the behaviour of cells and tissues towards stains
and reagents, or alternatively cell components such as nuclei can be
separated from gross quantities of tissue and then analysed in bulk by
chemical methods.

By the eighteen-sixties the affinity of cell nuclei for colouring agents
such as carmine was well known (Mann,! Baker?®), and the recogni-
tion that the invariable presence of the nucleus pointed to its essential
role in the life of a cell led MiescHER, a pupil of His, to attempt its
investigation by the second of these general methods, for which he
needed a source of one type of cell in large quantity.* He first used pus
from surgical bandages, plentiful in the pre-Listerian era, a material
from which, although nicht tadelfrei, MiescHER found that he could free
the degenerating leucocytes, and after further trials could separate
these as we should now say, into nuclear and cytoplasmic fractions.
MiescHER describes the isolated nuclel as ‘vollkommen reinen Kernen,
mit glatter Contour, homogenen Inhalt, sharf gezeichnetem Nucleolus,
im Vergleich zur ihren ursprunglichen Volumen etwas verkleinert’
(MiescHER®). From these isolated nuclei, MiescHER proceeded to
prepare a substance which he termed ‘nuclein’ with stronger acidic
properties than any organic cell constituent then known, and which
was soluble in weak alkali, but not in dilute acid. It contained a high

* An admirable account of Miescuer's life and work is given by GreexsTEN 2
I



THE MITOTIC CYCLE

percentage of phosphorus; it was only very slowly attacked by gastric
juice. An account of this research was submitted to HoPPE-SEYLER in
1869, but so startling were the nature of these conclusions that
MiescHER's® paper was not published until 1871, by which time other
colleagues had confirmed these observations on different types of
material. In that year, MiEscHER returned to his native city of Basle and
became interested in the biology of the Rhine salmon, the sperm of
which provided new material for investigations on nuclear chemistry.
The acid nuclein of the sperm head was shown to be united with a
nitrogenous base, to which MiescHER gave the name protamine. He
did not regard this as a protein, for it gave no reaction with the Millon
reagent.

The first instance in which the results of MiescHER were applied to a
histochemical investigation is provided by the work of ZacHaARrias,®
who sought to determine whether the nuclei of several types of cell
consisted of nuclein, by testing if they were resistant to peptic digestion,
and whether they would swell or gelate in strong sodium chloride, as
did MiescHER’s nuclein. ZacHARrIas applied these tests to a number of
animal and plant cells and found that the behaviour of their nuclei
suggested that they also contained nuclein. This research FLEmMinG?
had 1in mind when in his classical Jellsubstanz, Kern und Zelltheilung he
gave a definition of the substance which forms the “framework’ of the

nucleus:

which, in virtue of its refractile nature, its reactions, and above all, its affinity for
dyes, is a substance which I have named chromatin. Possibly chromatin is identical
with nuclein, but if not, it follows from ZacHar1as® work that one carries the other.
The word chromatin may serve until its chemical nature is known, and meanwhile
stands for “that substance in the cell nucleus which is readily stained’.

Although this definition was framed with respect to the resting
nucleus, FLEMMING clearly describes in the following section of the book
how the ‘Kerngeriiste’ of the resting nucleus is directly transformed into
the ‘chromatischen Kernfigur’ during mitosis, the individual loops of
which were not given a special name until WaLDEYER? first used the
term ‘chromosome’.

By the eighteen-seventies, there were available a number of the azo
dves which are still used by histologists, and FLEmMMING in 1882 lists
those which he had employed in studying the nucleus throughout its
stages. It was not long afterwards that Enrrica drew attention to the
difference in staining properties between those dyes in which the colour
group was acidic or basic (see for instance EHRLICH?).

Meanwhile, advances in the chemical study of the nucleus were in
progress and the presence was being recognized of one type of constitu-
ent unit, the purine bases, then known as the ‘alloxuric bases’. Such
investigations were begun by Piccarp, and continued by Kosser. At

2



THE NUCLEIC ACIDS

first it was not clear whether nuclein or protamine was the source of
these bases. Kosser!® had by 1881 inclined more to the former opinion,
and continued to work on these substances from this point of view. In
1889, however, ALTmManN! first described a method for preparing
nucleic acids which were free from protein, from both animal tissues
and yeast, and within a few years KosseL and NEUMANN!? were able to
isolate thymonucleic acid from the thymus gland. These advances in
the study of the structure of the nucleic acids did not lead to any
immediate comparable progress in histochemistry. By means of double
staining methods, LILIENFELD' attempted to distinguish between
nucleoproteins and free nucleic acid in the nuclei of resting and dividing
cells, but similar efforts by Heine!® led this author to the conclusion
that such a distinction could not be made by the staining methods then
available. When FiscHEr'® wrote his classical monograph on the
Fixierung, Firbung und Bau des Protoplasmas the subject of biological
staining was already in the complex state in which it has largely
remained. In this work, he discussed the influence on the results
obtained of such factors as the nature of the fixative, and the order in
which stains are applied, both with tissue sections and with films of
proteins and nucleic acids. It was recognized that methyl green has a
special affinity for thymonucleic acid, although FiscHER pointed out
that proteins, when fixed by heavy metal salts, can also absorb this
stain. In a series of papers at this time (MANN'®), the question was
debated whether the affinity for dyes depends upon chemical factors
or whether physical effects are alone involved. In the end, future
progress depended not only on the further development of micro-
chemical staining methods, but also on the use of specific enzyme
preparations on tissue sections under the microscope. The first histo-
chemical researches which related to the nucleoclastic enzymes were
studies on autolysis. Such experiments indicate the presence of tissue
ferments only when conducted in the presence of antiseptics, which
SaLkowsk1'? first used for this purpose. ZALEsKI'® demonstrated that
purine bases were liberated on prolonged autolysis of plant material at
30° C. while Ois!® 2 showed that a few hours’ incubation under these
conditions was sufficient to break up and dissolve the chromosomes in
dividing cells of both plants and animals.

The investigations of vaAN HErRwERDEN® 2 differed in both methods
and results. By means of the method described by Sacus® a nuclease
was prepared from beef pancreas or spleen. The expressed juice of these
organs was precipitated with saturated ammonium sulphate, and the
washed product was subsequently dissolved in water and dialysed.
Sections of echinoderm eggs were incubated for 24 hours in this
preparation, and were then stained in haemalum. On comparing them
with control sections incubated in water, vAN HERwWERDEN found that

3



THE MITOTIC CYCLE

the basophil granules of the cytoplasm, the ‘chromidia’, had dis-
appeared. These bodies must therefore be related in composition to
nuclein, A similar treatment of sections of the intervertebral ganglia of
the cat resulted in the dissolution of the Nissl granules. The demon-
stration that nucleic acid is found in the cytoplasm is thus nearly forty
vears old.

In van HERWERDEN's experiments, the changes within the oocyte
nucleus, either in the chromatin or the nucleolus were very much less
marked. He returned to this subject in a further study (van HERWER-
pEn®?) of the effects on the sperm head of both nuclease and 1 per cent
hydrochloric acid. He found that in both fishes and echinoderms the
basophily of the sperm nucleus was decreased after hydrolysis by the
latter reagent in the cold, but that the mammalian sperm was resistant
to this treatment. The same result was obtained in each case by digestion
with nuclease. Van HERWERDEN saw in his results an illustration of the
observations of Kosser® and Kosse and Eprpacuer®® that the
linkage between the basic protein and nucleic acid was broken with
particular ease in the sperm nucleoprotein of fishes and echinoderms.
He further observed that the unripe mammalian sperm head was
attacked by the agents which he employed.

We now know that it is the difference between the nucleic acids of
the sperm head and of the egg cytoplasm which is primarily responsible
for van HERwERDEN’s results. At the time, the conclusion was drawn
from these results that the ‘nuclease test’ could not be used as a reliable
index of the presence of chromatin. The verdict of WiLson®® on this
matter, still to be found in the third edition and its reprints is that ‘it
must be admitted, therefore, that we have no certain means of identify-
ing “chromatin” in the cell apart from its morphological history’.

CH — CH
!LH\ oo

O
{i) Furfural

CH,—CO—CH,—CH,-COOH
(ii) laevulinic acid
HO—CH,—C0-CH,—CH, -CHO
(i1} . hydroxy laevulinic aldehyde
Figire 1—STRUCTURAL FORMULAE

The recognition of two classes of nucleic acids preceded this cyto-
chemical work of vax HERWERDEN by many years, but until long after
this period it was believed that one was found in plants and the other in
animals. In 1893 KosseL?” had shown that although nucleic acids from
both yeast and animal sources contained the same purine bases, the
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THE NUCLEIC ACIDS

parent substances differ in that in the former there is a reducing carbo-
hydrate which produces furfural on hydrolysis (Figure 1) and is thus
a pentose. A further difference between the two groups is found in
respect to the second category of constituent basic groups, the pyrimi-
dines, the presence of which was rcmgnizcd in 1893 by Kosser and
NEUMANN.?® In a series of papers published in 1903, LEVENE®® showed
that the pyrimidine cytosine was common to both plant and animal
nucleic acids, but that uracil was only found in the former, and thymine
only in the ]attt'r. ManpEL and LEVENE,? however, found uracil and
not thymine in their analysis of the nucleic acid of fish eggs. In Table I
the main points of difference between the two types of nucleic acid are
summarized. The admirable reviews of ScHrLExk® and Davipson3®?
should be consulted for further information in the chemical field.

TABLE I
RNA DN A
- Chy0 ot CHltlg. OH
H H 4
HY H y & f
H OH o H
d-Ribofuranose 2-Deoxy-d-ribofurancse
Pyrmupines®
bFI=C—NH, HMN—C =0 HMN—C=0
1 1.t I 1
O=C CH O=C CH O=C C—CH;
| 1 N |
HN—CH HN—CH HM—CH

Cytosine and Uracil Cytosine and Thymine
NUCLEOPROTEIN WITHIN
THE CELL in
Turrover RATE

Gyr.agla.sm, Nucleolus Chromosomes

Chromosomes

high low: varies with mitotic rate
(FursT of aliil™)

MorLEcuLar WEIGHT

10,280-23 250 500,000 (SIGNER e alii'®7)

OF [S0LATED Acip (yeast RNA, FLETCHER — 5,000,000 [(GULLAND
el alif've) et alii'®?)
READILY STAINED BY Basic Dves such Methyl Green
as methylene blue and and Schiff's base

toluidine blue

FEULGEN REACTION

(after hydrolysis)

The carbohydrate of thymonucleic acid, corresponding to the pentose
of yeast nucleic acid was believed by Kossel and Neumann®® to be a
hexose, on the grounds that on hydrolysis laevulinic acid was formed,

*There have been several reports of the occurrence of 5-methyl cytosine in DNA's of

different sources, the most recent of which is by Wyarr. 10
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THE MITOTIC CYCLE

a known breakdown product of these sugars. This was believed for a
number of years although certain observations did not accord therewith,
notably the unstable nature of the sugar of thymonucleic acid, and the
fact that elementary analysis gave an empirical formula for this acid
which did not suggest that the molecule contained a hexose. In 1914,
FEULGEN®® 3 drew attention to these discrepancies; three years later
he showed that among the products of gentle hydrolysis is a substance
which gives the Schiff’s test for an aldehyde, namely the re-appearance
of coloured fuchsin in a solution of dye decolorized by sulphur dioxide.
This is the basis of the now famous Feulgen reaction, the application of
which to microscopical preparations was subsequently described
(FEuLGEN and RossenBeck?®3). In this classical paper these authors
apply the test to a number of tissues and organisms, including the wheat
germ, from which triticonucleic acid had been prepared (OsBorNE and
Harris?®) similar in nature to that of yeast. They did not therefore
expect to find, as they did, that sections of the wheat embryo gave a
positive reaction with the test:

This gave us a great surprise, for the nuclei of the wheat embryo gave the nucleal
reaction more intensively than we have ever seen in any animal tissues. This was
confirmed in other plants, and so it was demonstrated that the plant nucleus
Eﬂnlﬂ.iéls nucleal bodies. The old dualism of yeast and thymonucleic acids is thus
set aside. . . .

It now seems remarkable that it took several years from the publica-
tion of this paper before biologists began to make use of the means
which had been put into their hands to follow up this demonstration
of a fundamental property common to both plant and animal nuclei.
At the time, however, it was uncertain whether Feulgen’s test related
to the sugar of thymonucleic acid or was due to traces of furfural
formed by hydrolysis of pentose nucleic acid (STeuneL and Peiser??).
Possibly, also there was confusion between Feulgen’s nucleal reaction,
and the ‘plasmal’ test for cytoplasmic aldehydes, liberated after a
prolonged hydrolysis (FEvrLcen and Vorr®®), which also uses de-
colorized fuchsin as a reagent.

The proof that the carbohydrate of thymonucleic acid i1s indeed
responsible for the Feulgen reaction was given by LEVENE and Lonpon.??
They were able to separate the constituent nucleosides, units consisting
of base plus sugar, and later to isolate the latter component itself.
LEeVENE et alii*® proved it to be d-2-deoxyribose. By this time, biologists
had begun to use the Feulgen reaction (e.g. Cowpry#). The growth
of the ensuing literature followed a sigmoidal curve; in 1938, MiLovi-
pow?? could list over 450 papers in this field. In recent years, discussion
of the Feulgen reaction has centred round two points; one, whether the
distribution of the liberated dye within a microscopical preparation
indicates the precise localization of the DNA when the cell was alive;

6
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sccondly, if so, whether the reaction can be used quantitatively to
measure this substance in absolute amounts.

All are agreed that aldehyde groups in the hydrolysis products of
deoxyribose are responsible for the production of the purple colour;
according to STACEY el ali,® it is w-hydroxy-laevulinic aldehyde which
reacts with the fuchsin-sulphurous reagent (Figure 1). The question
is whether the coloured substance formed by this reaction stays pre-
cisely at the site of formation, or whether it can diffuse into and stain
neighbouring zones of the section. STEpDMAN and STEDMAN® point out
that this dye is water-soluble, but is readily adsorbed by chromosomin,
the non-basic protein of the nucleus which these authors have dis-
covered. The Feulgen reaction according to these authors indicates the
position of the chromosomin stained by a dye liberated in a reaction in
which deoxyribose took part.

The Stepmans’ argument is not demolished by the demonstration
that a granule of DNA* when fixed, embedded in gelatin and sectioned,

‘15 Feulgen-positive (Bracuer?®), for the liberated dye has then no
chromosomin to which it may become attached. It would be useful to
compare the result of this experiment with one in which a similar mass of
DNA was embedded in gelatin to which chromosomin had been added.
At the moment, the most cogent argument which can be brought for-
ward to support the validity of the Feulgen reaction is the constancy of
the results obtained when a standard procedure is adopted. Forinstance,
the small Feulgen-positive heterochromatic granules of the interphase
nucleus are seen in a constant relationship to the residual chromosome
threads (FELL and Hucues;*® p 33). If in such instances there is
diffusion of the liberated dye, it must be restricted to a radius little
greater than the limits of resolution of the microscope.

The subject which we have just discussed is clearly antecedent to the
further question of whether the Feulgen reaction can be made the
basis of a quantitative microcolorimetric method. Several workers have
assumed that all the necessary conditions are satishied, and their results
will be discussed in a further section (p 35). LEsLEr*? has made a series
of model experiments which relate to this question. He prepared a
series of mixtures of gelatin with DNA at various concentrations, on
which the Feulgen reaction was performed, and the results were judged
subjectively. They did not suggest a uniform relationship between the
concentration of DNA and the depth of colour produced.

Comparable debates on the validity of the methods used and the
results obtained have occurred in other branches of cytochemistry. It
must be borne in mind that the search for methods which will estimate

* In this book, the usual abbreviations of ‘DNA’ for deoxyribonucleic acid and "RNA’
for ribonucleic acid have been employed. The latter term is used loosely for all cﬂuflmnuc
nucleic acids; some authors prcl'er to speak of pentose nucleic acids (PNA), for it has not
heen proved that d-ribose occurs in them all.
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THE MITOTIC CYCLE

or even recognize particular constituents within an area of a complex
mixture of the order of a few square microns goes beyond the exactitude
demanded of any analytical procedure elsewhere in microchemistry.
However, rather than sit with folded hands until fully adequate methods
are available, students of cellular biology have chosen to make use of the
present inadequate procedures although the results obtained have
often only a provisional status. To allow the tentative generalizations
which emerge to harden into dogma by frequent reiteration is neverthe-
less an avoidable impediment to the development of the subject.
Furthermore, it must be remembered that much of our knowledge of
intracellular physiology is still well within the early phase of the
development of a science at the qualitative level.

With these considerations in mind we must now turn to the discussion
of two major developments in research relating to the cytochemical
localization of the nucleic acids, namely the development of ultra-
violet microspectrometry by Caspersson and his school, and secondly
the isolation of separate nucleoclastic enzymes in approximate states
of purity, exclusively affecting the two types of nucleic acid.

NUCLEOCLASTIC ENZYMES

It will be convenient here to discuss first the latter of these two develop-
ments. Following the usual nomenclature which uses the name of the
appropriate substrate, these enzymes are now known as ribonuclease
and deoxyribonuclease respectively. Both have been prepared from the
pancreas, by which they are secreted for the digestion of nucleic acids
liberated by the stomach acid from dietary nucleoproteins. The intra-
cellular nucleases in other tissues are probably not identical with these
pancreatic enzymes.

Ribonuclease proved much the easier enzyme to prepare, thanks to
its remarkable stability towards both temperature and pH (JonEs,*®
Dusos and Trompson®?). It was crystallized first by Kunrrz® in 1940,
and found to be an albumen-like protein, with a molecular weight of
approximately 15,000. '

The method described by Kunitz and NorTHROP®! for the separation
of chymo-trypsin from the pancreas was found to be of service also for
the nucleases. The tissue is extracted in cold o-25~ sulphuric acid and by
this means the activation of the tryptic enzymes is prevented. Ribonu-
clease is resistant to trypsin, but deoxyribonuclease is readily attacked
thereby. From the filtered acid extract, the various enzyme proteins
can be fractionally precipitated with different concentrations of
ammonium sulphate; first deoxyribonuclease at a saturation of 0-4 and
ribonuclease between 0'6 and 0-8. Deoxyribonuclease was prepared
in this way by FiscHER et alii®® in 1941, and by McCARTY® in 1946.

8



THE NUCLEIC ACIDS

It was crystallized by Kunirz in 1948. McCarty developed a method
for estimating the activity of a preparation of the enzyme, by making
use of the high viscosity of sodium thymonucleate in solution. The rate
of decrease is measured when the substrate is incubated with de-
oxyribonuclease. By this method, it was shown that the enzyme is
activated by magnesium ions. One group of inhibitors are substances
which remove this ion (Figure 2).

Numerous papers have been published on the cytochemical use of
these enzymes. It is necessary to incubate a control series of sections in
the buffer solution used to dissolve the enzyme, and then to compare the
sections exposed to the latter with those treated with buffer alone.
After ribonuclease digestion, either basophilia or absorption in ultra-

.f
|
Y | E—
c
——
&
S
2 =
Figure 2 Relative wviscosity curves of
DNA a in the presence of desoxyribonu-
\ clease and o-oo2 » MgS0, Magnesium,
- — | a b with 0-002 M Sodium arsenate, ¢ with
7 0 E7) a0 7] s 0°002 M Sodium citrate. (By courtesy of
foe min  Dr Michael Webb.)

violet light is compared in the two series of preparations. Among the
earliest papers in this field are those of BRACHET® in 1941, who used
the methyl green-pyronin staining method of Uxna-PapPENHEIM as
the test for the effects of the enzyme. BracueT found that in a number
of cells and tissues, such as exocrine glands and oocytes in which there
occurs a rapid synthesis of material, their basophilia was much re-
duced by treatment with ribonuclease.

Davinson and WaymouTH showed that in the cytoplasm of rat liver
cells, digestion with ribonuclease decreased both the affinity for tolui-
dine blue®® and the absorption of ultraviolet light.®¢ In the nucleolus,
the results were partly masked by the outer zone of heterochromatic
deoxynucleoprotein. Although there are a number of apparently
successful instances of the cytochemical use of ribonuclease, some
authors including Davipson®? himself have drawn attention to diffi-
culties in its use. SToweLL and ZorzoL1®*® have shown how much the
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final results depend upon the nature of the fixative which was used,
and conclude that ‘with our present limited knowledge and technics,
it would seem advisable to use the ribonuclease technic only crudely
to confirm observations made by other methods’. Davipson®7? believes
that the main difficulty resides in the contamination even of the
crystalline enzymes with traces of proteolytic ferments*. It has been
suggested that certain inorganic reagents can remove ribonucleic acid
from tissue sections more effectively than the enzyme. Erickson et
alii®® suggest perchloric acid for this purpose, while VENDRELY-
Ranpaver®® and Ponver® advise the use of normal hydrochloric acid
for ten minutes.

This difficulty of proteolytic contamination is even more marked
with deoxyribonuclease, which does not share the heat-stable nature of
the former enzyme, thanks to which it can be mainly freed of impurities.
Several workers have added a very small amount of gelatin to their
preparations of deoxyribonuclease which they have used for the diges-
tion of sectioned biological material; WesB and Jacosson®® have used
small concentrations of tryptic inhibitors in the digestion mixture,

The extent to which deoxyribonucleic acid can be removed from the
nucleus by digestion again depends among other factors upon the
fixative originally used. Formalin should be avoided (StowkrLr,®
SAaNDERsS®™); chilled acetone is recommended by Davipson.®® Nuclei
in the digested sections are sometimes still faintly Feulgen-positive
(STowELL, DAvipson, op. cit.), although a completely negative reaction
following digestion is reported by CarceHesipE and HorLmes®® in the
bands of salivary chromosomes, and by Wees and Jacopson®? in smears
of mouse and human cells. Catcuesipe and HorMes find that thymonu-
clease prepared from the spleen does not act on bean-root nuclei unless
ribonuclease is used at the same time, while pancreatic deoxynuclease
1s effective alone.

DawieLLi®? has criticized the use of these enzymes in cytochemistry
with some severity, on the grounds of their probable impurity. He
further suggests that a nuclease entirely free of proteolytic activity
might fail to act if even a monolayer of protein surrounded the sub-
strate within the tissue section. It is possible, however, that the recent
successful use of nucleases in the presence of proteolytic inhibitors by
Wese and Jacosson®? have diminished the force of these criticisms.

But for the use of ribonuclease in cytochemistry there would have
been no advance in the microscopical identification of ribonucleic
acid subsequent to the recognition of its affinity for basic stains. Why
such dyes as methylene and toluidine blue should be adsorbed more
readily by RNA than by DNA is still not known, though it is surmised
that free phosphate groups at the surface of the molecule are more

* McDowaLp® has prepared ribonuclease free of all proteolytic activity.
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abundant in the former type of nucleic acid. MicragLs®® has shown
that basic stains adsorbed on RNA are in the form of single molecules,
but that the metachromatic staining of cartilage matrix, for instance,
involves polymerization of the dye. In this interesting paper the author
touches on a fundamental topic in this field. The living nucleus is not
stained by methylene blue. When the stain is absorbed, the nucleus is
dead; MicHAEgLIS believes that the dye has then displaced the protein
from nucleic acid. In living cells are the whole nucleoproteins; their
free components are produced by fixation. MonnE,®* however, claims
to have demonstrated a transient vital staining of the nucleus in
Amoeba by micro-injecting dyes into the cytoplasm. These penetrated
the nuclear membrane, The coloration within the nucleus soon
disappeared; the cycle was more rapid with acid dyes than with basic.

SPECTROPHOTOMETRIC METHODS

Our final topic in the discussion of recent advances in the cytochemistry
of the nucleic acids is the most important of the developments in this
field, and is mainly responsible for the interest aroused in this subject in
recent years. We refer to the development of spectrophotometric
methods applied to the microscope, very largely by Caspersson and
his school, which they use mainly in the ultraviolet range. At 2,600 A,
which corresponds to the resonance frequency of the pyrimidine and
purine ring structure, the absorption of the nucleic acids is far more
intense than that of other cell constituents in which these configurations
are not found (Figure 3). The absorption band at this wavelength
is equally a property not only of both DNA and RNA and their con-
stituent nucleotide units, but also of the other adenylic acids and the
co-enzymes. Thus ultraviolet techniques like any other cytochemical
procedures are not alone sufficient to study the location of the nucleic
acids within the cell.

A number of workers have demonstrated by photomicrography the
presence of ultraviolet-absorbing substances within the cells and tissues;
the special contribution of the Stockholm school is the development of
quantitative methods by which, it 1s claimed, the extinction coefficient
of an area one micron in diameter within a biological preparation can
be measured to an accuracy of 1 per cent (CasperssoN™). Such
precision goes much beyond that obtainable by photographic methods;
it is necessary to make direct photo-electric measurements through a
range of wavelengths at a series of points within one single cell.

From a complete ultraviolet absorption curve, information can be
obtained concerning the presence not only of nucleic acids but also of
proteins which contain the aromatic amino acids, namely tyrosine,
tryptophane, and phenylalanine. These show an absorption maximum
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in the ultraviolet between 2,700 and 2,900 A. The position of that of
tyrosine is shifted to the upper limit of this range at high pH’s (HoLi-
pay™) and also according to Caspersson” 7 by the presence of
histones. A shift in the protein maximum to this region of the ultra-
violet absorption curve is used as evidence by the Stockholm workers
for the presence of basic proteins. CaspErssoN and THoOReELL™ claim
that a protein peak in this region is seen very clearly in embryonic cells
at stages when the proportion of histone to non-basic protein is high.
Hvypen?® has devised an independent cytochemical test for basic
proteins which depends on their capacity for binding acid dyes at low
pH’s and claims that the results obtained by these two methods on
nerve cells are consistent. Little use seems yet to have been made of

| : TR
CEEE B \h .
\ A X[
3 a 7N\
i \ ,\' \
LR / \ }(I N
NN /N EHH AR
% \k\,,_/ \ ‘l\d; \'1 f;f
E m ¥ JJ
\ \
WA ’HJ :
] =
- \ AL AN
\i:)"' "'"'"=--.\\

80 S¥e0 SEW G5 mﬂmmem 600 dmo0 3000 3200
Wavelength (A)

a

Figure 5 a Absorption curves of (1) polynucleotides and (2) serum globulin, and
b of (1) adenine (2) tryptophane (3) tyrosin (4) histidine (5) phenylalanine.
{Adenine §%. all others 1% ; 1 cm thickness of layer.) From Ellurznmu" (By
courtesy of W. W. Norton & Company).

this method of Hyden’s. The effect of the presence of histones on these
ultraviolet absorption curves is still in some doubt; PoLLisTER and Ris™
quote the observations of Mirsky and PoLLisTER™ that the peak for
relatively pure histones is in the usual protein region, an-::i_ not shifted
towards 2,900 A; CasPERssoN" however, says that the displacement
only occurs in the presence of nucleic acids in addition. An lllusfratlon
of the uncertainty which thus still surrounds the recognition of histones
within the cell is that different workers do not agree on the question of
their distribution within the chromosomes during mitosis (p104).On this
subject, CaspERsson”® has recently admitted that “the absorption of
the nucleic acids is . . . in these dense structures so very large that even
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with the highest possible precision in the absorption measurement it is
not possible to make an exact determination of the amount or character
of the proteins.” There is some doubt whether the absorption spectrum
of a mixture of protein and nucleic acid is entirely the sum of that of
each component. FErknmin®® claims to have shown that those of
adenylic acid and tyrosine are non-additive; I have been informed by
BracHET that the same is true of nucleic acid in the presence of the
protein edestin. It is here of interest that RuparLr®® reports that in the
x-ray diffraction pattern of ‘the fibrous product of combination be-
tween nucleic acid and edestin . . . neither nucleic acid structure nor
protein structure can be recognized’. If interaction between proteins
and nucleic acids, or between their constituent units may influence
their ultraviolet absorption, microspectrometric measurements on cells
will be affected by the extent to which these constituent substances are
combined within the specimen under test. It is generally believed the
linkage between nucleic acids and proteins 1s destroyed when tissues
are fixed; it would be highly desirable to know whether this is always
wholly true of dead cells, even when the freeze-drying technique has
been used. Such technical matters relating to the validity of micro-
spectrometric research methods may well be of greater importance to
those which have recently been raised on optical grounds (Com-
mMoNER®™). They are peculiarly relevant to the question of the relation-
ship between protein synthesis and the nucleic acids, the evidence for
which we shall now attempt to discuss.

NUCLEIC ACIDS AND PROTEIN SYNTHESIS

The general thesis that nucleic acid is abundant in cells which are
synthesizing proteins at a comparatively rapid rate is due both to
CaspPErssoN® # and to BracrEeT,®® who were working simultaneously
by different methods, and came independently to the same conclusion.
BracHET used the Unna-Pappenheim staining technique, and studied
the effect of ribonuclease on the basophilia towards the pyronin
component of this mixture. Instances of cells and tissues in which both
workers have observed this correlation of nucleic acid content and
synthetic activity are the exocrine glands, keratinizing epithelia,
embryonic tissues in which mitosis is frequent and also the developing
oocyte. The neurone was also included in this scheme when it was
realized (Hvp£n73) that here also proteins are produced and are used
up during functional activity. A further example is that of the silk
glands of the Arachnida (BrapFieLp®!), and the available evidence is
by no means confined to the cells of Metazoa (Davipson®).

The accumulation of nucleic acids within the cells of a tissue may
anticipate growth and protein production (CasperssoN?®). In tumour
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cells approaching necrosis, a high content of nucleic acids is said to
persist after the mechanism for protein production has broken down
(CASPERSSON7E),

In the normal growth of the cell, CaspErssoN maintains that the
nucleoli and the adjacent heterochromatic chromosomal material are
particularly concerned with protein synthesis; this thesis is supported
in his paper in 1941 by the following assertions:

1. Nucleoli are large in all the basophilic protein-forming cells
which we have listed above, and also in rapidly growing malignant
cells.

2. That ‘heterochromatin’ is involved is shown by the fact that
the amount of cytoplasmic nucleic acid in an egg cell of Drosophila is
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Figure 4 Comparison of the amount of substances absorbi
ultraviolet light at 2,570 A in the oocytes of an XX and an XX
female of Drosophila melanogaster for varying volumes of these cells.
Crosses represent the values from XXY; points, those from XX
ovaries. From Caspersson and Scrurtz®® (By courtesy, Nalure).

increased when an extra Y-chromosome has been incorporated into
the nucleus (CasperssoN and ScrHurTz®®) (Figure 4). Whether this
argument, however, can be generally applied depends on how far
‘heterochromatin’ is a constant entity (p 47).

3. In some cells a zone of high nucleic acid content surrounds the
nuclear membrane. CasPErssoN’s view of the bearing of this on the
function of the nucleolus may best be given in his own words taken
from a later review.™

A certain part of the chromatin, we call it the nucleolus-associated chromatin,
secretes substances of a protein nature. These are very strong indications that they
contain considerable amounts of diamino acids. These substances accumulate and
form the main bulk of the large nucleolus. From the nucleolus they diffuse towards
the nuclear membrane, on the outside of which an intensive production of ribose
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nucleotides takes place. At the same time the amount of cytoplasmic proteins

increases. Their synthesis is apparently in some way linked with the nucleic acid
changes.

This perinuclear region of high ultraviolet absorption has been
demonstrated for two types of cells in both of which it may be said that
the cytoplasm is highly absorbing, namely the sea-urchin oocyte
(CaspeErssoN and ScHurTz®®) (Figure 5), and the ovarian nurse cells
in Drosophila (Scuurtz®?). In the egg of the toad (Painter and Tay-
Lor®8), there is a zone of cytoplasm next to the nucleus which stains
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Figure 5 Ultraviolet absorption spectra of different parts of an
ovarian egg of the sea urchin, Psammechinus miliaris. From Casrersson
and Scuurtz®® (By conrfesy, Proc. Nat. Acad. Sei.).

strongly with pyronin. Caspersson and ScrHurTz themselves did not
observe such a perinuclear zone in root-tip cells of the spinach, nor
was it found by LupForb et alii®*® in their ultraviolet photomicrographs
of living malignant cells.

BracHET®® has cited evidence from his embryological experience
which suggests that not always is there an immediate relationship in
development between nucleoli and cytoplasmic basophilia. In the
amphibian embryo, nucleoli are absent in early cleavage stages and are
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first detectable at the morula stage. They are everywhere well developed
in the gastrula. The cells of the presumptive endoblast do not become
basophilic until much later, while on the other hand, those of the
neural ectoderm early show a marked basophilia, which is later lost,
but the nucleoli then remain equally prominent. It was suggested by
PorLisTER and LeEucHTENBERGER¥ that the high proportion of oligo-
nucleotides which they found in the nucleoli of pollen mother-cells of
Zea mais indicated that synthetic activity was in progress therein,
though it could equally well be argued that this fact suggests depolymer-
ization heralding the approaching break-up of the nucleolus. It would
be valuable to compare the proportion of oligonucleotides in nucleo-
proteins at other sites where they are believed to be actively concerned
in synthesis, such as the cytoplasmic nucleoproteins, and the hetero-
chromatic regions of the salivary chromosomes of the Drosophila larva.

Isotopic methods

By the use of isotopic methods, evidence has been obtained which
suggests that the ribonucleoproteins of the cell can originate within the
nucleus. Living cells and tissues have been treated in various ways with
phosphates in solution, containing P*2; these cells have been subse-
quently fractionated and the specific radioactivities of the various
fractions compared. MarsHak and CarLver® and JEeNer and
SzaFarz®® have used mammalian liver for such experiments, while
the two latter authors have also worked with mice embryos, and cul-
tures of the flagellate Polytomella. All agree that at first the activity of
the nuclei is greater than that of the cytoplasm. JEENER and SzAFARz
separated their cytoplasmic material into fractions of graded sizes of
particles, and found that the smallest took up radiophosphorus more
quickly than did larger particles. Their conclusion is that in the
nucleus is synthesized at least an important part of the RNA of the
cell, and that this passes through the nuclear membrane in an extremely
fine form (unsedimentable at 60,000 x g), and then ‘spreads into the
rest of the cytoplasm by integrating itself with cytoplasmic particles of
large dimensions’.

While more remains yet to be learnt regarding the interrelationships
in both space and time within the cell between basic and non-basic
proteins and the two types of nucleic acid, the general thesis that some
connexion exists between the function and formation of these substances
in all cells may meanwhile be accepted, although nothing is yet known
of the steps by which proteins are synthesized in the living cell. It has
been suggested that nucleic acids may furnish phosphate groups to an
intermediate substance in which energy-rich phosphate bonds are
built up, which in its turn could provide the necessary calories for the
synthesis of peptide bonds by phosphorylation. The association of
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phosphatases both with the sites of protein synthesis, particularly
of a fibrous nature (JEENER,® BraprFiELD®), and also with concentra-
tions of nucleic acids suggests this possibility. Whether the trans-
peptidation reactions of Fruron™ and Hawes, Hirp and IsaErwooD®®
arc consonant with this mechanism is not yet clear. Chromosomes give
a strongly alkaline phosphatase reaction, and in the salivary glands of
Drosophila it has been shown that the enzyme is concentrated in the
Feulgen-positive bands (Danierit and CartcHesipe,*® Kruceris®).
In the intermitotic nuclei of chick cultures, the nucleoli and the
heterochromatic granules are also Gomori-positive, and the strength of
this reaction has been shown by CrEvREmONT and FIRkeT®® to be
corrclated with the growth rate of the culture.

BracHeET and JEeENEr®® have also shown that the intensity of the
Gomori reaction in several types of nuclei is paralleled both by their
frequency of mitosis and by their DNA turnover rates as measured
isotopically (HEvesy and Orresen,100 101 HammarsTEN and Hevesy102),
Thus fowl erythrocytes are Gomori-negative, they have a negligible
DNA turnover-rate, and do not undergo cell division, whilst on the
other hand in the cells of the intestinal crypts the opposite is true in
each instance, although the function of the alkaline phosphatase else-
where within the mucosal cells, and possibly in the nucleus as well is
related to the transport of metabolites. Moreover, in nuclei from the
cerebral cortex where the mitotic index i1s mi/, Ricuter and HurTin'®
report that both acid and alkaline phosphatases are there present in
higher concentrations than in the cytoplasm.

As one surveys the general state of this subject at the moment it must
be admitted that the extent of our knowledge about what Jones'®
termed the ‘physiological conduct’ of the nucleic acids within the cell
is still restricted to the barest outlines. In recent years, there has been a
tendency to explain every cellular change in terms of nucleic acids,
much as the Peripateticks once used to interpret all natural phenomena
in terms of the four elements. However, as WiLLEY'?® so lucidly ex-
pounds, the real purpose of all explanations is to satisfy mental needs.
In science such satisfaction can come finally from factual knowledge
alone.
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2
THE INTERPHASE CELL AND THE CYTOPLASM

In this chapter will be described the appearance and structure of one
particular type of cell; the nature and composition of its component
structures will be discussed with reference to other cells for which
evidence is available. A flattened ‘fibroblast’ in the outgrowth of a
culture of skeletal or connective tissue of a chick or mammal will serve
as a representative type of cell for our purpose. Such living cells in the
outgrowth of cultures photographed by phase-contrast are illustrated
in Plate I. The fibroblasts from cultures of bone should be more
strictly called osteoblasts for under appropriate conditions in culture
they may again take part in the formation of bone in the outgrowth of
the culture. From a number of explanted tissues, cells of the general
fibroblastic form will grow out in a partially de-differentiated condi-
tion; they are then not necessarily identical, for differences in the
metabolism between races of such cells have been demonstrated
(Parker?!). Thus the word fibroblast is used loosely, and as WiLLMER?
says: “The use of this term arose not because the cells necessarily have
any connection with the formation of fibres, although some of them
may show this property, but because they are similar in appearance to
the cells in the body which are believed to function in this manner.’

CYTOPLASMIC INCLUSIONS

The cytoplasmic structure of such cells in tissue culture has been
studied many times. Among studies of this kind are those of LEwis and
Lewis,® StrancEways and Canti,? and LupForp.5 CLAUDE el alif® 7
have reported on the electron micrography of cells in tissue culture,
while observations with the phase microscope are described by ZoLLin-
cer® and Huchges.? RicHarpson'® and Hirp!* have been specially
concerned with the Golgi body. All are agreed that the cytoplasm
contains granular or filamentous mitochondria and also granules and
vacuoles. As with other cells, the existence and the nature of the Golgi
body has been disputed, and not all authors mention whether a central
body is to be observed. Since tissue culture fibroblasts include several
sorts and conditions of cells, it is not remarkable that descriptions of
them can differ in detail. The inclusions are set in an apparently clear
and homogeneous cytoplasm, seen best at the margin of the cell, near
which the mitochondria are seen most distinctly (Plate I (1)). Further
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inwards, the granules become denser and occasional vacuoles are to be
seen. Next to the nucleus is usually an area of darkish cytoplasm, the
cytocentre or centrosphere. It is free of large granules, though its
structure is not homogeneous; there may be some vacuoles within it.
The distinction between this body and the surrounding cytoplasm is a
variable one; sometimes there is almost a sharp boundary, in other
cells the whole structure can easily be overlooked. STRANGEWAYS and
Canti* describe it as follows: “The centrosphere is seen as a distinct area
lying as a cap over one side of the nucleus and contains a number of
faint granules or filaments’.

In phase-contrast micrographs of malignant cells of a mouse sar-
coma, Lubrorp and SmiLes'? have shown that here also the centro-
sphere ranges in size and distinctness from cell to cell. It has no special
absorption in the ultraviolet. Generally it consists of a finely granular
mass, but occasionally within it these authors state that there is a
suggestion of a canalicular system. They are doubtful whether this
corresponds to the reticulate structure of impregnated preparations,
because such an appearance within the central body of the living cell is
but rarely seen. The centrosphere is clearly shown by dark-ground
illumination in a photomicrograph of a rat heart fibroblast published
by Luprorp in 1935, who says that this body corresponds ‘to the
Golgi apparatus of silver and osmic impregnation preparations’. A
continuous and lobulated body of impregnated material is seen by the
side of the nucleus in cells of a hepatic epithelium in culture described
by RicHARDSON.!® Similar preparations of HiLL! of chick osteoblasts
show only a number of discrete impregnated granules near the nucleus,
arranged so as to suggest that the cytocentre includes, or is closely sur-
rounded by this osmophilic material.* Some recent investigations by
Parapk and Craupe' have still further increased the probability that
in the living cell the Golgi material is represented solely by globular
elements, a view for which Baker'® !® has already assembled much
evidence. It appears, however, that in living cells of the pancreas, the
Golgi bodies are in the form of ‘clear canals’ (BENsLEY'?).

Parape and Craubpk isolated cells from a number of mammalian
and embryonic chick tissues. They found that their lipoid inclusions,
unlike the mitochondria, were stable in form when the cells were
suspended in various media; but that when ethyl alcohol was added
thereto, these droplets within the cells began to swell and to form
myelin figures, which ‘duplicate faithfully the numerous and different
forms ascribed at various times to the Golgi apparatus’. Experiments
with model substances showed that a high proportion of phospholipines
was necessary to give this effect. They then went on to inquire whether

* Lasrarcues and Di Fing!? have recently shown by vital staining methods that the
Golgi zone in cells in tissue culture is composed of granular elements.
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the fixation mixtures used in cytological investigations on the Golgi
body would give the same result when discs of liver pulp were immersed
in them. Again myelin figures appeared within the cells, but their
formation was found to depend on a sequence of changes which follow
as the wvarious ingredients of the mixture diffuse into the tissue at
differing rates, First the pH is gradually lowered, and then the electro-
lyte concentration slowly rises. Next, the myelin figures are formed and
are finally stabilized by slowly diffusing molecules such as OsO,.
These authors suggest that the necessity for comparatively slow fixation
in order to produce a typical Golgi network explains why tissue cultures
have not proved to be easy material in which to demonstrate such
structures. In living cells in tissue culture, and elsewhere (BAKER!S),
no lipoidal network can be seen by phase-contrast. Yet owing to its
high refractive index, fatty material is revealed by this method more
readily than is any other cell component.

Vacuoles within cells

The number of cytoplasmic vacuoles within cells in tissue is very
variable. Sometimes cells with none are seen close to others which
show numerous vacuoles among the lipoidal inclusions. Where the
cell boundary consists partly of an undulating membrane, vacuoles
van there be seen to enter the cell by the process which Lewis!'® has
called ‘pinocytosis’ (Plate II (3)).

Mitochondria

The mitochondria of rabbit and mouse spleen cells in culture are
thin regular filaments, seldom more than 1op long. Chick mitochon-
dria are less uniform, and sometimes bend into loops; their estimated
thickness from both the electron micrographs of PORTER ef alii® and
from phase pictures is approximately o0-25-0-4op. The mitochondria
of the toad Xenopus are larger and much more variable in form (HuGHESs
and Preston'?). When a chick or mammalian culture is observed with
the phase or the dark-field microscope at 37°C, one occasionally sees
a granule or mitochondrial filament move with an immediately appre-
ciable velocity (Plate I (1)), but continuous observation over some
minutes is necessary to follow the movement of most of them, In a
‘speeded-up’ film in which the time scale is shortened by a factor of
about ten times, the movement of all the cell inclusions becomes
immediately obvious.

The two facts that are known about this kind of intracellular activity
are that it is something more than Brownian movement and is a function
of living protoplasm. If the cell is poisoned by any of a number of agents,
the normal slow movements can be inhibited, while Brownian motion
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of small granules may then be seen by direct observation. Mito-
chondria exhibit a very complex example of protoplasmic streaming,
the customary theories about which have been suggested as explana-
tions for this motion; but no real attempt to analyse it has yet been
made. Some of the possible ways in which mitochondria can change
their form is illustrated by a sequence of photographs of a cell of
Xenopus in culture in Plate I (2). In this example, within a few minutes
one filament rolled up and rotated; it then divided into two blobs, one
of which elongated and later became Y-shaped. The extreme mobility
of the mitochondria in these Amphibian cells suggests that they are of a
liquid nature. ScunemER and HoceBooMm® %5 believe that at the surface
of rat liver mitochondria is a semi-permeable membrane, one reason for
this view being the osmotic behaviour of the isolated elements. The mito-
chondria of mammalian cells in culture are much less mobile than are
those of XEnopus. If the latter are enveloped by a membrane, it must
have great plasticity.

The movement of mitochondria suggests that they are not moved
passively by the surrounding cytoplasm; sometimes two nearby filaments
will move quite quickly relative to each other. A single granule may
suddenly migrate alone for a distance of ten microns or more.

Rasuevsky and his school have developed the theory that proto-
plasmic streaming in general is caused by diffusion forces which result
from continually varying concentrations of metabolites in the neigh-
bourhood of centres of chemical change within the cell (RasHEVSKY®?) ;
there 1s now good evidence that in some cells enzymes are associated
with mitochondria and so cortinuous molecular changes at their sur-
faces may be inferred. It we@: be very desirable to test this hypothesis
by applying the ejuations #.né.asr £vik ¥ to data derived from observa-
tion of mitochondrial movement. Another and not nucessarily incom-
patible suggestion is that electrical potentials are involved.

It has long been considered that mitochondria play some special
role in cell metabolism; the general evidence from work in this field
is summarized by Bourng.?! They can be stained in the living cell by
Janus green; according to Lazarow and CooPErsTEIN,*? this is due
both to the reduction of the dye to a colourless leucobase by the
surrounding cytoplasm, and also to the action of the cytochrome system
of enzymes within the mitochrondria which keep it there in the oxidized
form. In tissue cultures, the vital staining of mitochondria by this dye
(Lewrs and LEwis®®) and by methylene blue (Luprorp®) has been
shown by these authors to be inhibited by cyanide. Lewis and Lewis
were able to demonstrate that the effect was reversible.

Meihods of isolation—Within recent years, methods have been
developed for isolating mitochondria and other cell fractions by
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differential centrifugation of a homogenate obtained by mechanical
disintegration (CLAUDE? 25 26) ¢ the literature in this field has recently
been reviewed by BrRapriELD®? (1950) and by Scunemir and Hoge-
pooM.*® It seems now quite certain that with due precautions, mito-
chondria can be isolated unchanged in form and in affinity for Janus
green (Hoceroom, SCHNEIDER and PaLape®®), and with much of their
enzymic activity still intact. The mitochondria of the frog’s eggs have
been shown by REckNAGEL®® to contain cytochrome oxidase and
adenosine triphosphatase. Further researches in which these and other
enzymes of the cyclophorase system have been found to be associated
with mitochondprial fractions are described by ScunempEr*® and by Har-
MAN.?! In a succeeding chapter, Dr WaymouTH (p. 179) refers to the use
of fractionation procedures for the isolation from the cytoplasm of parti-
culate material of lower orders of size. It 1s not yet certain how far the
‘microsomes’ prepared by these methods correspond with constituents
of living cytoplasm. In electron micrographs of cells, either of tissue
cultures or thin sections of liver, the cytoplasm has a granular texture,
in which particles of the order of 100mu in diameter can be discerned.
Craupe has suggested that these correspond with the microsomes of
this range of size sedimented at the appropriate speed from cytoplasmic
fractions.

Although no heterogeneity in ‘clear cytoplasm’ has yet been revealed
by optical methods, it is not impossible for particles of the size of
toomp to be revealed by light microscopy. If there were sufficient
difference in refractive index in the living cell between microsomes and
their cytoplasmic background, they should be visible in the ultra-
violet phase microscope which has rcccnﬂ. « been developed (TAvLOR?2).
Such observations would be of great inté “st and importance.

FINE STRUCTURE

The nature of the sub-microscopical structure of protoplasm has been
discussed from several points of view. We will first consider the evidence
from what have been known as the so-called ‘structure proteins’
which have been isolated from cells. These substances are fibrous
in nature, with properties analogous to those of myosin. In solution
they are highly viscous. The literature in this field has been reviewed
by ScumrrT.?® BEnsLEY# extracted ‘plasmosin’ from liver with 10 per
cent sodium chloride, while Banca and SzenT-Gy6rci*® prepared
‘renosin’ by extraction of kidney tissue with 30 per cent urea. It has
been subsequently shown that neither of these products is exclusively
cytoplasmic in origin, for deoxyribonucleoproteins are found in both,
as was shown by Lazarow?® for plasmosin, and by BracHET and
JeeENER?? for renosin. In these tissues, therefore, it has not yet been
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proved that fibrous proteins analogous to myosin occur in the cyto-
plasm. However, the evidence for cytoplasmic long-chain particles
has not rested only on the properties of these ‘structure proteins’.
PoLLIsSTER®® pointed out that a sub-microscopical pattern of order may
affect the orientation of cell inclusions at the microscopical level. Study
of elongated fibroblastic cells in tissue culture supports this suggestion,
for both the arrangement and motion of the mitochondria and gran-
ules is generally parallel to the axis of a cell process. Elongated fibro-
blasts generally show a slight cytoplasmic birefringence (Swann and
Mrrchison®?). It is not known, however, whether this is due to orienta-
tion of the fluid interior of the cell or within the gelated cell wall.

It has been claimed by PreiFFer®® 41 that certain physical phenomena
characteristic of long-chain particles in solution can be exhibited by
living cytoplasm. By forcing isolated portions of cells or of slime-mould
plasmodium through capillary tubes he appears to have demonstrated
both streaming birefringence due to molecular orientation by shearing
forces, and a high viscosity which varies with the rate of flow. Such
experiments, however, do not necessarily reveal properties of fluid
endoplasm, for a new external gel may form round isolated cytoplasm
or even more serious changes may occur. Kamrya*® says: ‘it is impos-
sible to make slime mould protoplasm flow through a glass capillary
without fatal results’.

Estimations of viscosity

The evidence from measurements and estimates of endoplasmic
viscosity in various types of living cell is by no means uniform. Although
the contents of some differentiated cells apparently are gelated or
highly viscous (CuaMBERs and RENyI,* SE1Fr1z,* RENYI,*® SPEIDEL,%®),
the cytoplasm of a number of marine eggs stratifies in the centrifuge
at rates which correspond to viscosities of only a few times that of
water (HEeiLBrunxi?). Moreover, Howarp*® has shown that the
viscosity of the internal cytoplasm in the unfertilized sea-urchin egg is
independent of the rate of shear, and thus behaves as a true liquid,
She observed the stratification of the granules of the egg when centri-
fuged at different speeds, and found that when allowance was made
for the opposing tendency of these inclusions to return to their normal
random distribution, the rate of movement was directly proportional
to the force applied.

One method which has been used to estimate protoplasmic viscosity
has been to introduce magnetic particles into the cytoplasm and to
observe them in motion within the cell under the influence of external
magnetic fields. This method was first used by HemLBronN*® in a study
of the plasmodium of a slime mould, and has been applied by Crick
and HucHes® to cells in tissue culture, by taking account of the
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fact discovered by FeLL that solid particles 1p. or more in diameter can
slowly be phagocytosed by fibroblastic cells, the growth of which is not
impaired by the presence of these foreign inclusions. Once within a cell,
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Figure 6 Angular displacement of a magnetic particle in the cytoplasm of a
chick osteoblast in culture when magnetic fields of a 8 oersteds, b 16 oersteds
were applied for the intervals indicated. From Crick and Hucues®®
(By courtesy, Academic Fress Inc. New York).

a magnetic particle can be rotated by two magnetic fields at right angles
to each other in the apparatus used by Crick and HucHes. First one field
is used to orientate the particle, and then the other is applied for a vari-
able interval. Cells containing particles were rigorously selected to mini-

mize disturbing influences by neighbouring structures and inclusions.
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Figure 7 Increase in angular displacement of a I'llilﬂg]‘ltf.jl: particle in the eytoplasm

of a chick osteoblast in culture when a magnetic field of 24 oersteds was applied

alternately in opposite directions. From Crick and HucHes*® (By courfesy,
Academic Press Inc., New York).
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The particle at first rotates rapidly; but the resistance offered by its
surroundings increases and the early rapid phase of rotation gives place
to a slower one in which movement then involves the breakdown of
protoplasmic structure by shearing (Figure 6). When the field is
switched off, there is at once an elastic recoil which is small in compari-
son with the original deflection. The endoplasm of cells in tissue cultures
is thus a weakly elastic fluid. It also shows another property char-
acteristic of some colloids, known as thixotropy, which is an increase
in fluidity during mechanical agitation. During repeated movement of
a magnetic particle within a cell, the deflection due to a magnetic
field of constant strength was shown to increase (Figure 7). It has
already been shown qualitatively by Cuameers® that the protoplasm

w 130 1 M P

£ 5

2 g2 =
i e Eids
o 1aa

89 1 170 S
;%1 [ -N.l.! ;%.‘

w4 700

= “L"" =
5o e
- | - &
i .”:':II ‘Ef
& | | 1 ] 20
Seconds

Fi 8 Angular displacement of a magnetic particle in a solution
sodium oleate when maggtic.ﬁl:lds of a g oersteds, b 24 cersteds
were applicd for the intervals indicated. From Crick and Hucnes®®
(By courtesy, Academic Press Inc., New York).
of an Amoeba tends to liquefy on mechanical agitation with a micro-
dissection needle.

A further experiment of Crick and HuGHEs suggests that the physical
properties of the cytoplasm of fibroblastic cells is not necessarily due to
an ultra-microscopic structure of long molecules, for if magnetic par-
ticles are suspended in a highly elastic liquid, such as a solution of
sodium oleate, and are rotated as in the experiments on the living cell,
the recoil which results when the magnetic field is switched off is then
almost as large as the initial deflection (Figure 8). This contrast in
the magnitude of the elastic recoil in the two instances suggests that the
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ultimate structure of living protoplasm is not exclusively or even mainly
fibrous in nature, and that ‘models’ based on this conception such as
those of SerFriz®® and FrEv-WyssLiNg® are misleading. A fresh
approach to the problems of cytoplasmic ultrastructure is being made
by Koprac’® 57 based on observation of the ‘Devaux effect’, which
is the increase in area on denaturation of a protein film absorbed
at an oil-water interface. Thus the surface of oil droplets, microinjected
into a sea-urchin egg, wrinkles when the egg is cytolysed.

Although any strictly quantitative investigation of protoplasmic con-
sistency and movement must wait on progress in the study of the physics
of elastic fluids, yet much could still be done empirically by combining
different techniques. For instance, it would be valuable to know how
far the physical properties of cytoplasm could be matched by a mixture
of cell fractions of varying particle size, and whether mitochondria
isolated by the method of HoceEsoom and his colleagues show any
movement under the influence of electric fields, or in the presence of
substrates appropriate to the enzymes which they are known to contain.
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3
THE INTERPHASE NUCLEUS

NUCLEUS OF CHICK AND MAMMALIAN CELLS IN LIVING TISSUE CULTURES

THE interphase nucleus is bounded by the nuclear membrane which is
sharply outlined in the living cell. Within, the most obvious structures
are the nucleoli, either one or two in cells of the chick and more
numerous in those of mammals. Scattered at intervals throughout the
nucleus are a larger number of smaller bodies, which are sometimes
referred to as the ‘chromocentres’. They differ in composition from the
nucleoli, for whereas the latter mainly consist of ribonucleoproteins,
the chromocentres are made of deoxyribonucleoproteins, and so are
Feulgen-positive (Plate II (4)). They are small segments of the chromo-
somes which persist apparently unchanged into interphase; and are
termed ‘heterochromatic’ (p 43); their surface is apparently adhesive,
for as VANDERLYN! has observed, they stick either to the nuclear mem-
brane, or to the surfaces of the nucleoli, or to each other in aggregates.
The non-heterochromatic parts of the chromosomes in this type of
nucleus are represented by extremely fine threads, the chromonemata, of
which there may be more than one to each chromosome. In well fixed
nuclei, a uniform groundwork of chromonemata can be seen throughout
the nucleus, and some of these threads can occasionally be seen in life by
phase-contrast (Plate XIT (18)). It is probable that the chromonemata
line the inside of the nuclear membrane, because in prophase when they
become more visible, they are then seen in this position. In time-lapse
films of cells in interphase, no movement within the nucleus can be
seen, whereas in the cytoplasm there is ceaseless activity. The nucleus
as a whole is a structure of some rigidity, though evidence from micro-
dissection (CHaMBERs and FELL?) suggests that the nuclear sap is a
fluid.

In succeeding pages, each of these nuclear components will be
further discussed.

CHROMOSOMES AND THE DEOXYNUCLEOPROTEINS

During the prophase of mitosis, chromosomes are formed within the
nucleus identical in number with those which were present in the
daughter group during the later phases of the preceding division. Dur-
ing the intervening period, the chromosomes are not usually recog-
nizable as such, and it is clearly a question of much importance from
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several points of view to inquire what happens to these bodies in
the interphase nucleus. Nobody since the advent of the chromosome
theory of heredity has doubted that the chromosomes in the interphase
nucleus are ‘there’ in some sense, although with WHITE® one might
regard them as ‘unfixable’.

Until recently, it seemed unlikely that any general answer would be
possible to the question of the form of the chromosomes in interphase,
for the differences between the fixed and the living nucleus seemed
irreconcilable. Usually in fixed preparations, the interior of the nucleus
is occupied by a complex network; while at the other extreme, the
nucleus of the living Echinus oocyte contains a fluid little more viscous
than water through which the nucleolus falls readily under gravity
(GraY?).*

Such a comparison served to encourage scepticism on the subject of
the detail seen in the fixed nucleus, which was further reinforced by
reports of the apparent ‘optical emptiness’ of the nuclei of living cells
in tissue cultures, when seen either in the bright-field or the dark-field
of the microscope (LEwis and Lewis,® STrRaNGEways and Caxti®).
Insufficient weight was then accorded to descriptions of visible texture
in plant nuclei in life (p 72) and the observation of FLemming? was
long forgotten that the ‘Geriststringe’ seen in a living amphibian
nucleus are only brought out more sharply on the addition of a fixative.

The conclusion that the detail seen in the nuclei of tissue cultures
after fixation was spurious was reinforced by the observations of
Lewis (M.R.)® that a ‘mass of granules’ appeared within them when
an acid was added to the culture medium. This gelation was reversible
and the usual appearance and behaviour of the cell was resumed when
the normal pH was restored.

We now know that the failure to detect structure within the nucleo-
plasm of such cells lay with the method of observation, and that in fact
the nucleoplasm of such nuclei is not a ‘perfect and absolute blank’.
The ordinary bright-field microscope is insufficiently sensitive to fine
detail; the dark-ground method which brilliantly illuminates sharp
discontinuities at surfaces and boundaries, does not scatter light in
regions where there are only fine gradations in refractive index.
Observations by phase contrast of the living nucleus of cells in tissue
cultures in which such fine detail is revealed have been described by
FerL and HucHes.® Comparison of the appearance of the same nucleus
in life and after fixation should be extended to other material. Such
observations were first made by TeLLvEsNiczKY!® who observed how
much the texture of the fixed nucleus can vary with the nature of the

* If the chromonemata of the Echinus oocyte line the inside of the nuclear membrane, as
is true of other nuclei, they would not impede the fall of the nucleolus through the nuclear

sap.
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fixative used, though his claim that the living nucleoplasm is homo-
gencous needs to be examined by further investigations with the use of
modern optical methods.

Chromonemata—The visibility of the chromonemata in the living
intermitotic plant nucleus is variable, and can be altered by treatment
of the cell with media of differing tonicity (SHinkg!!). Both the osmotic
pressure of the guard cells of stomata (Wiccans'?) and the appearance
of their nuclei (WEBER'®) alter when these structures open and close.
The differences in refractive index between chromonemata and nuclear
sap are thus influenced by the water content of the whole nucleus.

The chromosomes of the interphase nucleus, as we have said, are
represented by two components, the heterochromatic granules, which
are segments of the chromosomes which persist apparently unchanged,
together with the ‘backbone’ threads, the chromonemata. Animal
nuclei, in which the latter can be demonstrated are regarded by SERraA4
as characteristic of secretory cells and of tissues in which frequent cell
division is occurring. He finds that in an immature snail oocyte, before
meiotic prophase begins, chromonemata are not so readily visible. It
would be of great interest to extend such studies on interphase nuclei
from this point of view. SHiwaco!® was able to demonstrate slowly
moving threads within intermitotic leucocytes of the frog, visible in a
bright-field microscope.

The chromonema is the residual part of most of the chromosome
after the greater part of its nucleoproteins have been dispersed in
telophase. The first stage in the process 1s that the chromosomes in late
anaphase swell into vesicles. This can most readily be seen where
one or two chromosomes lie apart from the main daughter group.
The early telophase nucleus can thus be regarded as a mass of
chromosomal vesicles. The nuclear membrane is formed from those
sectors of their walls which form the interface between cytoplasm
and nucleus. Elsewhere, their adjoining walls do not persist intact,
but in the embryo of the fish Fundulus (Ricmarps'®) the vesicles
are separately distinguishable throughout interphase (Figure g).
According to KATER, in resting nuclei both of the frog!? and of the
rat!® the intervesicular boundaries can still be traced though it must be
admitted that the author’s illustrations of this are not entirely con-
vincing. LEwis'? supports the view that the interphase nucleus is
morphologically vesicular.

. It is clear that as the chromosomes swell in telophase chromatinic
material is detached from their ‘backbone’ threads. Ris and Mirsky®®
speak of the chromosomes as then being in the ‘extended state’,‘ though
these authors overlook the persistence of the chromonemata 1n some
nuclei, and consider that the deoxynucleoproteins of the chromosomes
are evenly spread throughout the living interphase nucleus. The usual
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methods of fixation, they assert, precipitate the Feulgen-positive
material into artefactual aggregates, though the original disperse condi-
tion can be maintained by suspension of the nuclei in 10 per cent
SUCTOSE.

Heterochromatic granules—In nuclei of the mouse in tissue culture,
Fere and HucnEes® have shown that the heterochromatic granules
which are Feulgen-positive after fixation can also be identified by
phase-contrast in the living nucleus, in the same position and form.
The chromonemata are also faintly Feulgen-positive, and some threads,
slightly denser than the rest, can be recognized in the living nucleus.
It is possible to maintain that the entire Feulgen-positive charge on
such heterochromatic granules and chromonemata is precipitated
thereon during fixation and that their contrast in life is due to their
constituent proteins or perhaps to lipoidal material in addition, but if
this were true, then the living nucleus should show no detail when

Figure g Blastomere nucleus of Fundulus

heteraclitus in early prophase. Chromatin

condensing on walls of chromosomal

vesicles (% 18o0+4-). From RicHamns!®
(By courtesy, Biol. Bull.).

photographed at 2,600 A, except for the nucleoli. Now in the ultra-
violet photomicrographs of sarcoma cells published by Luprorp et
alii,** and by Luprorp and SMiLes® it is clear that absorbing granules
smaller than the nucleoli are abundantly present within the nucleus,
(Plate III (7)), which has a very similar appearance both in the ultra-
violet and by phase-contrast. On the other hand, the ultraviolet photo-
micrographs of isolated nuclei suspended in sucrose which Ris and
Mirsky?! have published show no internal structure, and suggest that
the nucleoli and perhaps other constituents have been dissolved as a
result of the procedure to which they have been submitted. Although
Brown, Carran and Lear?® found no trace of nucleic acid in the
nuclear sap of Xenopus oocytes, one would not expect the same neces-
sarily to be true of somatic nuclei; for their structure is very different. It
may well be that there is no uniform state of aggregation of the DNA in
the interphase nucleus.

DNA content in nuclei—It would probably not be realized from the
inspection of stained preparations that the amount of DNA in the
nucleus greatly outweighs that of RNA, for the nucleoli seem at least as
prominent as the Feulgen-positive material. However the analyses of
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isolated nuclei by VeEnpreLy and VEnNDRELY?® and Davipson and
MclInpoe®? suggest ratios of DNA/RNA of 3-g0 times. It is probable
that 1f the DNA were not scattered in small aggregates throughout the
nucleus it would appear to be much greater in amount. In the rat liver
nucleus, however, Dounce et alii*® find more RNA than DNA.
Within the last two years results of much interest have been obtained
by estimation of the absolute quantity of deoxyribonucleic acid in the
nucleus. Where bulk chemical methods have been used, nuclei has
been isolated either by the citric acid procedure or by the anhydrous
technique of BEurens (Dounce et alii*®). Their density in a suspension

Tapre II. DNA CONTENT OF NUCLEI IN mg x 10?

Material | Amount Author
Bull sperm |r 2-B2 Mmsky and Ris®
. 74 Venprery and VeEnpreLy®®
| 4'5 Zirrre and O'DeLr®
Call somatic nuelei | G-22-7-15 Mirsky and Ris®
b5+ 109, VENDRELY and VENDRELY®
Bo-7'0 Kunnick®®
Fowl sperm 126 | Mipsky and Ris™
Fowl erythrocytes 2-34 | Mipsky and Ris*
2-ba ! Davipson and McInpog®?
1-6-1-B Kurnick®?
Frog erythrocytes 15'0 Mirsky and Ris®
Toad erythrocytes T7'93 Mirsky and Ris¥
Tradescantia
somatic nuclei 5°5-12°'0 Scuraper and LEUCHTENBERGER®
Arbacia sperm 067 VesprELY and VENDRELY?
Arbacia egg 220 VenprerLy and VENDRELY?®
700 ScHMIDT ¢f alit™

is measured by counting on a haemocytometer slide, and the prepara-
tion is then analysed in bulk for DNA. Boivin, VENDRELY and VEN-
pRELY, *% 2% Mirsky and Ri1s? and Davipson and McInpog®? have all
made measurements of this kind on various types of nucleus; some of the
values obtained are here reproduced in Table I1, together with estimates
made by other methods which will shortly be described.*

The agreement between the results obtained on vertebrate tissues by
the different authors at first was considered to be sufficient to support
these generalizations:

1. The DNA content of a nucleus is characteristic of the species and
is constant from tissue to tissue.

2. Diploid and somatic nuclei have approximately twice the DNA
content of the haploid sperm nucleus.

* Mirsky and Ris?™ have recently published a further series of estimations of nuclear
DNA, in both vertebrates and invertebrates.
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Mirsky and Ris® state that ‘observations on egg nuclei show that the
quantity of deoxyribonucleic acid in the egg nucleus corresponds very
closely to that in the sperm’, though no details relating to this alleged
equality are given. For the sea-urchin egg this conclusion is not sup-
ported by the available data (ScumipT ef alif,** VEnpRELY and VEN-
DRELY®®) which suggests that the fertilized egg of Arbacia contains several
hundred times the amount of DNA contained in the single sperm. The
VENDRELYS do not attach much significance to their result for the DNA
content of the egg; but the importance of this question would warrant
an extended comparison of eggs and sperms in different animals in this
respect. Mirsky and Ris*® are of opinion that analysis of the sea-urchin
egg for DNA by the customary method of ScamiotT and THANNHAUSER
must give fallacious results, for a very intense Feulgen reaction would be
given if the DNA content were as high as chemical analysis suggests.
They state, moreover, that the egg nucleus of Echinometra is Feulgen-
negative, and that in Ascaris megalocephala the reactions given by egg and
sperm are equal in intensity. It is not clear at present whether this
apparent incertitude of chemical assay for DNA is confined to the sea-
urchin egg. No adult tissue of the sea-urchin has yet been analysed for
the nuclear content of DNA, so diploid and haploid nuclei cannot yet be
compared in the way which Mirsky and Ris have done for several verte-
brates. The immature gonad would probably be the most suitable
material for this assay. In relative measurements on Feulgen-stained
eggs and larvae of Paracentrotus lividus, Lison and PasTeers®®a find that
the DNA content of the nuclei vary with their stage of development and
from tissue to tissue. Up to the blastula stage, the embryonic nuclei
contain 4-5 times as much DNA as does the sperm nucleus. In Sabellaria,
PasTteELS and Lison®? find that the egg and sperm do not contain the
same amount of DNA, and that in the fertilized egg, the DNA content
of both pronuclei increases markedly prior to their fusion.

Measurement of DNA content

One method of measuring the DNA content of a nucleus is to make
micro-colorimetric estimations in sections of tissues, either in the ultra-
violet, or at visual wavelengths after staining by suitable cytochemical
methods. The measured coefficient of extinction can be related to
DNA content by an empirical calibration based on the results of bulk
estimations. PoLLisTER and Ris?® claimed that a very similar result for
the nucleic acid content of the nucleus of the calf thymocyte was
obtained both by ultraviclet measurements and by bulk chemical
analysis. Their value for this, however, was less than one-sixth of that of
later measurements, and Ris has subsequently admitted that an error
was made in calculations from the data for bulk analysis (LEucHTEN-
BERGER?7),
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To calibrate a cytochemical method independently of bulk analyses,
it 15 necessary to establish that there is some constant stoichometrical
relationship in the amount of dye absorbed or liberated by a given
quantity of DNA. It might be expected that for this purpose the Feulgen
reaction could only be used empirically, for so many factors influence
the density of the staining. However, by measuring the rate at which the
constituents of deoxyribonucleoproteins are removed from frog cartilage
nuclei during Feulgen hydrolysis, D SteFano?®® claims to have shown
that the optimal point in this procedure corresponds with the removal
of half the bases, and that this result can serve as a basis for micro-
colorimetric estimations. DI STEFANO’s assumptions have been criticized
by LeEvucHTENBERGERY and found not to be valid in practice by Ris
and Mirsky.¥ These authors have calibrated their measurements on
Feulgen-stained nuclei from their previous chemical estimations for
isolated nuclei of the same kind. Lison and Pasteers calibrate their
Feulgen preparations by including a fragment of rat testis tissue to serve
as a standard. This is fixed, sectioned and stained at the same time as
the material on which microphotometric measurements are to be made.
The results are expressed in relative terms. Swirri! has also made rela-
tive measurements of the DNA content of nuclei in a range of tissues by
microcolorimetry of Feulgen-stained material.

The reaction of DNA with methyl green has been used as a basis
for such estimations (Kurnick,?? 4 Kurnick and Mirsky®). In the
well known method of Unna for distinguishing between RNA and
DNA, methyl green is used to stain the latter component. Kurnick has
shown that a positive reaction with methyl green 1s given by highly
polymerized nucleic acids, irrespective of the nature of the constituent
pentose; and that DNA is sufficiently greater in molecular weight than
RNA to make the reaction specific for the former. After treatment of
a section with hot water, the Feulgen-positive material no longer
stains in methyl green (PorLLisTER and LEUcCHTENBERGER™) for there
has then been some depolymerization. Kurnick®® found that after
removal of histones by o-1n hydrochloric acid one molecule of dye
reacts with 10 atoms of phosphorus in highly polymerized DNA, a
fizure which he subsequently revised to 13. Kurnick’s figures for the
DNA content of mammalian nuclei come within the range of those
obtained by other means, though his value for the chick erythrocyte is
low.

In comparing somatic nuclei of the same species from different
tissues, for example liver and erythrocyte nuclei, Ris and Mirsky found
that a close approximation to the same value for DNA content was
obtained only when the DNA was evenly dispersed throughout the
nucleus. This condition is attained by isolation of the nuclei in 30 per
cent sucrose, followed by fixation in formalin; but some DNA is said
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to be lost when hypertonic sucrose alone is used for this purpose
(ArnEsoN et alii*®).* For quantitative estimations on Feulgen-stained
material, Lison and PasTeELs*®2 aim at an even dispersion of DNA by
using a fixative which would be unsatisfactory from the cytological
standpoint. To quote these authors, ‘Les tissus ont été fixés a I’alcool-
formol qui a pour effet d’homogénéiser les noyaux dans une certaine
mesure’, SCHRADER and LEUCHTENBERGER™ measured the absorption
of Feulgen-stained nuclei of different issues of Tradescantia without even
dispersion of the DNA, and found a range of apparent DNA content
in various interphase somatic nuclei of the same diameter of more than
twofold. ScHrRADER and LEucHTENBERGER calculated the absolute
amounts of DNA by means of the procedure of D1 Sterano, but apart
from the possible errors involved in these computations their results
can be considered as relative values. It might be expected that the
nuclei of mammalian cells on which most of these estimations have
been made would contain less Feulgen-positive material than those of
Tradescantia in which the chromosomes are much larger, and so differ-
ences in DNA content between somatic nuclei would be there more
readily revealed. In Lilium, Ocur et alit,*® have found by using methods
of bulk analysis that in the nuclei of the pollen grain, the content of
DNA is very much higher than in any animal nuclei so far assayed.

SwrFr# used formalin-fixed material for his absorption studies on
Feulgen-stained sections of animal tissues, principally from mice and
Arphibia, with no previous treatment with sucrose. His results were
reproducible to within 15 per cent. In mouse tissues he found three
classes of nuclei with respect to their relative DNA content, the ratios
between which were approximately 1:2:4, which suggest that these
differences were due to heteroploidy. The relative DNA content of
nuclei of the smallest class in different tissues was approximately the
same.

When nuclei of the mammalian liver are isolated and analysed in
bulk, the figure for the DNA content per nucleus does not stand for a
diploid value and must be an average for the various size classes and
degrees of heteroploidy. In the adult rat liver, estimates of the propor-
tion of diploid nuclei present range from about 10-60 per cent (p 61).
Swirr found that his second class of nuclei were most abundant in the
liver of the adult mouse. Ris and Mirsky®! also find twofold relation-
ships between the DNA contents of rat liver nuclei of three size classes;
although SwiFr#! states that the volume of a nucleus is not necessarily
related to its DNA content. In the regenerating rat liver, the proportion
of polyploid nuclei is markedly increased; accordingly, it has been
found that the average nuclear DNA content then rises nearly twofold
(Price and LarD??),

* Scunemner and Hocerpoom'® have recently criticized this assertion.
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Even if further work should show that adult nuclei with equal num-
bers of chromosomes always contain a constant amount of DNA, this
probably does not generally apply to the early embryo. The nucleus
of the fertilized egg is larger than those of the blastomeres (p 63); in the
sea-urchin the DNA content of the nuclel decreases during cleavage,
but is not apparently directly proportional to nuclear size. The DNA
content of embryonic echinoderm nuclei has been studied by
BracHET,*® ScHMIDT ef alii,3 VILLEE ef alii,*® and by Mazia.% The
latter author has clearly summarized the results in this field which have
so far been obtained. The DNA content of the echinoderm embryo
increases steadily, but at a rate much slower than that of cell multiplica-
tion, so that in Arbacia at the tenth hour, the nuclei contain only
one twentieth to one thirtieth of the DNA of the fertilized egg. The
frequency of cell division then decreases slightly and so by the fortieth
hour this fraction has increased to about one tenth. It would be very
desirable to follow the subsequent course of events towards the adult
condition in these respects.

ALFERT®! finds that the range of relative DNA content of the nucleus
of the mouse egg apparently remains constant during early cleavages,
and approximate to that of the primary oocytes.

Until the varying relationships of the DNA content of nuclei with
age and size are better understood, it may be unsafe, as Davipson and
LEesLie® have done, to base work on the growth and development of
tissues on an assumed fixity of this quantity. The evidence for the syn-
thesis of DNA between mitotic periods is increasing. This subject is
developing very rapidly, and it may be that fresh observations will
have appeared before the publication of this book.

THE NUCLEOLI

In general, the nucleoli are the most obvious feature of resting nuclei,
though sometimes in early stages of development they are absent
(LupForp,® BRACHET®). In the history of microscopical study, the
first trace of the nucleolus is to be found in 1781, in a book by FonTana, 5%
mainly concerned with the viper and its venom. In one section of this
work are described a number of rather miscellaneous observations;
within an epithelial cell or ‘vesicule’ from the slime of an eel, he tells us,
‘on observe un corps oviforme, ayant une tache dans son miliew’. The
nucleus, FonTana’s egg-shaped body, was first described by LEEUWEN-
HOEK in 1702 (BAKER®®).

Distinction between true nucleoli and chromosome-nucleolt

Many papers in all have been written on the nucleolus; among
reviews on this subject may be mentioned those of MonTGoMERY,5?
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WarLker and Tozer,5® Luprorp,? and GaTes.’? % One of the main
questions has been the distinction between the true nucleolus or
plasmosome, and the residual ‘heteropycnotic’ chromatin of what has
been termed the chromosome-nucleolus. The two are usually closely
associated. The difference in staining reactions of these two nuclear
components was recognized as early as 1883 by OcaTta.® For those who
accept its validity, the Feulgen reaction clearly distinguishes between
chromosomal material and the main body of the nucleolus, which in
the opinion of most authors is Feulgen-negative. WERMEL,®2 one of the
earliest users of the test, found this negative reaction to be particularly
distinct in mammalian neurones in which there was little residual
chromatin in the nucleus. In a series of insect oocyte nuclei BAugr®?
found but two instances of Feulgen-positive nucleoli, in which it may
be presumed that heterochromatic material was incorporated. In the
nucleolus of the mammalian liver cell (Davipson®) there is an outer
zone of this Feulgen-positive material.

Composition of true nucleolus

The nucleolus proper is composed mainly of ribonucleoproteins.
Treatment with ribonuclease has been shown to decrease both the
ultraviolet absorption of this body (Davipson and WavymouTn®®) and
also its affinity for basic dyes (Bracuer,®® GerscH and Bobpiaw,®®
Davipson et alii®"). It is now usual to regard the basophilia of the
nucleolus as its most characteristic feature, though in the older litera-
ture, an affinity for acidic dyes is often described (Luprorp,5?
Wirson®®). Ribonucleic acid is basophilic, but the basic proteins to
which it is bound within the nucleolus (CaspErsson®?) can take up
acidic dyes at low pH’s (Hypex). Both these reactions are as yet
insufficiently understood. In developing oocytes, the nucleolus may
exhibit regions of different affinity (Limnea, LupForD®*; Asterias,
GaTEs®); this condition is related to active changes within the nu-
cleolus, at the time when yolk is being deposited within the cytoplasm
of the developing oocyte. In Limnea, acidophilic material is then ex-
truded by the nucleolus through the nuclear membrane into the
cytoplasm; numerous nucleolar buds are formed at the same time
(Figure 10). Again, HoGgBen™ describes how the yolk granules of the
cockroach oocyte may be traced back to material from nucleolar
vacuoles. A remarkable example of another kind of secretory activity
which apparently originates in the nucleolus is provided by the slime
glands of the skin of Myxine (ScHreINER™) which produce immense
quantities of material in all.* According to this author, fuchsinophilic

* The statement in Parker and HaswerL's Text-book of Joology that ‘two specimens of
Myxine thrown into a bucket of water are capable of gelatinizing the whole with their
secretion’ is well known.
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granules arise from the nucleoli of the secretory cells and are trans-
formed within the cytoplasm into spiral threads of mucus.

Synthetic activity

The thesis of Caspersson and his school that the nucleolus is a centre
of protein production, which we have discussed in a previous section of
this book (pp 13-17), like other recent developments in cell biology, is
thus a modern version of an older conception. It would be of great
interest to apply modern techniques to these extreme instances of
synthetic activity in which nucleoli are involved. BrRaDFIELD™ has
studied the silk-glands and oocytes of the spider from this point of view;
the nucleoli of the latter are very large, they contain much ribonucleic
acid, and give a strongly positive phosphatase reaction. BALBIANI™ in

Figure 10 Young cocyte of Limnae stapnalis
attached to wall of ovotestis. Material
from the nucleolus (N) is being extruded
into the cytoplasm (NP, NE). From
Luororn®? (By courlesy, J. Roy. micr. Soc.).

1864 observed movements in these same nucleoli, which continued for
some hours in a preparation of the living material under the microscope.
An amoeboid motion of the whole nucleolus was seen, together with
dilation of vacuoles within, which BALBIANT compared with the action
of the Protozoan contractile vacuole. Movement of nucleolar vacuoles
was also observed by B6um?5 in the oocyte of Petromyzon. Again, a study
of the relationship of such movements to the synthetic activities of the
nucleolus might be of value.

Changes in form of this body are not apparently confined to the
oocyte. Extrusion of nucleolar material into the cytoplasm of cells in
tissue culture has been described by LEwis?® and by LupForp,?? who
observed the process in living material and did not regard it as ab-
normal. STRANGEWAYS™® describes how the nucleoli repeatedly joined
together and separated when such cells were observed over a period of
several hours. Movements of the nucleoli of cells in culture is greatly
enhanced both when prophase approaches and during the first hour or
so of interphase. Sometimes vacuoles are seen in the nucleoli of both
normal and malignant cells (LEwis™), Lasnirzrr and WiLkinson®
have observed them in chick cells in culture treated with acridine
derivatives. ZoLLINGER®! has shown that when tissue cultures are
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treated with distilled water, all structure within the nucleus is dissolved,
and that this change is reversible when the culture is returned to a
normal saline medium. The nucleoli then reappear, though not in their
original outline. HucHEs®? observed that the nucleoli of cells in chick
tissue cultures are rapidly affected by treatment with the nucleoside
adenosine (Plate II (5)), or the purine analogue benzimidazole. These
substances cause the nucleoli to break up into granules which may
ultimately be scattered throughout the nucleus. This effect again is
readily reversed by washing the culture with fresh physiological saline.

Coacervation

It has been suggested that the nucleolus is of the nature of a co-
acervate (HycEn,®* Enreneerc,® Duryee®s). Under certain circum-
stances, it is possible for two aqueous solutions of the same colloid, one
dilute and the other concentrated, to be immiscible with each other.
This phenomenon was called coacervation by BuNGenNBERG DE Jong
and KruyTr®® because of the ‘heaping together’ of the constituent
micelles in the concentrated phase. A general account of the phenome-
non has been given by DervicHian.®7 It is greatly influenced by
inorganic ions, and the evidence for a coacervate nature of the nu-
cleolus rests mainly on the effects upon it of various salts. Hycén
observed that the nucleoli of the egg nucleus in Micrasterias fuse under
the influence of KNO;, while DurvEeE reports that a number of reagents
will dissolve the nucleoli of the oocyte nucleus of the frog. Temperature
is also a factor of importance in coacervation. EHRENBERG® found that
the nucleolus in Salix decreases in volume with increase of temperature
and drew the inference that this phenomenon was involved. It may
well be that the concept will prove to be widely relevant in biology; but
its application to the nucleolus depends on whether this body is in fact
a liquid. Very probably, the physical state of the nucleolus varies in
different organisms; in vertebrate cells in tissue culture, the nucleoli
appear to be solid; when they disappear in such cells treated with
distilled water, as ZoLLINGER®! has described, it is probable that simple
solvation is involved. GErscH®® finds that the solubility in water of the
nucleoli of the oocyte nucleus of the frog increases as its development
proceeds.

Nucleoli and chromosomes

In recent years, morphological interest in the nucleoli has centred
mainly round the thesis that they have a definite relationship to par-
ticular chromosomes, in association with a special segment of which
they are formed in telophase. The development of this view has been
traced by Gares.®® In plants, the relationship is so well established
that, as GATEs®® says: ‘the number of nucleoli arising in the nuclei at
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telophase can now be regarded as characteristic of the species’. The
various types of relationship of chromosomes to nucleoli have been
summarized by DarrincgToN®?; they imply that the number of nucleoli
in the early normal diploid telophase nucleus is constant. The greater
part of the literature on this particular topic refers to plant material;
of the few corresponding papers on animal nucleoli, we may instance
those of DEArRING®® on Ambystoma tigrinum (Figure 11); KaurmMan® on
the salivary gland nuclei of Drosophila melanogaster; and CHEN®® on the
primitive ciliate Zelleriella infermedia. In the nuclei of heteroploid
Amphibia, the nucleoli have been found to be related to the degree of
ploidy. Fanknauser and HumpHREY® have used the number present
as an index of heteroploidy, while BEaTTy* finds that the sum of the
areas of the nucleoli in a nucleus is proportional to the number of chro-
mosomes. KawacucH1?® has shown that in nuclei of polyploid silk-
worms, there is an equality between the number of nucleoli and the
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Figure 11 The nucleolus bearing chromosome in Ambystoma
tigrinum in larval epithelial nucleoli; from very early to late
prophase. x 2,000. From DEariNG®® (By courtesy, F. Morph.).

number of the “Z’ chromosomes, which are one of the two types of sex
chromosome. DuryEE®® has shown that the cloud of nucleoli which are
formed during the ‘lamp-brush’ stage in the oocyte nucleus of the frog
all arise from nucleolar organizers in particular chromosome pairs
(Figure 12).

In Mammalia, the evidence for relationships between nucleoli and
chromosomes is somewhat conflicting. ScHuLTz and LAwRrReNCE®® find
that in human spermatocytes there are two nucleoli, one borne on the
sex chromosome, the other on an autosome to which these authors have
devoted particular study. On the other hand, ANpDrEAssI®7 finds that the
nuclei of the human foetal liver contains three or more nucleoli, which
tend subsequently to fuse together. In the rat, the maximum number of
nucleoli in diploid nuclei is six (BieseLe®®), and in the mouse is four
(BieseLe??). In studies on fibroblastic cells of these animals in tissue
culture, neither LEwis'®® nor FELL and HucHES! " ‘were able to observe
any constancy in number or arrangement of the nucleoli in telophase
nuclei. In the early interphase nucleus, there is much re-arrangement
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of the nucleolar material, but even when the nucleoli are first recog-
nizable, their number is variable, LEwis states that this is true both of
mother and daughter nuclei and of the daughter pairs. According to
FeLL and HucHEs nucleoli seem first to form where chromosomes are
most densely clumped together in the early telophase nucleus. It
may be that a number of chromosomes are concerned in nucleolar
formation, and that their several individual contributions may be

Figure 12 Diagram of chromosome pair in the half-sized ovarian

eges of Amphibia (compare Figure 35¢). Paired granules are shown

imbedded in *plastic cylinder’. Letters indicate various lateral loops,

formed as outgrowths of the granules. Numbers indicate successive

stages in formation of a nucleolus at a definite locus, and its passage

through the nuclear membrane. From Durvee®* (By courtesy,
University of Pennsylvania Press).

indistinguishably fused from the very first. In the nuclei of malignant
cells with a diploid number of polytene chromosomes, the number of
nucleoli is increased (BIeseLE ef aliz'%%). The duplicated chromonemata
must therefore each carry separate nucleolar organizers.

HETEROPYCNOSIS

It was observed by HEnkmnG!®? that a ‘peculiar chromatin element’
could be seen in both resting and dividing stages of the spermatocytes
of the Hemipteran Pyrrhocoris. During the anaphase II of meiosis, this
element passed undivided to one pole, and was thus to be found in half
the resulting spermatids. Similar observations in the following years
were made on other insects; this body was regarded by most authors as
chromosomal in nature, although HeExkmwG had regarded it as a nu-
cleolus. The suggestion that their distribution to half the spermatids
was related to sex determination was due to McCrLung'®™; the term
‘heterochromosome’ for such bodies was first used by MoNTGOMERY10%
in 1904. In the spermatogonial mitoses, the heterochromosomes do not
lose their chromatin at telophase at the same rate as do the other
chromosomes; they are visible within the interphase nucleus.
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The name ‘heteropycnosis’ was suggested by GurHerz!°® for this
general type of behaviour. It was first shown to apply to segments of
the autosomes by HEerrz!%7 in 1928, who studied resting and dividing
nuclei in a number of liverworts and mosses. Those ‘heterochromatic’
parts of the chromosomes which persist unchanged during telophase
can be traced into the resting nucleus where mostly they are associated
with the nucleolus. Such bodies in the interphase nucleus had long been
recognized ; they were called ‘chromocentres’ by Baccarini.1®® In plants
their distinction in staining reaction from the nucleoli was recognized
by Rosen'®? in 18g2.

Figure 15 Second spermatocytes of Mecostethus grossus in interphase a
without X- b with X-chromosome., The heteropyenotic autosome
(VII) is visible in both. From Warre''™ ( By courtesy, Proc. roy. Soc. B).

This condition in which part or all of a chromesome is still loaded
with chromatin when elsewhere in the ‘euchromatic’ regions the charge
has been partly lost is now known as positive heteropycnosis. Examples
of the contrary negative condition are known, and have been described
by WHITE!? in the early spermatogonial divisions in the short-horned
grasshoppers and crickets, where at metaphase the X-chromosome is
less charged than are the autosomes (Figure 13). The reverse is true at
diakinesis. Thus this example may be locked on as a difference in phase
during the cycle of the migration of chromatin to and from the two
types of chromosome. This aspect of heteropycnosis has been termed
‘allocycly’ by DarrineToN and La Cour.'* These authors find that
negatively heterochromatic segments of the metaphase chromosomes in
Paris and Trillium are found in plants kept at 0” C. and claim that the
chromocentres of the resting nuclei represent the same chromosomal
regions as those in which the phenomenon of ‘nucleic acid starvation’
is found at low temperatures. Similar observations on animal cells have
been made by Carran'? in the newt. In the spermatocytes of the toad,
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Bufo arenarum, SAEz et alii'® find that one autosome in metaphase I
normally is negatively heteropycnotic (Figure 14).

Such are perhaps the main facts concerning this question which
descriptive cytology has so far provided, although SchurTz!'4 is of
opinion that all the various features of heterochromatin in different
organisms when added together ‘come pretty close to including all the
possible aspects of chromosome behaviour’. To mould this subject into
a presentable form, it has been found necessary to mix in a large
proportion of theoretical matrix, within which it is not always ecasy to
discern other ingredients. It is believed that there are special features
of heterochromatin in its genetical properties (Scuurtz!!), in its
high susceptibility to breakage by mutagenic chemicals (LoveLEss and

Figure 14 Negative heteropycnosis of an
‘- autosome in metaphase T of meiosis in
the toad Bufo arenarum, After SAEz of alig1?

(By courtesy, Z. Zellsforsch.).

ReveLL®), and also in its chemical composition. Some of these
generalizations are based on observations in Drosophila; in the larval
salivary gland nucleus next to the nucleolus there is a single chromo-
centre made up of all the heterochromatic regions near the centromeres
(Figure 15), it includes the whole of the Y-chromosome of the male.
Caspersson'!® concluded from a comparison of the ultraviolet absorp-
tion spectra of this and the adjacent structures in the salivary nucleus,
that basic proteins are characteristic of the heterochromatic regions.
There 1s, however, some doubt whether nucleoproteins can be charac-
terized by this method alone (p 12). In the nuclei of the spinal
ganglion cells of the rabbit, HypEx!7 has shown that both the nucleolus
and the chromocentre have a strong affinity for acidic dyes. It is not yet
certain, however, whether the euchromatic regions at metaphase differ
in this respect.

In Drosophila, variation of the total amount and arrangement of the
heterochromatin have been shown to be correlated with changes else-
where within the cell. CaspErsson and Scuurtz!® showed that where
a Y-chromosome was included in the oocyte nucleus, cytoplasmic
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nucleic acids were increased in amount (Figure 4). ScHuLTZ el alit"'®
found that genetical rearrangements of heterochromatin in the X-
chromosome were reflected in differences in the absorption spectra of
the nucleoli. These observations have assumed a prominent part in the
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Figure 15 Chromosomes of salivary gland nucleus of Drosophila melanogaster together

with those of cogonial nucleus to same scale. In the salivary nucleus the synopsis of

homologous elements is everywhere complete except for the proximal part of the 2nd

chromosome. The 4th chromosomes are partly covered by the chromocentral mass
common to all the chromosomes, here shown in two portions. From [Pamreg!!ts
(By courtesy, j. Hered.). .
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thesis of the Stockholm school that the site of protein synthesis of the
whole cell is the nucleolus and its associated heterochromatin, for
Scrurtz!" in speaking of this genetical change in nucleolar composi-
tion, says ‘this is the cardinal fact which lies at the base of the theory
that the heterochromatic regions have to do with cytoplasmic synthesis
in general, by way of precursors deriving from the nucleoli’. How far
this theory can generally be applied to all types of cell depends among
other considerations on whether the nucleoli are invariably associated
with heterochromatic regions of chromosomes. In plants, the satellite
threads connecting nucleoli and chromosomes are often Feulgen-
negative (Resenpe!®?), Indeed the term SAT-thread (Sine Acido
thymonucleinico) was first used by Herrz!® to indicate the absence of
DNA therein.

Baker and CarLran'® have suggested that the term ‘heterochroma-
tin’ should be abandoned because such a noun suggests a chemical
entity. This argument applies equally to ‘chromatin’ itself which still
serves an indispensable purpose as a general term in FLEMMING'S ori-
ginal sense (p 2). However, it is possible that if the use of the word
‘heterochromatin® were relinquished, there might be some decrease in
the tendency to generalize from the salivary nucleus of Drosophila to
all other cells.

~ PROTEINS OF THE NUCLEUS

It has long been known that in the nucleus, proteins of small molecular
weight with basic properties are associated with nucleic acids.
MiescHER!'® isolated an organic base from the heads of salmon sperm
which he termed protamine, the molecular weight of which is now
known to be intermediate between those of polypeptides and proteins;
ten years later, KosseL'® found a basic protein of more complex
structure in bird erythrocytes which he termed histone. The evidence
for the existence of basic proteins in the nucleus still depends mainly
on bulk chemical analysis, for cytochemical observations on this
subject do not point to conclusions of the same clarity. Some of the
difficulties which beset the identification by ultraviolet microspectome-
try of proteins in the presence of nucleic acids have been discussed in
previous pages (p 12). A cytochemical method for the recognition of
arginine (SERRA!?) has been claimed by this author'*® to demonstrate
the presence of basic proteins in the nucleus. All proteins, however,
contain arginine, and although the proportions of this amino acid are
high in protamines and histones, a positive reaction for arginine still
might be given by a non-basic protein present in large amounts,
Results of great interest and possible significance on differences between
the histones of nuclei in different tissues in the same animal are begin-
ning to emerge in the work of STEDMAN and STEDMAN.'27 These authors
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have already shown that nuclear histones are composite and consist of
one main and one or more subsidiary components. The latter vary
greatly in arginine content, whereas the proportion of this amino acid
in the main histone seems almost constant throughout a number of
vertebrates,

Fractionation

Not all the proteins of the cell nucleus are basic. STEDMAN and
STeDMAN!®# have prepared from various types of nucleus a protein
which is neither a protamine nor a histone, which they regard as the
main protein of the chromosomes, to which they gave the name
‘chromosomin’. This substance is prepared by first extracting with acid
the basic material from dry lipoid-free nuclei and then fractionating the
residual material with dilute alkali. The heads of fish sperm may
contain up to 30 per cent of chromosomin. This substance gives
strongly positive reactions for tryptephane, tyrosine, arginine and
contains sulphur; histones give negative or only very faint reactions
for tryptophane. A non-basic protein containing tryptophane has
also been identified in the nucleus by Mirsky and PorLLisTEr.*? By
extraction of nuclei with molar sodium chloride these authors separated
a complex fibrous product, consisting of nucleic acid, histone and this
non-histone protein. To the whole of this they give, not without the risk
of confusion, the name of ‘chromosin’. The tryptophane containing
protein (‘Tr. Pr.’) is freed from histone and partially from nucleic
acids by methods similar to those employed by the Stepmans.

The isolated ‘chromosomes’ prepared by Mirsky and Ris'®® (p 64)
can also be fractionated into the same three components. Molar sodium
chloride causes these threads to swell, and to lose their histone and most
of their nucleic acid into solution. The residue which is still micro-
scopically recognizable as a thread, consists mainly of a protein which
these authors identify with their “I'r. Pr.’ prepared from whole nuclei.
Apart then from differences in nomenclature and their rival claims of
priority, the STepmans agree with the Mirsky group both over the
non-basic protein of the nucleus, and also in the view that the DNA is
evenly spread throughout the resting nucleus, in which they may well
both be wrong.

Although there is this evidence for the existence of non-basic proteins
in the cell nucleus, we do not know whether they belong equally to the
chromonemata and to the nuclear sap. The chromatographic analysis
of the nuclear sap of Xenopus oocytes which we owe to BRown et alii'™
clearly indicates that a complex non-basic protein is present in this
material (Figure 16).

The proportion of tryptophane-containing protein to DNA in the
interphase nucleus which PoLLisTER and LEUCHTENBERGER!®? calculate
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from microcolorimetric measurements is higher than that derived by
the bulk analysis of isolated nuclei. These authors concluded that their
observations demonstrate that protein is lost from nuclei during their
isolation. The comparison rests, however, on the validity of the cyto-
chemical procedures which were used. Their figures for the DNA
nuclear content were calculated according to Dr STeFano’s method,
which has subsequently been found inadequate, notably by one of the
above authors herself (p 36).

Some part of the non-basic proteins of the interphase must be
enzymic. In isolated nuclei a number of enzymes have been shown to
be present, although the possibility that some of their activity is due to

Figure 16 Paper chromatogram of acid hydrelysate of the sa
of the cocyte nucleus of Xemopus laevis. (1) aspartic m:i;[p':
(2) glutamic acid; (3) glycine; (4) serine; (5) lysine: (6)
threonine; (7) alanine; (B) tyrosine; (g) arginine (histidine,
if present); (10) proline; (11) waline; (12) phenylalanine; .
(13) leucine and isoleucine. The colour differentiation indi-
cated by letters in parenthesis (Bl, blue; V, violet; P, pink;
G, grey; Y, yellow) was produced by 59, collidine in the
ninhydrin spray. From Brown & aliil® (By courtesy, Nature).

contamination by cytoplasmic material is always present; where,
however, enzymes are present in relatively high concentration in
isolated nuclei this source of error is less probable. Dounce®®® found
that a number of enzymes were conspicuous in rat liver nuclei, and
that they were not removed by washing, as was the adsorbed haemo-
globin. Among them were both acid and alkaline phosphatases, which
have also been identified in isolated nuclei of the cerebral cortex by
Ricuter and Hurtin,'® who found that the latter enzyme was more
abundant in the nucleus than in the cytoplasm.*

UNCE A% review 1€ VATIOUS me 5 which are uzed for the solation of nuclei.
* Do 125 K ed tl thods which d for tk 1 f 1
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Phosphatase distribution

By means of the well-known cytochemical methods of Gomori!3% 137
the distribution of phosphatases within the nucleus has been examined,
though the customary debates concerning the validity of methods for
cytochemical localization extend also to these procedures (DANIELLI,S
Jacosy and MarTin'®?). WoLF et alii*® have investigated the acid phos-
phatase of a number of types of cell, while several studies have been
devoted to the alkaline enzyme, such as those on chick cells in tissue
culture (WiLLMER,'#! CHEVREMONT and FirkeT'#?), on salivary gland
chromosomes (DaNIELLI and CATCHESIDE,!# KruceLis'd® 145)  and on
mouse spermatocytes (KruceLis'#®), Both the nucleoli and the hetero-
chromatin of the interphase nucleus and the chromosomes during
mitosis give a strong alkaline phosphatase reaction.

The evidence for the chemical nature of the alkaline phosphatases
has been reviewed by Mooa.'47 They are proteins of the globulin type,
activated by metal 10ons. Alkaline kidney phosphatase is strongly bound
to zinc (CLOETENS!48); it is possible that the zinc reported by HeaTH4®
in isolated deoxyribonucleoprotein may be related to this enzyme.

The presence of an enzyme within the nucleus does not necessarily
indicate that it has some function connected with nuclear metabolism
per se, for the nucleus may be the site of origin of an enzyme, which
may then diffuse outwards from the nuclear membrane to operate
within the cytoplasm. This possibility is suggested by the work of
Dounce and BEver!®® on nuclear arginase, a characteristic enzyme of
the mammalian liver, which breaks down arginine to urea and ornithine.
Liver nuclei contain slightly more arginase per unit of dry weight than
does the cytoplasm, while kidney nuclei contain little or none. In a further
paper, Dounce ef aliz?® have confirmed that this enzyme is present in
rat liver nuclei.

LIPOIDS OF THE NUCLEUS

Both chemical analysis of isolated nuclei and microscopic techniques
have been used in the few studies which have been devoted to this
subject. In the original paper describing the citric acid method of
isolating nuclei SToNEBERG!®® used this technique for studying the
lipoids. It was found that in a number of organs there was a somewhat
greater lipoid content in the nuclei than in the whole tissue; phospho-
lipine and cholesterol were the main substances of this class to be found
within the nucleus. It has been found that in the nuclei of the mouse
liver, the percentage of phospholipines is equal to that of ribonucleic
acid, namely 3-4 (Bavaum ef alii'®®). WiLLiams et alii?5 studied
the effect on the nuclear lipoids of the liver of feeding the carcinogen
butter yellow and found that the proportion of cholesterol present was
thereby increased. In the intact nucleus, the lipoids are bound to protein,
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and so the difficulty of demonstrating their presence by cytochemical
methods is greatly increased. Conen'®® has shown that the hetero-
chromatin in the interphase nuclei of the plants Allium and Phaseolus
responds to the powerful lipoid colorant Sudan black (Lison'%¢), the
use of which in nuclear cytology should be extended. GATES'®? denied
that lipoids were present in the nucleolus; in some marine eggs, however,
SHINKE and SHIGENAGA'®® and MENsSINKAI'S? report their presence
while SERRA?® states that in the nucleolus of snail oocytes there are
‘peripheral inclusions which give a coloration of middle intensity with
BZL blue’. It seems therefore that both in mitochondria and the nu-
cleoli, ribonucleic acid is associated with lipoproteins, though the
proportion of each constituent in the two types of structure are probably
widely different. The possible functions of the phospholipine within
the cell have been discussed by CLAuDg.15?

NUCLEAR MEMBRANE

The debates on the validity of the detail seen in the fixed and stained
cell have included each of its main constituents, the nuclear membrane
among them. PiscHINGER,'® for instance, argued that this was an
artefact, since its prominence in sections of mouse liver varied with the
fixative used; furthermore he was unable to identify it in the unfixed
cell. First, therefore, we must consider the question whether the nuclear
membrane has a real existence.

It must be admitted that the presence of an interface between nucleus
and cytoplasm does not necessarily prove that a physical membrane
is there, for BuncEnBERG DE Jong!'®® has shown how two aqueous
colloidal solutions may be immiscible, if one of them is a coacervate
(p 41). The argument that a nuclear membrane is not visible in life
is unlikely to survive the introduction of the phase contrast microscope,
The phase photomicrographs of living intermitotic cells in culture
(Plate I(1)) show how clearly this structure stands out, particularly
where nuclear sap and the adjacent cytoplasm are of about the same
refractive index. A vacuole within the cytoplasm has no such definite
border. In binucleate cells, the two nuclei are usually in contact, and
the apposed membranes usually appear thicker than the single layer
elsewhere on the circumference of the nucleus. Such cells have been
observed for several hours with their nuclei in apposition. In the divid-
ing cell, the disappearance of the membrane at the end of prophase is
immediately noticeable as the nuclear area then suddenly contracts.
Even before these particular observations were available, the evidence
from micro-dissection studies (CHaMBERS and FELL!%®) had already pro-
vided a clear proof of the presence of this structure within the cells of

tissue cultures.
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Structure and composition

Several lines of research have given information on the structure and
composition of the nuclear membrane. It has been shown in several
instances that it bears a positive charge (DanLGreN;'® CHURNEY and
KLEN,'%) and that the isoelectric point of its proteins is far to the
alkaline side of the physiological pH (CHURNEY!%8), The reverse is true
in both instances for chromatin. The nuclear membrane must therefore
in part consist of a protein-anion complex, with a high proportion of
basic amino acids. An observation on cultivated chick and mammalian
cells in mitosis may be related to this. It is striking that at the end of
prophase, the nucleoli and the nuclear membrane suddenly disappear,
always at exactly the same moment. The nucleoli are known to contain
basic proteins (p 39); probably some event within the nucleus, per-
haps the liberation of an enzyme, causes similar material in both
structures to be dissolved at the same time.

CHurnNEY!%® has found that unlike the cell membrane, a torn nuclear
membrane is not ‘repaired’ in the presence of calcium because a calcium-
proteinate cannot be formed on the acid side of an isoelectric point. It
is thus improbable that the ash which is seen at the site of the nuclear
membrane in cells submitted to micro-incineration (ScoTT!®7) can mean
that the living structure has a high mineral content. The location of
cations within the cell is all too readily disturbed by fixation, and it is
probable that the positive reaction for potassium in the nuclear mem-
brane found by Bureau!®® is also an artefact.

Some experiments of LuvyeEr and Ernst!®® have shown that the
nuclear membrane of the cells of the onion root has marked plastic
properties. These authors centrifuged whole roots at a force of 30,000 x g
for periods of from 10 minutes to 2 hours, and found that the nuclei
moved to one wall of the cells, against which they were flattened, while
their opposite surfaces were drawn out into bottlenecks. These changes
must have involved a considerable increase in nuclear surface. The fine
structure of the nuclear membrane has been investigated both by the
polarizing and the electron microscope. The sign of its birefringence is
that of fibrous protein; Baun'™ was able to observe this by precipitat-
ing on the nuclear membrane antimony sulphide in the same orienta-
tion, CaLLanN'™ found that the membrane of germinal vesicles of
Triton became strongly birefringent when dilated. CarpLan and
TomLin'™ have published an elegant study of the oocyte nuclear
membrane of Triturus and Xenopus by electron micrography. It consists
of an outer porous layer, and an inner one, apparently continuous,
which is the thinner of the two. The porous layer apparently contains
some lipoidal material. It would be of very great interest to compare
the structure of this membrane with those of normal somatic nuclei,
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because it appears that the Amphibian germinal vesicle has a parti-
cularly high permeability. Both salts (ABELson and Durvyeg;'™® CaAr-
Lan!™) and sugars (CaLLan'®') are able to traverse it, whereas the
osmotic properties of other nuclei suggest that they are permeable to
water and not to solutes. Among these are Amphibian epithelial nuclei
(HamBurGER'™) and the germinal vesicle in the egg of Arbacia punctulata
(BeEck and SHAPIRO ;175 CHURNEY!®6) *

It is probable that various cells differ widely from each other in this
respect. It does not appear from the photographs of ZoLLinGer!?®
that the nucleus of cells in tissue cultures swells when distilled water is
added to the medium; MonNE!77 observed a transitory vital staining of
the nucleus in Amoeba when dyes were injected into the cytoplasm. In
these experiments acidic dyes penetrated the nuclear membrane more

rapidly than did basic ones.

SIZE OF THE INTERPHASE NUCLEUS AND OF THE CHROMOSOMES

Not all the nuclei in one type of cell in an individual are of the same
size. Generally, the size of the nucleus is related to that of the whole
cell, and most of the literature of this subject is concerned with this
proportionality, to which HErTwic (R.)'7® gave the well-known name
of ‘karyoplasmic ratio’. On the theoretical developments associated
with this idea, the verdict of WiLson!?® is that they were ‘undoubtedly
carried too far’, but in these days probably too little is heard of the
subject. However, interest in the nuclear size, per se, has survived in
respect to its relationship to the number and size of the constituent
chromosomes. The early observations bearing on this subject indicated
a close and fixed proportionality; but as one might expect, other factors
have since emerged which modify and complicate it.

Production of haploid and tetraploid larvae in Echinoderms

The classical experiments in this field are those of Boveri'®® who
employed the methods discovered as early as 1887 by Herrwic (O.
and R.)'8! for the production of haploid and tetraploid larvae of
sea-urchins. If unfertilized eggs are suitably shaken, they can be separ-
ated into two parts, one with, the other without, the nucleust;
these halves then round off and both can be fertilized and subsequently
undergo cleavage. The phenomenon was called ‘merogony’. Both
diploid and haploid larvae result from this procedure, the chromosomes
of the latter being solely derived from the sperm nucleus. A tetraploid
larva can be produced by shaking a normal fertilized egg near the time

* Cuampers and Porrack!™ found that phenol red penetrated into the germinal vesicle

of the starfish egg. ! : ;
t It is now customary to employ the centrifuge to effect this operation (Harvey!®?),
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of the first division; a *‘monastral’ mitosis results where one nucleus is
formed containing both daughter sets of chromosomes. Haploid,
diploid and tetraploid sea-urchin larvae at the same stage of develop-
ment are all of the same size. The individual nuclei and cells are related
in size to their chromosome content, and so it follows that a tetraploid
larva has about one quarter the number of cells of a haploid one.
Clearly some regulative process during development must limit the
number of cell divisions so that the standard size of the organism is
maintained.

Among other observations, Boveri compared the size of the inter-
phase nuclei of haploid and diploid merogenous plutei of Echinus, and
of tetraploid and diploid gastrulae of Strongylocentrotus, and found a
simple proportionality between the squares of their mean nuelear
diameters. If the nuclei are assumed to be approximately spherical
their surface area must be directly proportional to their number of

chromosomes.

Polyploidy in other animals
In recent years the most extensive investigations on animal poly-
ploidy have been those of FANkHAUSER ef alit on the Amphibia, which
provide great scope for such research (FAankmauser!®?), Haploid and
polyploid individuals not only occur spontaneously but their frequency
may be increased experimentally by treatment such as the application
of heat or cold to the eggs. In Amphibia, as in echinoderm larvae,
polyploid individuals are of the same size as diploid; but here, haploid
ones are somewhat smaller.* FaANknAusErR makes use of measurements
of nuclear size in cells of the tail fin as a means of determining the
degree of heteroploidy in his larvae; the area of the flattened epidermal
nuclei is found to be proportional to the number of chromosomes. In
other amphibian tissues HErTwic (G. and P.)'® claim that this is
more closely related to the volume of the nucleus. From the data of
FangHAUSER!® and Fankuauser and HumpHREY!®® nuclear areas of
larval epidermal cells are plotted against their ploidy in Figure 17.
It can be seen that the range in nuclear areas increases at each step.
Among the Arthropods, there are polyploid races of certain species
which reproduce by parthenogenesis. Of these, the best known is the
brine shrimp Artemia, which has been studied by ArTom!86 187 188 5nd
by Baricozz1.'®® The bisexual race is diploid, while there are separate
parthenogenetic races which are diploid, tetraploid and octoploid
respectively. The cytology of their germ cells is described by WhiTe.!%
The relationship between chromosomal status and body size seems to
vary in Ariemia according to ARToM,'®7 who investigated the ratio of

* Recent evidence suggests that in mammals, the relationships between degree of ploidy,
the size of the nuclei and of the whole body are more complex.
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the areas of nuclei from different tissues in tetraploid and diploid
strains, and found considerable deviation from a 2:1 relationship.
Moreover these aberrant ratios themselves vary from tissue to tissue.
BariGozz1'®® measured nuclear areas in epithelial cells of the gut of an
octoploid race of Artemia and found the range of variation to be nearly
fourfold. It is clear that factors other than their content of chromosomes
can affect the size of interphase nuclei. BArRiGozz1 suggested that some
of these may be hereditary, for he found much less variation in nuclear
size between mother and sister individuals in the octoploid Artemias.
Thus in polyploid individuals, in every cell of which there is the same
multiple of the haploid number of chromosomes, measurement of
nuclear size alone is not always a sufficient guide in deciding the value
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Figure 17 Relative nuclear areas of epidermal
nuelei in polyploid amphibia, for each degree of
ploidy. Plotted from the data of FANknAusER
and HuspHREY1®® and FANEHAUSER.183 (circles,
Triturus; dots, Ambystoma. Where given, the
range and the mean of each degree are indicated.

of this multiple. Bowex'"! and ScHRADER!®® have shown that in the
Bug Arvelius albopunctatus the size of the spermatocyte nuclei in different
lobes of the testis may vary by as much as 4:1, yet in all these cells the
chromosomes which appear in the subsequent stages of meiosis are
similar in size and number (Figure 18)*. In Amphibia, BEaTrTy and
FiscHBERG!®® state that ‘large significant differences in mean nuclear
size can be found between diploid frog tadpoles, even of the same
batch’. It follows, therefore, that where the degree of heteroploidy is not
constant in the various cells and tissues of a single individual, statistics
of nuclear dimensions must be interpreted with reserve.

*ScHRADER and LeEvcHTENBERGER'*2 have shown that the DNA content of Arvelius
spermatocytes of different sizes is approximately constant, but that their content of RNA
and protein is proportional to their size.
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Growth in interphase

One of the factors which influence the nuclear size in rapidly growing
tissues is the stage which a nucleus has reached in its period of growth
in interphase. According to ConkLIN,'® in the embryo of the mollusc

Figure 18. Various sizes of spermatocyte nuclei in Arvelius albopunciatus (a, ¢ and

d) all form chromosomes of the same number and size (b and e). Diakinesis and

metaphase 1 in gth lobe of testis (aand b); in 5th lobe (¢, d and &) x 1500. From
ScHrRADER12 (By courlesy, Chromosoma).

Crepidula the interphase nucleus enlarges most rapidly as the next
mitosis approaches, while in cells of the mouse spleen in tissue culture
(FeLr and HucHEs!®®) two-thirds of the full interphase size is reached
within three hours of telophase (Figure 1g). A number of authors
believe that the growth of resting nuclei is discontinuous and rhythmic.
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Their evidence for this is indirect, and is based on studies of the distribu-
tion of size of large numbers of nuclei. Thus, if the nuclei in a tissue
remain at one size for some time and then rapidly grow to another at
which they again halt, then the histogram of nuclear size will show
peaks corresponding to these values, provided that the errors involved
are not large enough to obscure the result. The best known of such
numerical investigations are those of Jacopj'®® 197 who measured
nuclear diameters in a series of mammalian tissues, and displayed the
calculated volumes in this form; the peaks were identified as modal
values which, Jacosj claimed, bore to each other ratios of 1:2:4 and

L=

A

8

N
/

8

Aeglegr aree w square microns
§ 8
i
s

8
ek

Helgihine

2

' T < F ¥ hr ¥
fimme

Figure 19 Nuclear area of a mouse spleen cell in tissue culture
during mitosis; (A) that of the parent cell in prophase, (B)
that of one daughter cell in telophase and early interphase.
From Ferv and Hucues'®® (By courtesy, Quart. J. micr. Sci.).

so forth. Before discussing the author’s conclusions, we must first
examine the evidence on which they are based.

In the first place it is necessary to say that simple inspection of a
histogram is not adequate to decide whether or not a distribution is
discontinuous, for the irregularities may be due merely to sampling
errors, However, a simple test may be applied to Jacop)’s data by
plotting his result on probability paper, in the manner described in a
recent paper by HArDING.2#8 It is better to use the measured data for
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nuclear diameter rather than the cubed values for veolumes, for the
errors involved in measurements under the microscope from serial
sections which have been shrunk in dehydration and embedding are
already formidable enough without being raised to higher powers.
Figure 20 shows that Jacory’s data for nuclear diameter in a mouse
embryo when plotted on probability paper suggests a normal distribu-
tion about a single mode, for the points may approximately be joined
by a straight line. HARDING!?8 showed that a bimodal distribution when
plotted in this way gives a sigmoidal curve, and the abscissa of the point
of inflection indicates the approximate proportion of the representatives
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Figure 20 Nuclear diameter in kidney tubules of 20 mm. mouse embryo.

Data taken from Jacosj'*® and plotted as cumulative percentages on

probability paper. The distribution is unimodal, as the points may
approximately be represented by a straight line.

of each mode. Such a distribution is exemplified by the results of
Beams and Kimng!®? for the nuclear diameter of mononucleate cells in
the normal adult rat liver* (Figure 21). The data for the mouse liver is
less easily interpreted. In addition to Jacosj’s observations, nuclear
diameter in this tissue has also been investigated by HEemserg,*"
Voss?! and MuLLER? and the data of all these authors for mono-
nucleate cells is plotted in Figure 22 in the same manner which has
been described. It is clear that the points for each set of data could
only very approximately be represented by a straight line, and one
cannot point to any sigmoidal inflections with confidence; nor are
there any constant features in the shape of the curve for each set of
points. Nuclear size in the adult mouse liver is therefore too complex
an example to be analysed in this way from the existing data.

* The corresponding data of Jacorj also suggests a bimodal distribution, but is curiously
divergent from that of Beams and King in absolute size.
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Jacosy’s procedure has been followed by a number of other workers.
Several of these, however, have found that their modes of nuclear
volume were not related in the ratios of powers of 2 (WERMEL and
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Figure 21 Nuclear diameter of uninucleate cells in normal

rat liver, plotted on probability paper as in Figure 20. Data

taken from Beams and King. 1% Tl!?:lsigmuid.al curve indicates
a bimodal distribution.
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Figure 22 Nuclear diameter in the normal mouse liver flﬂth‘:d as in Figure 20
from the data of (A) Voss®"; (B) Jacosj*®®; (C) HemerG*®"; and (D) MLLER?9?.
No well marked modes can be rcmgmzcd

SCHERSCHULSKAJA®"), Furthermore, no discontinuities in nuclear size
were found by Lewis (W. H.)®™ in either mouse fibroblasts in tissue
cultures, or in a rat sarcoma.
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However, it is still possible for the growth of the interphase nucleus
to be rhythmic as Jacosy suggested, even if his own indirect evidence for
a periodic increase in size may be insufficient. WerMEL and Portu-
caLow?0® studied this question directly by taking time-lapse films of
living cells in tissue cultures, and measured individual nuclei at intervals
over periods of several hours. Their published curves for nuclear volume
plotted against time show an irregular periodicity, with a rapid increase
in size every fifty minutes or so (Figure 23). WerMEL and PorTuGALOW

concluded that these periodic increases in volume were much smaller
than twofold. They assumed that these nuclei in their cultures were
spherical; this is certainly untrue for flattened cells in the outgrowth
of a tissue culture. It would be of value to repeat the work of these
authors although the significance of such rhythmic changes might stil|
remain obscure,
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Figure 25 Change in volume of the nucleus of a chick cell in tissue
culture with time. The nucleus finally divided by amitosis. From
WerMeL and PorTucarow.?*® Time in minuates; volume in arbitrary
units.

ScHreIBER?® in a review of investigations in the field of ‘caryometric
analysis’ has discussed the possible events in the life of the nucleus
which could correspond with the increase in volume which Jacos)
refers to as ‘innere Teilung’. This process could involve the duplication
of either the individual chromosomes or of chromatic material at a
lower order of size within the chromosomes. Where the increase in size
of a nucleus at each step is less than twofold, ScHREIBER suggests that
this may be due to the doubling of its maternal and paternal chromatin
on scparate and possibly alternate occasions. A less unplausible sug-
gestion is that of HErTwiG (G.)*7 who claims that it is nuclear surface
rather than nuclear volume which doubles at each step; here the
increase in volume would be proportional to the square root of 2.
This is understandable if the interphase chromonemata are usually
distributed over the inner surface of the nuclear membrane as seems

true in some nuclei (p 30).
If discontinuous changes in size of nuclei do occur, the question

6o



THE INTERPHASE NUCLEUS

arises whether any corresponding visible events within the nucleus are
recognizable. Various modifications of mitosis are known in which the
ploidy of nuclei is changed (p 149). However, there is one example
where ploidy increases independently of any mitotic process. In the
ileum of the larval mosquito (BErRGER®**®), the nuclei grow in size, and
the chromosomes reduplicate without any visible changes within the
nuclei, which remain in the resting phase throughout.

One example from a vertebrate tissue where, by a modified form of
mitosis, the degree of heteroploidy and nuclear size i1s doubled has
been described by BeEams and King!®® in their work on the regenerating
liver of the rat. In this animal two-thirds of the whole organ may be
removed experimentally, and the normal size will be regained within
a month. Extremely frequent mitoses are seen in the liver tissue within
a few days after the operation, and marked variation in size of the
interphase nuclei is then seen. Large polyploid nuclei are formed by
mitoses of binucleate cells (p 149), in which the chromosomes from
both nuclei join a common metaphase plate. Two polyploid daughter
nuclei are then formed in telophase. If the cell divides, two mono-
nucleate tetraploid daughter cells result; if not, the cell still remains
binucleate, but now the nuclei are tetraploid. By the repetition of
such mitoses octoploid nuclei will result. BEams and King studied the
distribution of nuclear size in mononucleate and binucleate cells in
both regenerating liver and in the normal pieces removed at the time
of operation. In the normal liver, as we have already discussed, this
distribution is bimodal (Figure 21) while it becomes markedly poly-
modal in the regenerating tissue. In the normal development of the
liver, tetraploid nuclei are presumably formed in the same way; the
commoner of the two modes of normal nuclear size i1s the large one,
which must correspond with the tetraploid grade. Surkmn® is of
opinion that only 1o per cent of normal liver nuclei in the rat corres-
pond in volume to the diploid mode. In a careful study of the cytology
of this material BreseLe®*!® finds that chromosome counts at metaphase
in both the normal and the regenerating organ indicate a proportion
of diploid nuclei of somewhere between one-half and two-thirds; four
to five per cent of octoploid nuclei are present in both.

Vartations in chromosomal size

A further factor which affects the size of a nucleus is variation in the
size of the chromosomes themselves., Again, most of what is known on
this topic refers to the Diptera, particularly to the giant chromosomes
of the larval tissues. According to HErtwic (G.)*!, the salivary gland
nucleus in Drosophila melanogaster increases in volume by at least 264
times during larval development. Similar chromosomes are present in
other larval organs as BALBIANI*'? mentions in his original description
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of the salivary nucleus in Chironomus. BocojawLENskY?!? finds that in the
development of the Anopheles larva, giant chromosomes are not seen in
any tissue until the fourth of a series of nuclear size classes has been
attained. PainTER and Remporp? find that the nurse cells of the
Drosophila ovary undergo a discontinuous increase in size by means of

successive cycles of endomitosis (Figure 59).
The only investigations on the relationship between chromosomal
and nuclear size in vertebrate tissues are those of BieseLE et ali. Their
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Figure 24 Histograms showing distribution of chromosomal
volumes in nuclei of the rat liver (a) normal, and (b} during
regeneration. Plotted from data given by BiesgLe.*'?

results suggest a clear distinction between growth in a normal tissue
such as the regenerating liver (BieserLe?'?) and in some tumours, for
whereas the same distribution of chromosomal size is found in both
diploid and polyploid cells of the normal and the regenerating liver
(Figure 24), chromosomes of double the usual size were found in tu-
mours of a goldfish (BieseLe?!®), of the mouse (BIESELE ef alii*'%), and
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in a human mammary carcinoma (BieseLE and Povner®!'?). In the
latter, chromosomes of both twice and four times the normal volume
were found in metaphase figures all of which were approximately
diploid. The nuclei of these tumours are therefore polytene and not
polyploid. Three modes of interphase nuclear volume correspond with
the three sizes of mitotic chromosomes.

It must be admitted that the doubts expressed above concerning the
accuracy of volumes computed from measurements in microscopical
preparations of the order of tens of microns apply with still greater
force when one dimension of the object is a fraction of a micron.
BieseLE 1s aware of the possibility of error in his methods, and at least
it can be said that his camera lucida drawings demonstrate that the
chromosomes of tumours can be larger than those of normal cells.
Nothing is yet known for certain of the internal structure of such
polytene chromosomes.

It is not only in the malignant cell, however, that chromosomes can
vary in size. It has long been known that both intermitotic nuclei and
chromosomes decrease in size as the segmentation of the egg is in
progress. During the first few cleavages, the total volume of all the
nuclei may either increase at each cleavage by some factor less than 2,
or remain constant as in the mouse, according to Hertwic (G.).218
In Echinoderms, both intermitotic nuclei and chromosomes decrease
in size during development, although in the literature of this subject
divergent views are expressed on the precise course of these diminu-
tions in volume (Erpmann®?; GopLEWSKI*®?),

Herrwic (G.) refers to the chromosomes of the fertilized mouse egg
as ‘polymers’ which are progressively halved at each cleavage, without
increase in their substance between divisions. On the other hand
ALFeErT®*! finds that the range of relative DNA content of the nucle
of the mouse egg during early cleavage stages is similar to that of the
primary oocyte. Again, we have yet no evidence of the internal structure
of these chromosomes, which even at their largest are not readily
amenable to microscopical investigation. BIESELE®**? has compared
the volume of the chromosomes in the liver of the newborn and the
full grown rat, and finds that there is a twofold increase in their volume
during adult life. It would be of great interest to extend such studies
backwards into foetal life, and to compare the size of the chromosomes
and of the interphase nuclei with their content of nucleic acids in
absolute terms.

ISODLATION OF CHROMATIN THREADS FROM RESTING NUCLEI

The development of fractionation methods for the isolation of cell
constituents in an almost undamaged condition has been one of the
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most striking advances in experimental cytology. These procedures
have been applied both to the cytoplasm and to whole nuclei, methods
for the isolation of which have long been known (p 1). The final
achievement of these techniques scemed to be the subdivision of the
nucleus itsell from which it has been claimed that veritable chromo-
somes can be prepared in bulk. This further step, however, involves
more than the separation of bodies already present in the cell, for the
initial material is the interphase nucleus. A claim that the end-product
consists of isolated chromosomes must therefore be examined with some
Carc.

The first accounts of nuclear fractionation were given by CLAUDE??
and by Crauvpe and Porrer.?** The material used by these authors
is the spleen of leucaemic mice, which is completely infiltrated by
lymphocytes, mainly haemocytoblasts. The tissue is first frozen and
then ground with sand at 5° C. and the chromatin threads afterwards
are separated by differential centrifugation. The final product consists
of Feulgen-positive threads, either single or paired o+5-1-0p. in diameter.
As to the nature of these threads, the authors’ view may be quoted:
“Their typical arrangement in pairs with similarities in width and bead-
ing suggest that these threads may correspond to the chromosome
strands as they occur in the nucleus during the resting stage.’ It is
clear from the authors’ illustration that the interphase leucaemic nuclei
are very markedly of the ‘thread type’, as SERrRA225 terms such nuclei
with much residual chromatin. However, CLAUDE and PorTER state
further that, ‘similar material has been obtained from normal tissues,
for example guinea pig or rat liver’.

The claims of Mirsky ¢t alit are more outspoken. Their material is
isolated by means of the Waring blender from fish and bird erythrocytes
and from mammalian tissues (PoLLisTER and Mirsky**%); and again we
may quote the description of the microscopical appearance of threads
prepared by this method (Mirsky and Ris???, p 4):

They vary greatly in size and orgamization. Usually their doubleness can be
clearly seen. They show a specific pattern with trabants, heterochromatic and
euchromatic sections. Like chromosomes they can be uncoiled by certain agents,
KCN for example. These characteristics by themselves are strong evidence for
the chromosome nature of these threads. Final proof, however, lies in the repeated
occurrence of the same type of chromosome.

Such a remarkable claim we must attempt to discuss. In the first
place, as Mirsky and Ris**7 point out, their threads differ in form from
those of Cravpe and Porrer, for they are shorter and more coiled
than those of the latter authors. The nitrogen and phosphorus content
of both types of threads are, however, very similar (Mirsky and Ris®27).

If these threads are really chromosomes, they have been formed
from an interphase nucleus, which, subjected to violent mechanical
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stresses, must swiftly have undergone a process corresponding to the
comparatively slow evolution of natural prophase. The obvious method
of finding whether this is so, is to examine samples of the material at
intervals while it is being prepared. Such observations have been made
subsequently by Lame22® 229 who has repeated the various methods of
disintegrating isolated nuclei. He has concluded that the first effect of
them all is to draw out the whole nucleus into elongated bodies, which
later break up into the smaller threads. These cannot thus be regarded
as morphologically equivalent to chromosomes. Nor was Laus able
to confirm the double nature of these threads by electron micrography.

Thus the conclusion seems unavoidable that isolated chromosomes
have not yet been artificially prepared from resting nuclei.
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FROPHASE AND TELOPHASE IN THE LIVING MUCLEUS

In the succeeding pages, observations on the nuclear cycle in a number
of living cells in mitosis will be described. The use of living material
for such studies has a history of some interest. In 1879 three papers
were published on the course of division in the living cells; FLEMMING?
and ScHLEICHER® observed cells of larval Amphibia, and independently
published their results in the same volume of one journal; while Stras-
BURGER® described a method of observing the living cells of the staminal
hairs of Tradescantia; and a series of drawings of these cells in division
appeared in the following year in a new edition of his Jellbildung und
Zelltheilung A These studies clearly established that the normal method
of nuclear multiplication both in plants and animals consists of a series
of complex events in which two new nuclei are formed from one.
FLEmMING's description was the most detailed; he showed that the later
stages of the process are the reverse of the early ones. The decisive effect
of these discoveries is well illustrated by a remark of NorDENskIOLD'S®
in comparing the first and third editions of STrRAsBURGER’S book :

Even in the first edition (1875), Strasburger makes the nucleus of the egg-cell
in the plants he investigated dissolve upon fertilization and its mass disperse into
the plaam of the cell; in the latter are then formed a number of mncrclium, which
give rise to fresh nuclei. In the third edition, on the other hand, it is asserted that

examples of independent cell formation can no longer be cited from the vcgctablc
kingdom; fresh nuclei invariably arise through the division of older ones.

In the following decades, studies on living material played a decreas-
ing part in the growth of further knowledge of the cell. Advances in
microscopical technique, both in methods of staining and in the optics
of the instrument were relevant only to the study of fixed preparations.
Furthermore, the discovery of Surron® that in the reduction division
of the germ cells there were events which corresponded to MEeNDEL’s
segregation and free assortment of the hereditary characters led to
researches on cellular anatomy which demanded the utmost resolution
of which the microscope was capable; this development necessarily
enhanced the tendency of cytologists to work exclusively with stained
material. There were still occasional researches on living cells, but they
did not directly relate to the dominant concern with the microscopy of
inheritance.

However, interest in the study of the living cell revived, notably in
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the nineteen-twenties when workers such as StrancEways and BELaR
showed that living preparations could still yield fresh information
about the behaviour of cells in division. BELAR’s study of the classical
staminal hair cell of Tradescantia (BELAr?) led to a series of further
investigations on the same material by the Japanese school of cytolo-
gists, for with such refractile cells, the bright-field microscope is ade-
quate, as Bivawr’s superb photomicrographs clearly demonstrate
(Plate V). In the study of the extremely thin cells in the outgrowth of
living tissue cultures, its limitations in contrast and resolution of un-
stained objects are more severe, though by no means prohibitive, as is
clearly shown by the researches of the Lewises (e.g. LEwis (W. H.)# ?).

It is now well known that thanks to the phase-contrast principle of
ZERNICKE these particular difficulties in microscopy are largely over-
come, and that the resolution of thin transparent objects can be equal
to, or even superior to that of stained preparations (ZErnICkE,
Tavror,' Ricaarps,'* HucHEes!'?). Phase-contrast microscopy can be
very appropriately combined with serial photographic recording on
cinematograph film. Cells in division were first followed by serial
photography as far back as 1913 by Comanpon and Jorry; in the
nineteen-twenties, CAnTi!# began his well known series of films on tissue
cultures. The first phase-contrast film was made in the early nineteen-
forties by MicHEL'® on the meiotic divisions of an Orthopteran
spermatocyte. MicHEL's demonstration of the possibilities of phase
microscopy has led to a remarkable impetus in the study of the living
preparations of biological material. Studies on mitosis in tissue cultures,
both under normal and experimental conditions have been subse-
quently made by HucHes!® 17 and on malignant cells by Gey.

The limiting factors in the wider investigation of further types of liv-
ing cell in division are both optical and biological. Some cells seem to
be so nearly optically homogeneous that isotropic retardation methods
such as phase contrast are inapplicable. For the rest, in which structural
details can be seen in life, suitable methods of cultivation are needed
to permit observations of healthy cells over a sufficient period of time.
By some means, a thin and preferably single layer of cells must be pre-
pared under conditions in which their normal activity will be fully
maintained. The tissue culture method is almost ideal for material
which can be grown in this way, provided that a rapid rate of cell
division can be maintained in the cultures; at present, this applies only
to a number of vertebrate tissues, The use of liquid paraffin for mount-
ing living material is surprisingly successful for Tradescantia staminal
hairs, and probably would be for other plant tissues. According to
TeLEZYNsKI'® oxygen dissolves more readily in paraffin than in water.
It was used by MicHEL for the spermatocytes of Psophus, but seems less
effective for those of other Orthoptera. Further exploration of possible
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methods for the cultivation of rapidly growing tissues might well prove
to be rewarding; a technique generally applicable to the Insecta would
be of great value. A general account of the earlier studies on mitosis
in living cells of both animals and plants is given by MarTENs.!?
Becker?®® has reviewed the later work on plant material.

Mitosis in the living plant cell

Probably no cells have been so extensively studied in the living
state as those of the staminal hairs of Tradescantia. BrRown’s®! vivid
description of protoplasmic streaming and of the texture of the nucleus
should be familiar to every student of cell biology. The course of
mitosis in these cells has been described by ScHAEDE,** BELART (Plate
V), TeLez¥Ynski'® and by Kuwapa and Nakamura® amongst others,
though as mentioned above, the earliest descriptions go back to
STRASBURGER.! BELAR mounted the staminal hairs in hanging drops
of 1-3 per cent solutions of cane sugar; but later authors used liquid
paraffin as a mounting medium. So successful is this method, that
Kuwapa and Nakamura found that cells in their preparations would
remain healthy with no trace of abnormality for as long as seven days.

The interphase nucleus, in addition to the nucleoli, is uniformly filled
with what appear to be fine granules, which are really the gyres of the
irregularly disposed coiled chromonemata (Kuwapa and NAkaMura2?),
In early prophase the appearance of the nucleus is quite distinet, for
the chromonemata become regularly arranged as a series of parallel
spirals. Around each spiral is the matrix of the chromosome. There are
no spaces between the chromosomes in early prophase; BELAR states
that they are so closely packed that their cross-section is polygonal and
that the nucleoli are indented. During prophase, the chromosomes pass
through an optimal point at which their spiral condition is most clearly
evident. This stage of ‘spiral prophase’ is equally recognizable in fixed
material, and according to NEBEL?® two pairs of chromonemata can
then be seen within each chromosome. As the spiral condition of the
chromosomes becomes less clear in the living stage, they shrink to some
extent, and spaces appear between them. According to Kuwapa and
NAKAMURA® the chromonemata are then swollen and the refractive
index of the whole chromosome has increased. An interpretation of the
arrangement and structure of the chromosome spirals at each stage is
given by Kuwapa.®8

The spaces between the chromosomes becomes most evident at opposite
ends of the nucleus; these are known as ‘pole caps’ and here the orienta-
tion of the spindle must originate.* At one of them, all the centromeres

* The development of the spindle in cells of plant meristems has been studied by Rosyxs.

In Hyacinthus, two unequal ‘calottes polaires’ are formed in prophase within the nuclear
membrane, The orientation of the chromosomes is at first transverse to the axis of the nucleus,
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are grouped round the ‘pole field’, with the arms of the chromosomes
hanging parallel downwards. This arrangement corresponds to that of
the chromosomes during the late anaphase of the previous division,
and demonstrates the morphological continuity of the chromosomes
between one division and the next.* This must mean that the chromo-
somes remain immobile during this whole period, although there seems
to be some disarrangement of the chromonemata.

The duration of prophase is four hours or more. There is no abrupt
transition to metaphase; the pole caps enlarge, the nuclear membrane
disappears and the chromosomes contract still further. BELAR was not
able to follow the dissolution of the nucleoli. At 20° C. the interval
between late prophase and late anaphase is about one and a half hours.
The changes undergone by the chromosomes in telophase are apparently
the reverse of those seen in prophase; for gradually their spiral condition
becomes clearly evident, and is later obscured once again as the nucleus
assumes the interphase condition. The chromosomes shrink as they
approach their ‘spiral telophase’ stage; afterwards the chromonemata
loosen out and approach each other. Their parallel arrangement may
persist for the first hour or more of interphase, and the nucleoli do not
reappear until after the wall has been formed between the daughter
cells.

Mitosis in living cells in other plant tissues was studied by MarTENs.?
His technique was to cut thin free-hand sections of developing organs
and to mount them in isotonic saccharose (‘Beaucoup de prudence et
de promptitude sont nécessaires’) ; observation of a single preparation
was limited to a maximum of 75 minutes. MARTENs compared the
appearance of the living cell at each stage of division with that of the
same cell on fixation, but he did not make parallel observations with
stained preparations. The material which MaARTENs used for these
studies was the developing stigma of the grass Arrhenatherum and the
embryo of the orchid Listera (the Twayblade), in both of which the
nuclei differ in several respects from those of Tradescantia. In interphase,
their structure is reticular, and does not greatly alter in appearance
during early prophase. The meshes of the network are gradually
resolved into spiral threads which become the chromosomes; for a
long time they are linked by delicate filaments. In mid-prophase, the
volume of the nucleus increases; both the nucleoli and the anastomoses
between the chromosomes then stand out more clearly, while the spirals
of the chromosomes become gradually less visible.

In Arrhenatherum, there are comparatively swift changes at the end of
prophase. The cross-filaments between the chromosomes disappear,
and within twelve minutes or less, they begin to move into a parallel

* RanLi7? first drew attention to such residual orientations of prophase in Amphibian cells
in 1885,
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arrangement, which at first lies transversely across the cell; then slowly
this orientation shifts to become parallel with the main axis. This
change is apparently a re-orientation of the chromosomes and is not a
simple rotation of the whole nucleus. At this stage the nuclear mem-
brane disappears. In the telophase of Arrkenatherum, the chromosomes
maintain their individuality for some time after cytokinesis; the spaces
between them widen, as the area occupied by the whole daughter group
increases. Then anastomoses between the chromosomes appear once
more ten to fifteen minutes after anaphase movement has ceased; they
increase in number as the daughter nucleus continues to enlarge. These
changes influence the form of the chromosomes; their general orienta-
tion is maintained, but they become less regular and more sinuous in
their course. At the same time, they become thinner as their charge of
chromatin is gradually lost.

The interphase nucleus of Tradescantia is not reticular in structure,
nor, to judge from Bivar’s photographs, does the daughter nucleus
increase much in size during telophase, though it has been shown by
SHIGENAGA?® that the absorption of water plays an essential role in
nuclear reconstruction, for the whole process can be inhibited by hyper-
tonic sucrose. Telophase is resumed if the cell is then transferred to a
hypotonic medium. A further difference between the course of cell divi-
sion in Tradescantia and in Arrhenatherum is that the arrangement of the
chromosomes remains almost unchanged in the former during the whole
mitotic cycle, while in the latter they orientate rapidly at the end of
prophase, and disperse again to some extent in telophase. Again this
difference may be related to the apparently greater absorption of water
in the telophase nucleus of Arrkenatherum. It would be of interest to see
whether evidence from other material could warrant generalizations of
this kind. This subject is further discussed later in this chapter (p 8o).

A plant which offers considerable scope for the study of living cells in
division is the Alga Chara (the Stonewort), PEKRAREK?® 3 has described
the development of rhizoids from nodes of the plant cultivated in vitro,
and the course of mitosis in the terminal cell of which the nucleus may
be as much as sop in length. The nucleolus and nuclear membrane
disappear early in prophase, but the chromosomes are not recognizable
until metaphase. Nuclear reconstruction begins as soon as the anaphase
movement is completed, but the development of the nucleoli and the
growth of the daughter nucleus occupies several hours. The antheridial
filaments of Chara are composed of much smaller cells, which all undergo
mitosis simultaneously (Karring3!'), the course of which in life has yet
to be described.

In general, it seems that cells undergoing meiosis are more intolerant
of experimental conditions than are those in somatic mitosis, though the
greater duration of reduction divisions may be partly responsible for
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these differences. The living pollen mother cell has been studied by
several workers, though the complete meiotic cycle has yet to be
followed in a single preparation of isolated cells. GrEcory®? attempted
to cultivate excised anthers of several species in a nutrient solution; and
found that the early phases of meiosis never progressed in his material,
but that in Liiwm anthers, pollen mother cells at diplotene would
continue the cycle to the formation of quartettes. STERN® found that
those of Trillium cultivated in sucrose lost their cell walls and fused
together. In Tradescantia, meiosis proceeded comparatively rapidly,
and SHIMARURA* was able to observe and photograph the remaining
stages in pollen mother cells mounted at metaphase during the subse-
quent eight hours or so. Successful cultivation of excised whole anthers
has recently been achieved by TavLor.?®

The haploid mitosis within the pollen tube has not yet been followed
in the living state, although the necessary technique for the artificial
germination of the pollen grain is available (DarvLingTon and La
Cour?),

Protozoa—In BELAR’s?? great monograph on the Protozoan nucleus
his Table I lists investigations on living Protozoa in mitosis from which
it can be seen that several such studies date from the nineteenth century.
Of these, the most complete was that of HErTwic,*® who in 1884
followed nuclear division in Actinosphaerium. Before turning his attention
to the Metazoan cell in division, BELAR himself studied the mitosis of
several Protozoa in both living and fixed individuals and published
papers on Chilomastix and Bodo (BELAR?®) and on Actinophrys (BELARY).
In the latter paper the drawings of the living nucleus during mitosis
are particularly fine,

Among the Amoebidae, little is seen of the nucleus during fission in
either Amoeba proteus (CHALKLEY and DANIEL;" Dawson et alit®®) or
A. dubia (Dawson et alii*®*), but Comanpon and peE Fonsrune® have
found that in a large Acanthamoeba the nuclear detail is exquisitely
visible throughout fission. Their paper contains no illustrations, how-
ever, and is limited to a description of the admirable film which they
have made of mitosis in this organism. These authors have generously
provided a series of still photographs from their film for reproduction
in this book and these are to be found in Plate VI.

The resting nucleus of Acanthamoeba is circular, with a diameter of
1oy a central nucleolus occupies two-thirds of the volume of the whole
nucleus. Close to the nuclear membrane on one side is a centrosomal
body from which a number of definite rays originate, in such a manner
that Comanpon and pE FonBruNEe describe it as a ‘figure en arraignée’.
A full hour before mitosis is due to begin, an individual which will
divide can be recognized because there is now a ‘figure en arraignée’
at either end of the nucleus, which has become elliptical. As prophase

75



THE MITOTIC CYCLE

begins, numerous fine granulations appear within the nucleus, and one
minute later the nucleolus disappears; the early occurrence of this
event is noteworthy, The intranuclear granulations increase in volume,
and migrate to the centre of the nucleus, where they form the chromo-
somes which become arranged in a regular equatorial plate. The nuclear
membrane, as judged from the living Acanthamoeba disappears during
metaphase.

In telophase, the chromosomes are closely packed against the centro-
sphere. They become less and less visible; they appear to take up
water, and are then lost to sight. Although the observations of these
authors on the daughter nuclei are restricted to this single statement,
they also describe contemporary events of great interest within the
cytoplasm some of which will be mentioned later (p 133).

Grasshopper embryonic neuroblasts—CarLsoN and his colleagues have
developed a method for the study of the dividing neuroblasts of the
embryo of the grasshopper, Chortophaga vividifaseiata, which is dissected
out of the egg membrane and mounted as a hanging drop preparation
in a suitable medium, with the ventral side uppermost (CArLson ;%5
Carrson and HorLLAENDER®®). These neuroblasts have several features
of great interest; at 38° C. they divide about every four hours, and
prophase occupies a full half of the whole mitotic cycle. Cell division
is unequal, and of the two daughter cells, one is a neuroblast, the other
a ganglion cell. The interphase nucleus is ring-shaped (Figure 25).

So far, the only descriptions given of mitosis in this material have
been incidental to the experimental studies of these authors; a full and
illustrated description of the normal cycle would be of great value.
The interphase nucleus contains two nucleoli and is filled elsewhere
with highly refractile granules. In early prophase, chromatin threads
make their appearance which at first are recognizable only with diffi-
culty; the granules then disappear, and the threads become more
distinct. At mid-prophase, the chromatin threads are ‘thick enough to
be traceable from one part of the nucleus to another by careful focus-
sing’. Late prophase is ‘initiated as the chromatin threads become
sufficiently short and well spaced that about seven can be counted near
the nuclear membrane in one quarter of its circumference in mid-
optical section’. As soon as the course of the chromosomes can be
traced within the nucleus, they are found to be orientated round the
nuclear core at the polar side of the cell. At the end of prophase the
nucleoli and the nuclear membrane disappear.

The duration of telophase at 38° C. is 57 minutes. Early in this period
the chromosomes lose their definite outlines; in mid-telophase the
nuclear membrane 1s formed, and the two nucleoli appear and
gradually increase in size. At first they are spherical in form, but later
their outline becomes uneven and ‘finally they have the appearance of
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two irregular masses not sharply set off from the surrounding
karyolymph’.

Interphase lasts no longer than 27 minutes. In cells with so short a
resting period it should readily be possible to determine whether the
polarity of chromosomes in prophase is a relic of their previous telo-
phase orientation.

Figure 25 Diagrams of an embryonic neuroblast of Chortophaga
virtdifasciata during mitosis. a polar and b side view in interphase or
prophase ¢ prophase, just before breakdown of nuclear membrane,
cell rounding up d Prometaphase e metaphase { mid-anaphase
ghll,:at-: anaphase h early telophase j late telophase, the cells have lost
ir spherical form. (g and p) polar Eej equatorial cytoplasm.
(nc) cymplasm of nuclear core. {i]l ganglion cell. (k) half spindle.

(i) interzonal region. (n) nucleus rom Carvson'® ( By courtesy, Biol.

Vertebrate cells in culture: Amphibia — The original description of
JoLLy’s*? method for obtaining dividing erythroblasts free in the blood
of the newt was published in 1go1. The first paper with Comanponi8
on the cinematography of such cells in hanging-drop preparations
appeared in 1913, but a description of early prophase, based on their
final film is not found until the 1934 paper (CoManpon et alii*?). In
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their short account of early prophase in the newt erythroblast, these
authors speak of the great size of the nucleus, which then nearly fills the
cell. It is relatively opaque. Slow movements occur in the cytoplasm,
and the nucleus rotates, in one instance through a complete turn in
six minutes. Some time after this rotation has ceased, the nuclear
membrane suddenly disappears. The longitudinal split in the chromo-
somes is then apparent,

Hucnes and Preston®® described the mitosis of a newt liver fibro-
blast in tissue culture (Plate VII). Their observations began at a stage
when the nucleoli had already disappeared, and the nucleus was filled
with granules of comparatively low contrast relative to the nuclear sap.
These lay along the developing chromosome threads; gradually the
granules seemed to fuse together as more material was deposited on
them, and about five minutes after observation had begun, chromo-
somes of regular form stood out in clear contrast to their surroundings,
and in some their split condition could already be seen. So far, the
changes were not accompanied by movement within the nucleus, but
from this point the chromosomes began to move, and within three
minutes were radially orientated round a clear central space, which
was occupied by the developing spindle. There was no definite moment
of dissolution of the nuclear membrane., The chromosomes soon began
to move to a fresh orientation with the metaphase plate at right angles
to the plane of the preparation, and the cell then assumed a more
rounded form. The chromosomes contracted in length as they reached
the spindle poles, and lost their uniform outlines as they bunched
together. Anastomoses between them then were formed. These are
clearly seen both in the living fibroblasts and erythrocytes, and also in
fixed tissues of the larva of Ambystoma (Dearing®). These cross-
filaments are so regularly arranged, that in the erythrocyte Comaxpon
el alti'? speak of ‘la disposition caracteristique en damier que prend le
resaux chromatique’. To judge from DEarING’s drawings this condition
persists in a very fine reticular structure of the interphase nucleus. In
the succeeding prophase, these fine filaments are gradually resolved.

Chick and mammalian cells (Plate VIII)—The structure of the inter-
phase nucleus of the mouse has already been described (p. 30). In
between the nucleoli and the large heterochromatic granules, the nu-
cleus is evenly filled with the chromonemata (Plate I1(4) ). In Feulgen
preparations of very early prophase these threads are seen to have con-
tracted slightly, leaving empty spaces in between them, the large hetero-
chromatic aggregates have broken down into smaller units, each of
which appears to form part of an individual chromosome. This stage
can be recognized by phase-contrast in the living nucleus, for the back-
ground of the nucleus is then faintly granular. Where one is fortunate
enough to follow with the time-lapse camera a cell into prophase, it can
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be seen that the nucleoli have already begun to change in form when
this stage has been reached. Their movement, together with that of the
whole nucleus, may continue throughout prophase. The developing
chromosomes gradually acquire their slowly increasing contrast which
we see both in the living state and in Feulgen preparations. This
phase lasts for half an hour or perhaps more, for the process is usually
already under way when observation begins. The phase-contrast
microscope with its extreme shallowness of focus reveals the fact that
the chromosome threads are closely applied to the inner surface of the
nuclear membrane; when one focuses into the interior of the nucleus,
nucleoli and chromocentres alone come into view.

Here also, the whole nucleus often revolves during prophase, and the
nuclear outline may repeatedly change. The end of prophase comes
with remarkable suddenness. The nuclear membrane contracts and
vanishes; the nucleoli breaks up equally abruptly, and the chromo-
somes begin to move freely in the cell. Often the chromosomes congre-
gate at either end of the nucleus round the poles of the developing
spindle, and thus momentarily give a spurious appearance of anaphase
(Plate XII (16b) ). It seems that the dissolution of the nuclear mem-
brane and of the nucleoli begins at the same instant. As the nuclear
membrane contracts, so do the chromosome threads which line its inner
surface. Sometimes the developing poles of the spindle then momen-
tarily indent the shrinking membrane at opposite ends of a diameter
(Plate XI (14b) ). The spindle quickly joins across the line between the
two poles, and sometimes the chromosomes can then be seen moving
towards it.

In Feulgen preparations the split in the chromosomes can be seen
in mid-prophase, behind the apparently terminal heterochromatic
granules. In the living cells, the chromosomes are not seen to be double
until they approach metaphase.

In cells of the chick, the general course of prophase is similar.
Jacosson and WEBB* have shown that as the nucleoli disappear, the
chromosomes then first become able to take up basic dyes, as for in-
stance methylene blue in the May-Grunwald-Giemsa stain. This
suggests that the ribonucleoproteins of the nucleoli are rapidly trans-
.erred to the chromosomes at the end of prophase. This change precedes
the final dissolution of the nucleoli, remains of which can sometimes be
seen among the chromosomes in metaphase. Very early in anaphase,
the basophilic material begins to leave the chromosomes (Plate XII
(17)).

In the mouse, reconstruction of the daughter nuclei from late ana-
phase onwards proceeds in the following manner. At first the daughter
chromosomes are closely packed together in apparent fusion; then the
whole mass begins to swell, and as its texture becomes looser, fine
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threads may be seen within it, much smaller in diameter than the
anaphase chromosomes (Plates IX, X(13) ). The swelling of individual
chromosomes may occasionally be seen in those separated by chance
from the main daughter group. At the interface between the cytoplasm
and the outer chromosomal vesicles, the nuclear membrane is formed
and expands in area, and the daughter nucleus continues to enlarge.
The structure of the nucleus at this stage is reticular, and the main
chromosome threads which are still Feulgen-positive, may be seen to be
double. Nucleoli seem to form wherever there are dense groups of
chromonemata and their relationship to individual chromosomes seems
here to be obscure from the first (p 42).

At this stage, some thirty minutes after the beginning of anaphase,
the general structure of the nucleus consists of a coarse meshwork of
thick chromosome threads linking up the nucleoli. Gradually, these
threads differentiate into heterochromatic granules and fine chromo-
nemata, and the nucleoli undergo repeated re-arrangements in form
and position. The nucleus is still rapidly enlarging, and some three
hours after the beginning of anaphase is about two-thirds the size of
the mother nucleus in prophase. In full interphase, the structure of the
nucleus can no longer be called reticular. Occasional threads can still
be seen in the living state, but well-fixed material shows that the whole
nucleus is then uniformly filled with fine chromonemata. ALFERT®
finds that there is no decrease in the relative DNA content of embryonic
mouse nuclei from telophase to full interphase. At this time the apparent
decrease in the intensity of Feulgen reaction as judged subjectively must
be due to dispersal of DNA throughout an increasing nuclear area.*

In the foregoing descriptions of the nuclear changes in mitosis, the
swelling of the young daughter nuclei in telophase has been ascribed
to the absorption of water. Another explanation of telophase swelling
is given by Caspersson,®® mainly with reference to Grasshopper
spermatocytes. He claims that the chromosomes in telophase swell by
the accumulation of protein within them. ‘During the course of the
swelling the chromosomes gradually fill the spaces between them, and
the rounded cell results.” In prophase the process is reversed and the
major part of the nuclear proteins disappears from the nucleus. The
marked volume changes of mammalian cells during mitosis are shown
by the data of BieseLE ef alii®® here reproduced as Figure 26.

Here clearly is a point of some importance which needs to be
decided; it should not be impossible to distinguish between increase
of protein and of water in the nuclei during telophase. The X-ray
method of EncstromM®¢ for measuring the mass of cell constituents

* Lisox and PasTEELs?® maintain that the early post-telophase growth of the nucleus is
the period when DNA is synthesized in embryonic and adult rat tissues, in chick cultures,

and in Echinoderm larvae.
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could probably be used for this purpose. It is unlikely that movement
of water is never involved in nuclear reconstruction, for SHIGENAGA?S
has directly observed the inhibition of the process when water was
withdrawn from a staminal hair cell of Tradescantia by adding a hyper-
tonic medium. It does not seem that an exactly comparable experiment
on animal cells in mitosis has ever been done, although several authors
have shown that the course of cell division can be gravely disturbed by
hypertony. In grasshopper spermatocytes, the spindle is much more
sensitive to such treatment than are the chromosomes (BELARST).
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Figure 26 Volume of nuclei and mitotic fgures in various
mouse tissues. From Bresere of alif l:ﬂ} courtesy, nipcrsi.!_rnf Texas
Publications).5®

AISENBERG®® examined the dividing cells in the web of a frog’s foot
which was immersed in Ringer Solutions of varying osmotic pressure
and made counts of each phase of mitosis therein. It does not appear
from his figures that the proportion of telophases was increased in
hypertonic media. There is no indication in Gray’s%? careful study of
cleavage of the sea-urchin egg in sea water to which various amounts
of sodium chloride had been added, that nuclear reconstruction was
specially sensitive to this treatment. However, it 1s possible that in
animal cells, the effect of variations in the osmotic pressure of the
external medium is not transmitted to the nucleus because of changes
in the water content of the cytoplasm at that time, for its behaviour
often suggests that water movements are then in progress. In Acan-
thamoeba for instance, ComanponN and peE Foxerune* have observed
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that ‘un semis de tres fines vésicules’ appear in the cytoplasm at telo-
phase; these run together and form the contractile vacuoles of the
daughter individuals, which at once begin their pulsations.

TIME SCALE OF THE MITOTIC CYCLE

The methods by which the duration of mitosis may be measured are of
several kinds. Clearly the most direct is to use living cells in prepara-
tions where they are optically accessible, and to time the events which
occur cither by continuous observation, or through the medium of
photographic recording, The earliest example of direct measurement of
the duration of a phase of cell division dates from 1848, when MirscHER-
LicH® observed that cytokinesis in Conferva glomerata (Cladophora sp.)
took four to five hours to be completed. Other methods are used when
it 1s not possible to observe the living nucleus, because the cells either
are not sufficiently transparent or cannot yet be effectively isolated
under physiological conditions. If a number of similar cells can be
induced to enter mitosis all at the same time, then batches can be
fixed at known intervals, and their stages of division can be investigated
subsequently by staining methods. This i1s the method applied to egg
cells which can be fertilized experimentally. Some may be caused to
resume their development at will. Thus, for example, FAURE-FrEMIET®
found that fertilized Ascaris eggs remain at the stage with unfused male
and female pronuclei until exposed to atmospheric oxygen.

In a tissue where cells are dividing at random, or in an unpredictable
manner, indirect and statistical methods of estimation must be used.
If it can be assumed that cells are entering mitosis at an approximately
even and constant rate, then in a sample of cells fixed at the same in-
stant, the percentages of each stage of mitosis are proportional to the
time occupied by cach phase of division. If the duration of either of the
separate phases can be estimated by another method, then these
relative figures may readily be converted into absolute intervals of
time. An example of the use of this method is provided by WricHT s
study of cell division in chick tissue cultures.

Recently, GrRay and ScHoLEs®® have estimated both the mitotic
time and the intermitotic period of dividing cells in the bean root by
an elegant method which also involves the rate of elongation of cells
which do not again divide, beyond the meristem. Only one of each pair
of meristematic daughter cells differentiates in this way and so cells
enter division and the subsequent period of elongation at the same rate.
This quantity can be calculated; and it is equal to the number of
dividing cells in the meristem divided by the average time occupied by
mitosis. These authors have also computed the percentages of the
meristematic cells in three phases of division and in Table III their
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tip of the onion by LaucHLIN® along these lines, in which the duration
of each phase of mitosis is expressed in minutes to two places of deci-
mals, though perhaps of doubtful significance. In animals, mitotic
rhythms are being discovered (Cooper and ScuiFr;® CooPErR and
FrRANKLIN;®® BrLumeENFELD;®7 BurLLoucH;%® MOLLERBERG®?) (Figure
27) though these are usually not traceable with sufficient clarity for the
purpose of mitotic timing.

In the course of a series of researches on factors which affect mitotic
activity in the mouse, BuLLouGH™ has observed that the injection of
carbohydrate stimulates epidermal mitosis and has been able to use
the consequent wave of cell division to estimate the time occupied by
these cells in mitosis. To his results we shall again refer.

The accuracy of all methods of measuring mitotic periods is limited
by the difficulty of choosing recognizable events to serve as boundaries
between interphase and mitosis, and between each of the several phases
of the division process. There is only one sharply defined moment
during mitosis, namely the beginning of anaphase; in film records this
can be recognized within the limits of a minute. Other events in
mitosis demarcate phases sufficiently clearly in some cells, but these
criteria may break down when we compare mitosis in different species.
For example, the disappearance of the nucleoli which marks the end
of prophase in a chick or mammalian cell either passes unnoticed in
plant cells with larger chromosomes or may occur at the very beginning
of prophase in a Protozoan such as Acanthamoeba. The earliest signs of
prophase are usually difficult to recognize,

Comparisons of the data in each column of the table of mitotic
phases (Table III) must be made with these difficulties in mind. It is
clear, however, that the range of recorded times for each phase is
much beyond possible observational errors. An important consideration
is the effect of temperature which, as several authors have shown, can
vary the length of the mitotic period by a factor of several times within
the physiological range. To this subject we shall return in discussing the
attempts which have been made to analyse the mitotic process by
means of temperature co-efficients.

In so far as any conclusions may be drawn from the data in Table
I11, it would appear that the range of mitotic times is less among verte-
brate cells than in plants or Protozoa, The shortest duration of mitosis
so far known would seem to be that of the embryo of Drosophila
melanogaster, which according to HuerTNER® is no more than 10 min-
utes at 23° C,, though no further details are given by this author.
Lengthy mitotic times are generally due to extended prophase or
telophase; the apparent variety in the length of telophase in flowering
plants is notable. It seems that the duration of mitosis in different

*organisms varies with the size of the mitotic figure. That of Drosophila
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the same speed. In the mouse, the data of FELL and HucHEs® do not
suggest any differences between nuclei of different sizes in this respect.

An extreme instance of the prolongation of the mitotic period is
found among the Opalinid ciliates which, according to METcALF,®* are
unique among organisms for in many their nuclei are not customarily
found in a reticulate condition, but rather come to ‘rest’ in some other
phase of the mitotic cycle, which varies with the species. The remarkable
flagellate Holomastigotoides, however, provides another example of this,
for the resting period here is in late prophase (CLEVELAND®®). It is
common for meiotic divisions to be interrupted at one point or another
in the maturation cycle; thus the egg of the Annelid Chaetopterus is laid
at the stage of the first metaphase, and remains in this condition until
fertilization.

Some comment is required on the difference between the mitotic
period of mouse cells in culture and in the epithelium of the intact ear
of the same animal. This divergence may be due to the fact that the
temperature of the ear lobe is below 37°C. This view is supported by
an inspection of BuLLoucH’s figures for the proportions of each stage of
mitosis in the ear epithelium (BurLLoucn®®). The proportion of meta-
phases is very high and generally is more than half the total. It might be
expected that metaphase would be prolonged at a temperature below
the optimum. BUsCHKE ef aluz®® are of the opinion that the duration of
mitosis in the corneal epithelium of the rat is ‘slightly over one hour’;
they derive this result from a study of the rate at which cells in meta-
phase accumulate when the cornea is treated with colchicine.

Effects of temperature

The marked effect of temperature on the rate of the mitotic process has
attracted the attention of a number of workers. As with most biological
processes, there is an optimal temperature at which mitosis proceeds
most rapidly, above and below which the rate is decreased (Figure 28).
Thus pE WiLDEMAN,®7 as early as 1891, observed that in Spirogyra, cell
division took place in 45 minutes at 12°C. but eccupied several hours
at both lower and higher temperatures. It would be desirable to see
whether this very sharp fall in the speed of mitosis on either side of the
optimum could be confirmed. It is well known that the relationships
between temperature and the rates of several biological processes have
been studied as a possible means of analysing the nature of the ‘master
reactions’ which govern or limit the visible events in cells and tissues.
Such data are frequently expressed as the co-efficient Q) ,,, which is the
ratio of the speed of a process at one temperature to the corresponding
velocity at a temperature 10°C. higher. A general account of this field
of research is given in Chapter g1 of HEILBRUNN'S text-book.®8 In the
inorganic world ‘many chemical reactions have Q) ,, values between
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2 and 4, while a physical process such as diffusion or viscous flow is apt
to have a temperature coefficient in the neighbourhood of 12 to 1-3’
(Hoeer®?). It may be doubted if the study of temperature coefficients
has proved to be of much value in biology generally, and no definite
contribution of this kind to the study of mitosis has yet been made. Since
the rate of mitotic process rises to an optimum with increase of tempera-
ture and then subsequently declines, calculated Q) ;4 values vary greatly
according to the point on the whole temperature velocity curve to
which they relate. The best known paper in this field is that of
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Figure 28 The duration of mitesis as a function of temperature.

A 15t maturation division of egg of Sabellaria. From Faung-

Fremier®!?. B. Fertilization to 15t cleavage in Strong ylocenirolus

purpuratus. From Loes®®. C. Mitosis in erythroblasts of Triton.

From Joriy.”®* D. In Spirogyra. From pE WiLpesman ®

E. From fusion of pronuclei to 1st cleavage in Ascaris. From
Faure-Fremier.®!

Epurussy, ™ who found that both in the Echinoderm Paracentrotus and
in the Nematode Ascaris the Q) ;4 values for each stage of mitosis were
at a minimum in metaphase. However, this result was obtained by
comparing his own observations for Paracentrofus at a comparatively
high temperature with those of FAUrg-FrREMIET®! for Ascaris at a
relatively low one. EpHruss’s work on Paracentrolus was repeated by
Fry® on Arbacia over a similar temperature range with dissimilar
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results. Two authors, LavGHLIN®® and Barper7® have estimated Q ,,
values for mitotic phases in the cells of flowering plants and the inspec-
tion of their results does not suggest any common features. BARBER's
paper reviews most of the previous work in this field, and in it he
calculates values from the data of BuccianTe® on the duration of
metaphase and anaphase of chick cells in tissue culture. Both in
Tradescantia and Gallus these values range from 1-0 to over 8-0. It is
not possible to draw any conclusions concerning the underlying nature
of the events in cell division from such data.

Intermilotic period

We now pass to the consideration of that portion of the whole mitotic
cycle which is complementary to the phase of division, the inter-
mitotic period. This also can be measured both directly and indirectly,
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Figure 29 Histogram of 17 intermitotic periods observed
in the growth of a single culture of the mouse spleen.
From Fevt and Hucnes®® (By courtesy, Quari. J. micr. Sec.).

though it is usually of such a length that either the duration of survival
of isolated tissues or the patience of the observer waiting in the hope
that a particular cell will divide may prove inadequate.* Probably the
shortest intermitotic period which has been followed directly is that of
the Chortophaga neuroblast (Carrson and HorLaenper??) which is
only 27 minutes, just over a quarter of the duration of prophase in these
cells. In tissue cultures of chick or mammalian cells growing under
optimal conditions, the intermitotic period is of the order of twelve
hours though there are wide variations in individual instances. FELL
and HucHues®® found that of seventeen intermitotic periods measured
in a film record of the growth of one mouse spleen culture, the range
was between eight and eighteen hours (Figure 29). Longer intervals
may have been overlooked in the analysis of this record.

* In a notcbook of STrRANGEWAYS is the entry: “15th Feb. 1921, Cell watched 49 hrs.—
did not divide.
48
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In the early cleavages of fertilized eggs, there may be no period of
interphase between successive cycles of nuclear division, as in Echinus
(Psammechinus) miliaris (GrRaY®®) where the duration of mitosis remains
constant at approximately 33 minutes for at least the first six cleavages,
despite the successive halving in size of the blastomeres. Micromeres
and macromeres cleave at the same rate. In the frog Rana pipiens
(Rucu®) cleavages 2—4 follow each other at about hourly intervals;
the duration of mitosis in these yolky blastomeres is less than in their
fibroblastic descendants. Cleavages in the rabbit egg last for g-10
minutes (Pmcus?S) and follow each other at intervals of 8-g hours
(Lewis and Grecory®®), most of which the blastomere nuclei must
spend in interphase.

Within a tissue the relative proportions of cells in mitosis and in
interphase can be used as a basis for the estimation of the intermitotic
period, provided that some estimate of the duration of mitosis is
available. However, the fact that two interphase cells result from one
cell in normal mitosis complicates the calculations. In the grasshopper
neuroblast this is not so, for, of the two daughter cells, one becomes a
ganglion cell, and the other a neuroblast; hence the intermitotic period
will be directly proportional to the number of neuroblasts in interphase.
An equation relating the intermitotic period to the proportion of cells
in mitosis in a tissue was derived by Orivo and SvavircH.?? Their
formula however is not correct, for it involves the addition of the time
of mitosis to log 2, the result of which will clearly depend upon the unit
of time employed. Crick in 1948 recalculated this equation, and he is
kind enough to allow his formula to be quoted here. It is as follows:

Time of mitosis 1 + 2R
x log,2 = log, ————

Total time of mitosis and interphase 1 + R
where R is the fraction of cells in mitosis.

If the intermitotic period is relatively long and R is thus small, then
the right-hand side of the equation approximates to R, and hence:

Time of mitosis

~ 144 R
Total time of cycle

The relationship between the mitotic index and the duration of
interphase is plotted in Figure o for three possible values of the mitotic
period. As an example, this formula may be applied to the measure-
ments of ScHULTZ?® of the mitotic index in the chick embryo between
20 and 70 hours of incubation in which the range of percentage values
was found to be between 5 and 1. The upper limit of this range corres-
ponds to the shortest intermitotic periods which have been observed in
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tissue cultures. The calculations of LaucHLIN®® on the intermitotic
period in the onion root meristem, which are derived by different
reasoning, suggest values of this interval between 194 and 33 minutes
over a temperature range of 10-30°C. In the bean root, GrRay and
ScuoLes® find that the average intermitotic period in the most rapidly
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Figure 30 The relationship between the percentage of cells
seen in division in a tissue and the average intermitotic period,
plotted for three values of the duration of mitosis.

dividing part of the meristem is 16-8 hours (1,000 minutes). At
19-20°C. the proportion of cells in division in the onion meristem is
about three times that in the bean.

Mitotic rhythms

The Crick formula assumes that the rate of entry of cells into mitosis
is uniform. It does not apply if there is any tendency towards syn-
chronous nuclear division, such as is found in the meiosis of flowering
plants where the post-diplotene stages in all pollen mother cells
proceed in step during the course of a morning. Mitotic divisions in
post-embryonic stages of animals and plants do not keep pace in this
manner, although as we have already described, LavchLin® found
that the waves of entry of cells into mitosis in the onion root were

go



CELLS IN DIVISION

sufficiently clear-cut to serve as a means of measuring the duration of
the mitotic cycle. More usually, mitotic rhythms are less marked and
take the form of an increased proportion of cells in division at particular
periods of the day. These periodicities have been described both in
animals and in plants (TiscHLER??). FriEsNER'® studied the growth of
the roots of several flowering plants in darkness and at constant tem-
peratures, and thus eliminated the normal diurnal changes in environ-
mental conditions. Rhythmic variations in the number of mitoses in
the root-tip were still detectable, and a period of enhanced cell division
alternated with one in which enlargement of cells was more prominent.
The times at which these maxima and minima were found to occur
were not related to the hour of the day, but only to the time at which
germination had been begun, and were thus governed by factors
intrinsic to the growth of the plant, No evidence of mitotic rhythms in
root meristems were found by Winter!™ in Gladiolus, by Gray and
ScHoLEs®® in Vicia, or by Brown®32 in Pisum. The latter author states
that the ‘exclusion of light [is] an important condition for the elimina-
tion of mitotic periodicity.’

The mitotic rhythms in animal tissues seem to be related to environ-
mental conditions. BuLLoucH has clearly demonstrated that in the ear
epithelium of male laboratory mice, cell division is at a maximum when
the animals are at rest, and at a minimum when they are awake and
active; the mitotic peaks observed by BuLLoucH are thus related to the
daily routine in the animal house of his laboratory.* Further researches
by this author have suggested that glucose is transferred from the
blood to the tissues while the animal is at rest, and that the extent of
mitotic activity in the ear epithelium is related to the concentration on
the available blood sugar (p 187). It is possible that a diurnal mitotic
rhythm in the eight-day-old human epidermis may be governed by the
same factors, according to the results which Coorer and ScHiFr®®
obtained by counting mitosis in the excised prepuce removed at
different periods during the twenty-four hours. Considerably more
mitoses were found in the foreskin of a child when it had been circum-
cised at night.

STRUCTURE OF CHROMOSOMES

AT metaphase, the general shape of most large chromatids in plants or
animals is that of cylindrical threads divided into equal or unequal
limbs by a constriction at the site of the attachment to the spindle.
Several names for this have been used; DARLINGTON'S!"® term ‘centro-
mere’ is now usual in this country, while ‘kinetochore’ (Smarp1%%) is
often used by American cytologists. Instances of terminal centromeres

® In the bone marrow of the mouse, MiLLETTI'™* has recently found a mitotic peak at
4 a.m,, and a minimum at mid-day.
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are known; the clearest of which has recently been described by
CLEVELAND!® in the very large chromosomes of flagellates parasitic in
termites, where an elastic thread 5-10p long connects chromosome and
centromere (Figure g1). In Coccids there is no localized point of
spindle attachment (HuGHEes-ScHRADER and Ris'%%); this diffuse
condition is characteristic of the Hemiptera in general,

The chromosomes are surrounded by a sheath of material of different
composition, which in some instances appears to contain lipoproteins
(HirscHLER ;1% SERRA?). Probably the sister chromatids are thereby

i

a-h late lelophase, after cytoplasmic division. a centromeres of both chromosomes
attached to existing centriole which is linked to the 4th flagellar band. A new
centriole is growing out from the sth band; b astral rays from new and old
centricles about to join and form central spindle of new achromatic figure;
¢ central spindle formed; d-h centrioles move to parallel positions as achromatic
figure develops and spindle becomes more rigid; d lower right centromere has
shifted its eonnection from old to new centriole. i-j Prophase. Centromeres dupli-
cated and one from each group moves. k-m growth and function of achromatic
figure; k metaphase; | anaphase; m early telophase, before cytoplasmie division.

Fr'gm‘.g 31 The achromatic ﬁgun: of prama:h‘gwaia'ﬂ fusifala, and its connection with
the spiral flagellar bands. From CLEVELAND'™ (By courtesy, Trans. Amer. Phil. Soc.).

kept together before anaphase (METz1%%); ScHRADER?® 110 has found
that interzonal connections in early anaphase are an extension of this
chromosome sheath.

Suitably stained preparations of large chromosomes show coiled
filaments within, the chromonemata, set in an apparently homogenous
material, the matrix, the appearance of which around the chromosome
thread is sometimes the first event within the nucleus in early prophase.
Probably the composition of the matrix is variable (Kaurmanil),
Some authors look upon most of the Feulgen-positive material deposited
on the chromosomes during prophase as belonging to the matrix;
SERrAM? speaks of this as the ‘peripheric nucleo-proteins’. In the
salivary chromosomes of the Drosophila larva, there is evidence of a
difference between the proteins of the chromonemata and of the
matrix (p 103). It is believed by Kuwapa!!? that in Tradescantia changes
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in the state of hydration of the matrix during the chromosome cycle
play a part in the arrangement of the spirals of the chromonemata.
There is increasing evidence of chromosomes at all stages of nuclear
division containing at least two chromonemata. This subject is reviewed
by Kaurman.1! The crucial stage is that of the daughter chromosomes
at anaphase; in Tradescantia and Trillium the anaphase chromosomes in
somatic metaphases are four-stranded (NeBerL and Rurtrre!'?). In
animal material, a double-stranded condition of the somatic chromo-
somes had been described in a number of Orthoptera (Mickey!l4)
(Figure 32); in the giant ganglion cells of the embryo of Dresephila
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Figure 32 The two daughter haploid
groups of chromosomes during anaphase
in the second maturation division of the
male germ cells of Romalea microptera. The
x-chromosome (4) is seen in both. Each
monad is comprised of two twisted
chromatids: the internal spirals are
drawn in only part of the figure x1500.

From Mickey'™ (By courtesy, American
Naturalist).

(KAuFMAN''S); and in one vertebrate, namely the amphibian Amby-
stoma, by CREIGHTON.11® In spleen cells of the mouse in tissue culture
(FELL and HucHEes'' ") phase-contrast photomicrographs have revealed
that the stage of apparent coalescence of the daughter chromosomes in
anaphase is succeeded by one in which the whole mass loosens to reveal
fine threads much smaller in diameter than the metaphase chromo-
somes (PrLaTes IX and X (13) ). The bearing of the evidence of mul-
tiple nature of chromosomes on the question of the period of their
duplication in relation to mitosis is summarized by ManToN ;118
If a chromesome is at all times multiple, ‘splitting’ in any literal sense may never
occur at all. The multiplication of unit strands viewed as a chemical problem may,
but need not, involve fission of the small sub-microscopic threads. Chromosome
bipartition, on the other hand, may possibly only entail the spatial separation of
bundles of strands each of which has long had an individual existence,

The alternative view is that the chromosome splits at a definite
point in the division cycle. DARLINGTON!!? maintains that this is before
the prophase of mitosis, but the meiotic prophase is believed to begin
precociously in advance of this. Evidence bearing on the mitotic aspect

93 - _J_r ¥ &."I‘".‘.



THE MITOTIC CYCLE

of this theory is derived from the comparative effects of X-rays on cells
at various times before prophase (LEa!?*), A break in an unsplit
chromosome will result in similar effects in both chromatids, while
unequal breakages will denote that the chromatids were already sep-
arate at the time of irradiation. It is found that the proportion of the
former gradually decreases as mitosis approaches. The question at issue
15 really one of the order of size of the chromosomal units at the time
when they part into two groups. The verdict of LEA!®? on this question
is that ‘In view of the smooth rather than discontinuous change from
the stage at which isochromatid breaks are much less frequent than
chromatid breaks, it is evident that the X-ray method cannot give
conclusive evidence of a chromosome being unsplit’.

Spirals

Wherever the individual chromonemata within a chromosome are
separately distinct, they are seen to be spirally coiled. Often special
technical methods, such as ‘pretreatment’ before fixation, are needed
to reveal the spirals, but they are visible in some living pollen mother
cells, and in such were first described by BAraNETskY.!*! The phase
microscope clearly reveals the structure of the metaphase chromosomes
in the living pollen mother cells of Tradescantia (Rucu®2). The whole
subject has recently been admirably reviewed by Manton.1?? She has

-suggested that spirals result from a multiple stranded condition of
the chromosomes (ManTon!#),

When a chromosome is made up of a number of closely apposed spiral
chromonemata an extremely complex appearance results, in which
the individual spirals lie near the limits of microscopical resolution. It
is therefore not surprising that observers disagree whether a further
minor coil exists within the major spiral. NEBeL!*® has attempted to
analyse the structure of intact chromosomes by comparing them with
macroscopic models made of glass spirals. Such a comparison, however,
neglects the effects of diffraction, which may well play some part in
the make-up of the magnified image of so complex an object.

Much attention has been given to the question whether there are
regularities in the directions of the spirals of the chromonemata, and
most observers now agree that left- and right-handed spirals occur
equally at random. WHITE'*® has shown that in a group of grasshopper
spermatogonia derived from a single mother cell, the number of right-
and left-handed chromosomes is approximately equal. ManTON and
SmiLes'?? have shown in their superb ultraviolet photomicrographs of
the chromosomes of the fern Osmunda that the two chromonemata of
a prophase chromosome may actually be coiled in opposite directions.

It is only in a small minority of animal cells that spiral structure is
clearly seen, as for instance in the Orthopteran chromosomes
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described by Whire'?® and Mickey,"'* and in Ambystoma by
CREIGHTON.'® Among Protozoa with a small number of large chromo-
somes, their spiral structure is exceptionally clear, as for instance
in Collozoum (PATAau'®)) and such flagellates as Holomastigotoides
(CLEVELAND!™ 129) (Figyre 33). CLEVELAND'S recent paper is one of the
most remarkable papers on nuclear cytology ever to be published. This
organism and the related Protozoa offer unique advantages for the
study of nuclear cytology which this author is exploiting to the full.
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Figure 33 Anaphase in Holema-
sﬁgﬂlﬂfdrs fustlala x 2100, From
CrLeveLann'™ (By courfesy, Trans.
Amer. Phil. Soc.). Nucleus showing
major and minoer coils in chroma-
tids. Compare with Figure 1.

Their number of chromosomes is either two or three and they can be
recognized individually throughout their life cycle.

Chromosomes in prophase, at stages before contraction has begun,
often show a banded structure, in which there are irregularities in
density and calibre along the course of the chromonemata; these denser
segments are known as chromomeres. It is debated whether these
chromomeres are in reality coiled regions of a uniform chromonema
which elsewhere is nearly uncoiled; this point of view is maintained by
Ris!3® who denies that chromonemata are ever seen in a fully uncoiled
condition. Ris quotes a number of instances where structures described
as chromomeres have later been found to be coils in chromonemata,
and maintains that this is true of the leptotene chromosomes of the
Orthopteran spermatocytes, which have previously been regarded as
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a clear example of chromomeric structure. This question has further
been extensively discussed in relation both to the giant chromosomes of
the Diptera, and the ‘lamp-brush’ chromosomes of the wvertebrate
oocyte.

Salivary chromosomes

The nuclei of the salivary glands of larval Diptera are an extreme
instance of a general mode of growth during this stage of cells and tissues
of these insects. During embryonic development, the larval organs soon
attain their full number of cells; henceforth all further growth is by
increase in cell-size. PAINTER' suggests that salivary chromosomes
repeatedly undergo ‘endomitotic’® growth cycles, and believes that the
variability of their reactions towards alkalis is indicative of such changes.
Each salivary chromosome at first consists of the chromatids of the
diploid pairs. They subsequently increase in length to about one
hundred times that of the corresponding normal chromosome, and the
whole nucleus increases over two hundredfold in volume (Figure 15).
The characteristic bands of the salivary chromosomes are established
early in larval life, long before the chromosomes have completed their
growth in length and width (Hinton!32). It is well known that Paix-
TER!* showed that the sequence of the bands in the salivary chromo-
somes of Drosophila was related to that of the genes deduced from geneti-
cal evidence. It has been tacitly assumed that the banding of giant
chromosomes in other larval tissues would correspond; BeErGer!34
showed that this was true for salivary and mid-gut chromosomes in the
larvae of Sciara, but later Kosswic and SHENGUN!3® demonstrated that
in Chironomus larvae, the bands were not constant in corresponding
chromosomes of the salivary glands, the Malpighian tubules, and the
rectal epithelium.

It has been argued by Mgtz and his colleagues (MEeTz and
LAwreNcE,'#¢ MEeTz'37) that if the salivary chromosomes are made up
of chromonemata, then the unitary threads must be much larger than
those of normal nuclei, which would be sub-microscopic in diameter
if stretched to the length of the salivary chromosomes. The longitudinal
striations which are seen in extended salivary chromosomes on this view
cannot separate normal chromonemata. MEeTtz believes that the basic
structure of the salivary chromosomes is an alveolar one; on the other
hand Ris and Crouse'®® argue that they are composed of spiral chro-
monemata, and that the bands are formed at particular cross-sections
of the chromosomes where the coils of all the chromonemata are dis-
posed at right angles to the long axis of the whole structure. Kosswic
and SHENGUN'® suggest that the variety of banding in the same
chromosome in various tissues of Chironomus is due to differences in the
coiling of the constituent chromonemata. Experimental investigations
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do not, however, support this view, for if the bands consisted purely of
coils in a spiral thread at microscopical orders of size they should be
obliterated by stretching the whole chromosome, in the way which 1s
described by Caameers!®? for an early prophase chromosome of a sper-
matocyte of Dissostetra. However, neither chromomeres nor bands dis-
appear when salivary chromosomes are stretched, either if pulled out in
making smear preparations (Hivton'*?) or when the isolated chromo-
some is stretched by micromanipulation (Buck'4?). Most of the elonga-
tion occurs in the interband regions (Plate XVI).

The technique of the isolation of salivary chromosomes was further
improved by D’ANGeLo.!4! The main difficulty is that their physical
properties are altered by contact with torn cytoplasm; Buck found it
necessary first to treat the whole salivary glands with osmic vapour for
a day before dissection, but D’AncELo was able to avoid such pre-
treatment, and found that the chromosomes retained their natural
condition in a suitable mixture of sodium and potassium chlorides
with a phosphate bufler. Their elasticity is so great that they return to
their normal length even after a tenfold extension; this requires that at
some level of sub-microscopical dimensions their structure must be made
up of folded or coiled units. D’AnGELO was able to pull off fine fibrils
from the chromosomes in which the bands were represented by nodular
swellings at intervals. These fibrils were highly extensible and returned
to their original state on relaxation; D’AncerLo does not mention
whether the nodular swellings persisted when the fibrils were stretched,
but it may perhaps be assumed that they did.

Further evidence of the fine structure of salivary gland chromosomes
has been provided by electron micrography (Paray and Craupg ;143
Pease and BAkEr;'¥® Scuurrz et alii'®4). All of these authors agree
that the bands of salivary chromosomes are made up of chromomeres
denser than the intervening chromonemata. PeasE and Baker!®
describe cigar- or leaf-shaped bodies, within the bands, o154 or less
in length, comparable with virus or bacteriophage particles and
which, they suggest, it is reasonable to regard as the genes them-
selves. However, although judgement on this point may be suspen-
ded, it may be agreed that most of the evidence on the structure
of salivary chromosomes suggests that the bands are made up of granules
arranged transversely and that the interband regions consist of fila-
ments, though it is still obscure what morphological status is to be
assigned to the latter. They are very clearly demonstrated in the replica
micrographs of PaLay and CLAUDE.

Studies on chromosomes with the polarizing microscope have been
reviewed by Picken'4® and by Frev-WyssLinG.14® The birefringence of
fibres of nucleic acids is negative, while that of fibrous proteins is
positive; the appearance in polarized light of a structure composed of
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both of these will vary according to the proportions and also to the
degree of orientation of each component. CaspErsson'¥? has found
that the nucleic acids in the bands of the larval salivary chromosomes
of Drosophila are not highly orientated, although sufficiently orientated
to produce an overall negative birefringénce (ScumipT!4®). In the
interband regions which consist mainly of protein, the orientation
increases on stretching to give a positive birefringence (ScHMITT!4?),

Such studies should be extended to the ‘lamp-brush’ chromosomes of
the vertebrate oocyte, which in virtue of their looser structure might

Figure 34 Diagram of nuclear growth stages during the later development
of frog eges. From Durvyee.1%2 a & b Stages 1 and 2: Egg < 0-2 mm. in
diameter. Chromosomes barely visible in life. ¢ Stage 3: Egg o-2-0'5
mm. in diameter. Large irregular nucleoli just beneath nuclear mem-
brane. Chromosomes forming lateral loops. d Stage 4: Eggs 05-0°75 mm.
in diameter. Chromosomes reach maximum length. e Stage 5: Eggs
0-75-0-85 mm. in diameter. Sac-like protrusions from nuclear mem-
brane. f Stage 6: Eggs 1-8 mm. in diameter. Chromosomes and nucleus
much contracted. Central ‘cloud’ of nucleoli. Heavy arrows indicate
mixing of nuclcar material in cytoplasm after germinal vesicle membrane
breaks down. Dotted arrow indicates migration of central chromosomal
mass towards the animal pole, where 15t polar body maturation spindle
; will form. (By courtesy, Ann. N.Y. Acad. Sei.)

prove to be more readily accessible to optical investigation. Discussion
about the nature of these chromosomes closely parallels that concern-
ing the salivary chromosomes. They are regarded as polytene by
PAINTER?; Ris'® considers that they are wholly composed of coiled
chromonemata, while Dopson'® and DurYyEe'®® regard them as
chromomeric.
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Lamp-brusk’ chromosomes

In the Amphibian oocyte, the development of the ‘lamp-brush’
chromosomes begins some time before the deposition of yolk, while the
nucleus is already in the diplotene stage of meiosis, in which it remains
for the whole of the period of their development (Figure 34). Each
chromosome pair then consists of the four normal chromatids with
their chiasmata. They begin to elongate and finally attain a length
greater even than that of the salivary chromosomes; at the same time

Figure 35 Flemming's drawing of the oocyte nucleus of Ambystoma ligrinum in
which the chromosomes are in the lamp-brush stage. From Fressanc 154

bristle-like lateral branches develop. Thus they assume the appearance
which reminded RUckErT!® of a lamp-brush, a name which may help
a future historian of science to relate the progress of cytology with that
of the technology of domestic illumination. In FLEmMING’s Jellsubstanz,
Kern, und Zelltheilung'® is a drawing of a section through the oocyte
nucleus of the Axolotl, in which the chromosomes are at this stage of
development (Figure 35). As the bristles grow, they stain less readily
and apparently develop into loops, though in electron micrographs the
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bristles do not appear thus, but as fern-like branches (CLARK et alii55).
At the same time, nucleoli begin to form at particular loci on the
chromosomes, and this process continues until a surrounding ‘cloud’
of small nucleoli has developed; the chromosome loops are then shed
into the nuclear sap. The whole complex of chromosomes and nucleoli
later contracts away from the nuclear membrane; the chromosomes
then shorten and resume their normal diplotene condition.

It is clear that the lamp-brush cycle is a remarkable example of rapid
ribonucleoprotein production, related to the deposition of yolk. The
morphological question concerning them is whether the loop-like
bristles are to be regarded as pulled out gyres of a coiled chromonema;
the answer to this seems to be in the negative, for Dobson!®! has shown
that axis and branches differ in chemical composition, for the fully de-
veloped loop is Feulgen negative, while the main axis is Feulgen positive.
Moreover Duryee!®® found that the chromosomes could be greatly
stretched by micromanipulation, without ever undoing their lateral loops.

Thus, with regard to these two large and specialized types of chromo-
some, most of the evidence is against the view that the structural unit
is a spirally coiled chromonema ; on the other hand, in the larger normal
mitotic chromosomes their spiral structure is often beyond doubt,
though in many somatic chromosomes the most that can be said about
their internal structure is that in prophase they consist of apparently
chromomeric filaments. When contracted in metaphase, such chromo-
somes give the appearance of short cylinders of uniform density. It is
usually assumed that their contraction is always due to ‘spiralization’
which proceeds part passu with the concentration upon them of nucleo-
proteins (KoLLER'®®). Definite proof of this has not yet been provided.
At present, perhaps the most plausible point of view intermediate
between the two extremes is the following. Due to the great length of
the salivary and oocyte chromosomes they are composed of uncoiled
chromonemata, along which are solid aggregates of chromatic material,
the chromomeres. Chromosomes of normal length in general have a
spiral structure, and may vary in structure along their length both in
the arrangement of their coiling, and also in density of deposited
material. Rucu!®? claims that the minor spiral of the Tradescantia
chromosomes at meiotic metaphase is resolved by means of the phase
microscope into a series of chromomeres. On the other hand, CLEvE-
LAND!% can clearly see the minor spirals in the living flagellate Holo-
mastigotoides by this means. _

The researches of Oural®® and of Kuwaba et alit’® on the effect of
treating chromosomes with dilute alkalis has shown that some con-
tracted plant chromosomes can be partly unravelled to exhibit a clear
spiral structure. SHIGENAGA® has used neutral sodium chloride for the
same purpose. Both of these agents are solvents for DINA.
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Further investigation of small metaphase chromosomes by means of
the electron microscope is greatly desirable, especially in combination
with alkaline treatment. Most of the papers on this subject are as yet
on a preliminary scale (ELvERrs;'®! Bucanorz%?), The electron micro-
graph of a human pachytene chromosome published by ScrurLtz
et alii'¥ suggests a chromomeric structure, In a recent study of this
kind by Rozsa and WyckoFr,'®* onion root meristems were sectioned
sufficiently thinly to show nuclear structure. Neutral fixation in formalin
gave the best results, but showed detail in neither the spindle nor the
chromosomes, which to quote these authors ‘do not present a definite
fine structure at any order of magnitude visible in the electron micro-
scope’. Hovanrrz!™ isolated ‘chromosomes’ from chick erythrocytes
by the method of PoLLisTer and Mirsky,1%% and found a suggestion of
spiral arrangement in electron micrographs of this material; similar
threads prepared from mammalian nuclei by Mirsky!®® are clearly
coiled, but since those prepared by a different method by CLAUDE and
PotTER®? consist of straight fibres, it is probable that the revolving
blades of the Waring blender are the source of these particular spirals.

COMPOSITION OF CHROMOSOMES

We come now to the important subject of the changes in chemical
composition of the chromosomes during the mitotic cycle. So far, those
researches which bear on this problem have all used cytochemical
methods; it would be desirable to employ bulk methods by the analysis
of batches of simultaneously fertilized eggs, but the sea-urchin egg, the
most accessible material for such an investigation, has a very low
content of DNA in proportion to its ribonucleoproteins (ScHMIDT eéf
alii,'%8) and nuclear changes over the period of the cleavage cycle would
probably not be revealed with sufficient accuracy.

Nucleic acids

We shall first consider the question of the nucleic acids during cell
division. Inspection of Feulgen preparations of tissues in which mitoses
are frequent suggests that a nucleus in division contains very much
more Feulgen-positive material than one in interphase; quantitative
measurements, however, do not confirm this. The apparent difference
between a daughter group of chromosomes in anaphase and an inter-
phase nucleus is in part due to the effect of the dispersal of material in
the latter through a wider area; the importance of this factor cannot be
assessed by subjective impressions alone.*

The first measurements which relate to the changes in composition

* LeucHTENBERGER'®® has shown that by measurements on pycnotic nuclei, their intense
reaction towards the Feulgen reagent does not apparently indicate any increase in the
amount of DNA therein.
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of the chromosomes during cell division are due to CaspERssoN.!7 By
means of ultraviolet microspectrophotometry, he was able to calculate
the total nucleic acid content of the nuclei of the spermatocytes of the
grasshopper Gomphocerus between the leptotene and diplotene stages.
Some increase during early leptotene was found, but thereafter the
amount of nucleic acid present remained approximately constant. This
point was not confirmed by the later work of Ris,»™ whose extinction
measurements at 2,537A on spermatocyte nuclei of Chortophaga indi-
cated a considerable increase in total nucleic acids between the lepto-
tene and pachytene stages; in onion root-tip nuclei such estimations
between prophase and metaphase showed a similar increase of approxi-
mately twofold. In interphase and prophase, the total nucleic acid
content of the onion nucleus appeared to be the same. Ris made other
measurements at appropriate wavelengths on material stained by
several cytochemical methods. In Feulgen preparation of onion roots,
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Figure 36 Distribution of DINA content in arbitrary units of nuclei

of larval Ambysioma. Solid lines: interphase nuclei of liver of two size

classes. Dotted lines: pronephrie nuclei in telophase (lefil, and in pro-

phase (right). From Swirr!™ (By courlesy, Physiol. Zool.).

dividing cells showed an increase in DNA content both on entering pro-
phase and also between this period and metaphase. In similar measure-
ments on embryonic mammalian and larval amphibian tissues, Swirr!72
finds that the range of relative DNA content in interphase nuclei is
approximately twofold, and that the values for all nuclei in prophase are
at the upper end of this range (Figure 36). His conclusion is that the
DNA which will be required for the next division is synthesized during
interphase, and once the cell has entered mitosis, there is no further in-
crease in Feulgen-positive material.* Thus SwiFr and Ris, using different
material, do not agree on this last point. The degree of accuracy of
these microcolorimetric measurements is uncertain. Ris’s figures show
only a very approximate halving of the total DNA content of the
* This conclusion is confirmed by similar measurements made by ALFerT'™ on cleavage
stages in the mouse. By using bulk methods of analysis, OGuUR & alii'* have shown that the
DNA content of the microspores of Lilium increases linearly in the interphase between
meiosis and the succeeding mitosis, In microphotometric measurements, again on Feulgen-
stained material, Lison and PasTeevs'™* have found that DNA is rapidly synthesized in or

after telophase (‘des 'apparition de la membrane nucléaire’), both in embryonic and adult
rat tissues, in chick cultures, and in the eggs and larvae of Paracentrotus lividus.
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chromosomes when the daughter groups separate in anaphase; in
general, there is some doubt whether the values obtained are independent
of the degree of concentration of the Feulgen-positive material within the
nucleus, for in corresponding measurements on interphase nuclei Ris
and Mirsky!?® lay some stress on the fact that reproducible results
depend on the even dispersion of DNA throughout the nucleus by
means of hypertonic sucrose.

Evidence from a different type of investigation supports the conclu-
sion that DNA is synthesized in resting cells which will later undergo
mitosis. Howarp and PeLc!?® have shown that when seeds of Vicia faba
are germinated in culture solutions containing P32, the isotope is in-
corporated into meristematic nuclei during interphase, probably in the
form of DNA (Plate IV). The work of these authors clearly shows the
possibilities of their autoradiographic technique in this field.

The relative proportions of DNA and RNA in the chromosomes
during the division cycle appears to be approximately constant in
Ris’s microcolorimetric measurements on onion root nuclei and grass-
hopper spermatocytes stained by the Unna technique. Jacosson and
WEeBB,!77 however, have shown that in chick cells in tissue culture, the
chromosomes first become methylene blue-positive at the time when the
nucleolus breaks up at the end of prophase; this suggests that its ribonu-
cleoproteins are then rapidly transferred to the chromosomes. The loss
of RNA from the daughter chromosomes in early anaphase is equally
rapid, for they leave behind them a track of methylene-blue-staining
material in the interzonal region of the spindle. Such observations
could be readily extended to other material, and these authors have
confirmed by digestion experiments the accuracy of their localization
of RNA.

Proteins

The proteins of the chromosomes during the division cycle must now
be discussed. In earlier pages (12, 47), it has been mentioned that
two types are associated with nucleic acids, namely basic proteins of
comparatively low molecular weight, the protamines and histones; and
secondly, larger and non-basic proteins containing appreciable amounts
of tryptophane. Mazia’s!?® evidence on the proteolytic digestion of
chromosomes suggests that histones are associated with the chromone-
mata and non-basic proteins with the matrix. Chromosomes shrink
when treated with pepsin, which according to Mazia does not attack
histones, while trypsin digests them completely. This shrinkage is seen
most clearly in an isolated and stretched salivary chromosome, and
mainly affects the interband regions. In a later paper, Mazia'?® has
shown that the fibrous nature of the proteins of chromosomes modifies
their behaviour towards enzymes. In particular, they are resistant to
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preparations of cathepsin which digest dissolved proteins and nucleo-
proteins. DALy ef alii*?® find that isolated histones are readily attacked
by pepsin. CaspeErsson'®® suggested that the proteins associated with
metaphase chromosomes are mainly of the histone type and that during
telophase their heterochromatic regions synthesize histones, while the
euchromatin produces non-basic protein. Thus a protein cycle during
mitosis is postulated in which the amount of histones keeps parallel
with that of the Feulgen-positive material. The young nucleus in
telophase i1s believed to produce relatively large quantities of protein,
to which, CaspERssoN maintains, the swelling of the chromosomes and
the nucleus at that time is due. He considers that much of this protein
disappears during prophase (p 80). CAsPERssON’s recent admission
has already been quoted (p 12) that in metaphase chromosomes, the
character and amount of the proteins cannot be determined by ultra-
violet microspectrometry alone.

Ris'™ maintains that the relative proportions of histone and non-
basic protein remain the same from interphase to prophase in the cells
of the onion root-tip, and from pre-leptotene to pachytene in the
spermatocytes of the grasshopper. His method was an indirect one,
based on the Millon reaction for tyrosine, which is present in both
histones and non-basic proteins. Chromosomes were first shown to be
Millon-positive by Heine.18! Ris applied the reaction in the presence
first of trichloroacetic acid which does not dissolve histones, and then
of sulphuric acid in which basic proteins are soluble (Mirsky and
PorrisTEr'®2), Microphotometric readings on the chromosomes were
made in each case.

It is clear that much remains to be learnt about the changes in the
chromosomal proteins during mitosis. We may expect that different
types of cell will be found to vary in this respect; the differences be-
tween the histones of intermitotic nuclei which are being disclosed by
the work of the STEDMANS!® may well apply also to dividing cells.

Inorganic chemistry

We turn now to the inorganic chemistry of the chromosomes, a
subject which in J. H. NEwMmAN’s phrase, has ‘a vagueness of an equally
intense kind’, Nearly all the evidence in this field comes from studies in
which the technique of micro-incineration has been used. This
technique and its applications have been described by Horning!# in
a well-known review. After micro-incineration of a section or a smear,
the residual ash of the cells remains sufficiently undisturbed for the
whole structure of the tissue to be recognizable under the microscope
with suitable illumination. The method is extremely sensitive; the
quantities of the substances involved lie beyond the limit of micro-
chemical tests. Unfortunately, at present the method suffers from grave
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disadvantages. There are no adequate methods for testing the chemical
composition of the ash, and furthermore it is probable that artefacts
result from the movement of inorganic salts within the cell during
chemical fixation.

The first observations on cells in division which were made by means
of micro-incineration methods are due to ScorT,'3% 186 who described
how the whole ash of the cell during mitosis seems to be concentrated
in the chromosomes both in mouse spermatogonia and in epithelial
cells of the frog skin. In the interphase nucleus, nuclear membrane
nucleoli and residual chromatin all leave their recognizable traces of
ash. In ScorT’s preparations, it appeared that inorganic material was
gradually concentrated in the developing chromosomes during pro-
phase. A similar concentration of cellular ash in nuclei and chromo-
somes was observed by Funaoka and OcaTa'®” in ova and cells of the
oviduct of Ascaris, and in pollen mother cells of the bean. Baricozzi'88
micro-incinerated salivary gland chromosomes and found that their
Feulgen-positive bands have a high content of ash. However, a warning
against generalizing too readily from these results is to be found in the
work of Lucas'®® on the ash of Opalinids, for he found no residue
whatever in the chromosomes of these Protozoa although they too are
Feulgen-positive.

It was assumed by Scott that the ash of the nucleus and the chromo-
somes consisted mainly of calcium and magnesium. Two Polish workers
(Kruszynskr;1%0 191 Bacinski'®*) endeavoured to apply chemical tests to
ashed preparations under the microscope by adding suitable reagents
with micropipettes held in a Chambers micromanipulator. Thus the
presence of calcium in the ash was shown by the formation of char-
acteristic crystals of gypsum when sulphuric acid and alcohol were
added. Scorr and Packer!®® confirmed the presence of calcium and
magnesium in the ash of the cell by a technique which combines micro-
incineration with electron microscopy. A tissue section is mounted on
the cathode of a special instrument, and is there ashed in situ. When
heated further, the ash of the material emits electrons which are imaged
on a fluorescent screen. It is claimed by these authors that the emission
from the ash is mainly due to atoms of calcium and magnesium. In
electron micrographs of smooth muscle-fibres made in this way,
ScotT!® has shown that the nuclei are prominent.

Other evidence, however, indicates that the ash of nuclei and chromo-
somes is not entirely composed of salts of calcium and magnesium.
User and GoobpspEED'®® consider that the ash of chromosomes in
pollen mother cells is mainly due to phosphates from the nucleic acids,
the phosphorus content of which is high; for instance Gurranp!?®
states that there is g-3 per cent phosphorus in dried DNA from calf
thymus. ENGsTROM'®7 has shown that both the ash and the adenylic
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acids are concentrated in the isotropic segments of insect striped muscle,
though a still greater part of the phosphate there present is due to
phosphagen, and is thus unrelated to nucleotides. However, in a
previous paper (EncsTrROM!®8) this author showed that a range of other
tissues, the ash after micro-incineration is concentrated in regions where,
ultraviolet absorption was high.

It i1s probable that in general both divalent cations and phosphate
contribute to the ash of the nuclei and chromosomes. WiLLiaMsoN and
GuLick'®® have analysed mammalian nuclei prepared by the anhy-
drous method of BEHrRENs and find therein 2-5 per cent phosphorus,
135 per cent calcium, and 0-08 per cent magnesium.* These authors
calculated the percentage of nucleic acids to which this phosphorus
content would correspond, and concluded that at the pH of the living
nucleus, the nucleic acids were combined with the maximum possible
amount of calcium. If this is so, any further concentration of calcium
in the nucleus during mitosis would necessitate the synthesis of more
nucleic acids.

The elasticity of both lamp-brush chromosomes (Durvee'?®) and
those of the salivary glands of Chironomus (D’AnGEL0®*™) is markedly
reduced by calcium ions. If, therefore, such effects of this ion are shared
by all chromosomes in general, and if their elastic properties have any
relevance to the changes in form which they undergo during mitosis,
a concentration of calcium round the chromosomes might play a part
in their contraction at metaphase.

Further progress in this field demands the use of a method by which
both calcium and phosphorus can be recognized with certainty in the
same material on a cytochemical scale. Development of the X-ray
absorption histospectroscopy of ENGsTROM?®! at present offers the best

hope of such progress.
THE CENTRAL BODY

As early as the mid-nineteenth century, several authors, among which
DEeRrBES?%?2 may be mentioned, described the astral rays in various eggs
well before their significance as part of the division mechanism of the
cell was realized. A quarter of a century later, when the general form
of the achromatic figure in the animal cell with its asters and spindle was
understood, attention was directed to the nature of the focal point at
each pole. VAN BENEDEN?® was among the first to describe this
‘corpuscule polaire” which he had observed in the cells of organisms no
less obscure than the Mesozoan Dicyemid parasites of Cephalopods.
Later came the concept of the central body as a permanent organ of
the cell which remains when the rest of the achromatic figure has

* Junner'™s has recently found appreciable guantities of esium in DNA and
nuclechistone isolated from the calf thymus, and in RNA prepared from yeast.
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disappeared after mitosis is completed. This was mainly derived from
studies in the eighteen-eighties on fertilization and cleavage in
Ascarts. In the description of the cleavage cycle in Ascaris given by
vaN BENEDEN and NEvT,?® they showed that in anaphase the ‘cor-
puscule polaire’ has already divided within the ‘sphere attractive’,
which itself follows suit in early interphase. Both division centres are
then ready for the next mitosis (Figure 37).* The modern usage of
centriole and centrosome was est:iblished by Boveri®®® in 1go1, though
as WiLson?"® points out, the latter term has since been used in several
senses,

The observation that in some instances the centriole was a permanent
cell organ persisting from one cell generation to the next led to the

Figure 37 Stages in the first cleavage of the egg of Ascaris megalocephala to
show division of the central body. a d‘ and ¥ pronuclei not yet fused;
only one pronucleus is shown. € The centrioles divide during anaphase.
d & e The centrospheres divide after cleavage is completed. f Interphase
following second cleavage. From van Bexepen and Neyr?®d,

hypothesis that an aster could only develop round a centriole derived
by division from the original centriole of the fertilized egg. On
Boverr's theory of fertilization, this was contributed by the sperm.
Not all cytologists have been able to agree that the granule at the astral
centre is a permanent cell organ, which alone can evoke a radial
arrangement of the surrounding cytoplasm. Within both unfertilized
and fertilized eggs, adventitious monasters with centrioles can be

* Lewis?™s has followed the division of the centrosome and the migration of the daughter
centres over the nuclear membrane in a living egg of a monkey before the prophase of the
first cleavage.
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produced by a variety of experimental treatments, though neither
Gray®7 nor WiLson®*® in reviewing this work is convinced that the
possibility has been wholly excluded that material from nucleus or
centrosome may have contributed to the accessory asters.

Some have doubted whether the centriole is more than a fixation
artefact. In FiscHERr’s**® monograph on the action of fixatives and
stains on biological material, their effect on the achromatic figure is
one of the main subjects of inquiry. The author reviews previous
descriptions of the centriole, and concludes: ‘Alle diese Beschreibungen
reichen nicht aus, um durch die Gestalt granulationen zu unterscheiden
oder von etwaigen Fallungsartefacten’. About 30 years later, Fry re-
examined this question by studying the effect of various fixatives on the
appearance of the aster and its central region, mainly in marine eggs;
in the first of this series, cytasters induced in activated Echinarachnius
eggs were examined. The texture of the asters in the stained sections
varies with the fixative used, and it was found that ‘central bodies are
present only when the fixative coagulates the cytaster in such a manner
that rays are distinctly fixed and extend to the centre’. In succeeding
papers (Fry2°® 219) this conclusion was extended to the sperm aster and
first cleavage figure of the Echinarachnius egg, and to the first metaphase
spindle of Chaetopterus (Fry?!1),

Fry did not attempt to generalize from these results, and in the
last paper suggests a classification of central bodies as seen in fixed
preparations in which his ‘focal staining artefacts’ are but one category,
clearly distinguishable from true centrioles. These are ‘stable structures,
which unlike focal bodies, maintain their characteristic size and shape
in spite of extensive modifications in the coarseness and shape of the
rays and fibers’. Fry's work evoked a vigorous reaction from several
cytologists, who cited a number of instances where centrioles can be
traced as permanent cell organs. Some of the classical examples were
re-investigated. PoLLISTER®*?® maintained that in the amphibian leuco-
cyte, the centriole was not a coagulated focal point, because in inter-
phase it is a double structure eccentrically placed inside a single aster;
a similar argument had been used by Boveri®*®® in answer to FiscHER.
HuerTNner*? was able to trace the continuity of the centrioles during
the cleavage of the egg of Drosaphila melanogaster, and in a further paper,
HuerTner and Rasmvowrrz?®4 describe central bodies in the pole cells
of the living egg and their movement round the surface of the nucleus
in prophase.

Other authors have also identified centrioles in living cells. Those of
the hypermastigote flagellates which have been described by CLEVE-
LAND21% 216 5re 1—gy in width, and up to Bou in length; from them the
origin of the achromatic figure and of all other extranuclear organelles
has been clearly traced. Jounson®7 has followed them through the cycle
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of spermatogenesis in Oenacanthus and other members of the Orthop-
teran family Gryllidae, both in living and fixed material; in the sper-
matogonia they are short rods and become V-shaped during the

Figure 38 Stages in the spermatogenesis of Oenocanthus to show the centrioles. x 3200,
a Living spermatocyte of Qe. guadipunctatus and b Fixed spermatocyte of Qe. nigricornis at
pachytene. The V-shaped centrioles are seen at opposite poles of the nucleus. ¢ Meta-
phase of meiosis I, and d Early spermatid, Oe. nigricornis. The axial thread connects
centriole and terminal vesicle. From Jouxsox®7 (By courtesy, 2. wiss. Jool.).
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meiotic stages. From them develop the axial filaments of the future
sperm tails (Figure g8).

Since the centrioles of the spermatocyte generally become the
blepharoplasts of the sperm tails, the presence of these granules in the
spermatogonia may be related only to their future function, and not
necessarily to the achromatic figure in the preceding cell divisions.
However, in Ascaris megalocephala, the sperm has neither tail nor axial
filament, yet centrioles are found in the developing sperm cells, similar
to those of the fertilized egg. This fact has been confirmed by Stur-
DIVANT.*'® A converse relationship is found in the cryptogamic plants,
which have motile male gametes, the flagellae of which are provided

Figure 39 Progress of the formation of an aster-like figure when 1 per cent

osmic acid is added to a section of elder-pith impregnated with protein (2

per cent ‘Deuteroalbumose’) x 600. a Remains of nucleus of elder-pith

cell before addition of OsO,. b, ¢, d 4 mins, 14 mins and 60 mins respec-
tively after addition of OsO,, From FiscHeEr. 2%

with blepharoplasts. These are derived from centrosomes, which in
Equisetum, for instance (Smarp®!®), appear in the haploid generation
for the first time in the early mitoses of the spermatogenous tissue.
There is evidence that in many plants these bodies come from inside
the nucleus. This subject is reviewed by Yuasa, 220

It is abundantly clear that orientating centres within the cell are
not all of one kind, nor do they all originate similarly. The non-astral
spindle of plants is alone sufficient to demonstrate this fact. A more
fundamental question than the morphological status of the centriole is
the nature of the orientating process which it induces in the surrounding
cytoplasm. This subject is discussed by SwaNN in a succeeding section.
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We are better able to realize the nature of this problem now that it is
understood that the unit of structure in the living aster and spindle is
not the microscopically visible ray, but the sub-microscopic micelle;
though the shift of the inquiry to a lower order of magnitude reveals
how formidable are the difficulties in the way of investigation. There
is some evidence that nucleic acids may be found at the centre of
orientation; this i1s suggested by the basophily of the centriole, and
also by some of the model experiments of Fiscuer.2?® He impregnated
pieces of elder pith with protein solutions which were then fixed and
sectioned. “Astral figures’ were commeon within the coagulated protein
of these preparations, and frequently the remains of the nucleus of the
pith cell was seen at their centres (Figure 39). The fact that in the
dtvclcpment of the spindle, the centromere also serves as an orientating
centre is in accordance with this hypothesis. Yuasa220 221 222 finds
that although the centrosome of many cryptogamic plants is derived
from the nucleus, it is Feulgen-negative; he considers it to be of the
same nature as the nucleolus. If it is generally true that under appro-
priate circumstances a granule of ribonucleoprotein can orientate the
surrounding cytoplasm, this would possibly explain why accessory
cytasters can be so readily induced in the sea-urchin egg. It seems,
however, that a nuclear component is also involved, for as Fry?* says
‘if eggs are immature, neither sperms nor artificial agents produce
asters, since they do not arise before the germinal vesicle has released
nuclear substances into the cytoplasm’.

CHROMOSOMES AND THE ACHROMATIC FIGURE

Close study of time-lapse films of chick and mammalian cells in mitosis
shows that towards the end of prophase two changes happen at the
same time: at opposite ends of the nucleus the asters appear, and then
the chromosomes begin to mave. The further sequence of events varies
in detail; either within the still intact nuclear membrane the paired
chromatids congregate opposite each aster (Plate XII (16) ), or, if the
membrane is at once broken down, the spindle is completed and the
chromosomes are then drawn towards the whole achromatic figure
(FeLL and Hucres®*) (Plate XI (14)).

Cells in meiotic division provide other and better known examples of
the orientation of chromosomes towards asters, which are all the more
remarkable because the influence, of whatever kind it is, must be
exerted across an intact nuclear membrane. In the bouquet stage of
meiotic prophase the ends of the chromosomes at zygotene or pachytene
are bunched together opposite the centrosome (Figure 40); but this is
not invariably seen, and is commoner in animals than in plants, The
chromosomes in the bouquet usually consist of thin loops with their
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polarized ends densely contracted, which are thus heteropycnotic.
ScHRADER??® has shown that among the Pentatomidae (the Shield-
bugs) a bouquet stage is found only in those species which have
heterochromatin,

Some workers (SmrTH226) see in this polarization merely the residual
orientation of the previous telophase, the persistence of which in
the interphase nucleus was first described by RaBL.?2” HUGHES-
ScHRADER,??8 however, has been able to prove that in some Mantids
(the ‘praying insects’) this explanation of the bouquet polarization

Figure 40 Bougquet st of an oocyte of Dendrocoelum lactewm
x 2033, from GeLei?**s ( By courtesy. Arch. Zellsforsch). Polarization
related to the position of the central body.

cannot apply. Polarization is seen twice in the meiosis of the spermato-
cytes; first in leptotene, opposite the yet undivided centrosome. This
stage is succeeded by one in which the chromosomes lose their arrange-
ment and the division centre is then no longer seen. Later, in mid-
pachytene, two centrosomes reappear in their final positions at opposite
poles of the nucleus, towards which the ends of the chromosomes are
again pointed. Again, in the spermatocytes of the earwig Anisolabis,
ScurADER?®? has followed the division of the centrosomes and their
gradual movement apart, during which he finds that each division
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centre is closely followed by a group of chromosomes on the inner side
of the nuclear membrane (Figure 41).

These examples, among others, clearly show that the effects of the
achromatic figure on the chromosomes may be seen before metaphase
is reached. Nor does the congression of the chromosomes to the meta-
phase plate always follow a simple course; a remarkable instance of

Figure ?! Spermatocytes of Anisolabis maritima, showing movement of

centrioles and chromosomes during diakinesis. a Early stage. Double

centriole in cytoplasm. Autosomes at the periphery. b-d They follow the

movement of the centrioles. The sex chromosomes on left in ¢ and d are
not affected. From ScHraper®™® (By courtesy, 7. Morph.).

an apparently premature movement of the chromosomes on the spindle
has been described by HUGHES-ScHRADER, *2® again in the spermatocytes
of Mantids, and alSo in the related Phasmids (the stick insects?3®), The
second bouquet polarization comes to an end when the nuclear mem-
brane disappears; the spindle is then very rapidly formed, and the
orientation of the ends of the chromosomes is exchanged for one in
which the centromeres of each bivalent separate, each towards one
pole of the spindle, just as in anaphase (Figure 42). The ends of the
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sister chromatids, however, remain in contact; and this ‘pre-metaphase
stretch’ 1s still well in advance of metaphase, for there is yet no congres-
sion. The chromosomes are then by no means fully nucleinated and
are drawn out to an almost fantastic extent. This stage is brought to

Figure 42 Stages of spermatogenesis in Stagmomantis caroling x 2700, From Hucmes-

ScHRADER®™® (By courtesy, Biol. Bull.). a and b The second polarization of the

bivalents. In b terminal chromomeres are applied to the nuclear membrane under

the central body. ¢ Early stage of premetaphase stretch. The nuclear membrane

has gone. Upper bivalents are still polarized, others are opening as their centromeres
orient to the poles. d Mid-stage of premetaphase stretch.

an end by contraction of the chromosomes, during which their centro-
meres again approach each other; at the same time, each bivalent
comes into the normal equatorial position of metaphase and the whole
spindle then shortens.

These remarkable observations present us with the question whether
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such pre-metaphase movements are of the same nature as those in
anaphase, but clearly this cannot be answered unless we can form some
idea of the nature of the forces by which chromosomes are then moved.
Broadly we may distinguish between two kinds of hypotheses of chro-
mosomal movement, namely field theories which postulate attractions
and repulsions of some kind between chromosomes and spindle poles,
usually electrostatic in nature, and those theories which hold that the
chromosomes are directly moved by the spindle. It is still true of all
such field theories that they rest almost wholly on inference from
chromosome movements; some authors speak of forces within the cell
without specifying of what nature they may be, but this practice has no

Figure 43 Pollen mother cell of Tradescantia after thermal

shock. One bivalent is not attached to the spindle, and

does not show the normal *repulsion’ of the centromeres.
From Swanson®! (By courtesy, American Naturalist).

more than linguistic convenience to recommend it. There is abundant
evidence that the spindle is directly involved in anaphase movement,
and that unattached chromosomes (Swanson®1) (Figure 43) or frag-
ments of chromosomes (WHITE®?) do not behave normally during
anaphase.

The chromosomes may be moved by the spindle in two ways, either
by shortening of the half spindles between chromosomes and poles, or
by interzonal expansion between the daughter chromatids, as in the
‘Stemmbkorper’ theory of BELAR.2 Either contraction of spindle
fibres, or growth of a negative tactoid (BERNAL®*) may bring about the
former movement, It is probable that polar contraction and interzonal
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lengthening of the spindle both occur in anaphase, though not in the
same proportions in different cells (R1s?%). HucHes and SwANN®®
have shown that in the chick fibroblast, the early rapid part of anaphase
movement is associated with polar contraction (Figure 44). Arguments
for the ‘traction fibre’ theory of anaphase movement have been sum-
marized by Corwnman;®7 the question is discussed further in the
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Figure 44 Movement of spindle poles and chromosomes in anaphase of chick
osteoblast in culture. a Dimensions plotted from alternate phase-contrast and
polarized light photographs as indicated. In b the length of one set of chromo-
some fibres (from chromosomes to pole) is plotted. From HuchlEes and Swarnn®®*

(By courtesy, J. exp. Biol.).

following section, in which Swann considers the nature and behaviour
of the spindle.

The contraction of spindle fibres during anaphase, however, raises
the question of why it is that the chromosomes move and the spindle
poles do not then approach (p 127). It is necessary to conclude that a
number of factors must then cooperate, such as the differential rigidity
of various regions of the cell. No simple theory of the spindle will
account for anaphase separation, nor, a foritor:, for the behaviour of the
chromosomes in metaphase as well. During metaphase the chromo-
somes move from random positions into the ‘equatorial plate’. The
spindle is already present before these movements begin, and is already
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able to exert tractive effort on the chromosomes, as is shown by the
remarkable phenomenon of the ‘pre-metaphase stretch’ in Mantids.
It is difficult to explain the phenomena of metaphase without postulat-
ing a state of balance between opposing forces, though in the succeeding
section (p 126) Swann suggests that it may be misleading to apply our
usual macroscopic conceptions of elastic tensions to the mitotic spindle.
It appears that these equilibria act both along and transversely across
(OsTERGREN?8) the spindle. The random metaphase movements of
the chromosomes in chick and mammalian cells at metaphase
(Lewis;*® HucHes and Swann®%%) are presumably an expression of
this longitudinal balance, though these probably do not occur in all
cells. The equilibrium position of chromosomes on the spindle at
metaphase is not always median; OsTERGREN® has found that in two
triploid organisms (Anthroxanthum, a grass, and the Urodele Triton),
at meiotic metaphase the trivalents are disposed nearer that pole of the

Figure 45 Expulsion of clumped autosomes from
spindle in spermatocyte in harlequin lobe of
testis of Mecistorhinus melanolewcus during meta-
phase I. (sex chromosomes in black) x 1500.
JFrom ScHrapeEr®® (By courtesy, Chromosoma).

spindle towards which they present two centromeres (p 125). These
transverse equilibria are expressed in several ways; there is a tendency
for bodies to be extruded from the spindle; it is thus kept free of cyto-
plasmic granules, and the arms of long chromosomes are usually out-
side it. Factors intrinsic to the chromosomes modify this centrifugal
tendency. Autosomes and sex chromosomes do not behave in the same
way, especially if they differ in the timing of their cycles of nucleination.
Sometimes, as in the Mantid Humbertiella (HuGHES-SCHRADER®#!) it is
the X-chromosome which is expelled, while in the ‘harlequin lobe’ of
the testes of some Pentatomids (ScHRADER?*#2) the clumped autosomes
are displaced, in Mecistorhinus to such a degree that the cell outline is
distorted (Figure 45). An extreme instance of the differential behaviour
of chromosomes on the spindle is provided by the monocentric first
division of the spermatocytes of the fungus-fly Seiara, where paternal
chromosomes move outwards at anaphase and maternal ones inwards
(MeTz 28 24) (Figure 46). These examples of aberrant chromosomal
behaviour are not exhaustive. There are always individual instances
which cannot be fitted into any attempted general theory of chromo-
some movement. It is possible to pile on subsidiary theories, though
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perhaps with decreasing plausibility, and in defiance of the principle
of Occam’s razor. When the spindle is present, direct traction by spindle
elements is, in the writer’s opinion, the most likely explanation of
chromosome movement. However, it must be admitted that in the
instances with which this section began, where the nuclear membrane
is still intact, it is improbable that this can apply. The fact may be of
some significance that the orientations and movements of the chromo-
somes both in prophase and in later stages are profoundly influenced

Figure 46 Diagram illustrating chromosome movements in the monocentric
first spermatocyte mitosis in Sciara coprophila a Prophase showing lack of
synaptic association of homologues, b Beginning of separation of two groups.
The large “limited chromosomes' which contain only few genes (represented
in black) both go toward the pole; the others separate so that the paternal
member of each pair of homologues goes away from the pole, and the maternal
member toward it. € and d Later stages in the movement of the four paternal
chromosomes away from the pole. Note their inverted orientation, with spindle
fibre attachment hindmost. e and f The four chromosomes eventually eon-
verge at a point opposite the single pole and are extruded in a polar-body-
like process which becomes separated from the spermatocyte. This later
degenerates. From Metz®¥ (By courtesy, Cytologia).

by their degree of nucleination. A close study of the movements of
heteropycnotic chromosomes in suitable living nuclei might prove of

some lmportance.
There is some evidence that the chromatin within the inta¢t nuclear

membrane can be moved under the influence of electrical forces, Both
McCrLEnDON248 and Harpy?24® have shown that this can be effected in
the onion root by the application of a direct current and that the nuclear
contents migrate towards the anode.* The rough sketches which illustrate

* The fact that nuclear membrane and chromatin are on the opposite sides of their
respective isoelectric points has been mentioned above, on p 52.
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the second of these papers are sufficient to show an arrangement
within the interphase nucleus strikingly similar to the bouquet stage of
meiosis. Both authors agree that at stages of mitosis after prophase, the
chromosomes do not readily migrate cataphoretically. McCLENDON
used a stronger current than did Harpy, and found that the spindle
and chromosomes could be moved as a unit, but that the relative
displacement of the chromosomes in anaphase was unaffected.

One of the subsidiary objections that have been urged to the theory
that the chromosomes move in anaphase under electrical forces is that
on simple inverse square repulsion, it is unlikely that charges of sufficient
magnitude to account for the observed rate of movement could be
maintained in a conducting medium. This argument does not neces-
sarily apply to the orientations of the chromosomes in interphase or
in the carly stages of mitosis. Harris*¥? discovered a polarity in the
oocyte of Echinus esculentus which affected the rate of fall of the nucleolus
through the nuclear sap; the velocity in opposite directions showed a
constant difference. He calculated that to account for this polarity, a
potential difference of 1-5 mv would be enough, which could be
maintained by an expenditure of energy roughly equivalent to 2 per
cent of that of the whole metabolism of the cell.

It would be desirable to extend the electrical experiments of
McCreEnpoN and HarDY to meiotic nuclei which were directly observed
in life, to see whether potential differences can affect either the migra-
tion of the centrosomes, or their apparent influence on the chromosomes
within the nucleus.

THE SPINDLE
Structure of the spindle

The living spindle is a clear, apparently structureless body usually
visible only because it is outlined by the granules and inclusions of the
cytoplasm. Nevertheless, it is not structureless. It is birefringent; small
particles in it show unidirectional Brownian movement; on dehydra-
tion it shrinks more in width than in length, and on fixation it becomes
fibrous in appearance (BELAR2®), There is not the least doubt that it
consists of elongate particles arranged lengthwise, and the argument
that the fibrous appearance is an artefact because it only appears
after fixation, need not be taken seriously. It is certainly an artefact,
but as DArRLINGTON? has pointed out, so is everything in a fixed cell.
Spindle fibres are not produced solely by fixatives, but by their action
on an elaborate structure of orientated protein molecules. The problem
is to decide what sort of orientated structure existed before fixation.
The fact that the living spindle looks structureless in ordinary light,
shows, of course, that it does not contain microscopic fibres of high
density. The ordinary microscope, however, is not very sensitive to
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differences in refractive index, but even the phase-contrast microscope
seldom shows fibres or striations in the living spindle. According to
OETTLE?® the phase microscope is capable of detecting refractive index
differences in small objects, of as little as 0-004, so that it should be
possible to distinguish fibres differing in degree of hydration by as little
as 2 per cent from their surroundings. If there are fibres in the living
spindle, therefore, either they must be as hydrated as the protoplasm
round them or they must be sub-microscopic in size.

Examined in polarized light, sea-urchin and chick spindles show no
sign of discrete fibres (Plate XIII (19, 20)) (ScumipT;?5! 252 HUuGHES
and Swann;2%8 Swann284 255),  Jn both these examples, how-
ever, the chromosomes are numerous, so that spindle fibres might be
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Figure 47 Coefficient of birefringence along the axis of the mitotic
spindle of a living egg of Psammechinus miliaris.

expected to be many and small. In the Chaetopterus egg on the other
hand, the chromosomes are fewer. Here Inoug?®®® has found, amidst
the general birefringence of the spindle, strands of stronger birefrin-
gence, some of them apparently running from the centrioles to the
chromosomes (Plate XIII (21) ).

SwANN®% has measured retardation curves for the living spindles
and asters of sea-urchin eggs, and calculated from them the coefficient
of birefringence at different points within the mitotic figure. In both
spindles and asters, he found a low coefficient of birefringence in the
centrosome, which rose to a maximum at about 5p from the centre, and
then fell rapidly to a minimum at the equator of the spindle and at the
periphery of the asters (Figure 47). This rapid fall from the maximum
at 5u must be due either to a decrease in the proportion of orientated
material within the spindle and asters, or, if this proportion remains
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Plate I. Resting cells in tissue cultures

No. 1. (@) Chick osteoblast » 2000 (reduction 7/10.) Within the nuclear
membrane is the large nucleolus and the heteropyenotic chromocentres.
Above the nucleus is a diffuse centrosphere, beyond which are lipoid granules
and mitochondria. (b) The same cell 28 seconds later than (g). Notice the
migration of the granule (G) independently of the surrounding inclusions.

[ Continued on ofposile page. )




No. 2 Part of an intermitotic fibroblast of Xenopus laevis in culture
photographed at intervals to show mitochondrial movement, in particular

of the mitochondrium indicated,
Miss M. M'E. Prestox.
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Plate 11

No. 3 Mouse spleen cell in culture to illustrate vacuole formation at an
undulating cell margin x 2000 (reduction 5/4). The interval between
{a) and (b) is approximately 4o seconds. The same group of vacuoles is
seen in hoth. (Continued on ofposite page.)




MNo. 4 Interphase nucleus of mouse spleen cell in culture (a) living (b) fixed
and Feulgen-stained. In (b) the chromocentres are prominent; those which
are not obscured by the nucleoli in (@) are seen in the same position in both,
#% 2400 (reduction g/4).

No. § (a) Two interphase cells in culture of chick osteoblasts to illustrate
the effect of 12-5 millimolar adenosine on the nucleoli. % 2000 (reduction
3/4). (b) 14 minutes after (a), (¢) 37 minutes after (a). (Some effect on the
nucneoli is seen at much greater dilutions.)



Plate 111

No. 6 Phase contrast photomicrograph of tumour cell in prophase of mouse sarcoma
‘Rb’ by Luprorp and SsiLes (F. roy. micr. Soc. 70 (1950) t#6) reproduced by kind
permission. X 1250 (reduction 3/4). To the left of the nucleus is a central body
which the authors describe as a ‘juxta-nuclear accumulation of granular material
and associated canalicular system’. (Confinued on opbosite page.]




No. 7 Ultraviolet photomicrograph of similar tumour cell in interphase, at
g?an’;\, by courtesy of the same authors. »x gq3o00 (reduction 5/4). Notice the
presence in the nucleus of absorbing material other than the nucleoh, apparently
similar to the heterochromatic granules of embryonic mouse cells. (By conrtesy,

J- Roy. Micr. Soc.)
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Plate V

No. 9 Living staminal hair cells of Tradescantia virginica. » goo. From BEvag? (1) and (2)
In interphase. (3) and (4) One cell in early prophase; (4) 35 minutes later than (3). (5)
and (&) One cell in later prophase. Nucleoh still present. (&) is Bo minutes later than (5).
(7)-(10) One cell in metakinesis (stage of formation of metaphase plate). (8) is 28 minutes,

(Continued on apfosite fage.)




(9) 36 minutes, and (10) 74 minutes later than (7). (11)~(18) One cell in anaphase 1o telo-
phase; (11) soon after anaphase begins; (12) 2 minutes, (13) 4 minutes, (14} 10 minutes,
(15) 15 minutes, (18) 20 minutes, (/7) 23 minutes, and (18) 27 minutes after (11, (16) Telo-
phase. Equatorial swelling of the ‘Stemmkorper’. (17) Cell plate appears. (18) Shortening
and thickening of the phragmoplast. In BELA#'s original paper, the series is continued till
124 minutes afier (11}, by which time the daughter nuclei are in interphase. (By courtesy,

. Lellsforsch.)






of the nuclear volume. (¢)=(h) show the mitotic figure of one individual at
intervals during cell division. (¢) Early prophase. Asters at each pole of the
nucleus, Fine chromosomal granules are seen around the nucleolos.
(d) Prophase nucleolus nearly gone. Chromosomes more evident. (e) Meta-
phase. (f) Early anaphase. (g} Late anaphase (h) Cleavage in process.
The daughter nuclel have already been reconsiructed. (i) Shows a siage
from another nucleus in mitosis intermediate between d and e,



Plate VII

No. 11 Mitosis in a fibroblast of Trifen in tissue culture * 1200 (reduction
6/7). Culture by Miss M. M’E. Preston. (a) Early prophase. The nucleoli
have already disappeared. (b) 54 minutes after (g). The chromosomes are
now distinct; in some the split is recognizable. (¢) 8 minutes after (a).

(Continued on opposile page.)



The chromosomes are now orientated round a central space, in which is the developing
5Pintl]h, (d) Late .ml'tapi?a:w., 4% minutes after (@). The spindle has turned through
a right-angle, and itz axis is now parallel with the plane of the field. (e) Early anaphase.
44} minutes after (a). The arms of the chromosomes trail behind their centromeres.
[ﬁ. 48 minutes after (a). (g) 61 minutes after (a). Cleavage in progress. (h) Telophase.
=6 minutes after (a). One daughter nucleus in reconstruction. The chromosomes are
linked by cross-filaments.



Plate VIII
No. 12 Mitosis in a spleen cell of the rabbit in culture. % 2000 (unreduced). (a) Prophase.
Nucleoli still present. (B} 2 minutes after (a), Nucleoli disappearing. (c) 84 minutes after (a).
(Continued on opposile page.),



Chromosomes orientated round central bodies. (d) Late metaphase. 26 minutes after [(a).
(e) Early anaphase. 2g} minutes after (@). (f) 31 minutes after (a). (g) 55 minutes after (a).
In cleavage. (h) 57 minutes alter (@), (i) Telophase. 47 minutes after (a). Daughter nuclei in
reconstruction. [j) One daughter cell 54 minutes afier (a).






The spindle is constricted, as mitochondria and granules are pressed against
i, This pn‘cm‘h‘s the appearance of the cleavage furrow, ‘Bubbling’ at the
polar surface of the cell. (d) Telophase. 22 minutes later than (a). Cleavage
nearly complete and the nuelear membrane has formed. The nucleus has
a reticular siruciure, with masses of chromaiin and developing nucleoli
connected by chromonemata.
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Plate X1

No. 14 Prophase and metaphase of a mouse spleen cell in culture.
« a2p00 (reduction /g). (a) Nucleoli are still present. (b) 5+ minutes
later than (a). The developing poles of the spindle have deeply
indented the nuclear membrane, (¢) 7-B minutes later than (a).

(Continwed on opposite page.)



The nuclear membrane has disappeared, and the chromosomes are migrating
towards the spindle. (d) Metaphase. 15-8 minutes later than (a). Many
of the chromosomes are not yet on the equator of the spindle.

No. 15 Prophase of a binucleate mouse spleen cell in culture. * 2000
(reduction 7fg). (@) Nucleoli and nuclear membrane are still present. (b) g5
minutes later than (g). The chromosomes from both nuclei are assembling
on a single spindle,



Plate XII

No. 186 Mitosis in mouse spleen cell from prophase to anaphase. ®  zooo
(reduction 3/4). (a) Prophase. Nucleoli still present. (b) Very late prophase.
5 minutes later than (0). Chromosomes crowding towards asters. (¢) 25 minutes
later than (a). Metaphase. (d) Anaphase. 29 minutes later than (g). The
spindle is nearer the upper margin of the cell, where the cleavage furrow has
first appeared. (¢) Late anaphase. 52 minutes later than (g). Cleavage markedly
asvmmetrical. (The further reconstruction of the left-hand group of chromo-
somes has been shown in FEun and Hueches®2, Plate VII)

(Continued on opposite page.}



No, IT Three cells in anaphase from a culture of chick osteoblasis, stained by
May-Grunwald-Giemsa. Preparation by Dr W. Jacosson and reproduced by
his kind permission. Between the daughter groups of chromosomes is a ‘trail’
of basophilic material. % 1750 (reduction g/4).

No. 18 Mouse spleen cell in interphase, showing some chromonemata visible
in the living state. x 4150 (reduction 3/4).
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Plate XIII

Living spincles in polarized light (reduction g/g+5).

No. |? Ege of the sca-urchin Psammechinus milionis, = 450, compensated, feruliza-
tion membrane removed. (@) 56 minutes after fertilization—metaphase. (b) Same
ege al 62 minutes—late anaphase.

No. 20 Chick fibroblast, = Boo. (@) Compensated to show spindle bright. (b} Com-
pensated to show spindle dark, small aster visible at left hand spindle pole.
(Continued on opposile page.)
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No. 21 Egg of Chaetoplerus, » Boo, compensated, Metaphase of first maturation
division. Chromosomes are visible at the equator of the spindle. Photograph kindly
lent by 5. Inouve,

No. 22 Egg of the sca-urchin Psammechinus miliaris, > 450, compensated. Late

anaphase, Photograph taken at high numerical aperture to show astral rays
Birelringence largely obscured by light scatiering.



Plate X1V

No. 23 Effect of 0-0027 millimolar colchicine on a cell in prophase. (a) 2 minutes
alter addition. Nucleoli still present. (b) 63 minutes after addition. Nueleoli have just
disappeared. (¢) Fixation alter 39 minutes. The chromosomes are tightly clumped.

(Continued on opposite page.)



No. 24 Effect of 0-57 millimolar aminopterin on a cell in prophase. (@) 7 minutes
alter addition. Nucleoli have just disappeared. (b) g minutes after addition. The
chromosomes are contracting. (¢) Fixation after 37 minutes. The chromosomes are
tghtly clumped.

No. 25 Effect of 0.65 millimolar chloracetophenone on a cell in prophase. (@) 1
minute after addition. Nucleoli still present. (b) 5 minutes after addition. Nucleoli
have just disappeared. (¢) Fixation after 17 minutes.
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Plate XV

No. 26 Effect of 7 millimolar adenine on a chick osteoblast in mitosis. x 2000
(reduction 8/10). (@) Cell in metaphase. One minute after addition of adenine.
(b} Cell in anaphase. 10 minutes later than (a). (¢) Anaphase movement has
ceased and cell has not divided. Nuclear reconstruction in progress. 18 minutes

(Cantinued on affosite page.)



aflter (a). (d) Fixation after 35 minutes and stained in Giesma. The two nuclei
are joined by a bridge.

No. 27 Effect on a chick osteoblast of o- 15 molar chloracetophenone added to
culture as anaphase began. (a) Within } minute of addition of CAP. Anaphase
movement has already ceased. (b) 5 minutes later than (a). Blebs appear at
cell surface. (¢} 54 minutes later than (@). (d) Fixation after 24 minutes, The
cell now consists of strands connecting blebs of protoplasm not all of which
are shown. In one of these are the unchanged daughter chromosomes,



Plate XVI

No. 28 The effect of siretching a salivary chromosome of Chironamus plumosis
by micromanipulation. = 850, From Buck 7. Hered. 32 (1942) 10 (By
courtesy). The needle points are indicated by V. The numbers indicate
positions of same individual bands in successive figures. a unsiretched, b-e
clongated 209, (b), 802 (c), 175%, (d), 300%, (&); f relaxed again. Notice
that most of the elongation is in the interband regions which become
longitudinally striated.



CELLS IN DIVISION

constant, to changes in the molecular and micellar arrangement. The
decrease, however, is of the order of tenfold or twentyfold, so that the
molecular and micellar changes would have to be considerable. On the
other hand the fall in the coefficient of birefringence is very approxi-
mately an inverse square, which, for simple geometrical reasons, is the
relationship to be expected if the spindle and asters consist of a number
of distinct unbranching fibrils radiating from the centrosomes. There
would seem, therefore, to be two possible structures for the achromatic
figure. Either it is orientated throughout, with a varying degree of
orientation from point to point, or it consists of discrete fibrils radiating
from the centres like the spokes of a wheel. These two structures are
illustrated diagrammatically in Figure 48.

So far only a single study of the spindle has been made with the
electron microscope (Rozsa and WyckorFF?57), but the results are ex-
tremely interesting. Using the ordinary precipitating fixatives, these
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Figure 48 Diagrams showing possible types of fine structure in the spindle and

asters built up from asymmetrical particles of a material present in constant

proportions in which the orientated fraction a is constant throughout, and b is
variable. In b fibrils are surrounded by an unorientated medium.

authors found that the spindle was irregularly fibrous, bearing in fact
a considerable resemblance to its appearance in the light microscope
after comparable treatment. With neutral formalin on the other hand,
they found that it was entirely homogeneous, with no trace of fibres
or orientation of any sort. It is, of course, possible that formilin was not
preserving the orientated structure of the spindle, but this is extremely
unlikely, since formalin is generally regarded as the best fixative for
structures within the cell. Far more probably the living structure was
very well preserved. For, as we have seen, there appear to be no signi-
ficant variations within the spindle, so that we should not necessarily
expect a perfectly fixed spindle to show any structure under the electron
microscope, unless the resolution was sufficient to show the actual
molecules or micelles. In this particular work the resolution was not
apparently very high, though appreciably greater than with the light
microscope.

From these various lines of evidence, it is possible to draw a number
of conclusions about the structure of the living spindle. First of all, it
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15 clear that down to a level of size well below 2,000A, the spindle is
homogenecous, and does not consist of fibres in the ordinary sense of
aggregates of high density. On the other hand, it is also clear that some
regions of the spindle may be more birefringent than others. A study of
the variation of coefficient of birefringence with distance from the
centrosomes suggests that the whole achromatic figure may not be
uniformly orientated, and that distinct unbranching fibrils may radiate
from the centrosomes, the material in between being unorientated. In
view of the electron microscope evidence, however, these fibrils, if they
exist at all, can only be some tens or hundreds of Angstrém units
across, so that the birefringent strands found by Inoug must be caused
by the grouping of numerous fibrils into bundles. It may be signi-
ficant that fibrils of some hundreds of Angstrém units in diameter are
known to exist in muscle, flagella, sperm tails and elsewhere, and that
in some Protozoa the centrioles generate the spindle during mitosis and
the flagella during early interphase. Since, however, it is not possible
to be certain of the existence of submicroscopic fibrils without direct
evidence from the electron microscope, an alternative explanation is
possible, in terms of an orientation throughout the spindle with mole-
cular and micellar arrangement varying from point to point.

The appearance of fibres in the spindle after fixation is easily accoun-
ted for on either of these two systems. The effect of most coagulating
fixatives is essentially to remove the water layer round protein mole-
cules, so that they can approach each other and precipitate. The
precipitated chains may then form fibres. If the whole spindle is
orientated, it is to be expected that the more highly orientated regions
will produce well marked fibres on fixation, while the less orientated
regions will produce fibres that are thinner and less clear cut. If, on the
other hand, the spindle consists of submicroscopic fibrils in an un-
orientated medium, it is still to be expected that large bundles of fibrils
will produce visible fibres on fixation. Where the fibrils are more widely
spaced, they will not aggregate so readily on fixation, and here the
fibres produced will, as before, be thinner and less clear cut.

Since all elongate particles possess a tendency to align themselves
parallel, it is not surprising that an aggregation of spindle material,
somewhat comparable to that produced on fixation, is occasionally
found in life. Cooper?®®® has reported that spindle fibres are visible
with ordinary light in living Pediculopsis spermatocytes, and Lewis
(M. R.)*%® has found that they can be produced reversibly in the cells
of the chick by treatment with acid. In both these cases there must have
been a sufficient aggregation of material to produce a considerable rise
in refractive index. In the same way, HucHEs and Swann®5 found that
delayed metaphase spindles in the chick, examined in polarized light,
appeared more fibrous than usual. INou£?®*® found that the birefringent
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strands became more marked in the spindles of Chaefoplerus eggs that
were kept under a coverslip for a long time.

Very little is known of the development of orientation in the spindle,
although it has been realized for a long time that focal points such as
the centrioles and centromeres are responsible, Classical cytology has
been much concerned with such problems as whether the centrioles
contain granules, and whether they can arise de novo; regrettably little
is known, however, of the mechanism by which the orientation is
produced. Almost the only significant fact that has emerged is that the
orientated region round a centromere or centriole starts by being small
and later grows larger by a process of growth or ‘crystallization’.

The work of Swann?5 on the variation of coeflicient of birefringence
with distance from the centrosome, has already been mentioned. He
noticed that the rise in this coeflicient at the edge of the centrosome was
not as sharp as might have been expected, and concluded tentatively
that the orientation is built up gradually over a region of several
microns. The significance of this conclusion is obscure, and as Swann
points out, it must be treated with some reserve. The maximum coeffi-
cient of birefringence in the sea-urchin spindle or aster is reached at
about 5 or 6p from the centre. Beyond this, there is a rapid fall, which,
as was pointed out earlier, may be due to a progressive change in
molecular and micellar arrangement, or to a thinning out of fibrils
radiating from the centres. In the first case the centrosome is presumably
a body which causes general orientation round itself; in the second it
must actually generate submicroscopic fibres.

Any individual spindle is, of course, the result of orientation produced
by several different centres, namely the centromeres, and in most
spindles, the centrioles or centrosomes as well. Because the chromosomes
are often small and numerous, the build-up of orientation round the
centromeres 1s seldom clearly visible. The part played by the centrioles
is usually much more obvious, as for instance in the sea-urchin egg.
Even here, however, where the asters are enormously developed, a
significant degree of orientation is also produced by the centromeres
(Swann?84), The simple notion that the centromere is the point of
attachment of the chromosome to the spindle is therefore only part of
the truth. The orientated region generated by the centromere does, of
course, fuse with the rest of the spindle and thus forms the chromosome
attachment. The regions of orientation produced by the centromeres
are at the same time collectively involved in generating the whole
spindle; in some instances they may even be solely responsible.

The generation of the typical form of the spindle is interesting. Where
there are two centrioles, the reason for the characteristic shape is simple
enough. When the two regions of orientation meet, it is possible that
both systems will continue without regard to each other; but if there is
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any tendency for the constituent material to aggregate, both lines of
orientation will bend round and arrange themselves parallel. Such an
effect necessarily produces a spindle shape. At more than 45° from the
axis of the centrioles, the lines of orientation would be expected to bend
the opposite way, and in the sea-urchin egg, at least, there is clear
evidence that this actually happens (Plate XIII (22) ). The case of
a spindle which is generated without centrioles is rather more complex,
and may have to be explained on the lines of tactoids (page 130), where
the spindle shape is thought to be due to a compromise between
crystallization forces which promote elongation and those of surface
tension which tend to cause rounding-up.

Spindle fibres normally include both chromosomal fibres, running
from the centrioles to the centromeres, and continuous fibres, running
from one centriole to the other. The former are usually more marked
than the latter, and this is probably due to the fact, mentioned earlier,
that some regions of the spindle are either more orientated, or contain
greater amounts of orientated material (e.g., fibrils) than others. It
remains to discuss how these differentiated regions of the spindle are
formed. Since the essential structure of the spindle is uncertain, it is
perhaps unduly speculative to discuss this problem in detail. There
seem, however, to be two possibilities, depending on which of the two
structures mentioned earlier is the correct one. If the spindle is a solidly
orientated body, with centrioles at either pole, and a number of centro-
meres at the equator, we should expect to find enhanced orientation in
the neighbourhood of each centromere, but there would seem to be no
reason why this orientation should not melt into the general orientation
of the spindle. After fixation there should therefore be a marked fibrilla-
tion in the neighbourhood of each chromosome, but no clear evidence
of fibres running from the centrioles to the centromeres. If, on the other
hand, the centrioles and centromeres both generate sub-microscopic
fibrils, those which emanate from the centromeres will fuse with those
from the centrioles to give typical chromosomal fibres. Fibrils from the
centrioles that fail to fuse with those from the centromeres will meet
fibrils from the opposite centriole and form continuous fibres. In this
instance there should thus be less tendency for the orientation produced
by the centromeres to melt into that of the spindle. It is not possible to
say with certainty which of these two schemes is the correct one, but
even if we allow for a certain tidying-up of spindle fibres in published
diagrams, it appears that continuous fibres, and more particularly
chromosomal fibres are usually well differentiated. The evidence from
fixed cells would seem therefore to favour the idea of sub-microscopic
fibrils as the basic structure of the spindle.
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Dynamues of the spindle

The living spindle is usually free of granules, a surprising fact that
seems to have attracted very little attention. This may be because the
spindle is derived, at least partly, and perhaps in some cases entirely,
from the relatively clear nuclear sap (ConkrLin®®?). In many cells there
is certainly no great discrepancy between the size of the nucleus and
the size of the spindle; but in others, particularly egg cells, there is
often a considerable difference, and there can be no doubt that much
cytoplasmic material is included in the spindle. It is well known that
orientated structures tend to eject foreign bodics, and it seems likely
that this is the cause of the absence of granules. The layer of particles
that often envelopes the spindle probably consists of inclusions that
have been extruded in this way. The tendency to eject particles may
also be the cause of the expulsion of loose chromosomes from the
spindle, and of the well known centrifugal tendency of chromosomes
within the spindle.

Recently OsterGrREN#! has made a valuable study of this and other
spindle problems, and has thrown new light especially on metaphase
equilibria. He finds that trivalents always lie nearer to that pole
with two attachments, and he interprets this as showing that chromo-
somal fibres exert a force that increases with distance (i.e. an elastic
tension) since the pull of the two fibres can only be balanced by the
pull of one when the two have shortened and the one lengthened.

The idea that chromosomal fibres are elastic attachments between
the centromeres and centrioles is an attractive one, but it should not be
accepted in too literal a sense. Together with the tendency of the spindle
to eject foreign bodies, it may explain the stability of the metaphase
plate once it is formed, but it does not explain its initial formation. It
has been suggested by DrRUNER?®1* and WasserMaNN®%2 and others that
the chromosomes are pushed on to the metaphase plate by an advancing
wave of gelation, and such an idea is not inconsistent with conditions
in many spindles, where orientated growth spreads steadily out from
either centriole. It can hardly apply, however, to those spindles where
orientated regions form round the separate centromeres, and only later
coalesce to give the spindle. In these cases it is not obvious why a meta-
phase plate is formed at all, and one might rather expect a spindle with
chromosomes distributed about at random. An observation of FELL and
HucHgs?*® derived from a phase contrast film of early metaphase in
mouse cells is interesting in this connexion. Initially the chromosomes
are distributed at random in the nucleus, while the beginnings of
orientated growth can be seen round ecither centriole. The nuclear
membrane then breaks down, and shortly afterwards the chromosomes
move suddenly and more or less simultaneously, on to the spindle
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(Plate XTI (14) ). It is difficult to see how elastic chromosomal fibres
could be attached simultaneously to widely scattered chromosomes
with the appropriate degree of tension to bring each finally into the
metaphase position.

Observations such as this suggest that the metaphase configuration
is determined by forces more complex than elastic tensions in the
chromosomal fibres, though it is difficult to suggest alternatives. A
significant point about the movements of chromosomes is their extreme
slowness. It i1s usual to envisage these movements in terms of their
appearance in speeded-up films, but in fact the rates are never more
than a few microns, and more often only fractions of a micron per
minute. Rates of this order of magnitude are quite incompatible with
the existence of tensions as ordinarily understood. They are, however,
of the right order for the building up and breaking down of orientated
structures. It seems more likely therefore that the metaphase configura-
tion is brought about by the forces of aggregation at work between the
various hydrated fibrillar systems combined in the spindle. In trivalents,
the existence of two orientated systems on one side of the chromosome
and only one on the other, would presumably upset the normal balance
and might account for OsterGrEN’s findings. The observation of
Hucues and Swann?% that metaphase chromosomes in chick cells
move very slowly up and down the spindle on either side of an equili-
brium position may also be relevant to such an idea. Elastic fibres
should not give rise to such a slow movement, whereas shifts in the
precise patterns of orientation in the spindle might conceivably do so.

Although in one respect there seems to be a case for regarding the
metaphase spindle as a complex dynamic system, in another respect it
is certainly static. Having grown to a certain size in prophase, it
remains so throughout metaphase, whether this lasts for only a few
minutes, or for a much longer period. Chick cells in tissue culture for
instance, may stick in metaphase for hours; some marine eggs are shed
in the metaphase of the first maturation division, in which condition
they remain until they are fertilized. In no case, however, does the
metaphase spindle show any tendency to increase in size, and as regards
the intake and orientation of new material, it is clearly in a state of
equilibrium.

With the start of anaphase, this equilibrium is upset, and the bire-
fringence of the spindle declines as the chromosomes move apart. This
drop in birefringence was first noticed by ScumipT,?%! 252 and was
interpreted by him as being due to a contraction of the extended protein
elements of the spindle. An essentially similar view has been put for-
ward by Swann,?%% who has made a quantitative study of the pheno-
menon. He finds that the drop in birefringence starts from the equator
of the spindle, and moves towards each pole; it then spreads outwards
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through the asters. He concludes that the precise pattern of these
changes can only be accounted for by supposing the chromosomes to be
responsible, most probably by the liberation of some active substance.
If the drop in birefringence is really caused by the release of an active
substance from the chromosomes, and if it involves the contraction of
the spindle fibres, it follows that the chromosomes bring about of their
own movement. A number of cases are now known which clearly
demand a degree of chromosome autonomy (ScHRADER®®%'), but as
CornMaN?%5 has pointed out, no existing scheme, except perhaps that
of BELAR?S provides any mechanism for it. In theory at least, SwanN's
suggestion seems to allow for this possibility.

The objection is often raised against a traction mechanism, that there
is nothing for the chromosomal fibres to pull against. Some authors
have tried to overcome this difficulty by supposing the centrioles to be
anchored to the cell walls, or to the bulk of the cytoplasm, and in those
cells that contain asters this seems not unreasonable; but it is question-
able whether any such mechanism is necessary. The spindle is known
to be an appreciably rigid body, held together at either pole by cen-
trioles, or possibly by the type of forces operative in tactoids. In either
case, it contains, besides the ‘chromosome fibre’ material, considerable
amounts of ‘continuous fibre’ material, and there is no reason why
this interstitial component should not act as the necessary brace against
the contraction. The rates of chromosome movement are so slow that
the forces involved must be extremely small. Such an idea receives
some support from the work on spindle elongation by Hucnes and
Swann.25 A few of their curves show a perceptible shortening of the
spindle at or just before the beginning of anaphase. This shortening is
just what might be expected if the contraction of *spindle fibres’ were
causing a slight compression in the rest of the spindle. On the other hand
the majority of their curves do not show a shortening; nor do the curves
of R1s288 267 or SwanN.255 ]t would be interesting to know if perceptible
shortening occurs more often in those spindles where the chromosomes
are large, and the proportion of ‘continuous fibre’ material is small.

The extent of the contraction of chromosomal fibres is not always
easily determined. In cases where the centriole is small and clearly
defined throughout mitosis, measurement presents no great problem;
but where the centrosomes are large and ill defined, as in the sca-
urchin, it is more difficult. In Table IV that follows some figures are
given for the extent of this contraction, measured from the centre of the
centriole or centrosome. In no case is the contraction particularly large
compared with that of smooth muscle, which may contract down to
about one-tenth of its extended length.

Curves of the anaphase movement of chromosomes have been
obtained by a number of workers. HugHEs and Swann®% found-in the
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chick, that the rate of separation fell off steadily (Figure 44). However,
Ri1s*7 found an initial sigmoid inflection with the spermatocytes of
Chortophaga, and HucHEs and Preston®®8 found a similar inflection with
Amphibian cells. It is hard to know what significance to attach to these
curves. HucHes and Swann?5 pointed out that the general form of
their curves suggested a contractile mechanism, but it is questionable
how far chromosomes can be treated as bodies being pulled through a
viscous medium. The fact that both large and small chromosomes move
at the same rate, for instance, suggests that ordinary dynamic con-
siderations may not be relevant. It is clear, however, that it would be
difficult to account for any of the curves on the basis of a repulsive force
between chromosomes. If Swann’s hypothesis about the cause of
chromosome movement is correct, the velocity, though depending to
some extent on the response of the contractile elements, will be largely

Tapre IV. EXTENT OF CHROMOSOMAL FIBRE CONTRACTION

— -— e e e e —— e

Contraction

Maierial (length at metaphiase/length al
anaphase)
Psammechinus egg (Swaxn, unpublished) 35
Chick tissue culture cell (Hucnes and .
Swann®s3) 45
Chortophaga spermatocytes (Ris?®7) 4045
Tamalia Primary spermatocytes (Ris*5%) 20
Protenor Primary spermatocytes (Ris?®¢) 50

determined by the rate of release of the active substance. If this is so,
it is of doubtful value to search for any mechanical significance in such
curves.

It is well known that chromosome separation is due not only to a
contraction of the chromosomal fibres, but in some cases, to a general
elongation of the spindle as well. R1s2% 267 recognizes that in most cells,
anaphase movement is due to a combination of the two. The idea that
chromosomes may be pushed as well as pulled apart is an old one. It
forms part of several theories of mitosis, in particular that of BELAR,
who postulated in his earlier papers a definite body, the ‘Stemmkorper’
which forces the daughter groups apart. Ris, however, maintains that
growth is nowhere localized.

If a spindle is to elongate it must either take in new material, or, if
the volume remains constant, 1t must become thinner. Only the observa-
tions of BELAR?® give any indication of thinning, and there is no doubt
that the spindle normally increases in volume as it lengthens. Curves of
elongation, taken from the data of Ris,?*%” HucHEs and Swann,?% and
Swann,*55 all agree in showing that it remains more or less constant in
size at metaphase, whereas it grows rapidly during anaphase. The
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spindle, having previously been unable to take in new material, is
suddenly enabled to do so. An exactly similar state of affairs was
observed by Swann2%% in the asters of the sea-urchin egg. Having been
constant in size throughout prophase and metaphase, they start growing
rapidly in anaphase.

Anaphase evidently involves a drastic change in the capacity of the
cytoplasm to aggregate and orient. SwanNn?% has related this to the
release by the chromosomes of a second active substance, with rather
different properties from the one responsible for the decline in bire-
fringence of the spindle. The argument for postulating a second sub-
stance, however, is not easily summarized, and the reader is referred
to the original paper for details.

For whatever reason, the spindle does take in new material at ana-
phase; it remains to decide how it does so, for growth of the spindle
would be expected to lead mainly to an increase in diameter, whereas
in fact there is only an increase in length. This, like many other
properties of the spindle, can probably be explained in terms of
a hydrated system of asymmetrical particles. Such particles tend to
aggregate lincarly, but for reasons discussed earlier, a certain curva-
ture is imposed on them in the spindle. If extra material is then
taken in, as the result of some change in the conditions governing
aggregation, the spindle will tend to acquire a greater curvature. This,
however, will be opposed by the tendency towards linear arrangement
of particles. Providing that internal rearrangement can take place (and
for a highly hydrated system this is almost certainly the case) a new
equilibrium will be established, and the spindle will elongate. It might
be expected that the original curvature would be restored, though in
fact the spindle at the end of anaphase 1s usually less curved than at
metaphase (p 132). Presumably therefore there must also be an in-
crease in the forces tending towards linear arrangement; in view of
the increased tendency to aggregate new material this is not unexpected.

Many different factors must be involved in the growth and elongation
of spindles. The strength of the various forces involved in aggregation,
the nature of the centrioles, the size, shape and degree of hydration of
the molecules and micelles taking part may all be important. It is
possible, however, to make one or two rough guesses at the behaviour
of elongating spindles. It is likely, for instance, that strongly curved
spindles will elongate more than those that are long and thin. In the
case of four spindles for which data are available, this seems to be
true (Table V).

The relative sizes of the metaphase spindle and of the whole cell must
also influence the degree of spindle elongation. In most somatic cells,
for instance, the metaphase spindle more than half fills the cell, so that
the amount of new material that can be incorporated inevitably limits
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its elongation. In Amoeba on the other hand, the metaphase spindle is
only about one-fifth the diameter of the cell, so that very considerable
amounts of {resh material can be taken in. The extent of the elongation
is, in fact, about fivefold (see figures in LIESCHE29),

Spindles and tactords

A discussion of the spindle in terms of a hydrated system of elongate
particles, inevitably raises the question of the tactoid hypothesis
(BERNAL?7?), A tactoid is not only the name given to the lenticulate
aggregates in tobacco mosaic virus solutions, described by BernaL and
FankucheN,*™ but to any similar body, provided it has a corresponding
internal structure (not all lenticulate crystals do). This is a wide defini-
tion which certainly covers the spindle, and frequent statements can be
found that ‘the spindle is a tactoid’. Such assertions, however, when the
definition of tactoids is so wide, are not particularly illuminating. The

TasLe V.

RELATION BETWEEN SPINDLE CURVATURE AT METAPHASE
AND SFINDLE ELONGATION IN ANAFHASE

Cirrpaltire Elongation
Material (measured as  (anaphase length|
breadih (length)  metaphase lengih)
Sea-urchin (Swann, unpublished) o- 1°2

Chick lis-s:egg::ullure ccl.lp (Hucnes and - 2
SWANNTH) 0'5 140
Chertophaga Primary spermatocyte (Ris**7) n-zg 142
Chortephaga Secondary spermatocyte (Ris?57) o 1'50

nced is rather to find out whether the spindle has any properties in
common with tactoids, and whether a general study of these bodies
can throw any light on the spindle. These are questions that have been
consistently shirked by cytologists.

The only tactoids that have been much studied are those of tobacco
mosaic virus, which first led BErnaL to put forward his hypothesis.
These are birefringent, lenticulate bodies that form spontaneously in
the lower layers of tobacco mosaic virus solutions. X-ray diffraction
studies show that they consist of particles about 150A across, and some
ten times as long, separated by an amount of water that depends on the
strength of the solution and on the ions present. The particles are
arranged lengthwise in the tactoid, but conform to the lenticulate
shape. The tactoids have a general tendency to grow; small ones are
thin and needle-shaped, larger ones are longer and relatively thicker.

BernaL and FANKUCHEN®T! examined in some detail the reasons for
their characteristic shape. Because of the wide separation between the
constituent particles, they concluded that simple primary and secondary
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valence forces could not be responsible and they suggested that the
structure is held together by long range forces generated by the ionic
atmosphere round each particle. The shape appears to be due to a
compromise between the tendency of the highly asymmetrical virus
particles to produce linear aggregates, and the rounding-up tendency
of the surface tension at the edges of the tactoid.

The familiar ‘positive’ tactoids are not the only form of aggregate
to be found in these solutions. There are also lenticulate cavities or
‘negative’ tactoids within more or less uniformly orientated masses of
virus solution, and various other aggregates, regular and irregular.

Since both spindles and tactoids are similar in shape, and consist of
asymmetrical elements that give rise to birefringence, BERNAL suggested
that the parallel between the two structures might be a close one. He
went on to suggest that since they both have a tendency to elongate, the
study of tactoids might throw light on the anaphase separation of
chromosomes. He also made a few tentative suggestions about the
possibility of the chromosomes generating negative tactoids, which
grew in size at the expense of the spindle, and in so doing, moved the
chromosomes to the poles, and disorientated the whole mitotic structure.
These ideas, however, have seemed too speculative to be of much value,
and as a hypothesis of anaphase movement, the tactoid hypothesis
has met with considerable criticism (ScHRADER®® 2™}, On the other
hand, the spindle is still often referred to as a tactoid, and it is a question
of some importance to decide whether such a comparison has any
justification. The three points of similarity between spindles and tac-
toids have already been mentioned. It remains to discuss the points of
difference, which are more numerous.

Tactoids consist of large asymmetrical particles which are all more
or less identical, and give rise to extremely well defined X-ray patterns.
The nature of the particles within the spindle is uncertain, and X-ray
diagrams have yet to be obtained. In such protoplasmic structures as
have been examined by this means, however, the X-ray patterns are
very diffuse, and there is no evidence for precisely arranged particles of
constant size.

The forces holding the virus particles together are long range ionic
ones. As a result, tactoids are extremely labile, and can be disintegrated
merely by shaking. For this reason they cannot, of course, be fixed.
Spindles and protoplasmic structure in general, on the other hand, are
certainly held together by secondary valence forces, and probably by
primary valence forces as well (FREv-WyssLing®™). In consequence,
they are far more robust than tactoids; spindles, for instance, can be
pushed round the cell, or even squeezed out of it (Foor and Stro-
BELL27?*), and they can be preserved by fixation.

Whereas tactoids grow and fuse with great ease, spindles and asters
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apparently do not. Every spindle is the product of a number of definite
orientating centres without which it cannot form., Tactoids, on the
other hand, have no centres.

The shape of many spindles, as was discussed earlier, can be explained
by the action of the two centrioles; but in many cells, particularly those
of the higher plants, centrioles are apparently absent, and in these cases
tactoid forces may be involved. It is by no means certain, however, that
centrioles are really absent in plant cells, while in a number of cells
where centriolar activity is undeniably absent, the spindle poles remain
permanently diffuse. It is not certain, therefore, that the char-
acteristic shape of the spindle is necessarily due to the same effects as
the shape of the tactoid.

Since spindles only form from a number of orientating centres, they
show a different pattern of early growth from tactoids. Whereas small
tactoids are needle-shaped, spindles form in a number of ways, none of
which resembles the growth of a tactoid except perhaps the small
acuminate spindles that form round individual chromosomes in species
such as Acroschismus (HucHES-ScHRADER®™). Since tactoids do not
possess orientating centres, they never, of course, produce asters.

Once again, as the result of orientating centres, the internal structure of
the spindle is complicated by regions of greater and lesser birefringence.
Except for the rather doubtful possibility that tactoids may contain
within them negative tactoids, there is no reason to suppose that the
internal structure of the tactoid varies from point to point, and con-
siderable reason to suppose that it does not.

Even the similarity between the two bodies as regards birefringence
is superficial. The polarized light photographs given by BErnaL and
FankucHEN show that tactoids are umiformly bright, whereas spindles
are always less birefringent at the equator. The reasons for this have
heen discussed by Swann®* and briefly also in the present section. It
must be due either to a thinning out of sub-microscopic fibrils or to a
change in molecular and micellar arrangement. Neither of these effects
is to be found in the tactoid.

Finally, there is the question of the lengthening of the spindle in
anaphase. Whereas the tactoid grows markedly thicker as it elongates,
the spindle does not. Measured from the photographs of BERNAL and
FankucHEN, the smaller tactoids appear to have a ratio of length to
breadth of 4:1, which decreases to about 2:1 in the larger tac-
toids. From the evidence of Ris,?*® HucHes and Swann?%® and
Swann®84 255 jt appears that the metaphase spindle has a length to
breadth ratio of between 1-5:1 and 2:1, while in late anaphase
this ratio rises to between 2:1 and 3:1.

If the differences between spindles and tobacco mosaic virus tactoids
have been unduly laboured, it is only because they have not been
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made sufficiently clear in the past. It should now be evident that
there are very considerable differences, which arise mainly because
different particles are held together by unlike forces in the two cases;
in one, moreover, the structure is built around a number of definite
orientating centres, while in the other it is not. It might be argued
that although there are differences in detail between the two systems,
nevertheless spindles fall within the definition of tactoids given
earlier, and the general nature of the forces that govern the patterns of
aggregation is the same in both cases. This may be so; but if the tactoid
hypothesis has to be whittled down to such vague generalities, it
becomes doubtful whether it is worth having. In short, while it is not
incorrect to call the spindle a tactoid, providing the definition of
tactoids is wide enough, there is little point in doing so.

GENERAL CYTOPLASMIC CHANGES DURING MITOSIS

It is probably safe to say that all activities and features of a cell are
affected by mitosis, The visible changes are most marked in non-
spherical cells, which lose their characteristic shape and become
rounded during division. This is seen in columnar epithelia, as in the
gut wall of the lower vertebrates (CoHeEn and BerrILL®"®) and to a
variable extent in the flattened fibroblastic type of cell in tissue culture,
where the angular prolongations of the cell are withdrawn, leaving
behind fine filaments which connect one cell with another; at the
same time, the cell increases in thickness. These changes proceed
slowly during prophase, but when the nuclear membrane suddenly
disappears at the end of this period, there is an equally rapid rounding
of the whole cell.

During mitosis some specialized functions both of the external surface
and of the cytoplasm are suspended. Cilia are lost from the epithelial
cells of the frog oesophagus (KinpreD*7%); in the hypotrichous ciliates,
all the motor organelles are resorbed during fission and two new sets
are formed in the daughter individuals, This fact was realized by
STEIN®T7 in 1859; CALkiNs®78 is of the opinion that similar events occur
in all the main group of the Protozoa. CLEVELAND?®'® has described
the complex events which occur during cytokinesis in flagellates such
as Holomastigotoides where the daughter nuclei separate as the spiral
flagellar band to which one nucleus is attached unwinds round the
organism (Figure 4g9).

The changes at the surface of Acanthamoeba during division are
described by Comanpon and pE FonBruUNE?® in these terms: “ce n’est
qu'immediatement avant la mitose qu’elle cesse de se nourrir et de
ramper. Alors son contour s’arrondit et se hérisse de nombreux, courts,
et fins pseudopodes qui sont de moins en moins mobiles’.
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The pulsations of the contractile vacuole cease during anaphase, and
are resumed in telophase. In Amoeba proteus during metaphase, fluid
is actually reabsorbed from the contractile vacuole into the cytoplasm
(CHALELEY?280%),

Within the intestinal epithelial cells of the frog, the secretory granules
disappear during mitosis (Conen and Berrirp275), The long filamen-
tous mitochondria of fibroblastic cells in tissue culture are changed into
short rods; in the malignant cells studied by Luprorp et ali*®! the
mitochondria are normally short, but they become granular after the
nuclear membrane has broken down at the end of prophase. At that

Figure 49 Early telophase in Holomastigotoides tusilala x 2100. From

CLEVELAND™® (By courtesy, Trans. Amer. Phil. Soc.). Showing separation of

daughter nuclei by the unravelling of the 5th spiral band, to which s
attached the smaller nucleus.

time, according to these authors, the mitochondria ‘are seen to have a
peripheral layer of nucleic acid. The cytoplasm itself contains little or
no absorbing material. It appears to have been deposited on the sur-
face of the mitochondria’. In dividing cells of several tissues, DAL-
ton%¥1* finds that the mitochondria decrease in either number or
size during prophase or metaphase. The osmophilic Golgi material
disappears entirely in hepatoma cells during mitosis. In the pollen
mother cells of Lilium, the cytoplasmic lipoidal granules aggregate
during metaphase (SAKAMURA ;252 KaT6%83), Similar changes are des-
cribed by PEKAREK®# in the cytoplasm of the end-cell of the rhizoid of
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Chara during this period of mitosis. Protoplasmic streaming within the
staminal hair of Tradescantia ceases (SCHAEDE,285 KAT6%%%); BARBER?S®
states that ‘at metaphase and early anaphase the “boiling” of the
protoplasm as seen in the (cinematograph) films of prophase stops
completely’. The internal motion of the cell is later resumed.

It is well known, though as yet inexplicable, that some of these
changes resemble the responses of the cell to injury; cell permeability
is apparently increased in both instances, though observations of this
change in cells during mitosis are largely restricted to marine eggs.
That the heightened sensitivity of dividing cells to external agents
cannot be due to this cause alone, however, is sufficiently demon-
strated by their response to radiation.

Permeabilily

Several methods have been used to demonstrate these variations in
permeability of the egg. The most extended study in this field is that of
HerrLANT,®8" who among many other experiments, followed the
permeability of the Paracentroius egg to water by plasmolysis in hyper-
tonic sea water. LiLLIE®®® studied the resistance to cytolysis by
hypotonic media, while Harvev®$? allowed eggs of Toxopneustes to
take up neutral red, and then followed the penetration of sodium
hydroxide by the change in colour of the indicator. Most workers have
studied the susceptibility to various agents by exposing separate
batches of eggs thereto for a short time at different periods after fer-
tilization, and have then observed the extent to which the eggs in each
batch continued development. In this way were examined the effects
of ether (SpauLDING®®), cyanide (MaTHEws®*!), higher alcohols
(BaLpwin®??) and ethylene glycol (STEwarT and Jacoss®%), Suscepti-
bility and permeability are not necessarily directly related, but their
correlation may be admitted from the agreement between results
obtained by the different methods. In the eggs of Arbacia, Toxopneustes,
and Paracentrofus, soon after fertilization permeability is generally high;
this later decreases and remains low during the early part of the first
" mitosis. Just before cleavage, the permeability sharply rises, and equally
rapidly decreases again when cytoplasmic division is complete. In other
eggs, however, these generalizations do not seem to apply. Less clear
cut results in Asterias were found by MaTHEWs®*®! and by STEwArT and
Jacoss;2® Suapiro®? finds a very slight increase in permeability to
water of the egg of Chaetopierus after fertilization, and a marked decrease
in that of the frog is described by KrocH et alii.2%¢
I have only been able to find one instance of a research on the per-
meability of any other type of cell during mitosis, STERN?%® studied the
penetration of sucrose into isolated pollen mother cells of Trillium.
These were placed in a 1-5 molar solution, and became plasmolysed ;
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they recovered from this state as the solute entered the cells, and the
inverse of the ‘deplasmolysis time’ was used as a measure of the rate
of penetration (Figure 50). In the early mitotic divisions of these cells,
permeability to sucrose is at a maximum during metaphase and appears
to fall during anaphase. During meiosis, STERN finds that in the pre-
leptotene stages, sucrose enters so readily that plasmolysis cannot be
induced by this solute. Further investigations of this kind would be of
much interest, particularly if another means of measuring permeability

)
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Figure 50 Permeability changes during
mitosis of pollen cells of Trillium erectum.

| Time for deplasmolysis in sucrose solu-
.-"'. tions (inversely proportional to per-
B i meability) plotted against stage of
,-r"_'-f g mitosis. @ 1-0 Molar; g 1-5 Molar.
: From STErN®** (By courtesy, Trans. R. Soc.
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were also used. The deplasmolysis method is not entirely without
objection (WEBER?®7), SHIMAKURA?® found that sucrose very readily
enters the pollen mother cells of Tradescantia.

Viscosity

The implications of these variations in permeability we shall later
discuss in relation to our next topic in mitotic physiology, namely the
changes in protoplasmic viscosity within the dividing cell. There are
numerous descriptions of a decrease in the viscosity of cells at different
phases of mitosis, based either on the centrifugation of readily stratifi-
able cells, or the observation of changes in the extent of Brownian
motion of cytoplasmic granules. A third method relies on subjective
impressions of cytoplasmic fluidity during microdissection. Most
observers agree that viscosity is low during metaphase or anaphase.
HEeiLBrunn2?® maintains that in the eggs of Arbacia and Cumingia and of
Chaetopterus (HErLBRUNN and WiLson®®) ‘the appearance of the mitotic
spindle is preceded by an increase in protoplasmic viscosity and is
followed by a decrease in protoplasmic viscosity’. He says ‘it is as though
the spindle were coagulated out of the protoplasm’. Fry and Parks®"!
put the minimum in Arbacia and Cumingia at an earlier point; their
results are more in agreement with the subjective observations of
CHAMBERS.?02 303 To the criticisms of FrRy and Parks, HeiLBrunn has
replied with some acerbity (Hemwsrunn and Wirson®®), It is probable
that the difficulties of timing the mitotic cycle in marine eggs are
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responsible for these differences in results. A minimum viscosity at
anaphase is found by Carvrson®® in the grasshopper neuroblast, and
between metaphase and anaphase by Ka16%® in the pollen mother
cells of the lily; the results of these two workers were based on observa-
tions of Brownian movement. KostorF®® centrifuged the flower buds
of Nicotiana and finds that here also the minimum wviscosity 1s between
metaphase and anaphase in both of the meiotic divisions. ZIMMER-
MANN3®® places the minimum in the Alga Sphacelaria at metaphase.
LeEw1s?05* states that in the ova of vertebrates the movement of granules
in the cytoplasm markedly increases during prophase.
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Figure 51. Cytoplasmic viscosity at various points (Figure 25) in the neuroblast
of Chortofhaga viridifasciala during mitosis, judged from observations of
Brownian movement. From Carvson®™ (By courtesy, Biol. Bull.).

The measure of agreement between these various observers is more
noteworthy than are their points of difference. It is to be expected that
the general viscosity of a sea-urchin egg would rise in late anaphase
when the asters are attaining their full size; it is not obvious why there
should be a similar increase in a plant cell without asters and in which
the cell divides by a wholly different method. Centrifugation gives an
indication of general cytoplasmic viscosity; in the grasshopper neuro-
blast Carrson®* find that Brownian movement becomes more pro-
nounced during anaphase at each of six sites in the cell (Figure 51).
The absolute values of viscosity which are compared by these two
methods are probably of the same order; they refer to the lower end of
the whole range of protoplasmic viscosities. The centrifugal forces
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used in these stratification experiments vary from 490 X g for 15 minutes
(KosToFr®%) to 12,065 X g for 20 seconds (Arbacia, Fry and Parks®"),*
whereas Beams and King®7 found that as much as 150,000 X g for
10 minutes was necessary to distort the contents of the cells of chick
embryos; under these conditions both dividing and resting cells were
equally affected. In preliminary experiments in which the magnetic
particle method of Crick and HucHEs®®® was applied to chick cells in
culture, there seemed to be no regular differences in protoplasmic
consistency between cells in interphase and mitosis.

It has long been customary to relate these and other changes in
living protoplasm to reversible gelation; in this way some of the general
concepts of colloid chemistry have been applied to living material both
in relation to the dividing cell and to protoplasmic activity such as
amocboid movement. The physiology of mitosis has been discussed in
these terms by SPEx3? for example, and by Bujarp.?'® The study of
the effect on these changes of applied hydrostatic pressures by Mars-
LAND, Brown and Peask has lifted this subject from a purely descriptive
phase into one of experimental analysis, and has enabled these workers
for instance to distinguish between different types of sol-gel equilibria,
according to whether volume changes are involved therein, The effect
of applied pressure on such equilibria can be deduced from the principle
of LE CHATELIER. (General reviews of this field are given by Mars-
LH.HDHI'I 311;.}

Pressures of the order of thousands of atmospheres reversibly inhibit
such biological activities as amoeboid movement, protoplasmic stream-
ing in plant cells and cell cleavage. As far as can be judged from the
available evidence, however, other features of the mitotic process are
not uniformly affected to the same extent. MarsLAND?® states that if
the first cleavage is suppressed in the egg of Paracentrotus, two nuclei
are afterwards found within the undivided egg; during the next cleavage
period such an egg divides into four blastomeres if the pressure is
released. There must thus be some anaphase movement of the chromo-
somes under pressure although cleavage is prevented. PEase®?® found
that the fibrous structure of the asters and spindle disappears in eggs
of Urechis when fixed after the application of 210 atmospheres, but at
this pressure, the chromosomes still move in anaphase, though at a
much retarded rate. They often then coalesce into vesicles and Pease
suggested that this effect on the chromosomes is due to liquefaction of
the sheath. The same author (Pease®4) later found that the spindle of
the pollen mother cells of Tradescantia can be reversibly solated by
pressure. The salivary chromosomes of the Drosophila larva are appar-
ently insensitive to hydrostatic pressure (PEAsE and REGNERY318),

* The changes in consistency of the gelated cortex of the sea-urchin egg will be discussed
in the pages that follow.
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Cortical changes

The cortex of the sea-urchin egg is a structure of great importance
and interest. By studying the effects of temperature and high pressure
upon it, MArsLAND?® has shown that cortical gelation is an endother-
mic process, and the energy needed for cleavage is stored in the gelated
cortex previous to this period of mitosis.* It is to be hoped that Mags-
LaxD will tell us whether the same is true of the mitotic spindle.

In the Arbacia egg, the pigment granules migrate into the cortex
within ten minutes after fertilization (HArveEY®'?) and are not displaced
therein by the centrifugal forces which suffice to statify the yolk
granules in the inner zones at ordinary pressures. MARSLANDs326
observations on this point show that at the equator the cortex is
especially rigid:

Although it is evident that the plasma gel over the entire surface of the egg
undergoes a setting process just prior to and during cleavage, some evidence has
appeared . . . which indicates that a maximum rigidity 1s present in the equatorial
region. When eggs are centrifuged for a long period ( 10 minutes) at 68 atmospheres,
there is some tendency for the pigment granules of the poles to be dislodged cen-
trifugally, whereas those in the equatorial region remain fixed. This leaves a
fairly conspicuous pigment band girdling the equator of the egg.

Cornxman and Cornman®™ suggest that a “furrow-determining sub-
stance’ released by the nucleus at the end of prophase is carried in a
nearly symmetrical pattern to the cell cortex’. The plane of the cleavage
furrow may be determined at a time even before this, for E. B. Harvey31 8
found that if the nucleus of the egg of Parechinus was displaced by
centrifuging at a stage before the dissolution of the nuclear membrane,
the egg cleaved nevertheless in a plane through the original poesition
of the nucleus.

In an apparatus described by Brown®'® eggs can be centrifuged
while under pressure, and in these circumstances the pigment granules
in the egg cortex can be displaced, both at the equator and elsewhere.
Brown has compared the readiness with which they move at various
times after fertilization, and has constructed a cortical viscosity
curve at 408 atmospheres which can be compared with that of
HeiLeruny for the inner zones at ordinary pressures, for which the
absolute rigidity is enormously lower (Figure 52). The interesting fact
emerges from this comparison that there is an increase in cortical
rigidity some time before the rise in general viscosity during cleavage;
before and during cleavage therefore, when permeability of the surface
is high, the cortex of the egg is especially stiff. It is of interest to com-
pare this state of affairs with that which immediately follows fertiliza-
tion, where again permeability is high, and the whole egg has become

* ZeuTHENY® has shown that when cleavage is in progress in the I:Ep_omemn&ﬁm; and

U'rechis, the rate of oxygen uptake is then decreasing. It rises again during the next mitotic
cycle.

139



THE MITOTIC CYCLE

comparatively rigid. Mirsky®? finds that the proportion of protein
soluble in molar potassium chloride within the egg is decreased on
fertilization from about 83 per cent to about 70 per cent; this is cor-
related with a decrease in the proportion of bound calcium by about
15 per cent (Mazia®29), This observation forms part of the evidence
for a general theory of protoplasmic stimulation which has been
advanced by Hemwerunn and his colleagues (HeLBrUNN®*), some
comments on which have recently been made by DamEerLLi®**
According to this theory, the reaction of the living cell to a stimulus is
to release calcium from the cortex into the interior, where the height-
ened concentration of this ion provokes an increased viscosity, which
HEILBRUNN calls ‘protoplasmic clotting’. The effect of calcium in
decreasing surface permeability is well known. This general theory has
been developed by HerLsrun in relation to the effects of various stimuli
on amoeboid movement, on protoplasmic streaming in plant cells, and
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on muscle and nerve fibres. The evidence is most detailed for the
stimulus of fertilization, and it is tempting to inquire whether similar
events occur during division of the egg cell. There are close analogies
between the events which follow fertilization and those which occur
during the later stages of mitosis, in respect to the astral cycles, the
changes in viscosity and permeability, and also in the birefringence and
light scattering properties of the egg membrane (Swann and MiTcHi-
sonN®22), The refractive index of the whole egg, according to ViLEs®®
falls after fertilization, and rises to a maximum just before cleavage
(Figure 53). Oppo and Esposito®** have shown that an uptake of
potassium follows fertilization in both Arbacia and Paracentrotus. This
event is followed by a loss of this ion, which again is succeeded by an
uptake reaching a maximum immediately before cleavage.
Hemsrunn and Wirson®# have proposed the generahzatmn that
protoplasmic clotting is the primary cytoplasmic change in mitosis
and have observed that heparin prevents both mitotic gelation and cell
division in the eggs of Chaetopterus. To this subject we shall return in a
later chapter (p 194). It would be of interest to know whether any
change in the proportion of free and bound calcium occurs at cleavage,
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for Mazia3*® did not extend his observations beyond fertilization.
Mirsky states that there 1s no further change in the solubility of
the egg proteins for two hours after this point. However, one piece of
evidence of some importance can be cited. SHAPIRO?® has shown that
Arbacia eggs undergo cleavage more rapidly in the absence of calcium
in the medium and more slowly when an excess of this ion is added.
This observation is thus consistent with the view that calcium is
normally withdrawn from the surface of the egg before cleavage.
In other types of cell, the order of events may well differ from those in
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Figure 53 Changes in the refractive index of the whole egg of the sea
urci.in, from fertilization to the 1st cleavage. From ViEgs.3*
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the egg; the evidence from plant cells, such as it is at present, does not
suggest that during the mitotic cycle a high internal viscosity coincides
with an increased permeability.

Cleavage in animal cells

The part played by the gelated cortex in the cleavage of the egg cell
has received prominence in recent years.

ScHECHTMAN?? showed that in the eggs of the Newt Triturus torosus,
the first event in cleavage is an equatorial infolding of the egg surface;
this was demonstrated by the fact that marks made on either side of the
equatorial great circle were invaginated within the egg (Figure 54). The
cortical furrow which is formed grows by the gelation of subcortical
cytoplasm which flows beneath the cortex into the equatorial plane.

* The Nematode egg appears to provide a remarkable combination of an impermeable
surface with a cleavage ‘uniquely resistant to the effects of hydrostatic pressure’ (Pease and
MarsLAND*™ with reference to Ascaris),
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Such streaming movements, demonstrated by the movement of gran-
ules, were observed in the eggs of small Nematodes* by voN ERLANGER™!
in 1897 and in several other eggs by Spek.%32 They were believed until
recently to be analogous to the streaming movements seen at the
surface of an oil-drop when the surface tension is locally lowered. This
analogy was the main evidence for the theory that cleavage of the cell
was caused by a decrease in surface tension at the cleavage furrow.
It is now, however, certain that the surface of living cells is not a liquid
protoplasmic interface, and evidence from a number of sources has
shown that the tension at the cell surface is very low indeed; this
evidence is admirably reviewed by DanieLLr.3® The streaming move-
ments in the egg at cleavage are now regarded by SCHECHTMAN®®®
ﬁf\fm&.j; furrow
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Figure 54 Two stages of the ingrowth of
the cortex of the egg of Trilurus lorosus
during cleavage, revealed by experi-
ments with vital stains. Cortical pigment
black, remainder of cortex white; sub-
cortical cytoplasm cross-hatched. The
letters indicate the same sites in the
cortex at cach stage. From ScHECHT-
MANY*? (By courtesy, Science).

and by Moromura®4 to be located below the gelated cortex. At the
egg surface, movement on a lesser scale does occur. DAN et ali;335 336 337
have shown that in several eggs at the time of cleavage a wave of
expansion spreads from the poles of the surface which is most marked
in the cleavage furrow (Figure 55). Swann and MircHison believe
that this expansion begins at the poles because an active substance,
released from the chromosomes in anaphase, first reaches the cell sur-
face in these areas (p 127). The cleavage of the egg is thus a complex
process, involving the co-operation of several events, the relative
importance of which may well vary from species to species. GRAY (1931)
was of opinion that the growth of the asters played a large part, for
as he says ‘any irregularity in the size or position of these structures
is invariably accompanied by an irregularity in the form and position
of the cleavage furrow.” PAINTER®? found that if the formation of
the asters in the Arbacia egg were suppressed by the action of phenyl
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urethane, cleavage subsequently did occur, but only in an extremely
irregular fashion. In the delayed and irregular cleavages which follow
the inhibition of the spindle of sea-urchin eggs by podophyllin, however,
Cornman and CorNMAN3L™ conclude that ¢ furrow * activity maintains a
relationship with chromatin and not with ‘asters’. In the sand dollar
(Echinarachnius), Fry,*® compared the behaviour after activation of
nucleated and enucleated halves of the egg, and showed that the asters
divide and form a spindle only when they are in contact with chromo-
somes and that cleavage is always extremely irregular in an enucleated
half. DarLco®® succeeded in depriving some of the achromatic figures in
Frog’s eggs of all chromosomes by first treating the sperm with trypa-
flavine, which renders the male chromosomes incapable of division after
fertilization, and then cauterizing the animal pole of the egg to eliminate
the maternal chromatin. Successive cycles of ‘cinéses achromosomiales’
could occur, but these were never followed by cleavage. In Arbacia
punctulata, however, HarvEy3#! succeeded in obtaining almost normal
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Figure 55. Displacement of particles on the surface
of the egg of the sea-urchin, Mesphilia globulus
to one side of the cleavage furrow as indicated,
expressed as percentage changes. The fertiliza-

tion membrane was first removed. From Dax
et alii*™®® (By courtesy, Protoplasma).

cleavages of activated ‘red half eggs’ which had no nucleus, and observed
a cleavage furrow in the normal relation to an amphiaster. Cleavage
of enucleate blastomeres within parthenogenetic embryos of Arfemia has
been described by Gross.?# In European species of sea-urchins, Swany
(unpublished) found that only the most irregular divisions of enucleated
halves of eggs could be obtained.

In normal cleavage, the mitotic spindle of late anaphase in some way
influences the progress of cytokinesis. If, as a slight abnormality, the
spindle is placed asymmetrically and lies nearest to the cell surface at
one point, the cleavage furrow will advance most rapidly in this direc-
tion. This fact was observed in the sea-urchin egg by TEICHMANN,342
It is also true of cells in tissue culture (Plate XII (16d)), when the
advancing furrow bends the spindle before it. In the eggs of coelen-
terates, this is the normal sequence of events (Dax and Dan#),

An approach to the problems of the dividing egg unrelated to its
structural features has been made by Rasnevsky and his school of
mathematical biophysics. They postulate that the metabolism of the
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ege scts up differences in the concentration of metabolites between
various parts of the egg. Such differences result in diffusion of particular
substances; these diffusion currents in turn exert forces on the cell by
an unequal molecular bombardment and by a viscous drag. These
tend to deform the cell, while the surface forces in the membrane oppose
any changes from the spherical shape; if the diffusion forces are greater
than those at the surface the cell becomes unstable and elongates.
Elongation is followed by cell division (Bucaseaum and WiLLIAMsON?#),
From this basic reasoning, these authors derive equations for both the
axial elongation, and the equatorial constriction of the dividing egg,
and compare their theoretical curves with data obtained from photo-
graphic observations of the dividing Arbacia egg. The agreement be-
tween theory and practice is remarkably close for the elongation during
cleavage, though less so for the constriction of the cleavage furrow.
However, it is hardly possible for us to conclude that the structural
features of the egg cortex, spindle and asters do not play an essential role
in the process of division. That it is unlikely that metabolic factors alone
are predominant in cleavage is suggested by other evidence. CALLAN?S
has shown that in four species of sea-urchins from Naples, there is no
correlation between cleavage rate and oxygen consumption. According
to Moorg,*® eggs deprived of part of their cytoplasm cleave at the
normal rate; it is hardly to be expected that the concentrations of
metabolites within an egg fragment would be identical with those in a
whole egg. Several agents are known which both inhibit cell division
and at the same time increase the rate of respiration in the sea-urchin
ege (Kranr and Crowes;*7 CrLowes and Kranr'®). Meanwhile,
the results of Bucaseaum and WiLLiaMsoN remain to be explained if
they are due neither to coincidence nor to the forces which these
authors have postulated.

The geometrical cleavage of the egg seems to provide a contrast to
the type of cell division seen in such irregularly shaped cells as the tissue
culture fibroblast. This latter type of cleavage Gray3® calls ‘dis-
junctive’. The non-regular form of the dividing fibroblast is correlated
with the small size of its asters (HucHEs and Swann®?), The daughter
fibroblasts clearly separate by an active pulling apart; and the stretch-
ing of the connecting stalk between the two cells leads to a secondary
birefringence of the interzonal region of the spindle (Hucues and
Swann®9), which is not seen in the dividing egg. A further point of
difference is the characteristic ‘bubbling’ at the surface of the fibro-
blastic cell in cleavage; this, however, does not provide a fundamental
distinction for several reasons, ‘Bubbling’ can occur in a spherical cell,
as in the egg of Sabellaria during the maturation divisions (Novikorr?51) ;
the process has also been observed in the dividing spermatocytes of
grasshoppers and crickets by BAUMGARTNER.252 Secondly, the process
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extends equatorially from the poles of the cell where, presumably,
the cortex is less rigid. CHaMBERS?® states that bubbling at the surface
of the dividing fibroblast follows this course; this observation I can
confirm from frequent observation. It was shown by Jusr?7 that
Echinarachnius eggs when placed in hypotonic sea water during cleavage
burst most readily at the poles. CHAMBERS®*® finds that the sperma-
tocytes of the grasshopper Dissosteria during cleavage can be readily
provoked to extrude polar blebs by touching them at this point with a
microdissection needle; elsewhere on the cell surface this reaction does
not occur. A further point of resemblance between cleavage in a fibroblast
and in an egg is revealed in an observation of Jacosson (unpublished)
who has seen in cells in tissue culture before cleavage a narrow equatorial
band of basophilic cytoplasm comparable to the ring of cortical gel in
the Arbacia egg which marks out the site of the cleavage furrow.

Thus, although the statement of Gray®# that ‘no comprehensive
theory of disjunctive cell division has yet been put forward’ is still true,
some points of similarity with geometrical cleavage have since become
clearer. Little, however, has since been learnt concerning the most
obvious feature of the process, namely the surface ‘bubbling’ during
cleavage. Of this the present writer is painfully aware, for in the course
of demonstrating films of mitosis in cells in tissue culture to scientific
meetings over a considerable period, it has been invariable that this
aspect of the process attracts an undue share of notice, diverting atten-
tion from other points, and leads to questions to which no satisfactory
answer is yet possible.

The phenomenon was first observed by PEREMEscHKO,%3* who noticed
an amocboid movement of cell extrusions from epithelial cells of
Triton in cleavage, which he was observing in the living state. Study of
film records of the division of fibroblastic cells in culture reveals some
details of the ‘bubbling’ process. A clear bleb of cytoplasm is extruded
from the cell surface and assumes a rounded outline. For several
seconds it rapidly grows in size to a diameter of 3-5u and then the
process is reversed. The bleb decreases in size, usually at a slower
rate (Figure 56). There is a strong tendency for repeated ‘bubbling’
at the same site. The blebs grow larger as cleavage of the cell proceeds;
the largest become virtually pseudopodial expansions of the cell wall.
Treatment of the culture with any of a number of chemical agents
exaggerates the degree of bubbling, some to a fantastic extent (p 196).

It may be suggested that the bleb is formed by the escape of fluid
endoplasm through a local weakness in the cell wall, and that its
surface gelates in contact with the external medium. Outward flow
ceases when the pressure resulting from the elastic tension in the bubble
wall balances the general hydrostatic pressure in the cell; further gela-
tion of the wall will result in an excess pressure within the bubble which
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causes the contents to re-enter the cell once again, Sometimes when an
appreciable proportion of the endoplasm is being extruded into a
large bubble, the contents of one will be sucked out by the formation of
another; the older bubble will then shrink and collapse and lose its
rounded outline during the return stroke. Before any further analysis
of the phenomenon could be attempted it would be necessary to know
something of the hydrostatic pressure within the cell at the time of
cleavage.

Cytokinesis in plants

In plants, as in animals, there is no uniform pattern of cell division.
A classification of the various methods in plants by which the daughter
cells are separated is given by Yamana.35% The most usual course of
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Figure 56 ‘Bubbling” in a chick cell during anaphase and cleavage. Dimen-

sions of bubbles measured from frames of a film record. The four outlines
of the cell refer to the times indicated,
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events is that a cell plate is formed midway between the daughter
nuclei; this is formed by the coalescence of a row of granules which are
either formed, or take up their position in this plane, In the flowering
plants, it seems that it is not the anaphase spindle which forms the cell
plate, but another orientated body which succeeds it; to this the name
‘phragmoplast’ is given. According to BECkER35 3%¢ there is some
variation in the degree to which this body is distinct from the anaphase
spindle. These events in the living Tradescantia staminal hair cell (Plate
V (g p-r) ) are described by BARBER ;288

During metaphase and anaphase it is extremely difficult to make out any definite

spindle in the living cell. Whilst the chromosomes are contracting to form the telo-
phase nuclei the whole cell undergoes very vigorous cytoplasmic movements.

146



CELLS IN DIVISION

Granules appear to flow down from the poles and penetrate between the two
telophase nuclei right into the spindle region. They may show vigorous Brownian
movement. This granular state lasts only a short time (5-10 minutes) and then a
narrow secondary spindle . . . connecting the two telophase nuclei appears. It
rapidly grows in width and contracts in length, drawing the two telophase nuclei
nearer to each other. The cell plate appears in the centre of it and rapidly grows
across the cell (cell plate formation is usually complete 40 minutes after the
beginning of anaphase and takes on the average 1o minutes from its first appear-
ance to divide the cell completely.)

Darvmveron and THoMas?37 describe the abnormalities of cell divi-
sion in the pollen mother cells of a Festuca-Lolium derivative, in which
although the chromosomes are normally duplicated, at the first ana-
phase the daughter sets may be divided irregularly into two incomplete
groups, between which a cell wall is subsequently formed, although no
spindle has previously connected them. A fibrillar condition of the
cytoplasm is seen in the region where the irregular cell wall develops,
recalling the normal arrangement of the phragmoplast and cell plate.
These authors consider that ‘an orientation of the cytoplasm is in
plants generally necessary for the regular orientated deposition of
particles to make the cell wall’. In living material this orientation
probably resides at micellar orders of magnitude as is true of the mitotic
spindle, in which the microscopically visible spindle fibres of the stained
preparation are aggregated during fixation and dehydration. Ropyns358
states that the fibrous appearance of the normal phragmoplast originates
in this way.

In Spirogyra, and some other filamentous Algae, a new transverse
wall between daughter cells develops by the ring-like ingrowth of a
‘girdle wall’, The process was first described by von MonL*%? in 1837
in ‘Conferva glomerata’ (Cladophora sp.), and its duration measured by
MirrscHERLICH?*® in 1848. This form of cytokinesis superficially re-
sembles the formation of a cleavage furrow in an animal egg, but is
really a variety of the phragmoplastic method. McALLISTER*® has
described how in one species of Spirogyra the late anaphase spindle
becomes vacuolated in the interzonal region, where water continues to
accumulate within to such an extent that the structure reaches the wall
of the cell. It is then a hollow phragmoplast and becomes thickened
and striated in the region of the developing diaphragm (Figure 57).
Cell division in Cladaphora (BranD®*%?) and in Closterium (LuTMan382)
also follows a similar course.

Van WisseLingH*® showed that if the tannins of the living cells of
Spirogyra in mitosis were precipitated by any of a number of agents,
cell division was then more readily arrested than was nuclear division.
It is possible that the effect of tannins in forming electrovalent links
(Brown?%%) may play a part in the extension of protoplasmic surfaces
during the formation of the girdle wall.
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necessitates a divergent course of cytokinesis, yet, for example, a pre-
ceding period of enhanced cytoplasmic motion often seems common to
both. Circulatory streaming in the leaf cells of Elodea is sensitive to
hydrostatic pressure (MARsLAND3%5); it would be of great interest to
study the division of plant cells under the influence of high pressures
from several points of view. Possibly something more would also be
learnt about the nature of the colloidal changes involved in the first
formation of the plant cell wall.

MODIFICATIONS OF MITOSIS

In this section will be discussed examples of variation in the normal
course of mitosis in cellular organisms in which the great majority of
somatic cell divisions elsewhere follow their usual course. We shall leave
out of account the special forms of nuclear division in the Protista, of
which those in Protozoa have been so admirably and fully described by
BELAR.3%8

Changes in ploidy

First we may consider modifications of somatic mitosis in which the
size or number of the chromosomes is increased or diminished. In the
former, duplication of chromosomal material is not followed by cell
division; the least modified instance of this is where an otherwise
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normal nuclear division is not succeeded by cleavage. Binucleate cells
can be formed in this way in the regenerating mammalian liver (BEams
and Kimng ;%7 WiLson and Lepuc®®®). As such cells again enter mitosis,
the chromosomes of both nuclei join a common metaphase plate, and
after a normal anaphase and telophase, large daughter nuclei are
formed which are probably tetraploid; this process has been observed
in living spleen cells of the mouse in tissue culture by FerLL and
Hucnes®®? (Plate XI (15) ). Thus a tetraploid nucleus is formed in two
mitotic stages. A less indirect duplication of chromosomes is seen in the
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process which GEITLER3™ first described as ‘endomitosis’, which takes
place within an intact nuclear membrane. This is especially character-
istic of insect tissues in which histological differentiation is accompanied
by increase in nuclear size. In the pond skater Gerris lateralis the degree
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Figure 59 Endomitosis in the ovarian nurse cells of Drosophila melanogaster. Upper

row: a reticular, an early, and a late prophase (not all elements shown).

Middle row: similar sequence of changes, association of chromatids looser

in late prophase. Lower row: details of largest nuelei. Many hundred

chromosomes must be present in the felt-like aggregations seen in the lower
right figure. From PamnTER?*s (By courtesy, J. Roy. micr. Soc.).

of polyploidy in such large nuclei in interphase is indicated by the num-
ber of heterochromatic X-chromosomes (GEITLER ;*™ Figure 58). During
prophase these nuclei contain bundles of chromosome threads which are
inferred to be undergoing reduplication. In the nurse cells of the ovary
of Drosophila (PAaNTER and Remwporp?72) the homologous chromosomes
are closely associated (Figure 59), a condition which seems to be another
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example of the tendency towards ‘somatic pairing’ in the Diptera
(MEeTz®%), In Gerris, homologous chromosomes are usually found in
the same part of the nucleus, but there is no tendency towards a closer
association (GEITLER®*™), No further stages of mitosis are seen, and it is
therefore concluded that the reduplicated chromosomes must resume
their interphase condition after this modified prophase. GRAFL375 has
described instances of endomitosis in plant tissues; in mouse tumours,
BreseLE et alii*?® have figured nuclei with an intact membrane, within
which are fully formed chromosomes and without nuecleoli; such
nuclei they regard as endomitotic. Phase counting should reveal
whether this is a stage of some duration, as would be expected if the
view of these authors is correct, or whether it represents a brief and
variable epoch at the end of prophase.

CooPer®'" and PAaINTER?® consider that the development of the
polytene condition of the salivary gland chromosomes in larval Diptera
is to be regarded as an endomitotic process. During the larval period
in Culex, the nuclei of the ileum increase in size and their chromosomes
are reduplicated, yet remarkably enough, the resting condition is
maintained throughout (BERGER;?*7® GRELL?®®), At metamorphosis the
polyploid condition of these nuclei is revealed ; they then enter prophase
and undergo a series of ‘reduction divisions’ in which the number of
chromosomes 15 reduced successively from 48 or g6 to the normal
diploid number of six (BErGER?#! 382}, In the prophase of these mitoses,
there is again synapsis of the sister chromonemata. They contract, and
separate at metaphase into pairs; there are no chiasmata to be seen
during prophase. BERGER suggests that the implication of this observa-
tion is that ‘chiasmata in germ cells are the result of previous crossing
over, rather than that crossing over results from chiasma formation’,

Should it ever prove possible to follow these variants of mitosis in the
living nucleus, such observations would undoubtedly be of very great
interest. An adequate technique of cultivating insect tissues might
make it possible to study the factors which determine the onset of
reductional mitoses in the ileum of the larval mosquito at metamor-
phosis. It would not be easy to find many problems in experimental cell
biology of equal fascination and importance.

Amitosis

We pass now to consider the evidence for a form of nuclear division
in which the study of the living cell has not yielded so far a uniform
answer. Amitosis 1s known to occur in some cells, but many instances
where the ‘direct’ division of nuclei have been described have subse-
quently been doubted. In 1887, ArnoLD®® published a paper on the
amitotic division of living leucocytes of the frog. His technique was
an interesting one; with aseptic precautions, he inserted into the dorsal
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lymph-sac of a frog a fragment of elder pith, which became infiltrated
by wandering cells. It was subsequently removed and mounted in a
moist chamber on the stage of the microscope; the leucocytes then
wandered out and could be observed in such preparations for a period
of four or five days. ArNoLD deserves a place in the history of tissue
culture, and his experiments would be well worth repeating with the
use of the phase microscope. In his paper, ArRNOLD gives several series
of drawings of leucocytes in amitosis. Each begins when the process is
already well advanced, and both the nucleus and cell have elongated
and are constricting in the middle (Figure 60). The later stages from
this point to the separation of the two cells occupied 30—45 minutes.
It is rare for the amitotic division of a nucleus to be followed by the
cleavage of the cell; another instance where this seems to occur is
provided by the erythrocytes of Necturus, according to CHARIPPER and
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Figure 6o Stages in the amitotic division of a living Frog leucocyte. b 15 mins.;
€ 30 mins.; d 40 mins.; € 45 mins.; f 50 mins. later than a. From ArxoLp.*®?

Dawson,38 who however did not observe the process in living material.
More often, a binucleate cell results from the amitotic division of a
nucleus. This event was followed in cultures of heart fibroblasts of the
chick embryo by MackrLin®®#® 386 who found that indentation of the
nucleus was sometimes followed by its direct division. In one cell, the
extent of the indentation opposite the central body varied over a period
of more than two hours, but finally the cleft pushed right through the
nucleus and divided it into two. This event is a rare one in such cultures;
it has never been observed by the present writer. In the study by
WerMEL and PorTucALOW? on the rhythmic growth in size of nuclei in
tissue culture, one nucleus which they followed for a period of over five
hours finally divided amitotically (Figure 23). LEwis and WEBSTER®®
report that in their cultures of human lymph nodes ‘one clear case
was seen of amitotic division of the nucleus in one of the large wandering
cells’, and suggest that multinucleate giant cells may possibly originate
by repetition of this process. In order to prove from a series of nuclear
outlines in fixed material that direct division is occurring, one must be
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sure that they never otherwise can become lobulated or dumb-bell
shaped. This is certainly not true of tissue cultures, for living nuclei
can remain in such forms for many hours.

The clearest instances of the formation of binucleate cells by
amitosis are scen in glandular tissues of Arthropods where the cells
of the adult organ become binucleate at a time long past that when
normal mitosis has ceased. KATER®®? gives as examples of this the
hepato-pancreas of the Crustacean Porcellio, and the Malpighian
tubules of the cricket. Amitotic division in these tubules in the walking-
stick insect (Diapheromera) is described by MarsHALL.?%0

It has been argued that amitosis must occur in some growing tissues
because normal mitotic division is insufficient to account for the
observed rate of cell multiplication. StoucH3¥! computed mitotic
indices in the 1—3 day chick embryo, and calculated the expected
increase in the number of cells in the embryo after a given time. His
reasoning suggested that the rate of cell multiplication by mitosis was
inadequate to account for the cellular growth of the embryo, and so a
‘cryptomitotic’ modification of normal nuclear division described in a
previous paper (StoucH®*) was called upon to make up the deficit.
The main difficulty in counting mitoses in tissues such as those of the
embryo chick is to judge between nuclei in interphase and in early
prophase. Mainly for this reason, mitotic counts of different observers
vary; those of StoucH are consistently well below those of ScruLTz3%
for the same tissue and time of development. It is thus probable that a
mitotic time of one hour which StoucH used in his calculations is not
relevant to his data. He suggests that a shorter time of 27-37 minutes
would be consistent with his calculations, but rejects such a figure for
the duration of mitosis; yet it would probably be more appropriate
for the purpose.* A more incisive example of this argument for direct
nuclear division is that of the adult mammalian liver, where mitoses
are said either to be absent (MUNzER®%¢) or very rare (Brues and
MarsLE?*??). Yet the organ grows by increase in cell number, and the
frequency of binucleate cells increases (CLAra?®8). Wirson and Lepuc?®®
are of the opinion that the mitotic process in the liver cell is gradually
slurred over with advancing age of the tissue. In the young animal
there are full and typical mitosis; later binucleate cells are formed
by the suppression of cytoplasmic cleavage. Next in this series, large
nuclei arise by an endomitotic process, and finally binucleate cells are
formed in a cryptototic or amitotic manner. MacManon*? considers
that mitosis and amitosis are interchangeable in the liver.

* Woonarp? has criticized Stovch’s reasoning along the same lines. He considers that
the intermitotic period in the chick embryo may be more constant than the duration of
mitosis, Stoucn's photomicrographs of sections of his material sulggﬂgl that some of his ‘modi-
fied mitoses’ may be degencrating nuclei, which are often found in embryonic tissues
(GLiUcksMANN?®),
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Apart from the difficulty of demonstrating direct nuclear division,
the main objection to admitting that it occurs rests on the question of
how far a cell is viable if the nucleus does not contain a full comple-
ment of chromosomes. It is inconceivable that the complex procedure
of mitosis whereby two equal sets of chromosomes are formed and dis-
tributed to two equivalent daughter nuclei can also take place in a
concealed fashion during a simple constriction of the nucleus into two
portions. Yet the mammalian erythrocyte shows that some cells can
exist even without any nuclear component; generally, however, cir-
culatory cells have a limited life and no further potentialities of develop-
ment. If amitosis can occur in embryonic tissues, then the possibility
must be admitted that cells arising in such a manner can beget a
persistent lineage of other cells, which might even contribute to the
germ line. Among Western biologists, the evidence for this is not con-
sidered sufficient to overthrow the chromosome theory of heredity.
Nevertheless, rather than brush aside all observations of direct nuclear
division with a theoretical objection however strong, we should
address ourselves to further consideration of the problem of what
deviation from the normal complement of chromosomes, or ‘aneuploidy’
as BieseLE®®: terms it, can be tolerated by different cells during the
various stages of the life cycle. Early embryos soon deviate from normal
development when the full complement of chromosomes are not present
in the nucleus (PourLson®®), but there is increasing evidence that
irregular numbers of chromosomes may be found in nuclei at later
stages of development (Tmonen and THErRMANN®®Y), If more were
known on this topic, the problem of amitotic division could be more
surely approached.
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5
EXPERIMENTAL ANALYSIS

NATURE OF THE STIMULUS TO MITOSIS

It is well to make clear at the start that the chemical and physical
factors which determine the onset of the process of cell division are
completely unknown. All that can be done is to consider mitosis as one
of the events (certainly one of cardinal importance) contributing to
growth; to indicate some of the factors that appear to be implicated in
the whole complex of processes which comprise tissue growth; and to
speculate upon the question whether or not some of these factors may
act directly or indirectly as stimuli to mitosis.

The literature bearing upon such factors—variously known as
‘growth factors’, ‘growth hormones’, ‘trephones’, ‘cell division com-
plexes’ efe—is full of confusion. This can be attributed principally to
the deceptive simplicity of the term ‘growth’. Although it has been
repeatedly pointed out (e.g., by HammerT;! 2 Cunnineaam and Kirk ;?
RicHarDs and CavanacH;* MAvYER® and WEIss® 7) that the number of
meanings of ‘growth’ is nearly as great as the number of investigators,
publications on ‘growth’ still regularly appear, in which no explicit
definition is supplied.

Mitosts and growth

Growth can comprise increase in mass, volume, area or length of cells,
tissues or organisms; and any of these can take place without cell
division contributing at all. It is true that it frequently does contribute
importantly to growth in its commonly accepted senses. But, in review-
ing the literature on ‘growth stimuli’, it is often impossible to discover
whether the action studied has been on mitosis or on some other aspect
of growth, As WEiss® says: ‘the relation between cell division and growth
is by no means as close as the widespread habit of treating them
interchangeably would make it appear.” Nevertheless, serious attempts
have been made to abstract the process of mitosis or cell proliferation
from the closely related activities of tissue growth and differentiation.
If these attempts have not wholly achieved the aim of demonstrating
effects on mitosis alone, TYLER?® gives the pertinent reminder ‘that the
developing embryo, although it is not in a steady state, also exhibits
maintenance in addition to processes resulting in increase in amount of
living material (growth) and in change of form and composition
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(differentiation). That maintenance, growth and differentiation can be
distinguished conceptually does not necessarily mean that they are
distinct in the embryo’—or, it might be added, in any tissue or in the
cell itself.

Mitosis takes place in tissues in process of normal development,
repair and regeneration, and in tumours. It is probable that the basic
conditions leading to cell division are the same in all these states. So
the question why cell division happens is part of the larger problem
of why it sometimes ceases to occur. If it were understood why cell
division largely ceases in maturity, or when repair and regeneration
are achieved, it might become clearer how cells are released from this
control in tumours and, rather similarly in tissue cultures (BERRILL?).

Research on cell growth, especially in tissue culture, has often been
conducted on the assumption (stated or implied) that there is a single
growth substance or ‘growth hormone’, the addition of which to a
system otherwise favourable physically and chemically acts as ‘the’
stimulus to cell division. It is not in fact known whether such a single
substance exists. There may be one key point at which the metabolism
of the cell may regularly be altered, by the application of one special
stimulus (or perhaps one of several), in the direction leading inevitably
to mitosis. BERRILL? 1s one of those who do not regard cell division as
the result of a single, simple stimulus. On the contrary, it is ‘the climax
of a complex process of growth and duplication of a multitude of cell
components, while inhibition of the process in vivo is clearly not due to
lack of nutritive substances or to any deficiency on the part of the cell.’
It is probable that a combination of external and internal conditions
is necessary. NEEDHAM!? suggested that the ‘growth-promoting factor
is probably no more than a right conjunction of nutrient materials and
the appropriate capacities for making use of them.” Synthesis of new
protoplasm precedes or accompanies each mitosis, so the raw materials
for this synthesis must be provided. It appears, therefore, to be axio-
matic that, for cell division to be possible, adequate nutritional condi-
tions for supplying energy and materials must first be fulfilled. Whether
the ‘appropriate capacities’ include a special type of stimulus over and
above availability of nutrients in optimal amounts, remains uncertain.
Baker and Carrer!' made the distinction between substances required
for cell nutrition and those for cell multiplication, having already
shown that chick embryo extracts are an excellent source of both for
fibroblast tissue cultures. The problem is already clearly defined:
‘Whether there is in embryonic extract a specific substance with a
function of initiating or producing cell division, or whether embryonic
extract simply contains the essential nutrient substances required by the
cells is not known. Neither is there any knowledge concerning the
chemical nature of the substances present in the extract which are
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utilized by the cells.” Twenty years later FiscHER!? can only say: ‘It
would be of great interest were we able to separate the forces acting in
preparing the division and those which act in releasing the division
process.” It is of importance, too, to distinguish between factors which
may initiate the process of mitosis and those influencing the division
rate under conditions where division would in any case occur. The
effects of suitable doses of radiations, e.g., heat (which may increase)
and ultraviolet (which may increase or decrease) division rate, are of
the second kind (Giesg;!? 14 Loorsourow!?),

There appear to be certain optimal dimensions to which a given type
of cell must approximate and, that being so, ‘the question arises whether
the cells are induced to continue growing and consequently keep divid-
ing to maintain optimal dimensions or whether they are induced to
divide and must grow to maintain the same surface-volume ratios’
(BERRILL®). THoMPsON'® is committed only to the general statement
that ‘the phenomenon of division of the growing cell, however it be
brought about, will be precisely what is wanted to keep fairly constant
the ratio between surface and mass, and to retain or restore the balance
between surface-energy and the other forces of the system’, but BERrILL?
goes a little farther in concluding that ‘cell proliferation is itself
primarily a response to changing surface relationships’ and ‘Cell
division must therefore occur when the cell size exceeds a certain critical
value.” To state this, however, only raises questions about how the cell
increases in size, and whether mere increase in size would really be a
sufficient stimulus to mitosis. The increase in size which is correlated
with mitosis is more probably itself merely one of the more obvious
manifestations of complex activities in which the whole cell and its
immediate environment are taking part.

Plant growth substances

In plants, as in animals, the phenomena usually grouped under the
name ‘growth’ are multiple. At the cellular level, cell enlargement, cell
division and cell organization may occur separately and independently
or simultaneously and perhaps interdependently. The plant ‘growth
substances’ of the auxin group—indolylacetic acid and its analogues,
appear to act, in low concentrations, on cell size only; at higher con-
centrations the principal response (e.g., in the rooting response of woody
cuttings) is cell division. At still higher concentrations, cell enlargement
and cell division may be so much accelerated that the tissues grow
faster than the roots can supply-food to them. The result is necrosis,
and this mechanism accounts for the weed-killing properties of ‘2, 4-D’.
One of the first effects of auxin on the plant cell is to increase the rate
of cyclosis and possibly of the cell metabolism in general. This increased
cytoplasmic activity in the plant cell may well correspond to the

165



THE MITOTIC CYCLE

increased cell movement (of the cell as a whole, and of the cell contents)
which Jacosy,'” MEpawar!® and Fiscuer!® believe to be intimate and
necessary accompaniments of cell division in animal cells. The demon-
strable effects of the auxins, as of other ‘growth stimulants’, whether
visible (e.g., on cell size) or chemical (e.g., on respiration) must be
related to the primary stimulus by chemical mechanisms which are
only partly understood and may be quite indirect, When the effects of
clearly defined chemical compounds are, as in the case of the plant
‘growth hormones’, so obviously multiple and complex, it would be
capricious and dogmatic to assign to them, predominantly or only, a
special mitosis-stimulating action. It seems necessary still to agree with
THiMaNN:* ‘It does not seem at present that there is any specific
hormonal stimulus for cell division per se.’

TasLe VI. PLANT GROWTH SUBSTANCES
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Nuclear and cytoplasmic stimuli

If one assumes that there is a master reaction controlling cell division,
its seat might be in the nucleus or in the cytoplasm. Lubrorp?®! believes
that ‘the stimulus to divide originates within the nucleus, and that to a
large extent the process of cell division is independent of the state of
functional activity of the cytoplasm.” Others proclaim the importance
of the cytoplasm (e.g., FiscHER!®?) and DarvLiNGTON and MATHER??
pronounce that: ‘it should not be lost sight of that the cytoplasm is in
immediate control of all the everyday details of mitosis.” There is,
however, not enough evidence to prove the predominance of either in
initiating mitosis and the probability is that the interdependence of
nucleus and cytoplasm is too intimate for it to be possible to say that
one controls the other ( JENNINGS®3).

Both nuclear and cytoplasmic components are certainly synthesized
in the cell during the maturing process which precedes cell division
(Fiscuer!?). SwiFr® "has shown that deoxypentose nucleoprotein is
built up in the interphase nucleus and that no synthesis takes place
during the visible stages of mitosis. Pentose nucleoproteins also increase
in tissues preparatory to cell division.®3-2®* Among other components,
great importance has been attached to the increase in —SH groups in
proliferating tissues; this subject was critically reviewed by NEepHAM.1?
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In a discussion of the factors involved in wound healing, CARREL?®
recalls that WEIGERT denied the power of any agent exterior to the cells
to stimulate their proliferation, but Vircaow thought that inflamma-
tory growth was stimulated by irritants which incited the cells to
proliferate, and WELcH regarded these irritants as chemical in nature.
CARREL argues that as there is no evidence for inhibitory agents able
to overcome an inherent tendency to growth, direct growth-promoting
action, such as that associated in vitro with embryonic and leucocytic
extracts, must be responsible for stimulating proliferation.

Cell division and differentiation

Whereas in the early stages of embryonic development all the cells of
an organism are able to divide, as differentiation proceeds, this ability
may be reduced or lost as the result of a kind of *physiological division
of labour’ (Fiscuer!?). The seeming antagonism or incompatibility
between proliferation and functional differentiation has been recognized
at least since 1905 (ScHAPER and CoHen®') and has been frequently re-
stated, e.g., by STRANGEWAYS,3? Lorrain SmiTH,*® REIMANN,3Y NEED-
HaM!® and NicHorson.?3 The relationship between cell division and
differentiation is discussed by Dawson,?® especially in the light of the
views of BLoom®™ and WErss.?® BLoowM states the thesis that ‘cellular mul-
tiplication and cellular differentiation are distinct processes, each of
which usually takes place only in the absence of the other’. The empha-
sis may differ, as when FiscHER and PARKER?? state that ‘reproductive
quiescence is an important factor in differentiation’, while WEeiss®® puts
it: ‘In general it can be said that, the more specialized a cell is in its
structure and function, the less apt it is to divide.” There is no hard and
fast rule. Though always stated with cautious reservation, the conclusion
is invariably the same. ‘Cellular differentiation and cellular multiplica-
tion are two processes which, if not strictly mutually exclusive, are
nevertheless markedly antagonistic in their tendencies’ (WEess?*®) and
‘proliferation does not interfere with differentiation, but it does
impede the elaboration of certain manifest products of differentiation’
(WEeiss®). Dawson,?® while agreeing with WEeiss that ‘a differentiating
cell . . . gradually loses its capacity to divide and factors promoting
differentiation automatically reduce proliferation’, points out the
fallacy of the converse supposition, found in the literature, that the
apparent inability of certain cells to divide can be accepted as primary
evidence of their high degree of specialization, and he emphasizes the
effect of the environment in determining whether or not a cell will divide,
He states the problem, that ‘we must determine whether the incapacity
to divide is due to intrinsic or extrinsic factors, or to an interaction
between them’, and suggests that the capacity to divide may simply be
suppressed by unfavourable environmental conditions. A similar idea is

167



THE MITOTIC CYCLE

expressed by LitTLE,* who agrees that ‘it has been a well established
habit to speak and think of the differentiated cell in mammals as
having largely lost its power of cell division’, but argues that ‘the fact
that a cell does not use its power to divide is no indication that it does
not possess that power.” In LITTLE’s opinion, cell division is the ‘natural
objective and climax of activity of the healthy, fully-equipped animal
cell’, and vast numbers of cells in the differentiated tissues of an organ-
ism fail to achieve this end because there is a ‘battle between chemical
and mechanical products of an organized community of cells on the
one hand, and on the other the tendency of those cells to return to the
function of cell division and independent metabolism inherent in all
complete animal cells.” The influence of one tissue or its secretions on
another in the organism, and of one cell on another in the tissues, is
clearly of very great significance in regulating the conditions which can
permit cell division or not. That cell multiplication and cell differentia-
tion appear to be mutually exclusive, so far from indicating, as BLoom3”
thought, that they are ‘distinct processes’, may show that they form
two aspects of a single kind of cellular activity, differently conditioned
by the environment. The animal organism as a whole may be regarded
as being in a state of maintenance, striking a balance between con-
tinuous disintegration of protoplasm and its continuous repair. Growth,
in the sense of an increase in amount of living tissue, can be looked
upon as an extension of normal maintenance which results when the
building up processes are in excess of breakdown (TyrLer® 11),

Effects of hormones

The study of the effects of hormones on growth of parts of the whole
organism provides one approach to the problem of growth stimuli.
PuLLINGER®® observed a quantitative relation between the develop-
mental growth of the mammary glands of castrated mice and dosage
of oestrogen. Mammary tumours also require oestrogen for the initiation
of growth but such tumours, grafted into ovariectomized females or
into males, will continue to grow without further oestrogen. Since cell
division and functional differentiation in these tumours are thus
independent of an external source of ovarian hormone, PuLLNGER
suggests that the simplest assumption to account for the autonomy of
the tumours is that a stimulant to mitosis, functional differentiation and
secretion, with oestrogen-like properties, ‘must be elaborated intra-
cellularly’ and transmitted heritably by the tumour cells. Assuming for
the purpose of hypothesis that cell division in multicellular organisms
does require some positive stimulus other than adequate nutrition,
though agreeing that ‘our ignorance of stimuli to division of somatic
cells is very great’, she suggests that ‘the response of the histospecific
hormones’ of which oestrogen is an example, are ‘pointers to the

168



EXPERIMENTAL ANALYSIS

existence of actual positive stimuli’. On this view the tumour cell is one
which has acquired the ability to elaborate its own stimulus to cell
division and to transmit this ability in perpetuity. The nature of the
stimuli can only be a matter for conjecture, both in the case of the
postulated self-perpetuating stimulus in tumours and that operating in
normal cell division. PULLINGER considers the possibility (which would
make identification very difficult) that the hypothetical substances
might not be extractable because they form an integral part of the cell
structure.

Based on the perspective, already quoted, that cell division is the
normal and natural consummation of cell activity, LirTLE"s belief? is
that in metazoan organisms, subordination of parts to the whole
introduces an intricate pattern of controlling and inhibiting influences
on cells and tissues. Hormone interactions have been studied in relation
to this conception. Castration of mice one to three days after birth
produces, in adult life, different degrees of compensatory endocrine
activity according to the strain of mouse (WooLLEY ef alii®?). In Cs7
black mice, no unusual growth or hormone activity was observed.
After about six months, dba mice of both sexes showed some oestrogenic
effects and hypertrophy of the adrenal cortex (WooLLEY, ef afii12 14 45),
Mice of strain ce developed adrenal cortical carcinoma in 100 per cent
of the animals (WooOLLEY et alii*® 47), and the sex hormone activity dis-
played at six months in both sexes was male in character. LirTLed?
believes that, in normal ce mice, ‘the gonads act as inhibitors to the
uncontrolled and cancerous growth of the adrenals. When the gonads
are removed such growth always occurs. When gonads are present it
never occurs’, and suggests that this may be a particular example of a
quite general phenomenon.

Tissue culture provides systems in which cells are released from the
controls exerted by the whole organism. It has therefore been possible
to study, in wvitre, what conditions are sufficient for growth by cell
proliferation. It is in general found that the limits of permissible varia-
tion of the physical environment, for most of the animal cells in-
vestigated, are rather narrow. That is, the temperature, pH, osmotic
pressure, efc, must fall within a range close to those of the cells’ natural
environment. The chemical variations which can be tolerated by differ-
ent types of cell are much less fully known—but it is certain that
different types of cell have different nutritional requirements for optimal
proliferation (STRANGEWAYs;** PARKER*®). Thus while we know with
certainty that continued cultivation of a particular strain of cells
can be achieved in an empirically selected medium containing, say,
chicken plasma, horse serum and chicken embryo extract, we still
know little about which chemical components of such a mixture supply
the nutrients to maintain the cells alive and healthy, and which may
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be necessary for the special function of inducing cell division to occur.
Both of the possible approaches to the study of the components of media
for the growth and maintenance of tissue cultures, the analytic and the -
synthetic, have been made. Attempts have been made to determine, by
analytical methods, which components of media known to be growth
supporting are in fact essential. Chemically defined media have been
synthesized (WHITE;*? % Morcan et alii®'). More often, a combination
of both methods has been used (e.g., FIsCcHER).

Leucocyte secretions

The first media for cultivating animal tissues in vitro were composed of
lymph, serum, plasma, tissue extracts, or some combination of these
biological fluids. Early in the history of the tissue culture technique, a
clear and simple distinction seemed possible between (1) media which
could support the proliferation of leucocytes—probably monocytes and
lymphocytes, indistinguishable in cultures from the tissue macrophages
—consisting of dilute serum or plasma alone; and (ii) media for normal
connective tissue (fibroblasts) and epithelial tissues, in which it seemed
essential to include extracts of embryonic tissue (CARREL and
EBELING.%2 53 Some tumours can also grow in serum alone (STERN®),
but while normal connective tissue can remain alive and healthy for
prolonged periods with no other nutrient (CArRrReL®®), if increase by
mitotic division is to take place, some additional source of ‘growth-
promoting factor’, such as embryo extract (CARREL®® 57) or extract of
leucocytes (CARREL®S) or of spleen (CARREL;%? CARrReL and EBEL-
ING52 89) is necessary. Fibroblasts will grow if they are placed together
in the same culture medium with macrophages (CArRrReL and
ErELING ;5% FiscHER!?). From these observations the conclusion was
drawn (Carrer®) that the macrophages are themselves able to pro-
duce from serum some factor or factors of which the normal fixed
tissues require an exogenous source. These leucocyte secretions were
named ‘trephones’ (CARREL®® 62 83) and their action was originally
regarded as purely nutrient (CARREL;%® CARREL and EBELING;% DEs
Licneris®), Lunrorp®® believes that their action is to stimulate enzymes
which break down the serum proteins to units of a size assimilable by the
fibroblasts and FrscHER'® regards the leucocytic trephones, not as
nutrients, but as specific growth hormones with the special function of
stimulating mitosis.

CraupE BERNARD (quoted by FiscHer®?) and Rexaut (1893, quoted
by CARREL and EBELING®® 90) were among the first to suggest that the
main function of the leucocytes was to transport food material to the
fixed tissue cells, and pes Licneris®® discusses the ‘trephocytes’ which
can make and generate CARREL’s trephones from serum and plasma and
act as intermediaries for the nutrition of more differentiated cells.
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Recent studies of the trephocytes, which ‘have the function of carrying
nutrients to all parts of the organism’ and ‘produce and ultimately
liberate nutritive growth substances’, have been made by Lies-
MANZ® 68 69)  Vertebrates have two types of trephocyte, the lympho-
cytes and the mast cells, and LieBmMan®® draws particular attention to
their probable importance in protein synthesis and growth, and to the
fact that ‘it is apparently common that mitotically active tissues contain
lymphocytes’. The role of the thymus in regulating growth has been the
subject of much speculation (RownNTREE;™ TYLER'), and one finds
such suggestions as that ‘the thymus and other organs of the lymphoid
system are to be regarded as a “cyto-regulatory system™ inasmuch as
they would decisively determine processes of cell division and conse-
quently growth, by storing or making available nucleoproteins” (STErN
and WiLLHEmM™),

The addition of more than a small amount of embryo extract to
cultures of macrophages causes their rapid disintegration and death.
This could be due to over-stimulation by factors similar to those
elaborated by the macrophages themselves and does not invalidate the
hypothesis that the growth-promoting actions of both types of extract
may be similar. Evidence suggesting that an external supply of labile,
macro-molecular trephones or components of the ‘embryonin’ type
(FiscHER ;72 FiscHER and AsTRUP™) may not be indispensable for pro-
liferation of fibroblasts is given by Laser,™ who found that, in spite of
smaller areas, fibroblast cultures in serum alone could reach greater
dry weights in a three to four day period of observation than cultures
in media containing embryo extract. This does not necessarily mean that
mitosis has contributed to a growth effect which may be mostly due to
increase in cell size. In addition, however, BAkEr7® has described a
medium in which rapid and prolonged growth of fibroblasts took
place. This contained only serum, Witte peptone, haemin, insulin,
thyroxin, cysteine, ascorbic acid, glutathione, vitamins A and D,
glucose and salts. It is conceivable that fibroblasts are capable of
producing the ‘embryonin’ type of factor, but usually only in subliminal
amounts, and that a medium such as BAKER’s stimulates its production
to a level above the threshold required to induce mitosis. That such
factors are indeed present in fibroblasts, but not readily available, is
suggested by FiscHER's?® 77 demonstration that fibroblast cultures
which are repeatedly ‘wounded’ release growth-promoting substances
from some cells at the expense of which others can proliferate.
Such *‘wounded’ cultures grow much faster than undamaged controls.
The macrophages seem able to produce and release the ‘growth-
promoting factors’,

The circulating leucocytes, and especially the lymphocytes, are
short-lived cells which have about them something of the character of
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embryonic cells. The immature leucocytes possess a certain plasticity
and pluripotentiality and are capable of producing many types of
protein (serum globulins, including specific antibodies). LunForD®® is
among those who link the activity of the leucocytes in vitro with their
ability to cause breakdown of proteins for cell nutrition. It is necessary,
therefore, to examine the evidence concerning the mitosis-stimulating
effects of partial and complete breakdown products of proteins.

Protein breakdown products

Embryo extracts have been shown to have proteolytic activity
(GuiLLERY ;78 ALBERT and HecHT;"® SanTESson®®). It has been claimed
that protein breakdown products—e.g., proteoses—are capable of
contributing to very extensive increase in area of fibroblast colonies,
by stimulating migration (WiLLMER and KenpaL®), but that they do
not promote cell multiplication in the absence of the thermolabile
materials of embryo extract (Baker®). In the presence of embryo
extract, however, various fractions from Witte peptone (Baker and
CArrEL®®) or from partial digestion of purified proteins (CARREL and
BAKER® 8%) cause exceptionally extensive and vigorous growth of
fibroblast colonies. FiscHer®® found that peptides from chicken plasma,
in contrast to those from heterologous proteins, promoted the growth
of normal chick fibroblasts in the presence of dialysed plasma and
dialysed embryo extract. Proteolytic enzymes, either on the cell surface
or in the plasma, are believed by Fiscuer®? to attack, after activation,
e.g., by glutathione, proteins which are fixed and partially denatured
on the cell surface. Hueper and RusseLr®® found that ultraviolet
irradiation of chick embryo extract did not destroy its growth-
promoting power, nor did the addition of glutathione or cysteine en-
hance the activity of the irradiated extracts. VERNE and VERNE-
Sousiran®® on the other hand inactivated embryo extract by heat
(100°) and found that it could be to some extent reactivated by gluta-
thione. Stored embryo extract, which also lost its growth-promoting
power, could not be reactivated in this way. HuEPER et alii®® could find
no evidence that the —SH group per se has a selective mitosis-stimulat-
ing effect. However, a strong, if not necessarily casual, relationship
between the presence of reduced sulphydryl groups and the activities
of cell division has been firmly established by the work of
HammerT,” 92 9 VoeerLiN and CHALKLEY,* RAPKINE®® and others.
The fact that the —SH group is an activator of many enzymes, includ-
ing proteolytic enzymes (HammerT and LaviNe®®) leaves it an open
question whether the influence is indirect and nutritional or rather, as
HamMeTT® stated earlier, that sulphydryl exerts its effect ‘through its
specific stimulation of cell division and not through a forwarding
influence on assimilative or cell size growth’. An optimal concentration
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of protein breakdown products may be a limiting factor in the cell
environment, either as nutrients or as specific growth stimuli, FiscHER®7
has reported his intention to make ‘a closer investigation of the mitosis-
stimulating effect of higher peptides’, and suggests that earlier evidence
points to the probability that *components possessing maximal activity
in respect of the induction of cell proliferation’ lie within definite limits
of molecular weight, in that they are non-dialysable but not precipitated
by trichloroacetic acid. Bonus Jensen has found (Fiscuer®®) that the
‘presence of large peptides in the medium causes a remarkable increase
in the frequency of cell divisions’. Proteins completely broken down to
amino acids have an important nutritional function for the tissues
(Fiscaer®? 199) but there is no evidence for an effect of any single
amino acid, or combination of them, specifically on cell division.

Chicken embryo extracts

By far the greatest amount of work on the growth of fibroblasts in tissue
culture, from 1912 onwards (CARrREL®®) has been done with chicken
embryo extracts as source of growth-promoting factors. Special interest
therefore attaches to their mode of action. The activity of chick embryo
extracts is not restricted to homologous tissue, and extracts of other em-
bryos (and of adult tissues) have been used for cultivating chick tissues,
It can therefore be concluded that there is no species-specific growth-
promoting factor. Extracts of chick embryos promote growth of cultures
of duck fibroblasts (FiscHEr ;!9 K1agr'%?), rat tissues (MorTRAM!*) and
mouse, rat, rabbit, guinea-pig and human tissues (Fiscuer™). Bovine
tissue extracts have been used for chick (Fischer™) and human (Gey
and Gey'™) tissue cultures. Chick tissues have been grown in extracts
of mouse, guinea-pig and rabbit embryos (CarreL and EBeLing ;108
LanpsTEiNER _and PArRker!?®). No significant difference in growth-
promoting power has been noted between extracts prepared from whole
chick embryos and those from broadly separated regions (e.g., head,
eyes, body) of the embryo (Hueper et alii;** FowrLer!®?), though
Fiscuer™ found extracts of internal organs less active than those from
whole embryos. GAILLARD?8 199 has shown that extracts from embryos
of different ages may differ in their effects in vifro. Extracts from
embryos of successive ages were tested, each at several dilutions, for
their growth-promoting effects on tissues from embryos of various ages,
Optimal growth of periosteal fibroblasts from ro-day embryo was
attained in a 1:8 dilution of 10-day embryo juice; of similar tissue
from 15-day embryo in a 1:64 dilution of 15-day embryo juice,
Optimal growth in extracts from embryos of the same age as the tissue
cultivated was not, however, a general finding—e.g., heart fibroblasts
from a 7-day embryo grew best in a 1:16 dilution of 18-day
embryo juice (Figure 61). Progressive differentiation, instead of
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unorganized growth, of osteogenetic cells into true bone was achieved in
vitro by the ‘ascending range’ method of cultivation in extracts from
successively older embryos with each renewal of the culture medium
(GAILLARD!%?),

Adult tissue extracts

Conclusions about the effects of adult tissue extracts vary widely. This
may be due to differences in technique and in methods of measuring
‘growth’. CARREL®? reported adult spleen extracts to be more active
than kidney, muscle or thyroid and found extracts of the Rous chicken
sarcoma effective, HEaTON!® found adult spleen the least effective of a
series of tissues of which bone marrow was the best, followed by
brain, kidney, heart, voluntary muscle, pancreas, intestine, thymus,
lung, ovary and testis. In agreement with Warton,!"! he found that the
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Figure 61 5-dimensional representation of the effect on the growth of heart

fibroblasts from a 7-day chick embryo of different concentrations of Frm

juice from 4-, 7-, 10-, 15- and 18-day chick embryos, and also from

hatched chick (C.S.) and from adult (H.S.). From GaiLLarp'® (By courfesy,
Hermann et Cie).

growth of fibroblasts was inhibited by liver extracts. The order of
activity of adult and growing fowl tissue extracts given by TRoOwELL
and WiLLMER!!? descends from brain to thyroid, thymus, testis, ovary,
bone marrow, liver, kidney and muscle. Brain was found by Horr-
MANN!3 to be the only effective extract from a series of rat tissues
tested on chick tissue cultures: heart extracts had no effect and liver,
kidney, lung and spleen were inhibitory. The only claims for greater
activity in an adult tissue than in embryo extracts are those of Dor-
janskr and Horrmann'" and Horrmanwy ef alit''® 1'® who obtained
‘more rapid growth of chick fibroblast cultures with adult chicken
heart extract than with the usual chick embryo extract; optimal
concentrations of the two extracts stimulated mitosis to the same degree
(MarcoLiasH and Dorjanski'!'?). Area increases of the same order as
produced by chick embryo extracts were achieved with adult sheep,
cow, rabbit and dog heart extracts (DoLjanskI et alii*'®). Sustained
growth of adult fowl heart tissue has been achieved in a medium of
entirely adult origin (Dorjanskr and HoFFrmann!'?),
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Hueper ef alit,’® are among those who have made determined
attempts to dissociate the different effects of embryo extracts on growing
tissue cultures. They recognized that a growing culture may be affected
by numerous endogenous and exogenous factors, and they distinguish
carefully between (i) survival without proliferation, (ii) ‘cell multiplica-
tion without increase in protoplasmic matter, due to the presence of
substances stimulating mitosis and the absence of the proper nutritive
elements in the culture medium’ and (iii) proliferation with formation
of new protoplasm. They found no evidence of significantly different
activities in extracts from different anatomical regions of the embryo,
and concluded that the value of embryo extracts for supporting the
growth of tissue cultures lies in their great complexity, in that they
contain ‘not only substances for the stimulation of cell division, but also
nutritive material which can be assimilated by the explanted cells and
used for the synthesis of new protoplasmic matter’, It is indeed pre-
cisely this complexity that has reduced so many investigators to despair.
Success in determining whether any one (or a few) of the components
of an extract is responsible for the growth-promoting effect has been
very elusive. FiscHER!? 72 believes that the effect of embryo extracts in
promoting cell division is to a great extent indirect, through accelerating
cell migration (WiLLMER;!?® GamLarp!®®). Dorjanski and GoLbp-
HABER'®! believed that, because migratory activity can be stimulated
by embryo extract after mitosis has been inhibited by X-radiation,
migration and cell division are separately affected. The expeiiments of
MEepawaRr!® 122 gn fibroblast inhibitors have shown the importance of
cell movement in the growth of connective tissue. MEpAWAR believes
the inhibitors he has studied act on cell movement through a surface
active effect and that this is the basis for the differential action on
fibroblasts and not on epithelial cells, in which amoeboid movement
does not accompany cell division. Movement of epithelial sheet as a
whole precedes cell division in cultures of kidney epithelium (Eparusst
and Litvac!®),

Substances necessary for fibroblastic growth

The importance of the distinction between ‘survival of tissue and active
growth’ was already emphasized by CarreL and EBeLing'®! in 1923 and
FiscHER has made a descriptive classification of the substances required
for the growth of fibroblasts into (i) low molecular ‘accessory growth
factors’ necessary for cell nutrition (AsTRUP et alii*®®) and (i) high
molecular, labile substances associated with a nucleoprotein fraction
and called ‘embryonin’ (FiscueEr and AsTrup™). By dialysing plasma
and embryonic extract,®® he freed an otherwise wholly adequate
medium from ‘accessory growth factors’, so that it no longer supported
life or growth. Supplementation of the dialysed medium with synthetic
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mixtures of amino acids, vitamins, etc. (FiscHER ef alii'® 1*7) or with
extracts of kidney, yeast or malt (FiscHER et alii'26 1287131} restored the
deficient medium to an extent that growth was again possible. Although
it has been demonstrated (WHITE and LasFarcues'®®) that dialysis does
not achieve a clear cut distinction between accessory factors and others,
inasmuch as some activity can be restored to the dialysed mixture by
dilution with Tyrode solution containing no additional supplements,
FiscHER’s experiments are of great importance in demonstrating the re-
quirements of cells for certain low molecular nutrients, and particularly
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Figure 62 Mean curves showing the effect on the mitotic index of applying 15 per
cent embryo juice to cultures of chick periosteal fibroblasts for different lengths of
time, from 1-50 hours. From Jacony & alii'®® (By courlesy, J. exp. Biol.).

for amino acids. Other evidence, especially from the work with fully
synthetic media (WHITE;*® 5 MoRGAN ef aliz®'), demonstrates that the
low molecular ‘accessory growth factors’ with which FiscHER supple-
ments his medium are precisely those of primary importance for main-
tenance. It underlines again the fact that, for cell division to be able to
take place, the nutritional requirements of the cells must first of all be
supplied. In a medium completely optimal except for the omission of a
single component, restoration of that one limiting factor would raise it
to the status of ‘the’ chemical stimulus to cell division.
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On the basis of a long experience, starting with fractionation experi-
ments in 1925 (FiscHER'?) which already demonstrated that some of
the active components of embryo extracts were very labile, Fiscuer!®
has come to regard ‘embryonin’ as a true ‘growth catalyst’. Many
attempts at purification of this fraction have resulted in reduction of
its activity, and FiscHER has not succeeded in identifying any single
chemical entity possessing the embryonin activity. The embryonin
fraction, prepared by the method of Hammarsten'® for isolating
nucleoprotein from pancreas, is heterogeneous in character, showing
four main and many minor components on electrophoresis (FiscHER
and AsTrUP™),

In a study of the stimulating effect of embryo extracts on fibroblast
cultures, Jacoey et alii*®® demonstrated that an extract need not be
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Figure 63 Graph showing the relation between the dura-
tion of the application of embryo juice to cultures of chick
periosteal fibroblasts and the amount of growth which is
produced. Ordinates: the aggregate pereentage of cells
which divide between the 1oth and 2oth hours after the
application of the juice. Abscissae: time in hours A 40
per cent, B 15 per cent, and € 5 per cent embryo juice.
From Jacosy et alii*®® (By courtesy, . exp. Bisl.).

present in appreciable amounts during the actual process of cell
division. It is required only to initiate a process which, after a latent
period of 10 to 12 hours, culminates in cell division. Short contact
with embryo extract (less than 1o hours) produces only one crop of
mitoses (Figure 62), but the number of mitoses is more dependent on
the concentration of extract than the time for which it acts (Figure 63).
TompriNs el alii'¥ showed that the stimulus to division produced by
fresh embryo extract disappeared between 48 and 72 hours. To obtain
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a fresh crop of mitoses, renewal of the medium is necessary. WILLMER?7
thinks that: ‘in any given colony there are some cells which need high
concentrations of juice before they will divide, while others have more
modest requirements.’ It is perhaps possible to see an analogy between
the latent period after application of embryo juice to a culture and the
onset of mitosis, and the latent period which intervenes between infec-
tion of cells with a virus and the reproduction of the virus (HorsFaLL ;138
Luria'®?®), The analogy with virus reproduction is worth examining.
Indeed, FiscHEr!® has suggested that the growth-promoting factors
‘may display biological activity somewhat akin to that of the virus-
proteins’ and a similar idea had already been put forward in 1936 by
pEs LiGNERIs.!® The nucleoprotein-containing particles of embryonic
cells have a number of properties which may support the idea that they
are concerned in the mitosis-stimulating activity of the extracts.
Embryo extracts are essentially cytoplasmic extracts and contain
pentose nucleoprotein but (depending on the method of preparation)
no detectable deoxypentose nucleic acid (WaymoutH, unpublished) or
very small amounts (Davipson and WaymouTn!4!), From extracts
prepared from g-day embryos by extracting one volume of tissue
pulp with one volume of Tyrode solution, 8o per cent of the pentose
nucleic acid can be sedimented in one hour at 100,000 % g (GILBERT,
MEeikLEjoHN and WavymouTh, unpublished). The major part of the
pentose nucleoprotein can be spun down from adult tissue extracts at
much lower speeds, at which only about 50 per cent of the embryonic
particulate material may be sedimentable (BrRacner!4?). CLAUDE!#3-145
first 1solated particles from 8-day chick embryos, and compared the
preparations with the particulate fraction, isolated under similar cen-
trifugal conditions (18,000 % g for go minutes) with which the Rous
sarcoma (chicken tumour I) activity is associated. A particulate fraction
from 8-day chick embryos (67,000 x g for go minutes) was tested on
cultures of mouse fibroblasts in chicken plasma and rat serum (TEen-
NANT el alii'd®147) and the ‘expansion rate’ (1.e., area increase in 30
hours) measured. The activity (in this sense) was not very great and
appeared to be increased by heating the pellet material at 100° C. for
15 minutes. FiscHer!? reported that high molecular components of
embryo extract, separated in the ultracentrifuge, possessed growth-
promoting activity, but ‘in no way exceeding that of the supernatant
fluid’, and he does not regard the activity detected by TENNANT et alii'4?
as that of a specific growth promoting substance, but rather as due to
an ‘ordinary nutrient . . . substance’.

Macromolecular complexes

During the last decade much new information about the composition
and functions of the cytoplasm has come to light. It is now clear that
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macromolecular complexes containing phospholipines and pentose
nucleoproteins are characteristically found in the cytoplasm of cells.
The notion that the cell cytoplasm contains a few microscopically
visible formed elements, such as the mitochondria, but consists in the
main of a structureless matrix in which a bewildering number of sub-
stances is more or less randomly distributed has been giving way to a
concept of a high degree of organization at the submicroscopic level.
NiLsson'4® and CommoNeRM? have drawn attention to the importance
of cell structure in the orientation of cellular metabolic systems,
especially those concerned with oxidations. This idea had already been
put forward by WarBURG!® in 1913; he was perhaps the first to insist
on the importance of structural arrangement of cell constituents in
respiration. Before anything was known about the fine structure of the
ground substance of the cytoplasm, Hoprins'® discerned that ‘although
the microscope may detect no heterogeneity in the cytoplasm’, ‘the
micelles or particles which form the internal phase in the cytoplasm
must be diverse in respect of their surfaces, and a proportion, probably
no small proportion, of these surfaces, must have catalytic properties’,
Hopkins envisaged the possibility that the catalytic agencies in cells
might, because their activities depended so completely on configuration
and localization in a structural framework, be incapable of isolation.
The centrifuged sediment of a muscle suspension was however shown by
Bancal®? to possess respiratory enzyme activities. At about this time
CLAUDE!® first isolated macromolecular particles from normal and
malignant tissues, and was followed by Kasat and Furtu!® and by
STERN'®5-157 and others. STERN considered that the macromolecular
material, though heterodisperse, consisted of ‘subcellular functional
units’ and believed ‘that the active groups of the various component
catalysts are arranged in or on them in an orderly fashion so as to
ensure a smooth functioning of the highly complex process of cell
respiration’. The dependence of enzyme activities on the structural
integrity of cytoplasmic particles is now well established (ScHNEIDER
and HoceEpooMm!%8), CLAUDE?® 15% classified cytoplasmic particles into
two broad categories: ‘large granules’, precipitable at 2,000 X gin 25
minutes and of size o-5 to 2-ou; and ‘microsomes’ brought down at
18,000 X gin go minutes, with a size range of 100 to 200mu. Enzymatic
activities of many kinds have been found associated with the particles,
and in general the larger the particle size, the higher the probability of
finding a greater variety of enzymes, The size of particle isolated is a
function of the conditions of centrifugation, and Craupg,'% while he
supports the idea that there are several distinct types of particle in most
cells, noted that the mitochondria and large granules stood at the end
of a continuous series of cytoplasmic elements. CHANTRENNE'®! demon-
strated, in extracts of mouse liver, a continuous range of particle size,
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the smallest particles containing the highest proportion of pentose
nucleic acid and the lowest enzyme content. The smallest particles, in
common with virus particles, seem to possess no enzymatic activities.

Embryonic tissues contain a larger proportion of pentose nucleic
acid not sedimented at high speeds than do adult tissues (JeENEr and
BracuET!®2), Suspensions of granules from 2-day chick embryos, or
from frog neurulae, applied to the chorio-allantoic membrane of the
chick embryo, produced marked thickening (SHAVER and BRACHET!%3).
The results of irradiating with ultraviolet, and of heating the material,
were not conclusive. The integrity of the granules is hardly likely to
survive heating for 10 minutes at 80° C., treatment which did not always
cause inactivation. It was therefore thought unlikely that the particles
multiply in the membrane as viruses do, and SHAVER and BRACHET
suggest that the particulate material contains some constituent which
stimulates pentose nucleic acid synthesis. The concept of normal cyto-
plasmic particles penetrating normal cells and behaving like a virus is
nevertheless developed by BracueT,'®® who had already?®® stressed the
probable importance of nucleoprotein-containing particles as agents of
protein synthesis.

Enzymatic activity

Mooc and STEINBACH!%® 187 studied the enzymatic activities of gran-
ules isolated from chick embryo cells, on the hypothesis that ‘incorpora-
tion of enzyme into these granules during the embryonic period would
. . . be an aspect of the building up of an “activity structure’, a funda-
mental sort of differentiation on which more overt differentiation may
be founded’. The evidence shows that embryonic ‘development involves
the construction of increasingly complex associations of biochemical
constituents, and it seems reasonable to assert that, from an embryo-
logical point of view, the most important enzymes are those which
become linked with, and presumably oriented upon, such granular
associations.” Cellular differentiation is conceived (BRACHET!®8 189) z5
a process associated with the development of increased size, organiza-
tion and complexity of the cytoplasmic granules, and a differentiated
cell as one which has acquired a certain stability. There may be
stability at two levels: ‘dynamic’ stability of particle population,
resulting in stable morphological and functional characteristics in the
cell; and stability of differentiated particles in each cell, with conse-
quent loss of pluripotentiality and of ability to initiate reduplication.
It is suggested that the metabolic and synthetic activities of the cell
may be stimulated or controlled by the pluripotent undifferentiated
small particles in a direction which leads to cell division. The hypothesis
rests on the unproven assumption that the smallest particles, character-
istic of embryonic tissues, resemble viruses in their ability to promote
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reproduction of their own kind, but differ from viruses in their ability
to undergo a directed differentiation into the subcellular functional
units of STeErN. As CLAUDE'®® suggests, there are two alternative
hypotheses which could account for the reproduction of the great
variety of known cytoplasmic structures. Either each separate kind of
element is self~reproducing, or it is produced by an independent agency
which must itself be self-perpetuating. As a working hypothesis CLAUDE
chooses the second alternative, which permits the greatest economy of
assumption, namely that the ‘existence of a reservoir of self-perpetuating
microsomes from which the specific granules may develop would pro-
vide a satisfactory answer to this problem’. Self-perpetuation is, in his
view (CLAUDE!™), more likely to be the result of ‘rigidly ordered chains
of reactions’ and biochemical cycles than of the self-duplication of
highly complex substances by any kind of template replication. It is
not excluded that the microsomes may take their origin in the nucleus
(CasperssoN and ScHurTz ;'™ ScuNEIDER and HoceEBooM ;158 WEIss ;172
JEENER and Szararz!7®) which WEeiss believes may be the ultimate
source of all cytoplasmic systems. In leukaemic spleen, in which the
total pentose nucleic acid is 2-5 times the normal value, a parallel
increase is found in the smaller submicroscopic particles and in
the nuclei (PETERMANN ef alii'"%). WEeiss!™ postulates that ‘what
have appeared to be self-reproducing bodies in the cytoplasm would
simply become model centers of adsorption, aggregation, alignment
and conversion’, originating in the nucleus but differentiating in the
cytoplasm. He agrees with CLAUDE in proposing that such bodies are
‘self-perpetuating’ rather than ‘self-reproducing’. Extracts of embryonic
tissue display much greater activity, perhaps in stimulating mitosis, cer-
tainly in promoting ‘growth’ and enhancing metabolic activity, than ex-
tracts of adult tissues (CARREL and EBELING!®® pp 173, 174). Itis possible
that the particulate fractions, and especially the smallest particles, which
are much more abundant in embryonic cells, may be associated with the
activity. BRACHET'?® asks the question: “A-t-on des raisons de penser
que les particules déplacables par ultracentrifugation jouent un role
dans la mitose ?” and gives evidence which leads him to an afirmative
answer, while CLAUDE!? 177 draws attention to the possibility that
anaerobic respiration, mediated by the microsomes and the nucleolus,
supplies at least part of the energy for the exacting requirements of

growth.

Conclusion

The older cytologists studied the static morphology of the cell at the
different stages of mitosis. Today cells are being studied dynamically
and in relation to their environment. For, ‘the living cell is an unstable
system which can have ncither existence nor form except in relation to
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its environment’ (Wess®). The cultivation of tissues in vifro has helped
to emphasize that ‘cells and medium are an indivisible whole. . . To
each modification of the medium corresponds a structural and func-
tional change of the tissues’ (CARREL!?#), It is also from tissue culture
that most of the evidence has come that many limiting factors affecting
the metabolism of the cell can unequivocally be described as nutritional.
If nutrition is defective, mitosis is only one of the activities of the cell
which is inevitably restrained. Certain other factors, e.g., the hormones,
some of the higher peptides and the labile cytoplasmic particulate
fractions, could have a specific, overriding stimulating function on cell
division. But until more is known about the chemical and enzymatic
reactions in which they take part, as well as those which initiate and
accompany mitosis, it is difficult even to guess whether the effects of
these stimuli (if such they are) are just those required to set in motion
the train of events which culminates in cell division. It can still be
argued that to designate as ‘growth-promoting factors’ those substances
whose precise function in the cell metabolism is at present unclear or
unknown is to use the term as a curtain for ignorance of some vital
chapters of cell nutrition. But difficulties arise if too rigid a classi-
fication is adopted in describing cell metabolites, for ‘a given substance,
required as a component of one of the essential metabolic processes,
might appear in three different roles . . . (1) as an “essential nutrient”,
when its rate of synthesis by the cell was so slow as to be insignificant;
(2) as a growth stimulant, when its rate of synthesis was somewhat
faster but still slow enough to be a limiting factor; or (3) as a substance
not required at all for nutrition, because the cell could synthesize it so
fast that it was not a limiting factor in growth. It is the metabolic
process which is the essential thing. . .” (Kmicut!??). The cell and its
environment form a single, dynamic metabolizing system, ‘a complex
interwoven series of processes’ (KnigHT!??) which is the life of the cells.
It is suggested by one biologist that ‘the nutrient of some animal cells
. . . appears to be made up of both chemical as well as biological com-
ponents. It may thus become rather difficult to explain nutrition of the
animal cell in purely chemical terms’ (LieBmMan®?), It is true that certain
nutrients (in a wide sense) are too complex in their structure and
organization to be accessible to exact analysis by the present tech-
niques of the chemist. But such ‘biological components’ need not,
because of this difficulty, be lifted out of the field of biochemistry. The
chemical and enzymatic activities of the complex separable and mor-
phological parts of the cell, and their interactions, are being elucidated
(Craupg;'? Scunemer and Hocepoom!58), Not only are the activities
of the cell and its environment closely integrated; so are those within
the cell itself (WEss'™). ‘A living cell acts as a whole, and it is difficult
to imagine an element, be it a gene or a mitochondrion, that would
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not be in some way under the influence of other components of the cell.
On the other hand, each element of the cell possesses a considerable
degree of independence and stability.” (CLavupge!®). Each stimulus and
reaction must be fitted into the dynamic pattern of complex trans-
mutations which makes up the life of the cell. To find out exactly what
changes in this pattern lead to the process of mitosis and how these
changes are brought about is the task for the imaginative insight of
the biochemist—for still, ‘even now those who think in terms of mole-
cular events may have visions of progress denied to those whose thought
is guided by the visible alone’ (Hopkins!8t),

INHIBEITORY STUDIES ON MITOSIS

In this section, it is proposed to review some of the literature on the
effects of chemical substances upon dividing cells. A very large number
of papers relate to this subject, but many of them are studies which are
primarily concerned with medical or agricultural problems. With the
development of chemotherapeutical research in recent years, there
has been a considerable increase in the number and complexity of the
organic compounds which have been tested on growing tissues, though
much of this work relates more to the toxicology of these substances
than to the physiology of the dividing cell.

Each line of inquiry tends to develop its own body of theories and
ideas into which fresh information is incorporated ; not always has each
school of thought been ready to admit the validity of the results and
conceptions of the other. A brief reference to some of the main branches
of resecarch may be made. The chief school of research which uses the
whole animal, usually the mouse, as experimental material is that of
A. P. and P. Dustin and- their collaborators, which has been studying
for over 25 years the effect of injected substances on the main sites of
cell division in the animal. Reviews on the work of this school have been
given by Dustin (P.).182 183 The chief limitation of this type of research
is that in sectioned tissues of the experimental animals there are seen
only the end results of the reaction of the cell to the agent, the detailed
course of which can only be inferred. Dustin has made the distinction
between substances which inhibit the mitotic spindle and those which
affect mainly the chromosomes; the latter type of agent has been termed
‘radiomimetic’, since ionizing radiations have an apparently similar
effect. The cell is believed to be specially sensitive to the action of such
substances when it is about to enter prophase. Not always, however, do
different types of dividing cell react in the same way to mitotic poisons,
and the distinction between DusTIN'S two categories is not invariably

maintained.
The analogy with the effect of radiation has been enhanced by the
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well-known discovery that mustard gas both provokes mutations
(AuverBacH and Ropson'#186) and causes cytological abnormalities
in germ cells (DarringToN and KoLLER!87) and also in somatic cells
in mitosis (HucHes and FeLp'®®), The essential feature common to
these effects is a disturbance of the normal pattern of chromosome
reproduction, which persists in subsequent cycles of mitosis. This
principle has led to researches on the action of chemical substances on
the cell nucleus in which effects on the chromosomes of genetical
significance have been stressed (LoveLess and REVELL!®?), :

It seems probable that the structures within the dividing cell differ
in their sensitivity towards particular agents, the overall action of which
may be due to effects on the cell at many points. Moreover, it is now
clear that the end result can vary with different types of cell; for the
relative effects on the spindle and on the chromosomes of some agents
are not uniformly the same. Other substances have been shown to
inhibit dividing cells with an equal facility at any point in the mitotic
cycle. The present topic, therefore, in common with most aspects of
cell biology has the property of becoming increasingly complex with
time.

Studies on the living cell of the influence of agents offer the obvious
advantage of a direct approach to the problems of mitotic phar-
macology. Where marine eggs are used as experimental material, the
effects of the treatment on other aspects of cell physiology such as
respiration and protoplasmic viscosity may be investigated in parallel.
Such combined studies have yielded information of much interest.
In a preceding chapter (p 70) has been given an account of the normal
mitosis of some cells in which fine detail can be observed in life. Further
studies of the action of chemical agents have been made on each of
these types of cell. The effects of colchicine in Acanthamoeba have been
studied by Comanpon and pE FonerUNE,'®™ and on the grasshopper
neuroblast by Gavipen and Carvson,!® though research on this
material has been mainly concerned with the effects of radiation.
Experimental studies on the staminal hair cells of Tradescantia in division
have been made by Wapa!?? 192 and on the petal cells of the same plant
by SuicenacA.!™ Tissue cultures have been used for this purpose on
many occasions. By means of phase-contrast cinemicrography, the
detailed events within such cells under experiment can be recorded.
The agent used can either be incorporated in the tissue culture medium,
as in the study by Hucnes and FELL'®® on the effects of mustard gas, or
the cultures can first be grown under normal conditions and the sub-
stance dissolved in a suitable saline solution can be added thereto
while a cell is under observation (Hucnes'®? 201)_ By this means one can
study the eflects of a rapidly penetrating agent on each point in the
mitotic cycle. This is of importance where more than one phase is
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liable to be blocked, because the effect on the later stages is never
seen unless the earlier sensitive periods are passed without hindrance.

In Table VII, the effects are given of a number of inhibitory sub-
stances on the several phases of mitosis in chick cells in culture. A
rather miscellaneous group of agents have the property of preventing
cells from entering division, and have either no effect on the course of
mitosis in a cell in which prophase has begun, or block the later stages
to a much smaller extent. This information by itself is hardly sufficient
to suggest any features of the metabolism of the cell which may be
affected by these substances, and which could thusbe regarded as specially
important for the entry of cells into mitosis. However, evidence from
other sources may relate to this question.
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A number of agents both inhibit cells in tissue culture from entering
mitosis, and also allow potassium to escape from the erythrocytes of
those mammals which have a high content of this ion (WiLBrANDT ;198
Davson;197 198 Majzers!®®). Thus both effects are exerted by sodium
fluoride, by iodoacetate, by hypotonic saline, and by isotonic non-
electrolytes. Neither effect is provoked by cyanide or urethane (Davson
and DANIELLI;?® HucHEs?"!), Moreover, it has been shown by WEesson
et alii*® that potassium is reversibly lost from cells in tissue culture into
the surrounding medium at temperatures below 15° C (Figure 64);
in the same way when stored human blood is cooled to 5° C., there is a
comparable migration of this ion (HARRIS;**® DaNowskI®™), Spear204
in 1926 showed that on re-incubation of tissue cultures after chilling
for four hours at 0-5° C., the number of mitoses present decreased
during the next two hours; this suggested that ‘the initiation of mitosis
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EXPERIMENTAL ANALYSIS

has been interfered with’. That reversible migration of potassium
across the cell membrane may occur during cell division is shown by the
observations of Oppo and Esposrro. 204

It is desirable to see whether this parallel can be extended further.
Davson and DANIELLI®® showed that a number of haemolytic agents
in concentrations below the lytic threshold induce an abnormally
high permeability of the erythrocyte to potassium, but their effects
on mitosis in tissue culture have not yet been investigated. It would
also be desirable to examine whether substances which exert an
action at other points in the mitotic cycle have any effect on the
ionic equilibria of the red cells. Where there is normally a difference in
concentration of potassium on either side of the erythrocyte membrane,
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it is believed to be maintained by a metabolic process such as glycolysis
which absorbs energy, although the ‘pre-haemolytic state’ (Davson
and DANIELLI®™), is not necessarily related to this. The effect of
fluoride on permeability to potassium is probably an indirect one;
Davson®® has suggested that intermediate products of glycolysis,
accumulating at the cell membrane, may be responsible for the in-
crease in permeability. The effects of iodoacetate and fluoride in
preventing the entry of cells into prophase may not be due to the
inhibition of glycolysis alone; other agents which exert this effect on
the tissue culture are not known to affect carbohydrate metabolism.
In a series of papers, BuLLouGH2%% 28 has produced evidence that the
entry into mitosis of epithelial cells of the ear of the mouse is dependent
on the amount of carbohydrate within the tissues. Once a cell in the
epithelium is in prophase, it can continue division even when the ear
is severed from the animal and kept in physiological salt solution. If the
medium contains glucose, fresh cells can enter mitosis under these
conditions (BurLroucn®®) (Figure 65). BuLLoucH suggests that cells
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begin division only when a comparatively high level of energy is
available, such as that supplied by aerobic glycolysis. MEDAWAR???
has found that adult rabbit skin survives in cultivation in the absence of
oxygen, but that no cells then enter division.
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Figure 66 The mitotic index in chick tissue cultures treated

with gas mixtures containing carbon monoxide. No immediate

effects on growth are detectable. From Posmerar and
WiLLMER®*'® (By courtesy, J. exp. Biol.).

The literature on the effects of anaerobiosis on cell division is re-
viewed by BracHET.*'® Stemirz*! found that when barley seedlings
were placed in an atmosphere of nitrogen, mitosis continued for
several days, although abnormalities of the chromosomes were then to
be seen. Mitosis in the sea-urchin egg can be inhibited at several stages
in an atmosphere of hydrogen (HarvEY®'?); but it has not been proved
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that embryonic cells in tissue culture cannot enter mitosis in the absence
of oxygen. Laser®®® found that cultures could grow under these cir-
cumstances for several days, but did not specifically examine them for
mitoses, while EpHruSsI ¢f alii®'* found that cells would migrate, but
would not complete division at an oxygen tension lower than 7 mm of
mercury. HArRvarp and Kexpar®? found that although mitosis could
occur in cultures at oxygen tensions much lower than this, reducible
substances in the medium deprived of oxygen would finally bring the
oxidation-reduction potential of the culture to a value below the
threshold for growth. Embryonic cells in culture can enter mitosis, in
the presence of inhibitors of some stages of glycolysis, such as malonate
(PomeraT and WiLLMER ;1% HucHEsS?"!) and fluoracetate (ALLsopp and
FeLr;#'7 Hucues*') and respiratory poisons such as carbon mon-
oxide (Figure 66) and hydrocyanic acid (PomeEraT and WILLMER ;1%
Hucnes®*"), The apparent indifference of the dividing cell in cultures

Tay

L

ol B f"lj‘? ‘f Fipure 67 Respiration ol eggs of the sea

""h.,f"_-.‘; urchin Psammechinus miliaris from the 4th

to the B8th cleavage. Oxygen uptake

I measured as rate of movement of the mano-

meter of the Cartesian diver micro-respiro-

l meter. From Zeutuen™?* [(By courtesy, Biol.

' Bull.). Cleavage of the egg occurs near the
minima of the curve.

B

Rate o 0, uptake

e

z i F & 7 &
Hours offer ferfilzofion

of embryonic tissues to these inhibitors may well be related to the fact
that their environment contains an adequate supply of glucose. Pacg?!®
has shown that the eflect of cyanide on respiration in Paramoecium
depends on the extent to which the respiratory mechanism is saturated
with carbohydrate.

Thus the available evidence would not warrant a general statement
that cells can only enter mitosis under aerobic conditions. It is probable
that the reaction of cells in division to experimental agents is super-
imposed on the general metabolic pattern of the particular tissue which
may vary at different stages of development. ZeuTHEN?'? found that the
respiratory rhythm of cell division in echinoderm eggs increases in
amplitude after the sixth cleavage (Figure 67). The energy require-
ments of mitosis at different stages in development may thus be variable.

Adenosine and the adenylic acids at appropriate concentrations
prevent the entry of cells into prophase in the whole animal (BuLLoven
and GREEN®') and in tissue cultures (HucHEs?*2!) where, however, these
substances exert no effect at any other point in mitosis.* RunNsTROM

* Berrian and DornrELp®*™® find that the number of mitotic figures in cultivated rat
ovaries is significantly reduced by cytidylic, guanylic, and veast adenylic acids.
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and KriszaT?? find that adenosine triphosphate increases cytoplasmic
rigidity in the egg of Strongylocentrotus, and improves the percentage of
cleavage in batches of fertilized eggs. Probably in general, purines and
their nucleosides and nucleotides may exert either inhibitory or
stimulatory (Hopkins and Simon-Reuss®®) effects on growing tissues,
depending upon the concentrations applied.

Inhibition of mitoesis during prophase

It is rare that cells in mitosis under the influence of chemical agents
are held up during prophase. One instance of this is apparently provided
by the sea-urchin egg. CLowgs and KraurL?* found that fertilized eggs
treated with 4, 6 dinitro-o-cresol are arrested at a stage in which the
chromosomes can be recognized, the nuclear membrane is still intact,
and the asters have just been formed; RunnsTROM?2% 226 found that
hydrocyanic acid has a similar effect. Respiration is stimulated by the
former agent and depressed by the latter, yet the effect of both on
mitosis is similar. ScoTT**7 finds that cyanide inhibits the swelling of
the male pronucleus after its fusion with that of the egg.

In a recent review, Kranr?*# concludes that the tendency of sub-
stituted phenols to inhibit sea-urchin eggs in prophase relates merely to
the fact that this phase of mitosis is the longest; for the chance of
" arresting a cell in a particular stage must be proportional to its normal
duration where there is no period of special sensitivity during the whole
cycle. BLUMENTHAL®?® concluded that the action of cyanides on the
fertilized Arbacia egg shows no special phase specificity. Prophase in the
eggs of Arbacia is readily prolonged by irradiation given prior to this
stage, during the period of fusion of the male and female pronuclei
(Hensuaw ;2% Hensnaw and CoHEN®2%), Pre-prophase is also a period
of special sensitivity of the eggs of Asterias to nitrogen mustards (CAN-
NAN, quoted by FRIEDENWALD®*¥),

Epurusst ¢f alii*¥4 claim that at low tensions of oxygen, cells in tissue
culture are arrested in prophase. None of the chemical agents applied
to tissue cultures by Hucnes1#® 201 221 haye had this effect. Erickson
and Rosen®? find that after treatment of the seedlings of Jea mais
with the unsaturated lactone protoanemonin, the meristematic nuclei
are nearly all either in interphase or early prophase, though a few are
apparently in late prophase. No later stages of mitosis are to be seen.
According to LoverLess and ReEveLL!®? this substance has ‘cytological
effects similar to the mustards’. D’AMaTo®! refers to other examples
of the arrest of plant cells in prophase. However, from the available
data, it appears that prophase is the longest phase of mitosis in plant
cells (Table I1I, p 85), and it is possible that arrest at this stage may
be related to its duration, rather than to special sensitivity.
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Inhibition of the mitotic spindle

A large number of substances are known to interfere with the formation
and function of the mitotic spindle. The final effect on the cell is not
always the same; if the chromosomes can undergo reconstruction even
where their normal distribution by the spindle mechanism has been
omitted, then either one nucleus will be formed from the whole double
set of chromosomes, or the chromosomes which are scattered throughout
the cell may form a number of small nuclei (Miszurskr and Dorjan-
sk1222) If, however, no stimulus to reconstruction occurs in the absence
of the normal movements of anaphase, then the cell may remain in-
definitely in a condition of arrested *metaphase’. The paired chromatids
may either clump together (Plate XV (23) ), or remain discrete. Stages
of increasing severity of effect on the mitotic spindle can be dis-
tinguished. GaurLpen and Carrson'® have shown that a spindle
subnormal in size is formed in grasshopper neuroblasts when treated
with marginal concentrations of colchicine. In living tissue cultures
(HuGHEs*™) when partial metaphase inhibitors such as urethane,
cyanide, and fluoride are added to a cell in prophase, the spindle is
formed, and usually anaphase ultimately occurs after a much prolonged
metaphase, during which the normal random movement of the chromo-
somes along the spindle is maintained (HucHEs and Swann®#), In one
cell treated with mustard gas, metaphase was followed for 135 minutes
after which anaphase suddenly took place (Huches and FerLp!®®),
More specific inhibitors of the spindle will prevent its formation in a
cell treated during prophase and will inhibit the random movement of
the chromosomes in a cell in metaphase. Such agents are colchicine,
aminopterin, and among sulphydryl reactants, iodoacetamide, and
chloracetophenone. Once this random metaphase movement ceases,
the cell will never proceed to anaphase. Chloracetophenone will halt
the movement of the chromosomes within 30 seconds if added to a
cell when anaphase has already just begun; aminopterin acts with
nearly the same rapidity (Figure 68); but inhibition during anaphase
has not otherwise yet been observed.

Of the substances which act as spindle inhibitors, some are effective
at very great dilutions. The classical example of these is the alkaloid
colchicine, which LuprForp®* found to be effective on cells in mitosis
in tissue cultures at a concentration of 10°%% molar. The action of
colchicine on dividing cells in the crypts of LiIEBERKUHN was discovered
as early as 1889 (PErNICE ;*** E1csti ef alii*®®), The unrelated compound
1, 4 naphthohydroquinone diphosphate has a similar action at a dilution
of the same order (FRIEDMANN ef altz*®7). Cells in culture probably are
particularly sensitive to metaphase poisons; 2-5 x 10-% M colchicine is
needed for complete inhibition of the spindle in the neuroblasts of the
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grasshopper embryo (GauLpen and Carrson'®) while the correspond-
ing dose for the staminal hairs of Tradescantia is just above 107% M
(NEpeL and Rurrre®8)., It would be interesting to see whether o
nitronaphthalene which is effective on dividing plant cells at 2-8 x 107%
M (Gavaupan and PoussenL®?) would inhibit the spindle in tissue cul-
tures at a greater dilution.

The substance podophyllin, extracted from plants of the genus
Podophyllum is a mixture which contains two compounds, podophyllo-
toxin and quercetin, the former of which inhibits the spindle in the egg of
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Figure 68 Arrest of chromosome movement during anaphase
in cells of chick cultures by A 0-45 millimolar aminopterin,
and B o-07 millimolar chloracetophenone. The continuous
curve represents the mormal average movement of similar
cells in anaphase. In A the agent was added 2} minutes
before anaphase, in B as soon as possible after anaphase
began; the movement was arrested within about thirty
seconds. In A neither cleavage nor nuclear reconstruction
ensued ; in B cleavage was irregular, and reconstruction was
partially inhibited.

Arbacia at a dilution one hundred times greater than does colchicine
(CornmAN®#).* In tissue cultures, podophyllin has a marked inhibitory
effect on certain tumour cells at concentrations at which embryonic
cells are unaffected (OrMsBEE, CORNMAN and BERGER0),

These substances which act as spindle inhibitors at very low concen-
trations are all of molecular weights of the order of several hundred, but
exhibit no more general chemical features in common than do the

* Cornman and Cornman®'a have published a detailed study on the effects of these sub-
stances on cleavage in a number of marine eggs.
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various compounds which exhibit this effect at higher dosages. LETTRE
and his colleagues in a series of papers®! have shown that some features
are common to the molecules of both colchicine and a few other
antimitotic compounds. These, however, are only a small minority
of such substances. Nor is much light on the cytological action of
colchicine derived from what is known of its various other physiological
properties; it provokes haemorrhages in tumours as do bacterial
polysaccharides (Bovranp and BoyLanp??), it enhances the effects
of adrenaline on the whole animal (Ravmoxp-Hamer®3), it parti-
ally inhibits some enzymes, such as xanthine oxidase (KEEsEr?*)
and interferes at some point in the contraction cycle of striped muscle
(LECOMTE4%)*,

The cytological effects of colchicine are not restricted to the inhibition
of the mitotic spindle. Mitotic figures are seen in the liver of the adult
rat after an injection of colchicine (Miszurskr and Dorjanski®®);
growth in yeast is stimulated by colchicine (RicHarDs*%), and the
chromonemata become more noticeable in the intermitotic nuclei of
the cockroach (Ries**7), Breaks in chromosomes are induced by
colchicine in the anthers of Carthamus (KryTHE?®) and in Tradescantia
pollen-tubes (EigsTi*#®). ‘Bubbling” at the surface of fibroblastic cells
in culture is evoked (Miszurski®**?), and perhaps the most important
observation of all, BEams and Evans®® find that eggs of Arbacia 20
minutes after fertilization are more readily stratified by centrifugation
in the presence of colchicine. Mitosis in some of these eggs was blocked
in early anaphase, the dissolution of the asters was observed, and the
cleavage of the egg did not occur in their absence.

More comparative studies of the effects of other mitotic inhibitors
acting at high dilutions on various types of cell are greatly needed. One
should examine their effects both on protoplasmic consistency and on
cleavage in a variety of dividing cells. Colchicine has been shown to
have no effect on fission in several Protozoa, nor on locomotion and
ingestion in Ameeba (Kine and Beams®5?), Cornman and Cornman241®
observed that Protozoa multiplied in dishes in which Asterias eggs were
disintegrating under the influence of podophyllin.

It is of interest that 2-methyl 1, 4 naphthoquinone, which has an
inhibitory action on mitosis in tissue cultures (MiTcHELL and SiMox-
REeuss?®) has an opposite effect on the Arbacia egg, causing partheno-
genic activation and cytoplasmic gelation (Havasan®®) though the
effects on the egg of Chaetopterus are again somewhat different (Heir-
BrUNN and WiLson?®%), Among substances which inhibit both mitotic

* Cornman®® has shown that a large excess of carbohydrate can partially neutralize
the effect on sea-urchin eggs of colchicine and podophyllotoxin, Murray, pE Lam, and
CHARGAFF?® find that meso-inositol has a specific effect in blocking the action of colchicine
on dividing rat fibroblasts in culture,
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gelation and cleavage in marine eggs are heparin,* a bacterial poly-
saccharide (HeiLBruNN and WiLson?85) extracts of tissues such as the
ovary of Astertas (HEILBRUNN ef al1i®5%) and the dye Janus Green B
(ALLEN®T) which is also effective as a blood anticoagulant. These
observations are relevant to HeiLBrunN's theory that ‘protoplasmic
clotting’ is involved in cell division (p 140).

The specificity of the action of colchicine on the spindle is illustrated
by comparison with substances such as the narcotics which inhibit cells
in metaphase at concentrations not much less than those at which their
other effects are exerted. Thus colchicine is without influence on cyclosis
in Tradescantia staminal hair cells (NEBEL and RuTTLE ;2% DERMAN258),
while this activity in FElodea leaves is depressed by chloroform at
0+025 M (MEDEs and McCLENDON®3?), a concentration little more than
twice that needed to inhibit the spindle in Allium root-tips (OSsTER-
GREN®%) with this narcotic. Again, photosynthesis in FElodea ceases
when benzene at mitotic-inhibiting concentrations is added. Even
1 per cent colchicine has little effect on photosynthesis (Gavaubpan
and BrResBiON®®1),

OsTERGREN?% has shown that in a number of organic compounds,
water solubility is inversely proportional to their effectiveness as spindle
inhibitors, measured by the greatest dilution at which they act on divid-
ing cells in Allium root-tips. Such relationships have been expressed by
Fercuson®® in physico-chemical terms. Where substances of low
water-solubility exert toxic effects, the ratio between their threshold
toxic concentrations and their solubility is known as the ‘thermo-
dynamic activity’ of the compound and varies between o-1—1-0 for
‘unreactive substances of the typical narcotic type’, which act in a
purely physical manner, while chemical reactions with cell constituents
probably occur where the value of the activity coeflicient is very low.
Gavaupan ef ali*® have calculated the ‘thermodynamic activities’ of a
number of mitotic inhibitors; the lowest values are those of colchicine
and hexa-nitrodiphenylamine.

The action of narcotics on the mitotic spindle is a comparatively
recent addition to the list of the inhibitory effects of these substances,
and can best be considered in relation to their general subject action
within the cell, a subject recently reviewed by McELrov?%* and by
DanieLLr.?%® The most significant contribution to this field in
recent years has been the discovery that high hydrostatic pressure is
able to counteract the effect of some narcotics on bacterial luminescence
(Jouwnsow et ali12%%). This has led to the view that these substances cause
a reversible denaturation of enzymic proteins, and that pressure in-
fluences this equilibrium in favour of the native form. This theory

* Heparin has been found to prevent the agglutination of cytoplasmic particles isolated
from lymphocytes (HosTER of aln®®s),
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could be applied to the inhibition of the mitotic spindle either if the
orientation and disorientation of the spindle proteins themselves in-
volves a reversible denaturation, or if their state of alignment is under
enzymic control. The latter must of necessity be true if SwaNN is correct
in his thesis (p 126) that the metaphase spindle represents a dynamic
equilibrium.

If it were possible to find a suitable example of a mitotic spindle
which was insensitive to the effects of hydrostatic pressure per se it
would be of great value to investigate whether the action of the various
agents which affect cells during metaphase could be annulled by
pressure, and, if so, whether pressure-sensitivity of the chemical in-
hibition of the spindle and of bacterial luminescence were correlated.
Again, it might be rewarding to seek evidence for cytoplasmic denatura-
tion in the achromatic figure by using Kopac’s method, based on the
‘Devaux effect’. Injected oil-drops wrinkle if proteins adsorbed at the
oil-cytoplasmic interface are denatured (Kopac?®®),

Reversible denaturation of proteins during mitosis has been suggested
as the reason for the sensitivity of dividing cells to sulphydryl reactants
(RaPkINE®®7), for the number of reactive —SH groups is increased in
proteins after denaturation. A number of these substances have been
shown to act as metaphase inhibitors. For instance, mitotic arrest at
this point was demonstrated by Luprorp®* with sodium cacodylate on
tissue cultures, and by Dustin (P.)*%® with sodium arsenite in the bone
marrow of the mouse. HuGHEes has shown that the development of the
spindle can be prevented when a cell in early prophase in a tissue culture
15 treated with either iodoacetamidel?®® or chloracetophenone.*! If the
development of the spindle involves reversible denaturation of the
constituent protein micelles, its sensitivity to sulphydryl reactants
would suggest that these agents can act directly upon spindle material.
So far, the cytochemical evidence for the presence of free —SH groups
in the spindle is restricted to the observations of BRACHET®*®? on the
reaction of the spermatocytes of Stenobothrus with the nitroprusside
reagent. On this point he says: ‘“Au moment des cinéses de maturation,
le cytoplasme réagit moins intensement et le fuseau prend un ton plus
sombre; si, a cet instant, la cellule est écrasée, on peut retrouver le
fuseau a I'état libre et constater qu'il donne une vive réaction.’

On the other hand, CHALKLEY?? finds that the nucleus of Amoeba
loses its positive nitroprusside reaction when the nuclear membrane
disappears at the end of prophase, and that only ‘after fission is com-
plete, and the nucleus 1s reorganized the reaction can again be evoked
in the nucleus’. It would be a notable advance in cytochemistry if
there were developed a method for revealing sulphydryl groups of
sufficient sensitivity and precision to map out their distribution in a
number of dividing cells. There is some doubt whether the method of
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CuivreEmMoNT and FREDERIC,®™ though adequate for proteins such as
keratin, is sufficiently sensitive for this purpose. It is generally true
that free —SH groups are abundant in tissues in which cells are fre-
quently dividing; the evidence for this generalization is reviewed by
BracHET.?10

Other effects of sulphydryl reactants in dividing cells

Metaphase is not the only stage in mitosis which can be blocked
by sulphydryl reactants. The effect of iodoacetate in preventing the
entry into mitosis of cells in tissue cultures has already been des-
cribed (p 185); iodoacetamide and chloracetophenone, when added
to a culture when anaphase has just begun within a cell, can arrest
the further movement of the chromosomes, and at the same time
prevent cleavage and the reconstruction of the daughter nuclei.
When anaphase and telophase are inhibited by chloracetophenone in
this way, bubbling at the surface of the cell begins some minutes after
the addition of the agent, and increases in violence to such an extent
that the whole cell may be fragmented into blebs, among which the
daughter chromosomes are found unchanged still in their early ana-
phase relationship (Plate XV (27) ).

Huches®*™ has suggested that this blockage of nuclear reconstruction
may be due to inhibition of nucleases of the type described by Maver
and Greco®™ and associated with cathepsin, which is a complex of
sulphydryl enzymes. This suggestion, however, leaves unexplained the
fact that the formation of the chromosomes in prophase is compara-
tively insensitive to sulphydryl reactants in the fibroblastic cell,
although mitosis can readily be inhibited by such agents at several
other points. Inhibition in prophase can result if the action on the cell
is sufficiently drastic to arrest cytoplasmic movement, which also ceases
in intermitotic cells after prolonged treatment with high concentrations
of chloracetophenone.

Chromosomal effects

A number of substances affect the dividing cell primarily by attacking
the nucleoproteins and the chromosomes. These include the ‘radio-
mimetic’ agents of Dustin which cause dividing cells in the mouse to
degenerate. Among these are trypaflavine (Dustin (A. P.)%%) the effects
of which on tissue cultures have been shown by LETTRE and LETTRE?™
to be counteracted by nucleic acids, both RNA and DNA, when added
to the medium of the culture. Not all the substances which affect the
nucleoproteins of the chromosomes induce the breaks and rearrange-
ments which persist in subsequent mitoses after the direct toxic effect
has disappeared (LoverLiss and Reverp!'®®). Chromosome breaks
which do not persist in subsequent cycles of mitosis are provoked by a
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large number of agents; it has recently been shown that they occur
even during the normal germination of the bean (LEvan and LoTFy275),
Hucues and FeLpL'®® found that when chick tissue cultures were
treated with doses of sulphur mustard just sufficient to induce some
fragmentation of the chromosomes, the damage to the mitotic spindle
and the cleavage mechanism of the cell was then comparatively slight.
Metaphase was often prolonged, but in anaphase those chromosomes
attached to the spindle then moved at the usual rate. The abnormalities
in subsequent divisions of such cells have not yet been examined.
Persistent breakage of a chromosome is in itself not necessarily lethal
to a cell; HucHes-ScHRADER and Ris?"® have demonstrated this in
their work on the effect of X-rays on Hemiptera such as the coccid bug
Steatococcus where, thanks to a diffuse attachment to the spindle,
chromosome fragments retain their connection thereto. Embryos of this
insect were shown to continue their development after X-ray treatment,
and many cycles of somatic division occurred with fragmented chro-
MOSOIMmes.

The ultimate lethal effects of chromosome breakage in a lineage of
cells where centromeres are of the normal type must therefore be due
to loss of chromosomal material. Instances are known where early
embryonic development is blocked if a chromosome is lacking in the
nucleus; Poursow®?? has shown that eggs of Drosophila without an
X-chromosome do not develop normally beyond segmentation.

A further possibility is that misplaced chromosomal nucleoproteins
may exert inhibitory effects within the cytoplasm. This is suggested by
the recent observations of Mazia?"® that development can be blocked
when an embryo is treated with the deoxyribonucleic acid of its own
species. This was found to occur with eggs both of Asterias and the frog,
when their own respective DNA was added to the surrounding medium.
Foreign DNA was found to have no effect in either instance. BRAcHET
(private communication), however, has been unable to confirm these
observations of Mazia, though inhibitory effects of constituent molecu-
lar units of the nucleic acids, acting either before (p 189) or during
(p 198) mitosis, have been described by several authors.

Blockage of the cycle of the deoxynucleoproteins of the cell at a
different point is suggested by the work of MArsHAK ;27® MARrsHAK and
HarTiNG?3 on the effects of d-usnic acid on the fertilized egg of
Arbacia. This substance, which is extracted from a lichen, inhibits
DN-ase in vitro in the presence of cobalt. In the egg, usnic acid prevents
the fusion of male and female pronuclei, and also the cleavage of the
cell, when it is added subsequent to the prophase of the first mitosis.
Maz1a%"8 has shown that DN-ase is found within the cytoplasm of the
Arbacia egg and so the inhibitory effects of usnic acid may possibly be
exerted therein. Although the particular observations of these two
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authors to which reference has just been made are at an early stage, it
is clear that they are likely to yield new information of the interrelation-
ships of the nucleus and cytoplasm during mitesis. The importance of
this topic needs no emphasis.

Inhibition of cytokinesis

In plants, this stage in the mitotic cycle is highly susceptible to arrest.
The phragmoplast, by means of which the new cell wall is formed is an
orientated body (p 146) and it is interesting to see that this, like the
spindle which precedes it, is sensitive to colchicine; WADA'® has
observed the dissolution of the phragmoplast in the living staminal
hair-cell of Tradescantia in the presence of this alkaloid. StmoNET and
GuinvocHET®*®! found that halogenated derivatives of benzene and
toluene suppressed cytokinesis in seedlings of Linum while nuclear
division continued, multinucleate cells were thus formed. These
authors refer to this effect as the ‘paradichlorobenzene type of response’
from the name of the compound which was first found to provoke it,
though other workers (GAVAUDAN et alii®*®%) have found that in the
roots of Triticum the action of these substances is not entirely restricted
to this phase of cell division. Kiniman®8¢ has shown that cytokinesis
is suppressed in the meristems of Allium roots by treatment with adenine,
or with methylated purines. Adenine has a similar effect on chick
cells in culture (Hucnges) (Plate XV (2b) ). CHALKLEY?®? finds that a
variety of agents which interfere with locomotor activity in Amoeba
prevent the fission of individuals in mitosis, while nuclear division
proceeds unhindered. The suppression of cleavage by chemical treat-
ment and the formation of a di-diploid nucleus was first demonstrated
by WiLson®## in 1go2, who treated sea-urchin eggs with ether.

However, it has been shown by SHiGENAGA!" that the formation of
the cell plate in Tradescantia petal cells is readily disturbed by treatment
first with a narcotic and then subsequently with hypotonic sucrose or
water. SHIGENAGA’s work is a beautiful illustration of the Japanese
cytological tradition of work with living material, and the photographs
which accompany his paper show very clearly how these treatments
can result in several grades of effect. Either a single di-diploid nucleus,
or two diploid nuclei may be found within an undivided cell, or an in-
complete septum may form between the two daughter nuclei. Since
changes in hydration probably occur in both nucleus and cytoplasm
during telophase, it may be that the miscellaneous chemical agents
which affect this stage of cell division act by interfering with the normal
movements of water at this time.

A number of substituted hydroxybenzene derivatives have been
shown both to inhibit cell division in marine eggs, mainly of Arbacia
and also at the same time to stimulate respiration (Figure 6g). (The
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literature in this field has been reviewed by Kranr®*® and CLowes®*®,)
These effects are fully reversible. Of these substances, 4, 6 dinitro-
orthocresol inhibits the Arbacia egg in prophase or before (ScorT®*7),
and those of Cumingia and Nereis at metaphase. In Asterias there is no
particular point of sensitivity, and after prophase the Arbacia egg may
be inhibited at any point. Dinitrophenol and halogenated phenols
inhibit cleavage in Arbacia, though there is no precise point at which
mitosis is specially sensitive to interruption (CLOWES ef alii®%%),

The dual effect of these substances on respiration and cell division
are related. They occur at the same time when batches of eggs are
treated with increasing concentrations and are believed to be due to the
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Figure 69 Stimulation of oxygen consumption and block to cell division
of fertilized Arbacia eggs produced by various concentrations of substituted
phenols at 20° C (I). 2, 6-dinitro-4-chlorophenol. (II) 2, 6-dichloro-
4-nitrophenol. (I1I} 2, 6, dibromo-4-nitrophenol. Reagents were added
25 mins. after fertilization. Circles describe oxygen uptake, and dots repre-
sent cell division. From Kraxt and Crowes®! By courtesy, 7. gen. Physiol.).

diversion of oxidative energy from phosphorylative synthesis to the
combustion of carbohydrate reserves. Thus Loowmis and Lipmann®8 have
shown that dinitrophenol can uncouple phosphorylation and oxidation
in an isolated enzyme preparation,* and VILLEE et alii*®*® find that
dinitrophenol reduces the uptake of P# and its incorporation into
nucleic acids and phosphoproteins in the fertilized Arbacia egg.
Comparable effects of dinitrophenols on other cells and tissues
are known in which functional activity depending on phosphate bond
*Crowes*** has reported the preparation of cell-free oxidative and phosphorylating systems

from the eggs of Arbacia in which nitro- and halo-phenols stimulate respiration and inhibit
phmphury%tian at the same concentrations as with normal fertilized eggs.
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energy is depressed, and respiration is stimulated at the same time
(McELrov2®), It is therefore clear that these substances affect cell
division only indirectly by interfering with the energy supply at chem-
ical levels below that at which the various visible events of the mitotic
process are maintained. Again, d-usnic acid inhibits both cleavage and
the uptake of P*, without any stimulus to respiration (MaARSHAK and
HarTting ;250 Marsuak®7?), This substance must block metabolic path-
ways at a point different from that affected by the substituted phenols.

It is thus possible to interrupt cell division at a particular phase by
agents which act in different ways. For instance, cleavage in the sea-
urchin egg is inhibited by high pressure in a direct effect on the egg
cortex,* and by dinitrophenols which cut off the supply of energy to the
gelating egg proteins, In the absence of evidence from elsewhere, it may
not be possible to decide at what levels a *mitotic poison’ is exerting 1ts
effect, even if the action is specific on one particular phase of division,
for energy requirements may be particularly high in a certain cell at
this point. Here is perhaps the most awkward complication of all for
those who wish to analyse the nature of mitosis through the experi-
mental treatment of dividing cells.

The best hope of progress in the face of this difficulty is probably to
work systematically through a number of substances with definite
effects on mitosis, and to test their eflects on other features of the activity
of the cell. A valuable observation of this kind has been made by
ZeuTHEN?®® who has shown that suppression by colchicine of the
achromatic cycle and cleavage in the sca-urchin egg does not abolish
the normal waves in the curve of oxygen uptake, measured on the
Cartesian diver microrespirometer. These must therefore be related
to the nuclear cycle, for the formation of the chromosomes and their
reconstruction into nuclei continues in the egg treated with colchicine.
It is possible that the uptake of P3? continues in these circumstances;
SKIPPER éf alii*% have recently shown that the incorporation of formate
carbon into nucleic acid purines in the mouse is unaffected by the
injection of colchicine. It would not be difficult to suggest a series of
such possible lines of inquiry, but to pursue them would need a large
amount of co-operation between experts in different techniques.

* The remarkable action of threshold doses of podophyllin in causing regression of the
cleavage furrow in sea-urchin eggs in which division is already nearly complete is presum-
ably also a direct effect on the cortical gel (Corxman and Cornman®iia),
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PErHAPS it may be allowed that the absence of a complete and unified
synthesis of mitosis in the foregoing pages is not wholly due to the
shortcomings of the authors’ presentation of the subject. Much still
remains to be elucidated before it will be possible to construct one, and
the student entering this field need fear no lack of problems. There
are indeed, as Dr Johnson said of Spain, parts that have not been
perambulated.

Not all the unexplored regions of the subject are inaccessible; there
are some which happen merely to be off the main tracks of investigation
trodden by those who follow particular ideas, or exploit favourable
sources of material. These highways may perhaps be classified in the
following fashion.

Cytogenetical—The underlying theme of the majority of papers in
cytology for most of the last 50 years has been the correlation of the
experimental study of inheritance with the behaviour of the chromo-
somes within the cell. Indeed, cytology is sometimes equated with
cytogenetics. Somatic mitosis is only one of many topics in this subject,
and in these pages no attempt has been made to discuss any of the
others, full though they are of detailed observations on the cell. The
cytoplasmic aspects of mitosis however tend not to be included.

Comparative—Two main objectives may be discerned in studies of
this kind on the dividing cell. One is the classical aim of all comparative
anatomy, that of revealing evolutionary relationships; while the
other seeks a closer understanding of the common themes of mitosis and
meiosis by revealing the variations upon them found in different
organisms.

Physiological—Under this category we can include all those lines of
research which deal in such a variety of ways with the living cell. For
several reasons, marine eggs, chiefly of Echinoderms, have been used in
the great majority of experimental studies on dividing cells, and recent
developments in several fields such as in microscopy and the use of
trace elements have shown that much still remains to be done with this
material. Other cells in which more detail can be seen in life are less
readily accessible to experimental analysis, though considerable
development is possible both in the methods of observing and in the
technique of experimentation on many types of living cell.
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Cytochemical—Due to the prominence of the developments in this
subject in recent years, it is often thought of as the most modern branch
of cell biology, though its roots go back for more than a century, as
Baker! has made clear in an interesting historical survey. The develop-
ment of staining techniques in the later nineteenth century was pre-
ceded by MiescHER’s pioneer work on the nucleic acids, and for more
than a decade it was hoped that differences in the staining reactions of
cell components could be directly interpreted in chemical terms
(Huches?). High hopes and sceptical reaction have marked the progress
of cytochemistry and even now the list of substances which can be
identified with reasonable probability within components of the cell
is still very small. In general, the difficulties increase as the localization
of smaller molecules and groups is attempted, and at present the identi-
fication of atoms other than by isotopic methods is virtually impossible.
Yet until methods are found adequate for tracing the movements
of calcium, for instance, within a cell during mitosis it will not be
possible to test so interesting a theory as that of HEILBRUNN on the
nature of the mitotic stimulus.

Although it would not be true to state that these four general headings
of research have been pursued in isolation from each other, this ten-
dency has been a strong one. The distribution of our present knowledge
in the subject is partly determined by the restriction of some lines of
inquiry to a few favourable sources of material. Thus much of what is
known about the cytoplasmic events in mitosis refers to marine eggs,
and the nature of the stimulus to enter division has mainly been studied
in tissue cultures.

If evolutionary development had provided the Echinoderms with
a few large chromosomes, it is probable that our knowledge of the
nuclear and the cytoplasmic aspects of mitosis would be more coherent.
ScHRADER?® says that ‘it is a striking fact that our knowledge of chromo-
some structure and behaviour is far in advance of what we know about
the rest of the mitotic figure’, and although there has been recent pro-
gress in the study of the achromatic figure, it is certainly true that the
relations of the two sets of events is still largely obscure. We are, for
example, wholly ignorant at present of the nature of the actual stimulus
which sets off the movement of the chromosomes in anaphase. In
watching a living cell through mitosis, metaphase often passes rather
slowly, and one awaits the relief of the sudden and unheralded moment
when all the chromosomes move together. At such times, this question
suggests itself with peculiar insistence. In MicHeL’s memorable film
of Orthopteran spermatogenesis, shortly before anaphase it can be seen
that the mitochondrial investment of the spindle bulges at the equator
towards the cell surface. Then anaphase begins, the mitochondria
retreat, and soon the cleavage furrow appears at the site where this

208



OUTLOOK

material has touched the cortical layer. Clearly these events must all
be interrelated, though we yet know nothing of how this is achieved.

The attempt is often made to bridge such gaps by a broad appeal to
theory and generalization. It may not be amiss briefly to consider this
tendency. It is difficult to resist the impression that the elaboration of
theories in cytology is sometimes carried to great lengths. DarLingTON,?
for instance, in his ‘balance theory of mitosis’ gives a graphical
representation of the charges with which he endows centrosomes and
centromeres during mitosis and meiosis, though without an actual scale
in millivolts. Within recent years, the nucleic acids have proved a
favourable subject for exercises of this kind, the scope of which has not
been restricted to this planet alone. The question at issue is not whether
truths beyond the immediate reach of observation can be apprehended
by imaginative inference, but whether such theories have been found
to serve as a useful basis for further research, and to stimulate fresh
inquiry into particular aspects of cell division. It is doubtful whether a
survey of the progress of cytology would uphold such a claim, though
it might be urged that it is the experimenter who has subsequently
failed to play his part in testing these hypotheses. In practice, how-
ever, the wider is their scope, the less readily can they be tested by a
specific inquiry. Anything in the cell could be explained by a general
appeal to the nucleic acids, as readily before an experiment as after it.

The generalizing impulse is often expressed in another way. There is
a strong tendency to assume that observations made in a specially
favourable material must be everywhere valid in virtue of their clarity
and precision. If there are discordant results elsewhere, they can be
brushed aside as unimportant exceptions. Examples of this are by no
means uncommon; two may perhaps be quoted. CLEVELAND® in des-
cribing some of his very remarkable observations on the cytology of the
flagellates parasitic on termites, claims that they apply also to cellular
organisms: “The close similarity between the behaviour of these hyper-
mastigote centrioles, and the centrioles of other cells leaves no room to
doubt the general application of the observations on these flagellates to
mitosis in both animals and plants.’

Again, Loveress and REVELL® in surveying methods of research
on the effects of mutagenic chemicals make the statement:

By the use of the precise techniques that had previously been devised for the
detection and quantitative estimation of X-ray effects, they (geneticists and cyto-
logists) have shown that certain classes of these compounds are mutagenetic agents,
for they can cause heritable nuclear changes that are demonstrably similar to
those induced by X-rays. Consequently they have used as experimental materials
those, such as Drosaphila and the classical cytological objects, which were best
suited to the application of these techniques, and they have felt justified in doing
this by their confidence that their results could in general be extrapolated to other
cellular systems.

200



THE MITOTIC CYCLE

It is difficult to see more in the last sentence than a declaration of
faith in the sense in which St. Paul defines the word (Hebrews x1. 1).

When two authors generalize in this way from two different points
in the same field, a controversy may develop, in which each may well be
right as far as his own observations are concerned. WHITE? puts the
point very well in a comment on a debate concerning the state of the
chromosomes in telophase: “The protagonists on both sides of this
polemic seem to have tacitly assumed that whichever opinion was true
must also be true in all types of cells.’

Those who do this run the risk of neglecting the counsel which in the
sister field of genetics was given by Barteson,® and which surely is
just as relevent to cell biology: ‘Treasure your exceptions! . . . Keep
them always uncovered and in sight. Exceptions are like the rough
brickwork of a growing building which tells that there is more to come
and shews where the next construction is to be.’

Mitosis seems to me to be a supreme example in science of diversity
within a unity. It can hardly be doubted that the cycle of the formation
and dissolution both of the chromosomes and of the spindle are basically
similar throughout all the varying divergencies of detail which accom-
pany these events in different organisms. Probably insufficient notice
has been taken of these differences, though studies such as those of the
SCHRADERS” have shown how revealing these aberrant features can be,
It would be desirable to extend such investigations from the purely
descriptive level and to combine the second and third of the above
categories, and thus to begin the comparative physiology of cell division,
Here lies a potential approach of great power to the analysis of mitosis,
which could be pursued consciously if we attempted to define what
basic factors in addition to the visible events in nucleus and cytoplasm
are common to mitosis, wherever the process is found.

In recent years much has been learnt from the detailed study of
individual types of cells with various techniques, but it has yet to be
shown how far these findings may be applied elsewhere. Above all, we
need to know more about the physiology of mitosis in the plant cell;
it would be particularly desirable to study topics such as the proteins
of the chromosomes, the growth of the orientation of the spindle, and the
cytoplasmic events during cytokinesis such as the changes in permea-
bility of the cell membrane, Experience in other aspects of cell
physiology has already shown the need for the student to surmount the
conventional academic divisions of biology, which in this field have
unquestionably impeded its progress.

REFERENCES

1 Baker, J. R., 7. Quekett., micr. Club., Ser 4, 1 (1943), 256
* HucHes, A. F., International Revue of Cell Biology (in the press)

210









Aserson, P, H.

AsENBERG, E. J. 331, 155

AvperT, A. F. 172, 202

Avrert, M. 138, 63, 66, 6o,
8o, 102, 155, 158

ALrN-SLATER, 5. L. 204

ALLEN, A. z02

Avven, R. D. 104, 205

Avisor, C. B. 189, 205

ArTMmann, B. g, 18
Awperson, T, F. 157
Awpreass, G. 42, b7
ApuLonius, L. 67
Arneson, K. 37, 65

ArwoLn, J. 151, 152, 162

Artom, C. 54, 69

Astrur, T. 171, 175, 202,
203

Averpach, C. 184, 204

Bacearmng J. 44, 67

Baomsky, 5. 105, 1

Baker, J. R. 1, 17, 21, 272,
28, 38, 47, 66, 67, =208,
210

Baxen, L. E. 164, 171, 172,
201, 202

Baxer, R. F. g7, 157

Bavpiant, E. G. 40, 61, 66,

Bavpwin, E. 203

BavLpwi, F, M. 1135, 160

Banga, 1. y 20 :';g, .-mg,

Bumz'rsm 394

Barser, H. N 1'33, 135,
146, [55 160

Baricozzi, C. 54, 55 069,
1a5, 158

Barnes, M. B. 157

BarnerT, 5. B. G5, 68

Barron, E. 5. G.  viii

Bareson, B. 211

Bateson, W. 210, 211

Baup, C. A. 52, 68

Bauer, H. 39, 66

Baugmanmzn., W. J. 144
(L]

Bavaus, G. P. 50, 68

Bavior, E. R. 157

Beams, H. W. 58, 59, 61,
6g, 138, 149, 160, 162, 193,

265

BE&T‘["I', R! A-‘- "p"ii. 421 55-'
67, 69

Beck, L. V. 53, 68

Becker, W. A. 72, 146,

155, 161
Benrens, B. 34, 106

NAME INDEX

Berag, K. 71-75, 81, 85,
115, 119, 127, 144, 154-
156, 150, 162, Plate 5

BewmeTT, L. L. 206

BewsLEY, R. R.

2
Enn?:-an, C. A. 61, Bg, o6,
151, 157, 162
Bercer, R. 205

Bermar, J. I,
132, 159, 160
Bepwarp, C. 170
Berpir, N. J. 133,
160, 164, 165, 201

Br.'n:_n G.T. 5o,
BreseLE, J. J 4? 43, 61-63,

21, 24, 28,

115, 130~

134,

b7, 6o, 8o, 81, 151, 154,
155 1
Broosm, W. 167, 168, 201
BrumesreLn, C. M. By, 155
BrumexTHaL, R. 190, 205

Bopiax, D. 39, 66

BocojawLexsky, K. S. 6z,
6ig

Bonm, A. 40, 66

Bonus, A. JENsEN. 173
Bomviv, A. 34, 65
Bérrcer, I. 18
Bourne, G. 23, 28, 158,
161, 211
Boveri, TH. 53, 54, 69, 107,
108, 158
, B. H. 55, 69
Bovrannp, E.  1g3, 205
BovrLanp, M. E. 193, 205

BracuHET, ]. 7,9, tj,. 15: 175
!Br |9= 9'1'1- 29, 3 3'5! BJ'

18o, 181, 188, 0695, 196,
197, 203, 204, 2
BraprELD, J. R. G. 13,17,
19, 24. 40, 66
Branp, F. 147, 161
Brimon, G. 194, 206
Brown, C. H. 147, 161
Brown, D. E. 8. 138, 130,
161, 206

Broww, G. B. 19
Broww, G. L. 33, 48, 49,

65, 67
Brown, R. 72, 83, 85, 01,
L35
Brues, A. M. 153, 162, 204
Bucciawte, L. 88, 156
Bucunorz, J. T. 101, 157
Bucussaum, P. 144, 161

Buck, ]J. B. g7, 157, Plate

xXVI
Bujarp, E. 138, 160
213

BurousH, W. 5. 83-86,
g1, 156, 187, 189, 204, 205

BunceEnBURG DE Jome, H. C
41, 51, 67, 68

Bureau, V. 52, 68

Buscuke, W. 86, 156

Burier, J. A. V. 155

Cavxmvs, G. N. 133, 160

Carran, H. G. 33, 44, 47,
53, 65, 67, 68, 144, 161

Cavver, F. 16, 19, 51, 68

Canman, R. K. 100

Cant, R. G. 20, 28, 31, b5,
7l 154

Carwsow, J. G. 76, 77, 85,

88, 155, 156, 184, 191, 192,

204
Carrer, A. 164, 167, 170,
|';r2, 173, 174, 175, 181,

I 2y iﬂlﬁﬂ[:f;

Caspepsson, T. 8, 11, 12,

52: 14, 15, 19, 39, 4"3"; 45,
,» 67, 8o, 9B, 102, 104,
155, 157, 158, 181, =201,
204

Carcuesioe, D. G. 10, 17,
19, 50, 68

{U:nmmm-r,l?.# 1fi3, 201
HALKLEY, H. W. 75, 133,
155, 160, 172, 195, :93,
202, 2

Cuamsers, R. 25, 27, 20,
3% 51, 53, 65, 68, 97, 137,
145, 157, 160, 161

Cuantresne, H. 179, 203

CHARIPPER, H A, 152, 162

Cuancarr, E. 193, 205

Cuen, T. T. 42, g',r

CHEvVILLARD, L. 205

Gllr.vnﬂuﬂm', M. 13,
&0, 68, 196, 206

Cnursey, L. 52, 53, 68

Crara, M. 153, 162

Crarg, G. L. 100, 157

Crare, W. L Gros
201, 203

Cravpe, A. 20, 21, 24, 28,
51, 64, 68, 69, 97, 101, 157,
178, 179, 181, 183, =201,
‘203, E\DJI.

Creveranp, L. R. 86, g2,
95, 100, 108, 133, 156, 157,
158, 160, 209, 211

Croetens, R. 50, 68

Crowes, G. H. A. 144, 161,
190, 199, 205, 206
HEN, A. 133, 134, 160

10,

161,



Counen, C. 167, 201
Conex, I. 51, 68, 190, 205
Counxn, W. E. 185, 204

Comanpon, J. 71, 75 97.
78, 81, 85, 133, 155, 156,
tbo, 184, 204, Plate 6

CoumMmoner, B. 13, 19, 179,

2075
Coxkrin, E. G. 56, bg, 125,
159
G:::{i:p[-:n, K. W. 122, 151,
159, 162

Coorer, Z. K. 84, g1, 155

CoorersTeiN, 5. J. 213, 28

Cornman, 1. vii, 116, 127,
139, 143, 159, 161, 192,
193, 200, 205

Cornman, M. E. 139, 143,
101, 192, 200, 205

Cowpry, E. V. 6, 18

Creicuron, M. g3, g5, 156

Crick, F. 25-27, 29, Bg, go,
138, 1

Crouse, H. ob, 157

Cunmivcnam, B. 163, 200,
203

D'AmaTo, F. 190, 205

D'AnceLo, E. (. g7, 106,
157, 158

gnumuu, U. 52';_: 68
ALCO, 143, 161 .

DhL‘li.gH, A. _].43134, 160

Davy, M. M. 104, 158

Dax, J. G, 143, 161

Dan, K. 142, 143, 161

Damer, G. E. 75, 155

Damierrsy, J. F. 10, 17, 19,
g0, 68, 140, 142, 161, 185,
187, 194, 204, 2

Danowskr, T. 5. 185, 204

Darungron, C. D, wii, 42,
44, 67, 75, 91, 93, 119,
'éﬁ :55—:57, 159, 161,

84, 201, 204, 209,
211

Davioson, J.MN. 5,09, 10,153,
18, 34, 38, 39, 65, 66, 178,

20

Davsow, H. 185, 187, 204

Dawson, A. B. 152, 162,
167, 201

Dawson, J. A. 75, 155

Dearive, W. H. 42, 67, 78,
155

ok Foxerune, P. 75, B1, 85,
133, 155, 156, 160, 184,

204, Plate 6
pE Lam, H. 193, 205
Derers, M. 106, 158

Deriaz, R. E. 18

Derman, H. 104, 205

pE RoeerTss, E. 67

Dervicmian, D. G, 41, 67

pe WiLpeman, E. 86, 87,
156

MNAME INDEX

pes Licwers, M. J. A. 170,
178, 202, 203

Diseen, H. E. 19

D1 Fing, J. 21, 28

Dr Sterano, H. 5. 36, 37,
49, 66

Dopgé, M. =206

Dopzox, E. O. of, 100, 157

Dovjassxl, L. 174, 175,
191, 193, 209, 205

Dounce, A. L. 34, 49, 50,
65, 67, 68

Driiner, L. 125, 169

Dueos, R.]. 8,18

Duraney, A. D. 65

DurasDp, J. 206

Durvee, W. R. 41-43, 53
Erhﬁﬂ, g8, 100, 100, 157,
1

Dustin, A. P. 183, 196, 206

Dustiy, P. 183, 195, 196,
204~-200

EseLng, A. H. 170, 173,

175, 181, 201203
EpLBAcHER, 5. 4, 18
EnrexsvArp, G. 203
Enrensurc, L. 41, 66
Enruicu, P. 2, 17
Empson, M. 206
Ewesm, O, J. 191, 193, 205
Evvers, I. 101, 157
EncsTrioMm, A. 8o, 105, 106,

155, 158
Epnrussi, B. 8%, 156, 195,

1lg, 190, 203, 205
Erpmann, R. 63, 6g
Erickson, R. O. 10, 18, 66,

158, 190, 20
Emﬁ'. Rg?,h. 55-::, 68
EsrosiTo, M. 140, 161, 187,

2ing
Evans, T. C.

193, 205
Evre, L. B.

T4

FAankHAUSER, G. 42, 54, 55,
67, 69

Fanwvcuew, 1.
160

Favre-Fremier, E.
87, 155

Fexete, E. =201

Feir, H. B. wii, 7, 18, 26,
30, 31 33, 3 51, 55.
AR
9311” |25-149-15 159‘-
162, 184, 189, 191, 197,
204, 2085

Fercuson, J. 194, 206

Ferknmm, A. A. 13, 19

Feurcen, R. 6, 18

130, 132,

vii, B2,

Fimger, H. 1%, 19, 50, GB

Fiscunpere, M. 55, Gg

FizcHEr, A. (i). 3, 18, 108,
111, 158

214

Fiscuer, A. (i). 165-167,
170-173, 175-178, 201-
203

Fiscuer, F. G. 8, 18

FLEscimanwy, W, 156

Fremwming, W. 2,17, 81, 47,

E_rl: ?D, 99;- 15‘1.'* 15?

FrETcHER, W. E. 6%' 14
Fownrtana, F. 33,

Foor, K. Ii{

Fowrer, O 173, 202

Franguw, H. C. 84, 155
FREDE.M{:,_]. 16, 206

Freer, R. M. 65, 68

Frev-WyssLing, 28, 29,
97, 131, 157, 160

FrIEDENWALD, ]. 156,
190, 205

Friepmann, E. 191, 20

Friesner, R. C. g1, 15%

Fruron, J. G. 17,1

Fry, H. J. 87, mg, 111,

136, 138, 143, 156, 158,
150, |£?,1E-1 :
Fuipam, E. F, 28

Funaoka, 8. 105, 158

Fursr, 5. 5. 5, 19

Furth, J. 179, 203

Gawrarp, P. J. 173-175,
202

G%rsjﬂ-R- 39, 41, 51, 66,

Gauvrpes, M. E. 184, 191,
192, 204

gavaumn, N. =206
AvauDan, P. 19z, 194,
198, 205, 206 ol

Gav-Wmn, N.  zo5

GerTLer, L. 140, 150, 151,
162

GELEL J. 112

GerscH, 1. 39, 66

Gerscu, M. 41, 67

Gev, G. O. 173, 202

Gey, M. K. 71, 173, 202

Giesg, A. C. 165, 201

Gieert, L. 198

GricksManN, A, 153, 162

Goprewskr, E. 63, 6g
GovLpuaser, G, 175, 203
Govosmrra, Y. 65
Gomerr, G. 17, 50, 68
Goopsreen, T. H. 105, 158
Gorpon, M. 66, zob
Grarr, I. 151, 162
Gray, J. wii, 31, G5, 81, Bg,
91, 108, 142, 145, 155, 158,
161
Gray, L. H. vii, 82, 85, 8g-
91, 155, 156
Greco, A. E. 196, 206
GreeN, H. N, ng, 205
GREENsTEIN, |, P. 1
GHEE}GR\', P W, 39, ]55
Grecory, W. C. 75, 155



Grerr, M. 151, 162

Gross, F. 143, 161

GuiLreny, H. 172, 202

Guisocher, M. 108, 206

Gurick, A. 106, 158

GUI.].ﬁHDB , J- M. 5, 19, 105,
15

Guruerz, 8. 44, 67

HaLaBan, A. 193, 205

Hausurcer, H. J. 53, 68

HAMMARSTEN, t7, 1%,
177, 203

Hamuerr, F. 8. 169, 172,
200, 202

Hanes, C. 5. 17, 19

Harpme, D, 205
Harpmeg, J. P. 57, 6g
Haroy, W.B. 118,119, 159
Harman, J. W, 24, 29
Hargs, I. F. 6, 18

Hagrs, . E. {l} 114, 159

Haerez, |. E. (ii). 185,

Han-nm;, 191. 200, 2 u%

Harvey, E. B. 53, 69, 139,
143, 161, 188, z04

Harvey, E. N. 135, 139,
160, 161

Hnswm:.:_ W. A

Havarn, 'R. E. % 205

Heats, J. C.

HE..'\."["CIN, T.B :'_r.;., 202

Hecur, E. 192, 202

Hecur, L. 66, 157
Hemere, K. A. 58, 50, 6o
Hemweronn, A. 25, 29
Hemerunw, L. V.

86, 136, 139, 140, 15!?,

tEl. 193, 194, 205, 2
Heme, L. 3, 18, 104, I5B
Herrz, E. -H. 47, 67
Henemc, H #3,
Hexnecuy, L.
Hensnaw, P. 8. 140, 205
Hmm, M. 135, 160
Herrwic, G. 54, 6o, 61, 63,

Hertwic, O. 53, 6g
HerTwic, P. =4, Gg
HerTwic, R. =53, 69, 75,

155
Hevesy, G. 17, 19
Hire, J. C. 20, 21, 28
Hixton, T. o6, 97, 157
Hipp, F. J. R. 17, 19

Hirscurer, J. g2, 156
Eﬁmn R. Rﬂgj 156
OFFMAN, 4, 203
Hoaopes, L. 56?
HoceEsoom, G H 23, %4,
29, 37, 66, 179, 181, 182,

203
Houpex, C. 158
Howmay, E. 12,1
HoLLAENDER, A.

155 lﬁ-ﬁ

%%Jﬁ

NAME INDEX

Horwmes, B. 10, 19
Hovpew, C. 66
Horkmxs, F. G. 179, 183,
1§0, 20920
HDPQI?E—EEEYLERS, F. 2
Horwmig, E. 104, 158
Horsrarr, F. L. 198, 203
Hoster, H. A. 205
Hoster, M. 5. 194, 205
Hovawrrz, W. 101, 157
Howarp, A. 103, 158
Howarp, E. 25, 29
Hueezr, W. C. 172, 173,
175, 202
Huerrnen, A. F. B84, 108,
156, 158
Hucnes, A. F. 17, 18, z0,
25-29, 31, 33, 4143 56:1

57 ﬁﬁ_ﬁ?l E’Q, T, ?'Br 35_
86, B8, g3, 111, 116, 117,
120, 122, 125-128, 13%,
138, 141, 149, I54-156,
159-162, 184, 18g-191,
195, 198, 205, 208, 210
HuoHEs-ScHRADER, 5. g3,
112, 113, 114, 117, 131,

132, 156, 159, 160, 197,
20f
Hurmiy, R.P. 17, 19, 49, 67
Humenrey, R. E. 42, 54,
55, 67, 69
voen, H. 12, 13, 19, 14,
45, 66, 67
Hyces, G. 41, 66
Ivove, 5. 120, 159
Isaerwoon, F. A. 17, 19
Jacory, W. 57-6o, 6g
acoes, M. H. 135, 160
acosson, W. 10, 18, 79,

103, 145, 155, 158, Plaie
X1
Jacosy, F. 50, 68, 166, 176,

177, 201, ED%
Jeener, R 17, 19, 24,
ag, 180, 181, 203
ENNINGS, E, ﬁB
:}zﬂnmﬂs, H. 5. 166, 201
Jounsown, F. H. 194, 206
ounson, H. H. 108, 158
oHNzON, 5. 207
Joivy, J. 71, 77, 85, 8y,

J 155, #ﬁ o

ones, W. B, 19-19
Joroax, D. O. 19
Juncner, G. 106, 158
Just, E. E. 145, 161

Kapat, E. A. 68, 179, 203

Kaurya, N. 25, 20

Karvrmng, J. 8. 94, 155

KAER, J. McA. 32, 153,
I

Kato, K. 134, 135, 137, 160
Kavcuer, H. M. 68

215

Kavrmany, B.P. 42,67, g2,

93, 156
Kawacuchr, E. 42, 67
Kerser, E. 103, 205
KeLtee, A. K. 206
Kenpar, L. P. 172, 180,
202, 205
Kester, W. R. 155
Kiaen, 5. 173, 202
Kmiuman, B. 198, 206
Kmprep, J. E. 193, 160
Kma, R. L. 58, 59, 61, 6g,
t3B, 149, 160, 162, 193,
205
Kmg, P. L. 163, 200, 203

Kiem, H. M. g2, 68

Exgur, B, C. J. G. 182,
204

Korrer, P. C. 100, 157,
1By, 2

Korag, ﬁ J. 2B, 29, 195,
206

Koser, A. 2, 3, 4, 5 I8,
47, ©7

Krant, M. E. 144, 161,
190, 199, 205, 206

Kriszat, G. 100, 205

Krocu, A. 135, 160

Krucers, E. J. 179, 19, 50,
68

Kruszywskr, J. 105, 158

Kruvr, H.R. 41, 67

Kryrue, J. M. 193, 205

Kuwirz, M. 8, g, 18

Kuwapa, Y. 72, g2, 100,
155-157

Kurnick, N. B. 34, 36, 66

La Coum, L. F. 44, 67, 75,

1

LME.?:I, A K. 37,66

Lame, W. G. P. 65, 6g

LaxpsTRINER, K. 173, 202

Larack, A. M. 204

Laser, H. 171, 189, 202,
2

Lasrarcues, E. 21, 28, 176,
203

Laswrrzer, 1. 40, 66

Lavcurm, H. H.
88, go, 155

Lavine, T. 5. =202

Lawrence, E. G. g6, 157

Lawrexce, P. 42, 67

Lazarow, A. 23, 24, 28, 29

Le CHATELIER, 138

Lea, D. E. o4, 15

ﬁu. G. J33‘ 65, 67
COMTE, J. 193, 205

Lepuc, E. H. 149, 153, 162

LeeuwenHoEK, A. van, 38

Lenmann-Ecurernacur, H.
18

Leonarp, E. 66, 206

84, 85,



Lesier, M. A. 7, 18
Lesuie, 1. 38, 66
Lerree, H. 193, 196, 205,

2
Lerrre, R. 196, 206
LevcHTENBERGER, O. 16,
19, 34-37, 48, 55, 66, 67,
6qg, 101, 157
Levan, A. 197, 206
Levene, P. A. 5, 6,18
Lews, M.R. 20, 23, 28, 31,
65, 122, 159
Lews, W. H. =20, 22, 23,
28, 31, 32, 40, 42, 43, 59
65-63, 71, 89, 107, 117,
137, 152, 154, 156, 158~
160, 162
LieserkiHN, J. 191
Lmesman, E. 171, 182, 201,
202
Ligpow, A. A. 203
Lrescue, W. 130, 160
Liiexrerp, L. 3, 18
Liiue, R. S. 135, 160
Lipmann, F. 199, 206
Lsow, L. 35-37, 51, 66, 68,
Bo, 102, 155, 158
Lrrrie, C. C. 168, 169, 201
anhwm’ .-ﬂu.a 175, 203
B, J. y I§
I_,mqm{r, E.?E. Jg, 18
Lorram Surrs, J.
Lotry, T. 197, 206
Looreourow, J. R.

167, 201
165,

201
Loosis, W. F. 19, 206
LoveLess, A. 45, 67, 184,
1go, 196, 204, 204, 211
Lnﬂr:s.gﬁi b6, 206
Lucas, N. 8. 105, 158
Luvprorp, K. J. 15, 19, 20,
21, 23, 28, 33, 3t 39, 40,

65, 66, 134, 160, 166, 170,
172, 191, 195, 201, 202,
205, Plate 111
Lumia, 5. E. 178, 203
Lurman, B. F. 147, 161
Luver, B.]J. 52, 68
McAvLusTer, F. 147, 148,
161
McBeE, B. J. 205

McCarty, M. 8, 9,18

McCrespon, J.F. 118,119
159, 194, 206

McCrung, C. E. 43, 67

McDonarp, M. 10, 17

McErrow, W. D. 194, 200,
206

Mclupor, W. M. 34, 65

McDurreg, R. C. 157

Mackum, C. C. 152, 162

MacManon, H. E. 153,
162

Marzers, M. 185, 204

ManpeL, 5. A. 5, 18

NAME INDEX

Mann, G. 1,3, 17,18
Mantox, L. 93,94, 156, 157
MarsLe, B. B. 153, 1
MargoLiasy, E. 203
Marniam, D. H. zo5
Marsuak, A, 16, 19, 167,
200, 200

Marsuarr, W. 8. 153, 162
Magrsranp, D. A. 138, 139,

141, 149, 160, 161, 206
MartENs, P. 72,73, 85, 155
156
Martin, B. F. 50, 68
Matuer, K. 166, 201
MatHews, A. P. 135, 160
Maver, M. E. 196, 206
MAYER, A. 205
Maver, E. Z. 68
i B
AZIA, D). , 86, 103, 140,
158, 161, 197, zuﬁﬂﬁ i
Mepawar, P. B. 161, 166,
175, 188, 201, 203, 204

Mepes, ;. 194, 200
MekLejonn, M. 178
Mexper, G. 7o
MEeEnzsinkAL, 5. W. 1, b8
MeTcarr, M. M. , 156
Merz, C. W. g2, 96, 117,

151, 156, 157, 159, 162

Micuaevss, L. 11, 19

Micuer, K. 71, 154, 208

Mickey, G. H. g3, 95, 156

Mimscuer, F. 1, 2, 17, 47,
67, 208

Mikezka, L. A. 18
MicLerri, A. g1, 156
Miovioow, B. 6, 18
Mimrsky, A. E. 12, 19, 32,
37, 48, 64-67, 69, 100, 103,
104, 139, 140, 157, 158, 161

Mszurssl, B. 141, 193, 205
MrTcHELL, i H. =z
Mrrcuery, J. 8. 193, 205
Mirrchison, J. M. 25, 29,
140, 142, 161
MrrscueruicH, E. 82, 147,
155, 161
MovLereerG, H. 84, 156
Monng, L. 11, 19, 53, 68
MoxTtcomery, T. H. 38, 43,
66, 67

Moo, F. 5o, 68, 180, 204

Moore, A. R. 144, 161

Morcan, J. F. 170, 176,
201

Mor1, T. 18

MorTon, H. J. 201

Moromura, I. 142, 161
Morrrawm, J. C. 173, 202
Muirier, H. G. » 53, bg
Miinzer, F. T. 153, 162
Murray, M. 193, 205
Naxamura, T. 72, 155
Nasn, C. W. 68

216

Neper, B. R. 92, 93-04,
155-157, 192, 104, 205
Nﬂnﬁlmu,]. 164, 166, 167,

201, 203
MEuMmany, A. 3, 5, 18
Newsan, J. H. 104
Newsan, W. 68
Newton, M. A. 206
NeyT, A. 107, 158
Nicuorson, G. W. de P.
167, 201
Nisson, R. 179, 203

MNorpenserorn, E. 70, 154
NortHror, J. H. 8, 18

Novikorr, A. B. 144, 161

MNyvcaarp, O.

O'DeLr, R. A. 34, 65

Oppo, A. M. 140, 161,187,
204

Oes, A. 17,18

OerTLE, A. C. 120, 159

Ocata, M. 30, 66, 105, 158

Ocur, M. 18, 37, 66, 1032,

158
PHLENSCHLAGER, W. 203
Ouvo, 0. M. 8g, 156
Ormseeg, R. A. 192, 205
Osnonne, R. B. 6, 18
OstercrEN, . 117, 125,

126, 159, 194, 206

N, J. 17,19

Oura, G. 100, 157

Pace, D. M.
Packer, D. M. 105, 158
Pamter, T. S. 15, 19, 46,

62, 67, 69, 96, 98, 142, 150,

155, 157, 161, 162
Paray, 5. L. 97, 157
Pavape, G. E. 21, 24, 28
Parker, R. C. 20, 28, 167,

169, 173, 201, 202, 204
Parker, T. J. 39

18g, 205

Parks, M. E. 136, 138, 160
PasteRLs, J. 35-37, 66, Bo,
v 102, I}E{.l_ﬁ., 158
aTtau, K. g5, 157
Pease, D. C. =g?, 138, 141,
157, 160, 161
Peiser, E. G, 18
PEKARER, J. 74, 134, 155,
160
Prrc, S. R. vii, 1o3, 158
P IV o
PeREMESCHEO, —. 145, 161
Pernice, B. 191, 205
Perermann, M. L. 181, 204
Prerrrer, H. H. 25, 29

Piccarp, J. 2

Pickers, E. G. 28
Picken, L. E. R, g7, 157
Pmcus, G. 8g, 156

Piscumicer, A. 51, 68
FOL, L. =205
Pratr, M. =zoo



Porrack, H. 53, 68
PorrmsTer, A. W. 12, 16,
Ig 25! 29! 3.5!! SE’ ‘{'EJ 5
: ﬁ?! 5‘9: 1o, 104, lggr
157, 1

Pomerar, C. M. 189, zo5

Poxver, |. 10, 18

Porter, K. R. 22, 28

Portucarow, W. W. 6o,
69, 152, 162

Porrer, J. 5. 64, 69, 101,
157

Pourson, D. F. 154, 162,
197, 206

Pousser, H. 192, 205, 206

PmE'N'En, H. 63,67, 6o, 155,
102
Preston, M. M'E. =22, 28,

78, Bs, 128, 155, 156, 159,

Plate

Price, J. M. 37, 66

Purrmvcer, B. I). 168, 16g,
201

Rasmowrrz, M. 1o8, 158

Rane, C. ?3 112, 155, 159

II:ANB.«LL ﬂ 155
APKINE, L. 172, 105, 202,
206

Rasnevsky, N. 23, 28, 143

Ravuonp-Hamer, —. 193,
205

REckNAGEL, R. O. 24, 28

Recnery, D. 138, 160

Remann, 8. P, 167, 201

Remporr, E. C. 62, 6,
150, 162

Renavur, J. 170

Rexyi, G. 8. 25, 29

Resenpe, F. 47, 67

ReverL, 5. 45, 67, 184,

190, 196, 204, 209, 211
Richl, A. ﬁﬁ?‘;uﬁug
Rreuarns, A. g2, 31, 65
Ricuarns, A. J. B8
Ricuarps, O. W. 71, 154,

163, 193, 201, 205
Ricuarpsor, K. C.
R < D [

ICHTER, L). 17, 10, 47, b7
Ries, E. 193, 205
Ris, H. 12, 19, 32-37, 48,

64-67, 69, 92, 95, 96, 98,

102-104, 116, 128, 132,

156-150, I:;.l:', ﬁ

184,
Rnnfm,{'t" 92, I!.{,T,Q?%l
Rojas, P. 67
Rovr, P. M. lg
R.m.nmg H. A.

Rmu G L# g% 158, 190,
Rmmm:r:, H. 6,18

RownTreg, L. G. 171, 202
Rozsa,G. 101,121,157, 159

20, 21,

r

NAME INDEX

Ruch, F. g4, 100, 157
RupaLL, K. M. 13, 19
Riickert, J. 09, 153
Rucn, R. 8g, 156

RunwstroM, J. 189, 1go,
205,

Russer, M. A, 172, 202

Rurre, M. L. 93, 156,
19z, 193, 205

Sacus, F. 3, 18

Saez, F. A. 45, 67

SAK.I'\M'IIR.A T. 134, 160

Sackowskl, E. 3, 18

Sanpers, F. K. 10, 18

Santesson, L. 172, 202

Sax, K. B. 1B, 66, 158

Scuaepe, R. 72, 135, 155,
2 5

Scuarer, A. 167, 201

ScHecHTMANN, A. M. 141,
142, 161

ScHERSCHULSEAJA, L. W.
59, 69

Scurer, A. 84, 91, 155
ScHLEICHER, W. 70, 154
Scuienk, F. 5,1

Scrnaor, G. 34, 35, 38, 66,
101, 157

Scumiot, W. J. g8, 120,
126, 157, 159

ScnmmT-Nrewsen, K, 160

Scumrrr, F. O. 24, 29, g8,
157

ScHMEIDER, W. C. 23, 24,
2g, 37, 66, 179, 181, 18z,
209

sScroLes, M. E. Bz, 8s, go,
Or, 155, 1!

Scuraner, F. 34, 27, 55,
56, 66, 69, 92, 112, 117,
127, 131, 156, 159, 160,
aoi, 211

Scuremer, G. 6o, 6g

Scuremen, K. E. 13, 66

Scaurtz, A. F. 42, 67, 8o,
153, 156, 162

Scuurtz, J. 14, 15, 19, 45-
47, 67, 97, 101, 157, 181,

204
Scorr, A. 190, 199, 20
Scort, G. Hgnf,z?%ﬂ, [%5,
150
Serrriz, W. 25, 28, 29
Serra, J. A. 32, 47, 51, 64,
65, 67, 69, 92, 156
Smarmo, H. =53, 68, 135,
141, 160, 161
Suarr, L. W. g1, 110, 156,
159
SuarrrLes, G. R. 68
Suaver, |. R. 180, 204
Suencin, A. gf, 157
SmcENAcA, M. 51, 68, 74,
81, 100, 155, 157, 184, 198,
204

217

Sumakuvra, K. 75, 136,
155, 160

Stivke, N. 32, 51, G5, 68,
157

Sumwaco, P. 32, 65

Sigcxer, R. 5, 19

SiLzerstEiN, . K. 155

SmaoneT, M. 198, 206

Smon-Reuss, 1. 1go, 193,
205

Smapson, L. 20b

Skrerer, H. E. 200, 206

Sraviten, E.  Bg, 156
Smipes, J. 19, 21, 28, 33,
65, 94, 157, 160, Plate g

Ssarh, 5. G, 112, 159
SpauLping, E. G. 135, 160
Seean, F. G. 185, 204
SPEIDEL, C. (. 25, 29
Seek, J. 138, 142, 160, 161
Stacey, M. 7,18
StEpman, E. (1).

Ts lﬂr 47
48, 67, 104, 158 y

Stepman, E. (ii). 7,18, 47,
48, 67, 104, 158

StemN, F. 133, 160

Stemeacn, H. B. 180, 204

Steinrrz, L. M. 188, s04

STeERN, C. By, 156

STERN, E. A. 170, 201

Stern, H. 75, 135 136,
155, 160

Stern, K. 171, 174, 181,
202, 209

StEupEL, H. 6, 18

Stewart, D. R. 135, 160
StjErNHOLM, R, 202
SToNERERG, O, A. 50, 68
StvoveH, H. B. 159, 162

Stowerr, R, E. g, 10, 18

StranceEwavs, T. 5, P. 20,
28, 31, 40, b5, 66, 71, 88,
167, 16g, 201

StraspurceEr, E. 70, 72,
154

StropeLL, E. C. 131, 160

Sturpivant, H. P, 110,158

Suvervama, M. 161

Svwkaw, N. M. 61, B9

Surron, W. 5. 70, 154

Swaxn, M. M. Foreword,
25, 29, 110, 116, 117, 120,
122, 123, 126, 127, 128,
132, 140, 142, 143, 144,
150, 161, 191, 205

Swanson, C. P. 115, 159

Swrrr, H. H. 36, 37, 66,
102, 157, 166, 201

Szararz, D. 16, 19, 181,
20y

Szent Gyomrcyi, A. 24, 29

Tavror, A. M.
TavLor, E. W.

L

15 19
24, 20, 7T,



Tavior, H. F. W. 19
Tavior, J. H. 75, 155
Teece, E. G. 18
TecaMans, E. 143, 161
TerLvesmiczky, K. 31, b5
Teveztnskr, H. 71, 72, 155
Tenenpauvm, E. 203
TewnanT, B. 178, 209
THANNHAUSER, S. ]. 35, 66,
157
Tuermann, E. 154, 162
Tumanw, K. V. 166, 201
Tuomas, P. T. 147, 161
Tromeson, W.IPVA, W,
161, 165, 201
THomeson, B, H. 5. 8, 18
Tuorerr, B. 12, 19, 201
Tionen, S. 154, 162
Tirukore, G. H. 65, 68
Twecurer, G.  gI, 156

viii,

Tomrkms, E. R. 177, 203

Tomum, 8. G. 52, 68

Tozer, F. M. 39, 66

Trowerr, O. A. 174, 203

TyrLer, A. 163, 168, 171,
201, 202

Uper, F. M. 105, 158

van Benepexn, E.
158

1o, 107,

vanN Flerwerpewn, M. 3-4,
£1]

vAN WinkLe, Q. =zos

van Wssenmven, C. 147,

161

Vanperiyn, L. 30, 65

Venprery, C. 34, 35, 65,
G

Venorery, R. 34, 35, 65,
GG

VENDRELY = Ranpaver, C.
1o, 18

NAME INDEX

Vermunn, H. 68
VErNE, J. 172, 202
VERNE-SOUBIRAN, A.
202

172,

ViLLeg, C. 38, 66, 199, 206
Vircuow, B. 167

Vies, F. 140, 141, 161
Voeariaw, C. 172, 202
Vorr, K. 6, 18

VoLkerT, M. 203

von ErLancer, R. 141, 161
vos Monr, H. 147, 161
vox MoLLEnporr, W.

Voss, H. 58, 59, 6g

156

Wapa, B. 184, 198, 204
WaLpevER, W. 2,17
WarLker, C. E. 139, b6
Wavrron, A. J. 174, 202
Warnurc, 0. 179, 203
Wassermann, F. 8g,
156, 159
Wavsmourn, €. Foreword,
q, 18, 24, 39, 66, 178, 209
'WE.EH, M. Foreword, g, 1o,
14, 7q, 103, 1 » I
Wener, F. 33'2.5555, :5;5, 160

125,

Wesster, L. T. 152, 162

WEIGERT, 167

Weis, P. 163, 167, 181,
182, 201, 204

WEeLcH, —. 167

WevLen, F. V. 19, G5, 160

WerMmeL, E. M. 3g, 50, Go,
66, 6g, 152, 162

Wesson, L. G, 185, 204

Warre, J. C. 66

Waire, M. J. D. 31, 44, 54,
65, 67, 60, 94, 95, 115, 157,
15G, 210, 211

Warre, P. R. 170, 196,
201, 203
Wiccans, R. G. 32, by

218

Wicomns, L. F. 18
WiLeranoT, W. 185, 204
WiLkmnson, J. H. 40, 66
WiLeey, B. 17, 19
Wieeuem, R. 171, 202
WirLriams, H. H. 50, 68
WirLiamson, M. B. 106, Igﬂ
Winiamson, B R, 144, 161
WiLimer, E. N. 2o, 28,
68, 172, 174, 175, 178, -332
201-203, 205
Wison, E. B. 4, 18, 30, 53,
b6, 6g, 107, 108, 158, 198,
206

Wisown, J. W. 1449, 153,
162
Wison, W. L. 136, 140,

160, 161, 193, 194, 205
Winter, J. M. g1, 101
Worr, A. 50, 68
Wooparp, T. M. 153, 162
Woopwarp, G. 2oz
Woorrey, G. W. 16g, zo1
Wricur, G. P. 82, 155
Wryart, A. R. 5, 19
Wyokorr, R. W. G.

121, 157, 159

101,

Yamana, G. 146, 161
Yanacira, T, 161
Yuasa, A. 110, 111, 159

FacHarias, E.
Faveskr, W. 3, 18
Zevtnen, E. 139, 160, 161,
18g, 200, 205, 206
Zernicke, F. 71, 154
Zivmermany, W., 8s, 197,
156, 160
Zrrrie, C. A, . by
Zovvumcer, H. 31‘} 20, 28,
49, 41, 53, 66, 68
Zorzory, A. g, 18

2, 17



SUBJECT INDEX

Absorption curves, 11
nucleic acids, 12, 13
proteins, 12, 13
Acanthamoeba
contractile vacuole in, 82
mitotis in living, 75, 84, 35, 155, Plate VI
effect of colchicine on, 1
Acanthocysiis, mitosis in lwmg, 35
Accessory growth factors, in tissue culture,

I
Acetone, chilled, as fxative, 10
Achromatic figure, g2, 106, 108, 110, 122
in Frog's egg, deprived of chromosomes, 143
interaction with chromosomes, 143
lack of knowledge concerning, 208
pre-metaphase effects on chromosomes,

1I-114

Acridines, effect on nucleoli in  tissue
culture, 40

Acrosclhimus, separate spindles for each

chromosome in, 132

Actinophrys, mitosis in living, 75, 85
Actinosphacrivm, mitosis in living, 75
Active substance [rom chromosomes

anaphase, in, 127, 128

cleavage, in, 142
Adenine

absorption spectrum of, 12

effects on mitosis

Allium roots, in, 198
iissue Il.:ultur, in, 198, Plate XV

Adenosine

effect on nueleoli in chick eultures, 4o,

Plate 11

pre-prophase inhibitor, as, 186, 189

triphosphatase, in mlh:rchﬂndrm, 24

ujphusplmtc see ATP
Adenvlic acids, 106

absorption spectrum of, 11, 1

pre-prophase inhibitors, as, 186, 18g

(yeast) effect on mitotic rate in rat ovary,

1
Adrenal g?ands, growth controlled by

gonads, 160
Adrenaline, effect enhanced by colchicine,
193

Aduli tissues, effects of extracis on tissue
_ cultures, 174, 175
ine, 40
Aleohols, higher, permeability of eggs to, 135
Aldehydes, iberated on hydrolysis

cytoplasm, in, 6
nucleus, in, 7
Allium

heterochromatin of, 51
uuctlusu in, mE ; B.[;
uration of, 84,
inhibition of, :94?:3:?
nuclear membrane of, 52

Allocyely, 44
Ambystoma, 78, gg
anaphase chromosomes of, 93, 95
nuclenli of, 42
Amino acids, 176
aromaiic, 11
nuclear sap, in, 49
nuecleolus, in, 14
Aminopterin, effect on rmitosis in  tissue
cultures, 186, 191, 192, Plate XIV
Amitosis, 151-154
Frog leucocytes, in, 152
glands of arthropods, in, 153
Necturus erythrocytes, in, 152
occurrence inferred, 1535
tissue cultures, in, 152
Ammonium sulphate, fractional precipita-
tion with, 8
Amoeba, 103
inhibition of cytokinesis in, 198
mitosis in living, 75
nitroprusside reaction of, 195
protoplasm thixotropic, 27
spindle of, relative size, 130
vital staining of nucleus, 53
Amocbhoid movement, 140
sol-gel changes, in, 138
Amphibia, 73
epithelial nuelei of, 53
heteroploid, 42, 54, 55
mitosis in living cells of, 70, 77-78, 128
nuclear DNA, 37
Anaerobicsis, effects on mitosis, 188-18g
Anaphase, 32, 77, 92, 103, 113, 115-119,
127-129, 134-136, 142, 146, 148, 149,
186, 191, 197
beginning sharply defined, By
changes in spindle during, 116, 126-132,
143
chromosomes g-stranded in, g3
duration of, 85
mitochondrial movement in Psophus, and,
o8
mitotic arrest during, 196
spurious appearance of, 7g
Ancuploid nuclei, 1
Anhydrous technigque for isolating nuclei, 34
Anisolabis, spermatocytes of, centrosomes in,
LI2-11
Anopheles, Ia::'w.ra3 of, giant chromosomes of, 62
Antheridial ilaments, of Chara: mitosis in, 74
Anthers, cultivation of, 7
Anthroxanthum, position u? trivalents in, 117
Antimony sulphide, 52
Antiseptics, in autolytic studies, 3
Arbacia
egg of, 87, 138-139, 145, 190, 193
activation, 193
cleavage, 142
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Arbacia
egg of, cleavage, effect of Ca-free sea water
on, 141
in enucleated hall-epg, 143
inhibition of, 198, 199
mathematically treated, 144
cytoplasmic IDIN-ase, inhibited by usnic
acid, 197
DNA content of, 34, 35
effect of colchicine on, 193
embryonic nuclei of, 38
movements of K in, aflter fertilization,
140, 141
gocyte nucleus of, 53
P® yptakereduced by dinitrophencl, 199
permeability changes in, 1?5
phosphorylation in cell-free systems
prepared from, 199
viscosity changes in, 136, 140
sperm of, DINA content, 34, 35
Area
nuclei, 54, 55, 57
nucleoli, 42
Arginase, in liver cells, 50
Arginine, 48-50
eytochemical method for, 47
Arrhrnm‘.ﬁ:ngn. mitosis in living cells of, 73,
74 95
.i'ﬁ.r:t:nil.c? r.-:;}iiurn. as mitotic inhibitor, 195
Ammatilg amino-acids, absorption spectrum
of, 11
Artefacts, fixation
centriole, 108
interphase nucleus, 33
nueclear membrane, 51, 52
spindle fibres, 119
Artemia
cleavage of enucleate blastomeres in, 143
heteroploidy, mn, 54, 55
..dmfﬁu.t?llp-emmlocylﬂ of, different sized,
DN.{ RNA, and protein content of, 55
Ascaris, eggs of
central bodies of, 107, 110
effect of oxygen on, 82
Feulgen reaction of nucleus equal to that
of sperm, 35
) ;o of mitosis in, 87
Aszcorbic acid, 171
Ash
chromosomes, of, 1o4—106
nuclei, of, 106
Aspartic acid, 49
ﬂ:.!&‘rid.f,, 135 190, 193, 104, 19?' 199
oocyte nucleolus of, 39
Asters, 131, 137, 138, 140, 144
in fibroblasis, recognizable but small, 144
rays long known, 106
relation to centrioles, 110=-111
role of, in cleavage, 142
sca-urchin ege, 123
ATP, effect on Strongplocentrotus cgg, 190
Autolysis, and nucleoclastic enzymes, 3
Autosomes, 117
heterochromatin of, in Bryophyta, 44
Azo dyes, used in histology, 2
Auxin, see indolylacetic acid

Bacteriophage, g7
Bands, spiral I’Eagr]lar,ﬂgﬁ
Barley, seedlings of, 1
Basophilia
centrioles, of, 111
chromosomes, of, 79
cytoplasm, of, g
nucleolus, of, g, 39
reduced after ribonuclease digestion, g, 15
Basic proteins, 12, 47-48, 52
cytochemical test for, 12, 39 : :
Benzimidazole, effect on nucleoli in chick
cultures, 40
Bimodal distribution, 58, 50
Binucleate cells, 51
formation
amitesis, by, 152, 153
mitosis without cleavage, 149
liver, in, 61, 14g, 153
mitosis of, formation of polyploid nuclei,
61, Plate XI
Biophysics, mathematical, 23, 143
Birefringenee
cytoplasmic, 25
chromosomes, of, g7-98
nuclear membrane, of, 52
nucleic acids, of, g7
secondary, of interzonal region, 144
spindle, of, 119-120, 123, 126, 127, 132
streaming, 25
tactoids, of, 131, 132
Bivalent, 113-115
Blastomeres, 138
nuclei, of, 63
Blebs, polar, [rom spermatocytes, 145
Blepharoplasts, and centrioles, 110
Bodp, mitosis in living, 75
Bone marrow, mitolc waves i.n, g1
Bouquer stage, 111114, 119
heterachromatin in, 111-112
Brownian movement, 119, 147
intracellular motion in fibroblasts more
than, 22
observed in viscosity estimations, 196-137
Bryophyta, heteropycnosis in, 44
Bubbling, at cell surface during cleavage,
144-146
readily exaggerated, 196
Bufo, negative heteropycnosias in autosome
» &5
Bull, sperlg of, 34
Butter yellow, 50

Cacodylate, sodium, as mitotic inhibitor, 195
Calcium
bound, in cgg, 140
chromosomes, in, 105, 106
cortical release of, postulated by Heil-
brunn, 140
nuclei, in, 106
proteinate, 52
Calf thymus, nuclear DNA, 34
*Calottes polaires’, 72
Carbon
formate, incorporation into nucleic acids,
200
monoxide, 188, 18g

220



SUBJECT INDEX

Carcinoma, mammary, polytene chromo-
somes in, Gy
Carthamus, anthers, chromosome breaks in,
143
Caryometric analysis, 6o
Cathepsin
chromosomes unaffected by, 104
nucleases associated with, 196
Cell plate, in plant cytokinesis, 146
Ceniral body, 106-111
Acanthamoeba, of, 75
fibroblasts, of, 2o .
permanent cell organs, as, 106, 108
viewed in life, 108
Centrifugation
cells and tissues, of, 25, 52
differential, 16, 24
merogony and, 53
eggs under pressure, of, 139, 140
tissue extracts, of, 178, 179
Centrioles, 1o07-111, 123-125, 127, 120, 132
basophilic, 111
blepharoplasts, as, 110, 122
cryptogams, in, 110
hypermastigote flagellates, of, g2, 108
Centromere, 45, 91, 92, 14, 117, 123-125
diffuse, g2, 197
parasitic flagellates on, of, 209
postulated charges, 209
terminal, g1, 92
Centrosphere, 107, se¢ also cytocentre
Acanthamoeba, in, 75, 76
fibroblasts, in, 21
malignant cells, in, 21
Centrosomes, 107-111, 122, 127
living monkey egg, in, 107
Cerebral cortex, phosphatases in, 17
Chaelopterus, %g of, 86, 108, 136
heparin, effects of, 140
permeability changes in, 135
spindle in polarized light,
Plate XIII
Synkavit, effect of, 193
Chara, mitosis in living cells of, 74, 135
Chiasmata, g9
crossing over and, 151
Chick embryonic cells
tissue culture, in, 20, 21, 26, 30, 78, 116,
120, 128, 130, 152, 153, 185, 186,
197, 198, Plates I, X1[-XV
cytoplasmic rheology of, 25-27
synthesis of DNA after telophase in, 102
ultra-centrifuged, 38
Chilomastix, mitosis in living, 75
Chironomus, larval salivary nuclei of, 62, g6
Chloracetophenone, effects on mitosis, 186,
191, 192, 195, 196, Plates XIV, XV
Cholesterol in nuclei, 50
Chorio-allantoic membrane, effect of cyto-
plasmic particles on, 180

Eﬁ.ﬂrwgﬂwgu
embryonic neuroblasts in mitosis, 76-77
cytoplasmic viscosity chnn, 137
duration of phases in, 85,
spermatocytes of, 102, 130
anaphase curve of, 128
Chromatids, g1, 92, 94, 96, 99, 111, 114, 191

120, 129,

Chromatin, 47, 52, 75, 118, 143
defined by Flemming, 2
nuclease test and, 4
threads, preparation of, 63-65
Chromatography, applied to nuclear sap,
48, 49
Chromidia, 4
Chromocentres,
cell in culture, of, 30
ganglion cells in, 45
salivary nucleus of Drasophila of, 45, 46
Chromomeres, g5, 97, 100
Chromonemata, 75, 80, 92, 93, 96-g7, 100,
109, 151
cells in culture, 30, 33, 78
Echinus oocyte, 41
effect of change of tonicity on, 32
effect of colchicine on, 193
Frog leucocytes, 52
guard cells of stomata, 32
secretory cells, 32
Tradescantia, 72
Chromaosin, 48
Chromosomin, 48
avidity for DNA, ¥
Chromesomes, 76-81
absorption spectra of, 12
assembly on metaphase plate, 78, 79, 125
autonomy of, 127
breaks in, variously caused, 1g6-197
in normal germination of bean, 197
composition of, 5, 79, 101-106
condition of, in interphase nucleus, 30-33
contraction of, 73, 78, 79
effect of mitotic poisons on, 196-108
euchromatic regions of, 43-47
formation during prophase, 72, 76, 78, 70
heterochromatic regions of, 43-47
longitudinal division and duplication of,
_ bo, 78, 79, 93
matrix of, 72, 103
movement l:lr, 74, 78, 79, 111-1 19, 125, 127
polytene, 43, 151
relationship to nucleoli, 41-43
residual orientations of, 7
salivary, 46, 61, gz, 36—92?
phosphatases in, 17
sheath of, g2
size changes in, 61-63
spiral condition of, 72, 73, 94, 95
structure of, gi-1o01 .
telophase changes in, 79-8o
term due to Waldever, 2
Chymo-trypsin, 8
Cilia, loss of during mitosis, 133
Ciliates, hypotrichous, fresh formation of
organelles during fission, 133
Citric acid
method of isolating nuclei, 34
used for studying lipoids, 5o
Cladophora, cytokinesis in, 82, 147
Cleavage
cell, 135
absence of nucleus, in, 143
asymmetrical, :.q.g
axial elongation during, 1
hydrostatic pressure, effect a?:% 138
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Cleavage, cell, inhibition of
inhibitors of mitotic gelation, by, 194
respiratory stimulanis, by, 144
podophyllin, effect of, 143
rabbit egg, in, 8q
rate of, not related to oxygen uptake,
1
furrow, determination of plane of, 139
Clasterium, phragmoplast hollow in, 147
Co-acervates, 41, 51
Cobalt, activates usnic acid, 197
Cockroach
intermitotic nuclei, 193
oocyie of, yolk formation in, 39
Coclenterates, eggs of, asymmetrical
cleavage in, 143
Co-enzymes, 11
Colchicine, 86, 1g1
action on tumours, 163
as enzyme inhibitor, 193
breaks in chromosomes caused by, 193
effect on mitosis
Acanthamoeba, in, 184
chick fibroblasts, in, 186, Plate XIV
Choriophaga neuroblasts, in, 184
Tradescantia, in, 184
effect on phragmoplast, 198
solates ege cytoplasm, 193
some Protozoa unaffected, 193
stimulates mitosis in liver, and growth in
yeast, 193
without action on oxygen uptake in cggs,
200
nucleic acid synthesis in mouse, and,

200
Cold, effect of
leakage of K from RBC’s, on, 185
mitasis in cultures, on, 185
Colloid cémmistry, and living protoplasm,
13
Collozoum, spiral chromosomes in, 95
Contractile vacuole, see vacuole, contractile
Contraction, of chromosomal fibres, 116
smooth muscle compared, 127
Corpuscle polaire, 106, 107
Cortex, of eggs,
during division, 139-144, 200
effect of pressure on, 139
equatorial ring of, and cleavage, 139, 145
similar structure in fibroblasts, 145
movements beneath, during cleavage, 142
pigment granules in, Arbacia, 139
Crepidula, embryo of, growth of interphase
nucleus, 56
Crickets
amitosis in, 153 .
negative heteropycnosis in, 44
Cryptomitosis, 15%
Crypts, of Liecberkuhn, 17
Culex, larval ileal nuclei of, 151
Cumingia, eggs of
inhibition in metaphase, 199
viscosity changes in, 136
Curves
anaphase movement, 116, 127-128
theoretical, for cell cleavage, 144
Cyanide, 64, 185

Cyanide, as inhibitor
mitosis
fibroblasts, in, 18q, 191
sea-urchin eggs, in, 1g0
respiration of, in Paramoecium, 189
vital staining of mitochondria of, 23
Cyclophorase system, 24 :
Cyclosis, see also protoplasmic streaming
auxin increases rate of, 165
in Eladea, sensitive to hydrostatic pressure,

I
in dee:cgamfa, unaffected by colchicine,
104
Cysteine, 171, 172
Cytasters, 108, see also monasters
Cytidylic acid, effect on mitotic rate in
cultivated ovary, 18g
Cyvitocentre, 21
Cytochemistry
methods in, exactitude required, 8
remarks on progress in, 208
use of enzymes in, criticized, 10
Cytochrome, 249, 24
Cytogenctics, 207
Cytokinesis, 82, 146-140, see also cleavage
abnormal, in plant hybrid, |g7
forms in planis, classified, 14
inhibition of, 198-200
in living Tradescantia cell, 146-147
Cytolysis, protein denaturation in, 28
Cytoplasm, 20-28, 51, 77
changes during mitosis, 78, 133-149
fibrillar state, and cell-plate formation,
147
fine structure, 24-28
diversity in, deduced by Hopkins, 179
macromolecular complexes in, 178=-181
nucleoproteins of, 5
whether ﬁsﬁtimulus to division originates in,
I
Cytoplasmic particles, 16, 179-180
Cytosine, 5

Denaturation, protein, 28
Devaux effect and, 28, 195
narcotics, causing, 194
reversible, 195
Dendrocoelum, oocyte of, 112
2-deoxy-d-ribofuranose, 5, 6
Deoxyribonuclease, 8-11, 197
inhibitors of, 9, 197
method of estimation, g
Deplasmolysis time, as measure of perme-
ability, 136
Despair, investigators reduced to, 175
Devaux effect, and protein denaturation, 28,
195
Diakinesis, 44, 113
Dialysis of tissue culture media, 175-176
Diamino acids, 14
2, 6 diaminopurine, effects on mitosis, 186
Diapheramera, amitosis in, 153
2, 4-dichlorophenoxyacetic acid, 165, 166
Dicyemids, central bodies of, 106
Di-diploid nucleus, formed I:"Hpt‘rimimtallyl
1

gH
Differentiation, 164, 167-168
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Diffusion forces
cleavage explained by, 144
tulated in cell, 23
Dinitrophenols
reduce uptake of P** in Arbacia eges,

199
uncouple phosphorylation and exidation,

1
2, 6 dihmn%i—:;anitmphenul, 199
2, 6 dichloro-g-nitrophenol, 199
2, 6 dinitro-g-chlorophenol, 194
4, 6 dinitro-o-cresol, aflects
mitosis in sea-urchin cggs, 190
respiration, 199
Diplotene, gg, 100, 102
Diptera, 151
giant chromosomes in  larval tissues,

17, 45-46, 61-62, 9b-gB, Plate
XVI

Dissosteira, spermatocytes of
micro-dissected, g7
polar blebs extruded, 145
Distribution, of nuclear size, 58, 59
Dhivision, cell
need for further comparison in animals
and plants, 210
whether controlled by master reaction,

166
DNA content of nuclei, 32-38
changes in
interphase, during, 38, 102, 103
tc!:? ase, during, 1o2

embryo of
centrioles, 108
duration of mitosis in, 84
giant glion cells of, g3
larval salivary chromosomes, 61, g2, g8,
138
chromocentre of, 45-46
nucleoli of, 42
phosphatases in, 17
oocytes, ultraviolet absorption of, 15
ovarian nurse cells of
endomitosis in, 62
ultraviolet absorption in, 15
Duck, fibroblast cultures of, 173
Duration
interphase, of, 88-go
meiosis, of, 75, go
mitotic phases, of, 73, 82-88

Echinaracknius, egg of
activation of halves, 143
bursts at poles in hypotonic 5W, 145
Echinoderms, embryonic nuclei of, 38
decrease i:{lisizc in cleavage, 63
heteroploidy, 53
E;himmr:ﬁ, egg of, nucleus Feulgen-
negative, 35
Echimus
merogonous plutei of, 54
oocyte nucleus of, 31, 119 e
Ecmder%], Amphibian neural, basophilia in,
1
Edestin, 13
Egg-cell, in plants, 70

Eges

decrease in size of nuclei and chromo-
somies in cleavage, 63

marine, 25, 51, 135, 184
Echinoderms, of, g, 25, Bg, 101, 120,

130, 136, 188, 18g, 190, 200, 207
nuclear D%\m compared with that of
sperm, 34, 35
vertebrates, 157
mouse,
rabhit,

Elastie recoil in living cytoplasm, 27
Electron micrography

combined with micro-incineration, 105

dividing cells, 101, 1271, 122

nuclear membrane, 52

salivary chromosomes, g7

tissue cultures, 20, 22, 24
Electrophoresis, of embryonin, 177
Elements, four, 17
Elodea, leaves of

evelosis in, 149, 194

photosynthesis in, effect of benzene, 194
Embryonic tissues, nucleic acids in, 13, 180
Embryonin, 171, 175

‘growth catalyst’, as, 177
Endoblast, Amphibian, basophilia of, 16
Endomitosis

mouse tumours, in, 151

ovarian nurse cells, in, 62, 150

plants, in, 151

salivary chromosomes, in, g6
Energetics, vii
Energy-rich phosphate bonds, 19g

possible rﬂll:'e in protein synthesis, 16
Enzymes

cytoplasmic particles, of, 17g-181

nucleoclasiic, in, 8=11

nucleus, in, 49, 50

use of in cytochemistry, 3, 10
Epithelia, columnar

mitosis in, 133, 134

nucleic acids n, 13
Equation of Crick, for intermitotic period,

Equami{lgglatt, rifi
Equilibria, in spindle at metaphase, 116,
117, 125

sol-gel, 138
Eqguiselum, centrosomes of, 110
Er}rﬂlrub!,as‘ltss, Amphibian, mitosis in living,

777

Erythrocytes

Amphibia, 47, 64, 152

hirds, 17, 101

mammals, 154

permeability of, 185, 187
Ether

permeability of eggs to, 135

SUppresses c]cava.gc, lgﬂ
Ethylene glycol, permeability of eggs to, 135
Euchromatin, 64
Euglypha, duration of mitosis in, 85
Exceptions, valued by Bateson, 210
‘Exocrine glands, 14

Expansion of egg surface at cleavage, 14
begins at poles, 142 :
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Extended state, of interphase chromosomes
32
Extract
embryonic, 16
effect on tissue cultures, 164, 173-178
cell migration and mitosis, in, 175
not species-specific, 173
time relations in, 177
toplasmic in origin, 178
affected by ultraviolet light, 172
proteolytic activity of, 172

Faith, 210
Fertilization, 70, 135, 130, 140
compared with cleavage, 140
Feulgen reaction, 5-8, 30, 32, 33, 35-37, 39,
64. 79, Bo, g2, 100-105, 111
calibration of, 36
hydrolysis for, 36
quantitative use of, 7, 35-37
salivary chmmnxumi:a, in, 17
validity of, 7
Fibres, spindle, 119-122
living and fixed state, in, 120
reversible formation by acid, 122
Fibroblasts, 20, 134, 144, 145, 152, 164, 171,
172, 196
growth of, extracts inhibiting, 174, 175
stimulating, 170, 173-174
substances necessary for, 175-178
term loosely used, 20
Fine structure
cytoplasm, 24-28
nuclear membrane, 52
spindle, 120-122
Fission, in Amoeba, inhibited by same agents
as locomotion, 198
Fixation
effect
cell cations, on, 52
nuclease digestions, of, 10
spindle, on, 11g, 121, 122, 124
subsequent effect of stains, on, 3
even dispersion of DNA, for, 37
Golgi network, for, 22
Flagellae, 110, 122
Flagcllates, hypermastigote, 108, 209
Fluoracetate, 18g
Fluoride, sodium
effect on erythrocyte permeability, 185, 187
mitotic inhibitor, as, 185-187, 191
Forces, postulated, in chromosome move-
ment, 115
Foreskin, mitosis in, g1
Formalin, 36
as fixative, 101
spindle, for, 121
unsuitable for nuclease digestions, 10
Fowl, DNA content of cells
erythrocytes, 34, 36
sperm, 34
Fractionation
cell, 1
q'mplasm, 29, 179
embryo extract, 178
nucleus, 63-65
Freeze-drying fixation, 13

Frog, egeg of, 143, 197
cleavage in, 8g
permeability changes during, 135
erythrocytes of, DINA content, 34
leucacytes, amitosis im, 151
chromdnemata in living, 32
nuclei of, 81, 105
intervesicular boundaries in, 32
cocyte of, dissolution of nucleoli in, 41
Fundulus, em of, nucleus vesicular, g2, 33
Functional differentiation, 167
Furfural, 4-6
‘Furrow-determining’ substance, postulated,

139

Gallus
DNA content of cells
erythrocyte, of, 34, 36
sperm, of, 34
duration of mitosis in, 85, 88
Gelation
cortical, 130, 141
spindle, in, 125
mitotic, 140, 104
reversible, in cytoplasm, rgﬂ
effect of pressure on, 13
Generalization, tendency towards, 209
possible disadvantages of, 210
Genes, gﬁ
said to be distinguishable in salivary
chromosomes, 97
Germinal vesicle, see oocyte nucleus
Gerris, pal'irplmd.}f in, 149, 150, 151
Glrdlc-nal in C}-‘tﬂkll‘tﬂls of Spirogyra, 147,

Giad':"m'ml,i g1
CGlobulins, serum, 192
Glucose, g1, 171, 18
necded to maintain mitosis in severed ear-
lobes, 187, 188
Glutamic acid, 49
Glutathione, 171, 172
reactivation of heated embryo extract by,
172
Glycolysis /
acrobic, and entry into mitosis, 138
throcyte membrane, at, 187
Goldfish, tumour of, 62
Golgi body, 20-22
disappearance in mitosis, 134
granular in tissue cultures, 21
myelin figures and, 21-22
gfmaﬁ reaction, 17
mphocerus, spermatocytes of, 102
Grasshoppers, short-horned, negative hetero-
pPYCnosis in, 44
Growth
factors promoting, 168
plants, in, 165-166
tissue cultures, in, 16g
hormones, 168-170
trephones as, 170
ignorance concerning, 1638
term d ively simple, 163
Guanylic acid, effect on mitotic rate in
cu]twalﬂd ovaries, 18g
Guinea pig, liver of, 64
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Haemin, 171
Haemoceytoblasts, in leucaemic spleen, 64
ﬂaeml _éwi:, 187
aploidy, 53—
Ha.ll?l::quin Ebg'?:f tesiis, 117
Heart, extracts of adult growth promeoting,
17
Hemi te:ri
diffuse spindle attachment of, g2
effect of X-rays on, 197
Heparin, effects
loplerus egg, on, 140, 104
isolated q.rtgasmic particles, on, 104
Heredity
chromosome theory of, 31
relation to meiosis, 70 L3
Heterochromatic granules Feulgen-positive,
7. 305 32, 33
Heterochromatin, 64
alkaline phosphatase in, 50
associated with nucleoli, g
basic teins and, 45
genetical properties of, 45
Lipoids in, 51
objections to use of word, 47
susceptibility to breakage, 45
synthetic activities of, 14
Heteroploidy, 37, 53-55 =
origin by mitotic modifications, 61
Heteropycnosis, 43-47, 118
negative, 44
positive, 44 )
Hexa-nitrodiphenylamine, as mitotic
inhibitor, 194 s
Hexose, presence in DNA disproved, 6
Eil:l,idinc, 12, 49
AT
cmmmc size, of, G2
intermitotic periods, of, 88
nuclear size, of, 57-59
Histones, , 103-104
attacl:ecf epsin, 104
crm-chtmicar localization of, 12
effect on absorption spectrum of tyrosine,
12
removal by
?-II in HC, 36
i
rcsisﬁg;hlcﬁimljc acid, 104
vary in different tissues, 48
Hm'pma,ﬂ‘:'gnld_idﬂ, 86, g2, 100, 133, 134
ana = in, 95
H, and growth, 168-170
interactions of, in castrated mice, 168
Humbertiella, 117 3
Hyacinthus, formation of spindle n, 72
Hydrostatic pressures, high, 141, 200

effects on .
amochoid movement, 138
dﬂw: 138
gelation, 13

mitotic spindle, 195
narcosis, 184
centrifugation under, 139, 140
ew-hydroxy-laevulinic aldehyde, 4, 7
Hypotheses, a:; chromosome movement,
115-11

Illumination, domestic, progress in coms
pared with eytology, og
Inclusions, eytoplasmic, 20-24, 119
Indolylacetic acid, 165, 166
Indolylbutyric acid, 166
Injury, cell, comparable changes at mitosis,
135
‘Innere Teilung', 6o
Insulin, 171
Interphase, 20-65
duration of, 82, B8-go0
nucleus in, g0-65, 77
growth of, s6-61
Interzonal region of spindle, 77, 144
chromosome sheath, g2
Intestinal crypts, DNA turnover rate in,
17
Inverse squares, 119
spindle birelringence, in, 121
Iodoacetamide, effects on mitosis, 191, 195,
I
lodoacetate, sodium
effect ur& erythrocyte permeability, 18s,
147
mitotic inhibitor, as, 185, 186, 196
Interzonal region of spindle
exaansinn of, 115, 144
ENA in, 109, Plate XII
secondary birelringence in, 144
Isoelectric point, 52
Isoleucine, 40
Isotopic methods, nucleic acid synthesis
studied by, 16, 17, 200

Janus green
blood anticoagulant, as, 194
inhibitor of cleavage, as, 184
mitotic gelat:i.cn, of, 194
stains mitochondria, 23-24
basis of reaction, 23
Japanese school of cytology, 71

Karyoplasmic ratio, 53
Kinetochore, see centromere

Laevulinic acid, 4, 5
hmp—h::;h chromosomes, 43, 96, gi-100,
- .
formation of nucleoli by, 42
structure of, gi-100
Latent pcérind, in action of embryo extract,
17
Leptotene, g5, 102, 104, 112
Leucine, 49
Leucobase, of Janus green, 21
Leucocytes
Amphibian, 151-152
centrioles of, 108
cultures, in, 170-172
degenerating, in pus, 1
possible functions of, 172
Light, influence on mitosis in plant roots, g1
Light-scattering, at egg membrane, 140
Lilium, anthers
meiosis in isolated, 75
E:bllcn grain of, 134
NA content, 57, 102
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Limnea, oocyte nucleclus of, 39, 40
Links, electrovalent, 147
Linym, inhibition of cytokinesis in, 108
Lipoids
cfl.nplas.mi{: inclusions, as, 22, 134
nuclear membrane, in, 52
nucleus, in, 50-51
Lipoproteins
chromosome sheath, in, g2
BENA associated with, 51
Listera, mitosis in living cells of, 73
Liver, mammalian, 153, 193
arginase in, 50
chromosome size in, G2
extracts of, inhibit fibroblast growth, 174
nuclear size in, 58, 59
nuclecli of, 39
P yptake in, 16
reaeneratiun, 140
Luminescence, bacterial, 194
Lymphocytes, 150, 171
leucaemic spleen, in, G4
Lysine, 49

Macromolecular complexes in cytoplasm,
178-180
Macroscopic conceptions, possibly mis-
leading, 117
Macrophages, in tissue culture, 170
death in presence of embryo extract, 171
Magnesium, activates DN-ase, g
nuclei, in, 105-106
nucleoproteins, in, 106
Magnetic particle method for cytoplasmic
viscosity, 2526, 138
Malpighian tubules, g6
Malonate, 18g
Mammary glands, 168
Man, chromosomes, of, 101
mammary carcinoma, in, 63
nucleoli, in, 42
Mantids, pre-metaphase stretch in, 112-114
Mast cells, 171
Matrix
chromosomal, 72, 92, 103
changes in hydration postulated, g3
Mﬂ._‘i.ﬂ?r.ﬁirrm, spermatocytes of, 117
Meiosis, 43, 70, 71, 74, 75 99, 93, 99, 105,
111-114, 117, 136
Membrane, undulating, 22
Mcristcam, rate of formation of cells in, 82,
3
Merogony, 53
Meso-nositol, counteracts colchicine, 193
Mesozoa, 106
Mesphilia, cleavage in, 143
Metachromatic staining, and dye polymeri-
zation, 11
Metaphase, 76, 77, 92, 100, 102, 104, 113~
114, 117, 125, 1206, 128, 129, 1%4-
137, r#ﬁr 148, 151, 186, 104, 195, 199
duration o
plate, 149
prolongation of, 191, 197
random chromosome movement in, 191
s-methyl cytosine in DNA, 5
Methyl green, 5, 9, 36, 103

Methyl green, not specific for DNA, 3
stains high polymer nucleic acids, 36
2-methyl 1, 4 naphthoquinone (Synkavit)
action on Arbacia eggs, 193
tissue cultures, on, 193
Methylene blue, 5, 10, 11, 105
cytoplasmic basophilia, and, 5
vital staining of mitochondria with, 2
Micelles, sub-microscopic, in the 5pir|3|
111, 120, 132
Micrasterias, nucleoli of egg, 41
Microcolorimetric estimations for DNA, 7,
102-103
calibration of, 35-37
Micro-dissection, 51, 145
chromosomes, g7, 100
subjecljveﬁeslimales of viscosity based on,
15
Micro-incineration, 52, 104-100
M{:(mrfagci 1:is;ii, 70
right-field, 31, g2, 71, 11
dargk—ﬁf:lr.‘i, 2!3, 2:.?, 33 Ea
electron, 20, 22, 24, 52, 97, 99, 101, 105,
121, 122
phase-contrast, 20-22, 30, 31, 33, 51, 71,
78, 79, 93, 94, 100, 120, 152, 184
polarizing, 52, g7, 120
ultraviolet, 33
v phase-contrast, 54
icrospectrometry, 8, 11-13, 47
djiﬁc?.;it:e-s of 1:I.§nuf31ng gr:;‘u ans by, 12
ultraviolet, in, 11, 102, 104
Microsomes, 24, 179
possible origin in nucleus, 181
Migration
cataphoretic, of nuclear contents, 119
cell, and mitosis in tissue cultures, 192,
115
Millon reagent, m:iq.
rotamines not detected by, 2
Mitochondria, 20, 22-24, 51, 179, Plate I
arrangement c[‘, 25
changes during mitosis, 134
enzymes associated with, 24
mohbility of, 23
size of, 22
stained by Janus green, 23
surface of, whether membranous, 23
Mitosis, vii, 70-81
eytoplasmic chan
duration of, 82
effect of hypertony on, 81
epidermal, effect of carbohydrate on, g1,
187, 188
experimental analysis of, 163-200
inhibitory studies on, 183-200
modifications of, 61, 149-154
monastral,
nature of simulus to evoke, 163-183
physiology of, and reversible gelation, 138
rarity of, in adult liver, 153
spermatogonial, 43, 44
Mitotic
gelation, Heilbrunn’s views on, 140
prevented by
heparin, 140, 194
Janus green B, 194

es in, 155-149
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Mitotic gelation prevented by,
_ polysaccharides, 194
tissuc extracts, 194

index, 89, 153
poisons, 183-200
Monasters, adventitious, 107

Monkey, ege of, centrosomes in, 107
Monocentric division in Seiara, 117, 118
Monocytes, 170
Mosquito, larval. nuelear size in ileum of, 61
Mouse
eastrated, hormones in, 165
chromosomes of
embryas, in, G2
tumours, in, 63, Plate 111
embryos of, P** uptake in, 16
interphase
nuclei of, 56-59, 88
DNA in, 37, 38, 63, 102
nucleoli of, 42-43
leucaemia in, by
mitosis in
cultivated spleen, 78-80, 85, g3, Plates,
IT, VIII-XII
ear lobe, 84, 85, 187
periodicity in, g1
fpermatocytes, 50
Movemenis
cytoplasmic, 22, 23
during mitosis
animals, in, 157, 141
plants, in, 146, 147
Mucosal cells, phosphatases in, 17
Muscle, smmtlﬁ, 105
contraction compared with spindle fibres,
12
Mustard gas
action on dividing cells, 184, 191, 197
mutagenic cffect of, 18
Mutagenic chemicals, effect on heterochro-
matin, 45 .
Myelin  figures, formation by ethanol,
relation to Golgi body, 21-22
Myaosin, 24
Myxine, slime glands, 39

1, 4 naphthohydroguinone diphosphate as
mitotic inhibitor, 191
Naphthyl acetic acid, 166
Narcotics
fundamental action of, 194-195
general effects and mitotic  inhibition
compared, 194
Necturus, amitosis in erythrocytes, 152
MNematodes, eggs of
corlical movementsin, during cleavage, 141
resistant nature of, 141
Nereis, egg of, metaphase inhibition, 199
Neuroblast of Chertophaga embryo, 137
interphase in, 88, 8g
mitosis in, 76-77, 137, 191
Neurone, protein synthesis in, 15
Neutral red, 135
Newt, 77
heteropycnosis in, 44 ¥y =M
Nicotiana, cells of flower bud, viscosity
changes in mitosis, 137

Nissl substance, digestion of, 4
Nitrogen mustards, 190
a-nitronaphthalene as mitotic inhibitor, 192
Nitroprusside reaction, 195
Nucleal reaction, se¢ Feulgen reaction
MNuclear areas and heteroploidy, 54, 55
Nuclear membrane, g0, 51-53, 75-80, o8,
111, 114, 118, 148, 150, 190
birefringence, 52
chromonemata line inner surface, 31, 79
dissolution of, in or aflter prophase, 51, 52,
73, 74 79, 125, 133
formation of, in telophase, 32, 8o
isoelectric point of, 52, 118
not an arteface, 51
passage of nucleoli through, 43
permeability, 53
zone of high ultraviolet absorption
surrounding, 14
MNuclear sap, 77, 78, 100, 119
contributes 1o spindle, 125
fluid, a, g0, 31
no DNA in that of Amphibian oocyte, 33
Nucleases, 8-11, 196, 197
cytochemical use of, g-10
history of, 3
Nuclei, isolated, 1
analysis of
DNA, for, 34, 37
RMNA, for, 34
methods of preparation, 34, 49, 50
Nucleic acids, 1-17, 55, 105, 134
birefringence of, 97
counteract effect of
cultures, 196
deoxypentose, 48, 63, 100-103, 106, see
also thymonucleic acid
analysis of nuclei for, 33-38
localization of, 6-7
state of, in interphase nucleus, 33
history of, 1-8
pentose, 50, 103, 106, 1Bo, 181, see also
tricitonucleic acid
dissolved by acids, 10
interphase nuclei, in, 33-34
synthesis of, 14-16
protein synthesis, and, 13-17
‘Nuglein’, 1-3 =~
resists peptic digestion, 2
Nucleolar organisers, 41-45
Nucleoli, vii, 1, 4, 30, 31, 33, 38-43, 72, 73,
75, 76, 8o, 98, 119
absorption spectra, 46
acidophilia of, 39, 45
Amphibian embryos, in, 15, 16
arca of, and heteroploidy, 42
basophilia, 59, 103
cytoplasmic, 15
chromosomes, relations to, 41-43, 100
coacervates, as, 41
dissolution of, 41
in or aﬂﬂir prophase, 52, 73, 74, 78, 79,

trypaflavine on

extrusions into cytoplasm from, 39-40
fragmentation of, 41

history of, 38-39
lipoids in, 50, 51
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Nucleoli, movements in, 40
nucleoprotein of, 5
number of, 42-43
E{hmphatasr in, 40
NA in, 39-40, 79
synthetic activity ol, 14, 59-40, 47, 100
telophase changes in, 8o
true, distinguished from heterochromatin,
30
uacualéjs in, 40
MNucleoproteins, 5, 11, 197
early histochemical attempts to distinguish
from nucleic acids, 5
embryo extract, in, 178, 179
nucleclus, in, 39
nucleus, in, 16, 30, 32, 166
peripheric, g2
Nucleosides, 6, 40
mitotic cffects, 186
Nucleotides, 12, 13, 106
mitotic effects, 186, 189
Nucleus, vii, 30-65, 72, 74, 76, 112, 125
affinity for gyes, 1
analysis of
DNA, for, 23-98, 102—-103
RINA, for, 33, 34, 103
appearance of, by ultraviolet, 33
decrease in size during cleavage. g8
distribution of DMNA in, 32-33
enzymes of, 40-50
Feulgen reaction of
tissue cultures, in, 7
wh{i‘a.t thrj‘m, in, G
rowth of, |
igsulation, m‘r:-:ﬁd_lﬁnds of, 34, 50
lipoids of, 51
ng mld%?c:_'d compared, 31
mitosis, and stimulus to, 166
osmotic properties of, 53
plant centrosomes, origin in, 110
proteins of, 47-50
reconstruction of, 76, 79, 8o
inhibited by hypertony, 81
reticular texture of, 73, 78, 8o
RNA, origin in, 16
rotation of, in prophase, 78, 79
*thread-type’, by
volume of, 81
Nurse cells, of Drosaphile ovary, 15
endomitosis in, 62, 150
somatic pairing in, 151

Octoploidy, 55, 61

Denocanthus, centrioles of, 109

Oestrogen, and growth of mammary glands,
168

Oligonucleotides, in nucleoli of PMC's,
16
Oocyte, nucleus of, 4, 13, 15, 30, 112
Amphibian, 41, 42, 98, 99
nuclear membrane of, 52
Echinus, in, 119
nuclear sap of, 31, 119
insects, in, 39
Petromyzon, in, 40
gnail, 1n, 32, 51
spiders, in, 40

Opalinid ciliates, ‘resting stage’ in mitosis,
86

chromosomes without ash in, 105
‘Optical emptiness’, 31
Orientation
cytoplasm, in, 147
of chromosomes to achromatic figure, 78,
112-115
Rabl, of chromosomes, 73, 77, 112
sub-microscopic
achromatic figure, in, 119-125
centrioles, round, 123
centromeres, round, 123
Orthoptera, 71
chromosome spirals in, g4, 95
spermatogencsis in, 44, 05
Ornithine, 50
Osmium tetroxide
impregnation of lipoids, 21-22
vapour uged in isolating salivary chromeo-
S0mes, g7
Osmunda, chromosome spirals in, g4
Osteoblasts, 20
Owarian nurse cells, 15, 62, 150, 151
Oxygen uptake, in marine eges, 144
rate of, during cleavage, 139, 200

P# yptake, 16, Plate IV
DNA synthesis, in,
dinitrophenol, reduced by, 199
usnic acid, reduced by, 200
Pachytene, 101, 102, 104, 109, 111, 112
Pancreas, prc;l:lara.tinn of nucleoclastic
enzymes {rom, 8
Paracentrotus, cgg of
nuclear division under pressure, in, 138
nuclear DNA in, 35, 102
permeability changes in, 135
Q s of mitosis in, 87
synthesis of DNA after telophase, in, 102
Paradichlorobenzene, effect on plant cyto-
kinesis, 198
Paraffin, liquid
living cells mounted in, 71, 72
oxygen soluble in, 71
Paramoeecium, respiration of, 18q
Parechinus, effect of displacing nucleus, 39
Paris, negative heterochromatin in, 44
Parthenogenesis, 54
Particles
long-chain, evidence for in cytoplasm, 25
macromolecular, isolated from cytoplasm,
24, 178-181
effect of heparin on, 194
enzymatic activitics of, 180
Pediculopsis, spermatocytes of, 122
Pentaploidy, 5
Pcnl,ammidac,ﬁbouqutt stage in, 112
Pentose, 5
nucleic acid, 6, 7
Pepsin, 103-1
Peptide bonds, synthesis of, 16-17
Peptides, 172, 173
large, as mitotic stimulants, 173
Peptone, Witte, 171, 172
Perchloric acid, dissolves RNA, 10
Peripateticks, 17
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Permeability
cell membrane, changes during mitosis,
I!35-]%5, 140
nuclear membrane, 53
Petromyzon, oocyte of, nucleoli in, 40
Phagocytosis, by fibroblastic cells, 26
Phaseolus, heterochromatin in, 51
Phasmids, pre-metaphase stretch in, 113
Phenol red, penetrates oocyte nuclear mem-
brane of starfish, 53
Phenyl urethane, effect on Arbacia egg, 142
Phenvlalanine, 49
absorption spectrum of, 11
Phosphagen, 106
Phos dhm.asa
acid, 49, !
alkn]:i.:g i
chemieal nature of, 50
chromosomes, in, 17, 50
nucleali, in, 40, 50
cerebral cortex and rat liver nuclei, 40
protein synthesis, associated with, 17, 40
Phospholipines, 179
myelin figures, and, 21
nucleus, in, 50, 51
Phosphorus, 96, 105-106
nuclein, in, 2
Phosphorylation, in cell-free systems, 199
Phragmoplast, 146-149
colchicine, affected by, 198
hollow in some Algae, 147-148
Pigment granules, in egg cortex, 139
Pinocytosis, 22 iy
Pisim, duration of mitosis in, 83, 85, g1
Pith, elder
artificial asters in, 110, 117
mnfiltrated by frog leucoeytes, 152
Plane of cleavage furrow, determination of,
139
Plasma, Ehickm
medium for tissue cultures, in, 169, 172, 175
eptides in, 172
‘Plasmal’ reaction, 6
Plasmodium of slime-mould, rheology of, 25
Plasmolysis, 155
Plasmosin, 24
Plasmosome, 39, see alse nucleolus
Ploidy of nuclei, changes in, 61, 149-151
Podophyllin, 143, 193
B mmEuEit:im‘n , 192
odophyllotoxin, 192, 19
Podophyllum, txu‘acggun ofa podophyllin from,

I
Polar hﬂ?:lﬁiﬁl Q'B
Polarity in Echinus oocyte, 114
Pole-caps, 72, 73
Pole-field, 73
Pollen
grain, of Lilium, DNA content of, 37
mother cells, 9o, 94, 105, 115, 134137, 147
cultivation of, 75
nucleoli of, 16
tube, mitosis in, 75
Polynucleotides, 12
Polyploidy, 150
larval l}l':um of Culex, in, 61, 151
mitosis of binucleate cells, by, 61, 149

Polysaccharides
bacterial, effect on tumours, 193
effect on marine eges in cleavage, 104
Polytene chromosomes, g8
tumours, in, 62, 63
Polytemella, P uptake in, 16
Porcellin, amitosis In, 155
Potassium, 52
chloride, changes of solubility of egg
proteins in, 134
ions, movements of, after fertilization in
eges, 140, 141, 187
leakage from erythrocytes, 185, 187
Pre-haemolytic state, 187
Pre-metaphase  stretch, in Mantids
Phasmids, 113-115, 117
Pretreatment before fixation, 100
Probability paper, 57-59
Proline, 49
Pronuclei, 107, 190
fusion prevented by usnic acid, 197
Prophase, 30, g2-95, 102-104, 118, 119, 129,
132435, 137, 1349, 151, 153, 187, 101,
1
inhihi?ion of mitosis during, 183, 190, 199
living nucleus, in, Jo-7q, 111
duration of, 73, 85
prolonged by irradiation, 190
volume changes in, 57, 73
Protamine, 2-13, 103
molecular weight of, 47
Proteins
basic, 12, 47, 48, 52
breakdown products of
culture media, in, 172-173
chromosomes, of, gz, 103-104
nucleoli, 40, 47
nucleus, some enzymic, 47-50
reversible denaturation of, 194, 195
‘structure’, 24-25
synthesis of, 104, 171
Prolenor, spermatocytes of, 128
Proteolytic enzymes, activated by -SH
groups, 172
chromosomes, effect on, 109
embryo extract, in, 172
nucleases contaminated by, 10
postulated at cell surface, 172
Proteoses, 172
Protoanemonin, mitotic inhibition by, 190
Protoplasm, vii, 3
fine structure of, 27
Protoplasmic
clotting, Heilbrunn's theory of, 140, 194
streaming, 140
mitochondrial movement, and, 23
pressure on, effect of, 138, 149
Tradescantia, ceases during mitosis in,
72, 135
Protozoa, 149
mitosis in living, 75-76
insensitive to podophyllin, 193
spiral chromosomes in, 95, 100, 134
Psmqwq&inur,dcggl af s x
mitosis and cleavage in, Bg, 128, 1
Plate XIIIL g g
ultraviolet absorption in, 15

and
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Pseudopodia, 133
Psophus, spermatocytes of, filmed in meiosis,
71
Purines
effects of, on dividing cells, 186, 190
first termed ‘alloxuric bases’, 2
resonance frequency of ring structure, 11
Pus, 1
Pycnotic nuclei, 101
Pyrimidines
recognition in nucleic acids, 5
resonance frequency of ring structure, 11
Pyronin, g, 13, 103
Pyrrochoris, peculiar chromatin element in
spermatocytes, 43

Q) 4, values, of mitotic phases, 86-88
Cluerciting 192

Rabbit, Plate VII1
egg of, cleavage in, By
skin of, in culture, 188
Radiation, 135, 165, 175
Radiomimetic substances, 183, 196
Random metaphase movements, 117, 126
inhibition of, never followed by anaphase,
191
Rat, 54, 37, 62
liver of, 58, 50, 61, 64
mitosis in, 102
duration of, 86
nuclei vesicular, 32
nucleolar number in, 42
Ratio
karyoplasmic, 5%
surface-volume, of growing cells, 165
Rays, astral, 75, 92
Razor, of Occam, 118
Recoil, clastic, 27
Reconstruction of telophase nucleus, 74, 76,

=28-8o, 186, 191
inhibition by hypertony, 81
‘Reduction’  divisions, in Culex ileum at

metamorphosis, 151

Refractive index

phase microscope and, 31, 120

whole egg, of, 140, 141
Renosin, 24
Resonance frequency, 11
Retardation curves, of living spindle, 120
Rhizoids, 74
Rhythmic growth, of nucleus, 56, 6o, 152
Rhythms

mitotic, 83-84, go-g1

respiratory, in cleaving eggs, 189
d-ribofuranose, 5
Ribonuclease, 8-11

cytochemical use of, 9

nucleoli, effect on, 39

red free of proteolytic activity, 10

stability of, 8
Romalea, anaphase chromosomes of, g3
Rotation nl'lpmpha.:m nucleus, 28-7g
Rounding of cell in mitosis, 153

Sabellaria, egg of, 87
DNA content uncqual to that of sperm, 35

Sabellaria, egg of, surface bubbles at matura-
tion division, 144

Saccharose, living cells mounted in, 72, 73,
s¢e also sucrose

Salix, effect of temperature on nucleoli in, 41

Salivary chromosomes of Diptera, 46, 61, g2,

chromocentre of, 45, 46
digestion of, 103
elasticity of, g7, 106
encdomitosis in, g6, 151
Feulgen-positive bands, 17
growth of, gb
insensitive to pressure, 158
micro-incineration of, 105
nucleoli of, 42
orientation within, g8
structure of, gh
technique of isolation, g7
Salmon, Rhine, 2, 47
Sampling errors, 57
Sarcoma, rat, nuclear size in, 56
SAT thread, 47
Schifls base, 5. 6
Sciara, 117, 118
giant chromosomes of, g6
Secretory cells, nuclei of, 32, 63
Serine, 49
Serum
globulin
absorption spectrum of, 12
produced by leucocytes, 192
horse, 16g, 171
Sex chromosomes
heteropyenosis of, 43
human, 42
gilkworms, 42
Silk glands, of Arachnida
nucleic acids in, 13
nucleoli in, 40
Size classes of interphase nuclei, 37, 57
glin'_l::-muulds, !@5
mail, cocyte of, 32, 51
Sodivm ¥ 3% 5
arsenite, 195
cacadylate, 195
chloride, =, 48
oleate, 27
Sol-gel equilibria
effect of hydrostatic pressure on, 138
volume ehange in, 138
Somatic pairing, 151
Sperm
bull, of, 34
Echinoderms, of, 34
fowl, of, 34
head, basophily of, 4
salmon, of, 2
tail, 122
s centrioles andg, 107, 110
permatocytes, 12
Arvelins, of, 55
human, 42
Mecistorhinus, of, 117
mouse, of, 50
Orthoptera, of, Bo, 81, g5, 97, 102, 104,
109, 112-114, 130, 144, 145
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Spermatocytes
Pediculopsis, of, 122
;ﬁrﬁwwﬂf of, 43
rophus, of, 71
Stemba!hmf,:::ﬂ 195
Sphacelaria, mitosis in
duration of phases, 85
viscosity changes in, 137
Spermatogonia, g4, 109, 110
Sphere attractive, 107
Spiders, 40
Spindle
attachment, diffuse in Hemiptera, g2
mitotic, 77, 78, 92, 101, 109, 106, 111,
119=135, I
anaphase, shortening before, 125
appearance in life, 122
birelringence of, 119-120, 123, 126, 127,
132
chmmus?}m{-s unattached to, abnormal
behaviour, of, 115
curvature of, 128, 130
dynamics of, 115-119, 125-130
eiungalim;; and growth in anaphase, 127,
12
equilibria in, 195
expulsion of granules from, 117, 125
extrusion from cell, 191
fixation, effects on, 119
formation of, 79, 143
plant cells, in, 72
hypertony, effects of, 81
inhibition of, 143, 183, 191-196
grades in, 191, 197
interzonal expansion of, 115, 144
polar contraction of, 115-116
pressure, effects of, 138
relative sizes of, 129-130
retardation curves from, 120
—5H groups in, 195
structure, 120
tactoids compared with, 13 Dﬂﬁ
: gpmach ultraviolet ahsmpunn in cells of, 15
pirals
chromosomes, in, g2-95, 100
seen in life, 72, 73

Spirogyra, 86, 87

cytokinesis in, 147, 148
Spirotrichonympha, chromosomes of, 95
Spleen, changes in leucaemia, 64, 181
Splitting of chromosomes, 78, 79

doubts on, 93, 04
Staining in biclogy, 3, 13
Starvation, nucleic acid, 44
Stenobothrus, spermatocytes of, 195
Steatococcus, diffuse spindle atta.chmt:ntln 197
Stcmmkm-pcr theory, 115, 128
Stockholm school of cytology, 11, 40
Stomata, chromonemata in guard cells, 32
S&Mgﬁwrm:mm, g7

of, 1

Bt I-:-?l:lngmtrulat: 54
Subeellular functional units, 179, 181
Sucrose, hypertonic, 74

entry into PMCs, 135-136

suspension of nuclei in, 33, 37, 103

Sudan black, colours heterochromatin, 51
Sulphydryl
ks v ;
activate proteolytic enzymes, 172
cytochemical methods for, 196
mitotic stimulation and, 172
proliferating tissues, inerease in, 166
protein denaturation, and, 195
spindle, in, 195
reactants
mitesis, inhibition by, 186
anaphase in, 195
nuclear reconstruction, inhibition of, 196
Supplementation methods, 176
Surface tension, 142
Susceptibility experiments, 135
Synapsis, 151

Tactoids, 124, 127
negative, 115, 131, 132
positive, 131
spindle, and, 130-133
Tamalia, spermatocytes of, 128
Tannins, inhibition of eyvickinesis by preci-
pitants of, 147
Telophase, 32, 41, 42, 43, 44, 70-81, 92, 113,
134, 137, 146-148, 186, 196
cytoplasmic changes in, 82
duration of, 85
inhibition of I:r,r hypertony, 74
DNMNA synthesis following, 8o
nucleus, swelling in, 8o, 104
Tempcra.turc cocfficient, see () 14
Tensions, elastic, postulated in spindle, 126
Tetraploidy
cells, in, 61
whaole organisms, in, 53-55
Theory
Heilbrunn's, of protoplasmic stimulation,
140, 194
traction-fibre, of anaphase, 116, 118, 127
Thermodynamic activity, 194
Thixotropy of eytoplasm, 27
Threonine, 49
Thymine,
Thymﬂnuc?em acid, 3
carbohydrate of, 5, 6
viscosity of Na salt of, g
Thymus gland
growth regulator, as, 171
preparation of DNA from, 3
Thyroxin, 171
Time-lapse film, 71, 75, 77, 78, 84, 111, 125,
126, 184
intracellular movement in, 22, 30
measurement of nuclear size rom, 6o
Tissue cultures, 20-21, 26, 30, 31, 51, 53, 59,
=1, 78, 88, go, 102, 103, 116, 128,
130, 133, 134, |43 Lt |5'1 153
164, 169-178, 182, 184-186, 180,
;{9&:93, 1gﬁ—tg7. Plates I, l[ XII-

cell migration in, 18g
tissue extracts, effect of
adulu, 174

t?acta of, 171
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Toad, egg of, ultraviclet absorption in, 15
erythrocytes of, DNA content, 34
spermatocytes of, 44

Tobacco mosaic virus, 130

Toluidine blue, 4, g, 10

Tonicity, alteration of, 135, 145
erythrocyte permeability, effect on, 185
mitosis, effect on, 185, 198

Tvisihilil}r of chromonemata, effect on, g2
oxopneustes, eggs of, 1

STy Pr. nfMEiﬁk : 4,35

Trabants, 64

Tradescantia
chromosomes of, 100
nuclei, DNA content of, 34. 37
pollen mother cells, g4, 115, 136, 138

cultivation of, 75
pollen tubes, 193
staminal hair cells, 72, g2, 135, 104, 198
mitosis in, 70, 71-74, 85, 88, 93, 146-
147, 184, 191, Flate ¥V

Trephocytes, 150, 171

Trephones, 163
secreted by leucocytes, 170

Tricitonucleic acid, 6

Tricitum, roots of, effect of paradichloro-
benzene on, 168
Trilltum
anaphase chromosomes g-stranded, g3
negative heterochromatin in, 135-136
pollen mother cells, 55

Triton, 145
duration of mitesis in, 85, 87, Plate VII
germinal vesicle of, 52
trivalents, position in, 117

Triturus, egg of
cortical changes in cleavage, 141, 142
oocytes of, nuelear membrane, 52
Trivalents, position of in metaphase, 117,
125, 126

Trypaflavine, 106
effect on Frog's sperm, 143

Trypsin, 104
effect on nucleases, 8
inhibitors of, use in digestion of DNA, 10

Tryptophane, 48, 103
absorplion spectrum of, 11, 12

Tumour cells, 134, 151, 164, 170
chromosome size in, G2, 65
culture, in, sensitive to podophylling, 192
phase-contrast cinematography of, 71
postulated  oestrogen-like  stimulant  to

mitosis in, 16
ultraviolet absorption of, 14, 15, 33

Turnover rates

DNA, of, 5
dependance of mitotic rate, 17
RNA, of, 5

Tyrode saline, 176

Tyrosine, 48, 104
absorption spectrum of, 11, 12

Ultra-violet light, absorption in, g, 35, 106
Uracil, 5
Urea, 50
Urechis, egg of, 139
effect of pressure on spindle in, 138
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Urethane, 185
as mitotic inhibitor, 191

Usznic acid
cleavage, effect on, 197 |
P*2 uptake, cffect on, 200

Vacuocles
contractile, 82, 194
lasmic, 51
rI:llrtl'::.i}:l;'r:n'l:lnlaust.e.,. in, 2022
nucleolar, 40
ﬁa{mce forces, 131
aline, 49
Vesicles, chromosomal, 32-33, 138
in telophase, 8o
Vicia, 103 " }
duration of mitosis and interphase in, 82,
- 335, 90, g1
Iper, 3
Virus, 97, 178
tobacco mosaic, 130, 132
Viscosity
Newtonian, 25
non-Newtonian, 25 : R
protoplasmie, changes during mitosis,
136-140
Vital staining
mitochondria, of, 23, 24
transitory, of nucleus, 11, 53
Vitamins, A, DD, 171

Waring blender, 101
Wound healing, 167

X-chromosomes, 44, 93
effect of absence of in Drosophila ege, 197
polyploid nuelei, in, 149, 150

X-ray diffraction, 13
of tactoids, 1530, 131

Ne-rays
absorption histospectroscopy by, 8o, 106
chromosome duplication, and, g4
diffuse spindle attachment, effect on, 197
mutagenic chemicals cause similar effects,

204

§anthinc oxidase, 193
enapis
mitochondria of, 22, 23, Plate I
nuclear membrane of, 52
oocytes of, nuclear sap in, 33, 48, 49

Y-chromosomes

Dirosophila salivary nucleus, 45

effect of extra one in oocyte nucleus, 14, 16
Yeast, preparation of RNA from, 3
Yolk, I'grr:nation of, 30, 100

Z-chromosomes, in silkworms, 42

Led mais
mitotic inhibition in, 190
nucleoli of PMCs, 16

Zelleriella intermedia, nucleoli and chromo-
j somes in, 42

Zinc
in alkaline kidney phosphatese, 50
deoxyribonucleoprotein, in, 50

Lygotene, 111
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