McGILL UNIVERSITY LIBRARY

THE CORRELATION
BETWEEN
CHROMOSOME BEHAVIOUR
AND
SUSCEPTIBILITY
TO MAMMARY GLAND CANCER
IN MICE




DEPOSITED BY THE FACULTY OF

GRADUATE STUDIES AND RESEARCH

i’{g{\‘i

i
i
it

i
1
i v
i

Ty

iﬁ 5

i

14
%

i

Ht

ST AR AR AT

—

s

bl

T
E

1

i

MEGILL '
UNIVERSITY | =

k

LIBRARY

i




THE CORRELATION

BETWEEN

CHROMOSOME BEEAVIOUR AND SUSCEPTIBILITY TO MAMMARY GLAND CANCER

IN MICE

by

AL HOWARD

A Thesis Submitted to the Faculty
of Graduate Studies and Research, MeGill University,
in Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy.



TABLE OF CONTENTS

Page

Intro&uction‘..'.l.ﬂo........0......O"..‘.'.'IIQ...C.OOCO.......'.C.

Material.......‘....'l.........Q.l...l.'l.l'..'lll...'..0...."..‘...

Methods

1,
2e
3

Preparation of material..ceceeccccocessecsosccccocccssoarnone
COIIGCtiOn Of data....'..'....l........l..0.0..0...0.'..0.'00
Statistical analysis Of GatBeeeeececosessssocscccsvscoscosose

Observetions and Results

1.
2.

Comparability and consistency of tests on chiasma frequency..
New data on the correlation between cancer susceptibility and
Cchiasma freqUeNCY.cscececsossvssrsosascssessessssssosssasssosases
Chromosome eplitting in normal tissU€.eeecescescosscsscacasnse
Chromosome length in smermetogonif....cicesececescosscnccscns
Chiasma frequency in hybrid miC@..eeecccececcccecccsscesscsnss
Chiasma frequercy in foctered MiCEeciesescescsvocecccsoososse

Conclusions and Discussion of the Results

1,
2.

S

4,

Consicstency of results within strainS.cescsescccecsceccscecscse
The correlation between cancer susceptibility and chiasma
freQUENC Y e eecsotseoscnsesoosesossesssssesosrsscssvsosesrsonnssnssanssscs
Mitotic chromosome behaviour in resistant and suscepntible

.
mlce...".....'.ll.'...'..l“’l..'l.........'l....'.‘l.......

Chiasma frequency in nybrid and fostered miC€icesecsseecovens

summaryo'l-ouucnl0.000'0000..0.-0...00."‘00000'.0l“.'o-vu.-c.ot‘.'o

1

33

46
50
52

54
59
64
73

76
82

92
93
97
101

106

AY

ACKnOWIedgmentsotOIl"auo00oonoooocoa.ﬁooaco000000..00booo'ncoto-ol-l 108

™

’Literature cited..Q...IQ...IQ....C.O‘..O...l"..’.."'......'d.....‘. 109

Fig‘lres.o.....o....-.aIUOQ-oonl..-.00-ol‘ctoolc'too.tooo.onolou.'ocnl

124



INTRODUCT ION

Any survey of the occurrence of neoplastic growth in the
animal kingdom brings to light two fundamental facts, The first
is that the ability to produce such growths is present in a very
wide variety of organisms, kalignant tumours are found in every
class of vertebrates and in many invertebrates. The second is that
although tumours are known to occur in many different groups, their
frequency and kind in each of these is markedly different. The ability
to form neoplasms is a probebly universal characteristic of organized
tissues, but some tissues and some genetic constitutions have greater
tendencies towards tumour production than others., This difference in
tendency is in itself evidence of an hereditary influence on tumour
susceptibility. That such an influence does exist has been amply
demonstrated in the case of a number of organisms,

In mankind, such data as exist on the heritable nature of a
tendency towards neoplastic growth have been derived from mass popu-
lation statistics, from individual femily pedigrees, ani from the
behaviour of monozygotic twins. Several investigators have been led
to the opinion that certain races, particularly the northern ones,
show a cancer frequency appréciably higher than others (cf. Niceforo
and Pittard, 1936, who base their conclusions on the behaviour of
northern and Mediterranean races in colonial countries). Other authors
consider that in some cases at least the statistical differences
observed between races are due to differences.in environment or custom
- (Afifi, 1934). Conclusions on such points are necessarily of limited
value because of the widespread admixture of races and the different

conditions under which people live in various parts of the world,

However it is a well-established fact that within a population the



tendency towards tumour formation is limited to a noticeable degree

to certain lines of descent., C. C. Little (1923) made an investigation
which showed conclusively that cancer is more frequent in families
already showing it than in the population in general, The same con-
clusion was arrived at by Hoffman in an investigation of 100,000

negro inhabitants of the United States Registration Area,

More specific evidence on the inheritance of a cancer ten-
dency has been reported by a number of authors from isolated family
trees., It has been summarized by Schinz and Buschke (1935). Allow-
ing always for the undoubted importance of particular environments
found in certain occupations, it shows for example that when several
instances of a rare type of cancer are found they very often occur
in related individuals., In monozygotic tiwins the time and place of
occurrence of tumours in the two members are frequently alike (Bauer,
1932; Schinz, 1936; iiilitzer, 1935). Interpretations of these pedi-
grees which attempt to exolain the detailed mode of inheritance of
the tendency have led for the most part to conflicting results, but
this in no way affects the conclusion that in man an inherited sus-
ceptibility, at least to certain forms of cancer, does exist, although
its mode of operation may be different in different cases, This
fact, though not in itself of much direct practical benefit, is
nevertheless extremely important since, together with the close
histological resemblance of human to animal tumours and their simil-
arity of behaviour, it justifies an attack on the cancer problem
through experimental work on laboratory animals, The mode of inheri-

tance of cancer tendency and its modus operandi in some experimental

animals may therefore be briefly reviewed.
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The only cases of tumours known to be controlled by simple
mendelian genes are those found in Drosophila. Two distinct types
have been described by Stark (1918 and later). One is due to a sex-
linked recessive mutation, lethal Morgan-Stark-l and therefore affects
all males and all homozygous females carrying it. The tumour appears
during larvel life and the larva dies before pupation, but the gene
nay cause death of the egg long before the tunour stage is reached.

ts manifestation is subject to the modifying influence of its geno-
tvpic milieu, as shown by the effect of outcrossing to flies of
different constitution. Although it is possible that the effeet is
due to two very closely linked genes, one a lethal and one producing
the tumour, the assuuption that a single gene is present is a more
plausible one since it is unlikely that two mutations would take place
sirmltaneously.

The other tumour (Stark, 1919) is due to an autosomal gene
which appeared in the same line of flies as the first. This Morgan=—-
Stark-II tumour is clinically benigzn, since the larvae in which it
appeers later develop into normal flies, Histologically, and from
its metastasis, it must be classed as malignant. It is ectodermsl
in origin and is unspecific as to position. The gene is recessive and
has a “penetrance’ of only 10%; that is, only 10% of flies homozy-
gous for the gene show its effect. Its action is modified by other
autosomal genes,

The general interest of these Drosophila tumours lies in the
fact that they constitute the only clear cases showing that a tumour

can be controlled by a single gene which represents the sine gua non

of tumour formation. It is noteworthy that these genes, even when
present, express themselves phenotypically as tumours only when acting

under certain genetically controlled conditions,
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In mice, the freguencyr of appearance of spontaneous cancer
is higher than in any other species on which data have been collected,
(Schinz and Buschke, 1935), This fact and the suitability of the mouse
for genetic experiment and laboratory work have made it the best
knovn and rmost widely used animal for cancer research,

An essential step in the work was the estaeblishment of close-
ly inbred lines having different predispositions to cancer., This was
begun by mouse fanciers in the last century and has been greatly
extended since., A4s early as 1904 Liiss Lathrop, in Granby, llassachu-
setts, had laid the foundations of several inbred lines, After this
date she continued the selection and inbreeding in conjunction with
Loeb, By 1921 they had examined some 12,000 females of cancer age,
among them about 350C bearing mammary gland cancers. leanwhile meny
other lines were being built up by Maud Slye (Cancer Laboratory of
the S. A, Sprague leniorial Institute, University of Chicasgo), Clara
Lynch (Rockefeller Institute for lMedical Research, New York), L. C.
Strong (now of the Yale liedical School, New Haven, Connecticut),

C. C. Little (now of the Roscoe B. Jackson Memorial Laboratory, Bar
Harbor, Maine), and others. Since 1936 more strains and many geneti-
cal experiments have been reported by liademe Dobrovolskaia-Zavadskaia,
of the Laboratoire Rosenthal, Institut de Radium, Paris,

The records accumulated by these investigators have fur-
nished considerable data on the relative frequency of various kinds
of cancer in mice. The general frequency for all kinds of tumours
found by Slye was 5000 in 75,000 animels examined: i.e. about 7%.

904 of those found by Slye up to 1916 were mammary adencarcinomata
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(compare the case in rats, where the majority of tumours are of connec=-
tive tissue origin, 20% of them originating in the thymus). Next to
these in frequency come adenoma of the liver, tumours of the lungs, of
the thymus, and of the ovaries and testes. Occasionally tumdurs of the
uterus or kidneys are found; and in very exceptional circumstances,
intestinal cancers. Zpithelial tumours are by far the most frequent.
Among 12,000 autopsied mice Slye (1917) found only 87 sarcomata., The
work of other authors leads to the scme general conclusion, although
there is some indication that the frequency of internal tumours may
be somewhat higher than had previously besn suggested.

Dr. C. C. Little has developed a large stock both of his owm
inbred lines and of some of those originated by L. C. Strong, and made
them available for purchase. These lines are now being used in a number
of laboratories both in America and in Burope. Brother-to-sister matings
continued over a large number of generations, together with selection of
the progeny of those individuals bearing nammary cancers, or entirely
free from them, has ensured the relative homozygosity of these stocks,
(Jennings, 1916; Haldane, 1936 and 1937, q. Vv.) The resuli is that a-

mong the stocks now generally available there are some in which every
breeding female living to the end of the cancer age develops marmary
gland cancer, and others in which no cancer is found. It is safe to
assume that the susceptible strains are genetically pure for those genes
whose presence is necessary for cancer production, but the selection of a
strain completely lacking susceptibility factors is of course more

difficult. It is clear that the method of inheritance of cancer suscep-

tibility is not a simple one, and the possibility is always present
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that the so-called resistant strains possess cancer-pernitting
genes which have no phenotypic effect (since other necessary genes
are lacking) and which are therefore not eliminated by selection.
For this reason hybridization experiments for the purpose of deter-
mining the method of cancer inheritance have so far led to no con-
clusive results on the questions they were designed to answer.
Nevertheless a large amount of data has been collected, and many
investigators have drawn detailed conclusions as to the number and
behaviour of genes involved, The fact that the majority of these
conclusions are contradictory indicates that the method of inheri-
tance cannot be explained by the assumption ¢f a small number of
mendelizing genes. Although the exact menner of transmission has not
been elucidated, the experiments of Lynch, Slye, Little, Dobrovol-
skaia-Zavadskaia and many others have brought to light certain
fundamental points. It is clear, for instance, that all kinds of
cancer occurring in mice are not controlled by the same facitors nor
inherited in the same way. Furthermore, a strain with low cancer
frequency may carry genes for cancer which causes hybrids to show

a higher fregquency than that of the susceptible parent strain
(Cloudman and Little, 1936; Llurray and Little 1936). Probably

most ‘resistant’ mice have at least some such factors, Furthermore
the importance of the age incidence of cancer must not be overlooked
in breeding experiments since factors which influence longevity

or viability necessarily affect those forms of cancer which appear

at advanced ages. In fact, the age factor has probably been a
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large source of error in much of this work since absolute freguen-
cies of spontaneous tumours can be compared only within well-defined
age groups. This point was discussed and made particulérly c¢lear
by Korteweg (1936a).

Probably the most imrortant discovery which has arisen
from hybridization experiments is that of C. C. Little (1933b and
later) that breast cancer ir mice is inherited to a very large extent
maternally, In reciprocal crosses of a high tumour strain with
a resistant one, the progeny of suscevtible mothers showed a rmmch
hicher freguency of mammary gland cancer than did the progeny
of the resistant mothers. This finding represents a great step
forward in our knowledge of cancer inheritance. As Little concluded,
it indicates the presence of non-chromosomal factors in the in-
heritance of this type of cancer, though until further experiments
had been carried out the possibility of a maternal effect due to
the delayed action of genes could not be eliminated. The results
of reciprocal crosses between the low-tumour line C 57 Black and
the susceptible line dba, reported by Murray and Little (1935 and
1936) led the authors to state that genic effects are relatively
unimportant, The incidence of breast cancer was 39.82% in virgin
female hybrids from the dba mother, and 6.06% in those from the
C57 Black mother. This difference persisted into the F2 generation.
Little's results have been confirmed beyond guestion by his owmn
further work (lurray and Little, (1935a and b)) and that of his

colleagues, and by others (Korteweg, 1936b)l. Hagedoorn (1937a),
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on the other hand, believed that the extra-chromosomal theory was
unnecessary, and that the differences observed by Little in the
reciprocal hybrids could be explained by the poor nutrition of
embryos and young by genotypically aberrant mothers (cf. Hage-
doorn, 1937b).

More recently Bittner (1936f and 1937) has discovered
that the extra-chromosomal influence is transmitted, at least
in part, through the mothert's milk, He found that young mice of
a resistant strain fostered from birth on a female of a suscep-
tible strain show significantly more cancer than their unfostered
sisters., The reverse is also true, He concludes that these
differences are sufficient to account for the whole of Little's
observations on reciprocal hybrid groups. His results for breed-

ing females are shown in the following table (from Bittner, 1937).

STRAIN NURSED BY NUMBER OF IMIC=S % IITH BREAST
TULIOURS
A AR 788 83.8
A CS57 Black 2 45 4.4
C57 Black C57 Black @ 386 1.0
C57 Black AR 8 37.5

Bittner's work also shows that if hybrids from a

resistant mother and a susceptible father are fostered on a female of
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the father's strain, their mammary cancer incidence increases., Mutatis
mutandis, the reverse may also be true, but as yet the experiment has
not gone far enough to furnish conclusive evidence on this point. Bittner
and Little (1937) also have evidence to show that a diminishing of
~susceptibility can be brought ebout by transplanting fertilized eggs
‘into the uterus of resistant females.

These experiments leave no room for doubt that the mother's
milk is a very important factor in determining whether or not breast
cancer will later make its appearance., It is of course well known that
maternal milk carries with it, apert from nourishment, many factors of
physiological importance., Hain (1936) has shown that oestrone injected
into lactating rats affects the young suckling females. The concentration
of oestrone reached is apparently more important than the duration of
its activity. DPresumably the agent affecting cancer development which
is transmitted through the milk is in the nature of a hormone, but no

analytical work on this point has as yet been reported,

The most freaquently occurring spontaneous tumours in mice
after mammary adenocarcinoma are those of the lung., In males they are
the most common of all tumours, and occur especially in males of strains
the females of which show a hizh percentage of mammary cancer (v, Bittner,
1936a). This fact, however, does not necessarily indicate that both
are controlled by the same genetic factors since two of the most suscep-
tible mammary tumour lines (A and C3H) are derived from a strain which

shows hizh lung tumour frequency (the Bagg Albino),
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In 1907 Tyzzer had already started selecting for lung cancer suscep-
tibility. In 1914 Slye reported that the frequency of primary lung
tumours among 6000 autopsied mice vas 2.,7%. Since that time Slye and
others have developed & number of strains differing greatly in their lung
tumour incidence (5.9 % in strain 1194 agouti as compared with 66.4 %
in the D albino strain: Lynch, 1937).

Susceptibility to tumours of this kind after tar painting
is apparently not transmitted maternally, as concluded from Lynch's
recent crosses (1937), and from Bittner's work (19364). In fact there is
no evidence that any tumours other than epithelial mammary zland ones are
subjeet to such control (v, Cloudman, 1936; \Murray and Little, 1936).
There is, however, a clear maternal effect upon the incidence of leukaemia
and upon longevity in mice (MacDowell, 1935), although these two factors

are causally unrelated,

Though genetic factors leading to tumour formation may be
present in a given mouse line, they can act only under certain physiolog-
ical conditions. In marmary gland cancer a controlling Factor is the activ=
ity of the female sex hormones., Few breast tumours appear, even in the
most susceptible strains, in meles or, as a rule, in virgin femsles,
Lacassagne (v. infra) has demonstrated that this is related to the lower
oestrone level in such animels, For this reason the incidence of spontan-
eous mammary gland cancer in a strain is usually quoted as the percentage
of breeding females developing it.

The second major endogenous factor affecting the appearance of
a given type of tumour is age. The average age at onset of breast cancer
in various lines of mice is characteristic for the strain, and ranges from

about 8 months in C3H to 11-12 months in dba and still later in other
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strains showing lower frequencies, Internal tumours appear later,
particularly the rarer forms., It is perhaps significant that the strain
which shows most internal tumours (CBA) was selected over a number of
years for longevity. iice of this strain develop tumours at an ége be-
yond the life span of most inbred rice. It is probable that its higher
internal cancer record depends entirely on this fact. It has a low frequency
of marmary gland tumours,

The question arises as to whether all differences between strains
with regard to cancer behaviour might not be attributed to differences
in some such characteristic as age at puberty, rate of breeding, or
fertility. It may be that there is some necessary threshold of activity
which resistant nice never reach but which susceptible ones habitually
péss. Ho J. Bagg (1936) has designed a ' functional t=st’ to examine this
possibility. By rapid breeding and removal of young soon after birth,
Bagg claims that he has lowered the threshold so that tendencies towards
spontaneous cancer have besrn exposed in otherwise “resistant” strains.,
This is the case in C57 Black, described by Little as showing “during the
last ten years....ne recorded incidence of carcinoma of the breast
(Roscoe B. Jackson leaflet sent out in 1935)., Bagg and Jacksen (1937)
£ind about 15% of mammary tumours in tested females of this strain, and
these tend to be localized in certain families.,

Fekete and Green (1936) have shown that production of cancer is
stimulated not by the nursing of young but by the activity of the marmary

gland itself and probably by the collection and stagnation in the gland

of some constituent of the milk, After sealing the memmae of one side of
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the body in a number of females and allowing them to nurse their young,
they found many more tumours on the sealed side than on the unsealed,
Their conclusion is in agreement with the behaviour of mice injected
with large doses of oestrin, which indicates that the stimulation of
the mammary glands by ovarian hormone is important in the development
of marmmary cancer, Suntzeff, Burns, loskop and Loeb (1936) concluded
from a study of the effect of oestrin injections in mice of several
strains that in susceptible females a lafge dose both lowers the age of
incidence and increases the frequency of spontaneous mammary cancer,
Males of these strains develop mammary tumours after oestrin treatment
at least as readily as do non-breeding females, They point out that
in some streins there is much cancer in breeding females and none in
non-breeding (Murray, 1937, suggests that this may have some connection
with the luteal phase of pregnancy) while in other strains there is a
considerable incidence in non-breedingrfemales, though never as great
as in the breeding ones., In the former type of strain ocestrin treatment

of non=-breeders raises their breast cancer frequency only to the level

of that of the breeders, Breeding mice of high tumour strains do

not show an appreciable increase with oestrin injection. The conclusion
drawn is that breast cancer is due to oestrin acting on mammary

tissue having an inherited irritability towards it., The reaction of
other female tissues (vagina and cervix) to oestrin does not indicate
the presence of inherited differences as clearly as does that of

marmary tissue (Suntzeff, et al., 1938,)



13-

Gardner, Smith, Allen and Strong (1936) have shown that
given suitable genetic comstitution, very large doses of oestrin
(10,000 to 18,000 intermational units of keto-ocestrin benzoate in
0il, injected in weekly doses of 500 units) and a sufficiently long
time of reaction (up to 362 days after completion of dosage), mammary
gland carcinoma will develop in probably 100% of male mice. Lac-
assagne (1934) believes that differences in the behaviour of different
strains is only one of speed of reaction (cf., Lacassagne, 1933)
and that 2 high freguency of tumours can be obtained even in resistant
mice if sufficient time is allowed., Nevertheless different strains
react differently to a given amount of the hormone (Loeb et al.,1937).
But the simple essum-tion that a faster natural output of oestrin
in susceptible strains will account for their higher cancer freguency
does not suffice. Burns, lLoskop, Suntzeff and Loeb (1936) find that
ten inbred lines indicate no relation between the sex cycle differ-
ences which they show and their differences of spontaneous marmary
cancer incidence. Also the development of the mammary glands in young
females of different strains shows nothing whigh could suggest a
recognizably precancerous condition (Gardner and Strpng, 1935),

Cramer and Horning (1938) have reported evidence which
suggests that an important factor in the production of mammary cancer
is an upset in the endocrine balance between the ovary and pituitary.
They found that treatment just before puberty of females of the
R-111 strain of Dobrovolskaia-Zavadskzia (which normally shows about
607 mammary cancer at 7-9 months) with thyrotropiec hormone is follow-
ed by an absence of tumour development even in animals well past the

cancer age. The treatment also causes sterility, but 50% of untreated



-14 -
sterile females normally show tumours at the same average age as
fertile ones. The authors (Cramer and Horning, 1937) find that strain
R-III shows as a spontaneous occurrence the  brown degeneration“
of the adrenals which follows oestrin injection in other mice (cf.
Dobrovolskaia-Zavadskaia, 1937), and are exceptionally sensitive to
oestrin,

Pertinent to this discussion is the fact that carcinogenic
and oestrogenic compounds are chemically closely related. They are
both characterized by the presence of the anthracene system with rings
at the 1:2 and 5:6 positions. However, carcinogenic and oestrogenic
activity do not necessarily coincide. For example, while 1l:2-benz-
pyrene and l:2-dibenzanthracene are oestrogenic, 1l:2:5:6-dibenzanthra-
cene is not (Loeb, 1935). Lacassazgne (1936a) points out that many of
the commonest forms of cancer are associated with glands in which
hormones are allowed to collect, and suggests that on stagnation some
hormones, notably oestrin, may form a carcinogenic agent. This view is
particularly interesting in the light of the later work of Fekete and

Green (v, supra).

The work of Strong and Bitiner on the incidence of marmary
cancer in mice kept on various types of food suggests that diet may
have some effect on spontaneous cancer development or at least on the age
at which it appears., Bittner (1935b) reported an increase in tumour
incidence in strain A females following a change in diet from Rolled Oats

to Purina Fox Chow. More recently Strong's results (1938a and b)have indicated
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that only longevity is affected, although no definite conclusions
can as yet be drewn. This work was done on strain CBA, where
tumours appear in any case only at advanced ages, and are of many
different types, mostly internal, Possibly other strains react
differently. Cameron and Meltzer (1937 claim that certain diets
cause a difference in the time of onset of tar-induced tumours,
though not in their ultimate frequency.

In 1932 Strong suggested that oil of gaultheria added
to the diet of susceptible mice brinzs about a delay and lessening
in frequency of mammary tumours., His subsequent results on the
same strain (dilute browmn) made this suggestion appear invalid
(Strong 1934a), and he concluded that the effect was really on
longevity. Later he started work on strain A, using oil of allspice
(1935a) and oil of thyme (19¢35e). In the following year (1936i)
he reported that naturel oil of wintergreen (gaultheria) has an
effect on the growth rate of the tumour and on the survival time
if given to young mice over a period of weeks before malignancy
‘appears., Synthesized o0il had no effect. By distillation of the
natural oil Strong has recently determined (19:8c) what part is
active in this respect. The active fraction, when added to the
diet, caused slowing of the growth rate of established tumours and
complete regression in 4 out of 34 cases, This is remarkable
since the mammary gland tumours of strain A are of exceptional
malignancy and under usual conditions always prove fatal within
a short space of time.

Other diet changes, both of a general kind and of specific

elements, are known to have an effect on established tumours of

whatever origin, but evidence that a real control by this means
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can be exerted on subsequent spontaneous tumour appearance has yet
to be provided. Where diet does seem to have an effect it is most probably

a secondary one.

Whether inherited tendencies have any fundamental influence
on the reaction of tissues to carcinogenic agents is a matter of some
controversy. The evidence indicates that they are important in some
instances at least., Andervont (1937a) found that by injection of young
mice with 1:2:5:6-dibenzanthracene he could induce a much higher per-
centage of lung cancer in strain A (which shows a high spontaneous
frequency at a later age) than in any other inbred strain. When crossed
with a resistant strain (C57 Black) this susceptibility seemed to be
inherited in a dominant manner, and was unrelated to colour, sex or
maternity. In general Andervont (1935a) found strains with high spon-
taneous frequencies to be more susceptible to dibenzanthracene than
other strains,

Rheinhard and Candee (1932) concluded from tar experiments on
strains with different spontaneous cancer rates that if any difference
between the strains exists, it is only one of speed of reaction.
Injection of dibenzanthracene into older mice shows (Andervont, 1935a)
that spontaneously non-susceptible strains may in later life react to
this compound with the formation of neoplasms at the site of injection,
The genetic constitution of even the most resistant mouse does not prevent
its cells undergoing the change to malignancy if suitable treatment and
sufficient time be afforded (Andervont, 1934a).

On the other hand, Kreyberg (1935) finds the opposite
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of Andervont's correlation. Of two lines of an inbred albino
strain, the one which had been selected towards low freguency of
spontaneous marmary carcinoma showed earlier and more frequent tar
cancers than the high spontaneous frequency line. Dobrovolskaia-
Zavadskaia (1936), working on her own inbred lines with minimal
doses of 1l:2:5:6-dibenzanthracene, found no correlation between
spontaneous cancer record znd reaction to injection. The same
situation was reported by Lynch (1925) for two lines of mice treated
with tar. Later work of Lynch (1927) proved that the organ
disposition to cancers induced by tar painting is heritable, and that
the reaction of one organ to treatment is independent of that of
other organs. (Lynch, 1933)

Curtis, Dunning and Bullock (1933, 1934 a and b) have
shovm that in rat sarcomata induced by the presence of cysts of
Cysticercus the important factor is the duration of the irritation,
Hereditary factors apparentl have an effect only in so far as
they influence longevity and susceptibility to cysticercus infec=
tion, In dibenzenthracene- agd benzpyrene-induced tumours in
mice the probability of an individual's suffering a malignant
change is not influenced by sex, age or heredity, though the latter
two factors affect the speed of reaction (Dunning, Curtis and
Bullock, 1936).

It is worthy of note that carcinogenic agents have been
found to give rise only to those types of tumour already known

to occur spontaneously in the svecies., This indicates that
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induced and spontaneous malignancies are products of the same

disturbance, and that the carcinogenic agent acts simply by stim-
ulating or augmenting some process which occurs naturally, but
which, in an unfavourable endogenous environment, would of itself
come to nothing. The endogenous environment is ultimately under

genetic control,

Studies on the behaviour of transplanted tumours have
been carried on since the first really successful transplantation
was made by Hanau in 1889, The large amount of work which has
been done has shown that the success of a transplant, with the
exception of certain heterotransplentable forms, depends primarily
upon the similarity of the genotypes of donor and recipient.

Loeb and Wright (1927) concluded that the strength of reaction

of the host against the transplant is determined by the number

of genes foreign to the host which are present in the fragment

of tissue implanted, This statement is well substantiated,
although genetic constitution has by no means an unalterable effect,
The influence of the host both on the initial “take" and on the
subsequest growth behaviour of a transplanted tumour isstrongly
affected by its age (particularly its pre- or post-pubertous
condition), its endocrine balance, and whether or not it has borne
or is bearing a tumour or has previously been inoculated with

the same tumour or other fast-growing tissue, Certain treatments
mey also have an effect, Only with elimination of differences

in these respects can consistent results be obtained in trans-

plantation experiments; and similarly, only in genetically



homogeneous material can "he importance of other factors be estimat-

ed.

With the establishment of inbred cancer and non=-cancer
lines of mice the problem of possible histological and physiol=-
ogical differences associated with a pre=cancerous condition was
opened to attack, The comparison of normal susceptible with
normal resistant animals is important because any differences
which may be found add to our knowledge of the origin of cancer
and the manifestations of the genes controlling iv, and because
the establishment of a recognizable criterion of pre-cancerous
conditions would be of great c¢linical value, On the whole the
work done along these lines has not as yet been of much theoret-
ical value, although many descriptive facts about the strains
have been collected, Gardner and Strong (1935) examined the
developing mammary glands of young females of ten different strains,
They found no enatomical or pathological peculiarities specifi-
cally correleted with the mammary cancer bshaviour of the strain,
glthough abnormalities such as retardation of failure of growth
of one or more glands were more frequent in susceptible than in
resistant females, Davis (1937) in examining biochemical differ-
ences between normal mice of different strains found that suscep-
tible animals consume less oxygen, have lower haemoglobin smounts
and lower red cell count, larger livers, more calcium in the
soft tissues and a more alkaline pH than resistant mice. He does
not state what strains he examined, Barry and Kennaway (1937)

failed to find eny differences in the thyroid reaction of mice
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of different strains to skin application of oestrone, benzene or
alecohol. Little (1934 a) crossed a dilute brovmn susceptible strain
(dba) with a resistznt yellow one and exemined the yellow and non-
yellow segregates in F-1 and F=-2 for mammary cancer. Although he
found significantly less cancer in yellows than non-yellows, he con-
cluded that this was not due to genetic linkage between genes con-
trolling cancer and the gene at the A locus (controlling coat colour),
but to a more complicated physiological correlation, since the two
groups have different rates of development, and the tumours of the
yellow mice, though rarer, were carlier and just as malignant as
those of the non-yellows. Cloudman and Little (1¢36) found no corre-
lation between mammary cancer and the gene"T" for brachyury.

Strong (1936e) reports that there is a lower volume of
precipitable haeroglobin in the blood of susceptible mice than in
that of resistant ones (cf. the work of Casey (1927) on rabbit
breeds susceptible to the Brovm-Pearce tumour), He obtained this
correlation in eight distince inbred lines, A more detailed exami-
nation of one susceptible line (A) and one resistant one (CBA)
(Strong, 1936 ¢ and d; Strong and Francis, 1937) revealed that in
strain A there is a precocious drop in hzemoglobin level between
200 and 300 days of age, after which it continues to fall, whereas
in CBA there is a steady rise in level from 100 to 500 days' age.
There is evidently a fundamental difference between the strains
which is correlated with marmary gland cancer,

Sinay (1936) finds certain changes in the rate of metabol=-

ism of liver, muscls and kXidney tissues in mice bearing tumours.
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With transplanted tumours these changes become more marked as the
tumour grows: with spontaneous tumours they appear later than the
morphological development of the tumour. They may be considered
secondary effects, and of no value in diagnosing a precancerous
condition.

Cramer and Horning (1938) find regular degeneration of the
adrenals in the R-III stock of Dobrovolskaia-Zavadskaia, which they
find particulerly suscewvntible to the action of oestrin., Dobrovol-
skaia-Zavadskaia (1937) also finds abnormality of the adrenals in
this strain, thoush in only about half the individuals and with
considerably greater frequency in females than in males, The con=-
dition is common in many pathological states other than cancer,
and its relation, if eny, to malignaney is not clear.

A significant difference in the bioelectric properties of
mice of resistant and susceptible strains has been reported by Burr,
Smith and Strong (1938). TFor axial measurements on the ventral
side of the body, strain CBA (resistant) mice have much higher pot-
ential differences than strain A (susceptible). Across the groins,
the potential difference for A ié higher than for CBA. The electric
pattern varies with age. Mice bearing tumours show a characteristic
potential gradient pattern between the tumour and the normal areas,
especially vwhen the tumour first appears,., The significance of these
results is not known.

In spontaneous leukaemia, to which a tendency is also
inherited (MacDowell and Richter, 1955) some work has been done on

the metabolism of normal lymph nodes and on preleukaemic changes.
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Victor and Potter (1935 a) made a comparison of the glycolysis rates
of lymph nodes of young normal and older leukaemic mice of the
highly susceptible strain C58, They found that the rate of oxXygen
consumption and glycolysis is higher in lymph nodes of leukaemic than
of normal mice, In work on the normal lymph nodes of five different
strains comprising C58 and four resistant ones, Victor and Potter

(1935 b) found that the higher aerobic and anaerobic glycolytic rates

found in older mice were peculiar to this strain, In other strains
these rates decrease with advancing age, This means that before
any morphological or cytological sign of malignancy appears, there
has already been an alteration in the metabolism of the tissues which
will produce it, Potter and IMacDowell (1936) later reported obser=-
vations on perivascular reticular cells of strain C58, The first
disturbance observable in preleukaemic mice was a hyperplasia of these
cells, with a loss of syncytial arrangement and an increase in number
of free undifferentiated cell types, until finally typical lymphoid
cells were seen to divide., This condition is not found in non-~
leukaemic strains,

The work of Huskins and Hearne (1936), of which the present
is a continuation and extension, shows a significant difference in
chiasma frequency between certain strains susceptible and resistant

to 8pontaneous breast cancer,

The foregoing brief review, which only touches on the
fast-accumulating literature on this subject, is sufficient to show

that genetic factors are important in the occurrence of malignaney,



although the expression of the inherited tendencies is highly
modifiable by environmental factors, both exogenous and
endogenous, and little is known of the genetic mechanism
involved. It is furthermore clear that there are recognizable
differences between normal individuals having an inherited
cancer susceptibility and those not having it. These two
conclucions are fundamental to the present attack on the

cancer problem,



—-2 T

The distinction, and the dangerousness, of malignant tissue
lies in its property of unlimited growth and consequent invasion of
surrounding struetures, There is much to indicate that this character-
jstiec is one of individual malignant cells rather than of the tissue
as & whole, Tumours can be propagated for many generations by
successive transplantation of small fragments, and will still retain
their original characteristics of growth behaviour and histological
picture, Furth, Kehn and Breedis (1937) proved that a strain of
leukaemia can be transplanted by the inoculation of a single malig-
nant cell, These facts point to the conclusion that malignancy is
a property of single cells which have undergone a specific irreversible
change inherited by all daughter cells derived from them,

The somatic cell mutation hypothesis of the origin of
cancer postulates that cancerous growths arise from a single cell
which has become malignant through some form of gemetic mutation, If
this term (i.e. genetic mutetion) is taken in its broadest sense,
and the exact nature of the change is not too closely specified, the
hypothesis fits very well with much of what is known of malignancy
from both observational and experimental evidence, Like gene mutation,
the malignant chenge is a specific one, It occurs more Preguently
against some genetic backgrounds than others, and with constant
frequency under constant genetic and environmental conditions. It
can be induced by certain external agencies, including some known to
produce gene mutation, and it reacts quantitatively, not qualitatively,
to these treatments, It may be progressive, since cells already

malignant sometimes undergo a further alteration which shows up as
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a difference in growth energy or transplantability (Putnoky, 1938;
Strong, 1926b; Strong and Hill, 1937).

Mutatibn of known genes is a familiar occurrence in somatic
tissue and has been analyzed and described in a number of cases in
plants and animals (in the latter, particularly in Drosophila),

With regard to genes associated with cancerous growth, Strong (1926 c)
gave experimental proof that changes of a heritable nature (in the
sense of cell generations) may take place in somatic cells, He
transplanted two tumours whieh originated in the same pure-line

mouse into a number of other mice, some of which were refractory to
them and others not. By selection he established familes, one
susceptible to cne tumour and refractory to the other, one susceptible
to both, and one refractory to both, Since both tumours were always
transplanted into each host, the fact that such lines could be
developed proved that the tumours were of different constitutions

and therefore that at least one was different from the animal which
produced them, Actually, both were different, since neither reacted
in the same way as the normal cells of the original animal,

An experiment of the same kind was desceribed by Cloudman
(1932) who found that three mammary tumours which arose in a single
mouse differed in the genetic factors which they required in the host
for successful growth, and were therefore physiologically and
genetically dissimilar,

Since the time of its inception the somatic cell mutation
theory has served as a working hypothesis for a number of lines of

investigation on the problem of the origin of cancer, Although by no
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means universally supported, it has received the endorsement of many
distinguished authors and has the virtue of accounting for the
observed facts more fully than any other single hypothesis, It has
been suggested that the change in the cell is one of chromosome consti-
tution, Boveri (1914) considered that the cause of malignancy lay in
the loss of chromosomes bearing genes necessary for‘normal growth,
This conception has since been supported by Winge (1930), It has,
however, been amply shown that many malignant cells have normal
chromosome numbers (v. Goldschmidt and Fischer, 1929; Ievine, 1931),
and that benign tumours, inflammatory tissues, and probably many
physiologically normal cells (apart from tissues regularly showing
polyploid or non-polyploid deviations : v, Belar, 1928) may exhibit
gross variations from the normal chromosome constitution (Lewis, lM.R,
and Strong, 1934; Potter and Richter, 1932; Andres and Jiv, 1936;
Schiwago and Paschlowskaia, 1936; Caffier, 1931l; Karplus, 1929:
contrast Kemp, 1930; Mendelsohn, 1935), These findings preclude
Boveri's hypothesis., lalignancy, at least in those cases so far
investigated, is clearly not determined by any visible change in the
chromosomes, !“here such changes are present they are more probably one
of the results of the malignant condition,

The strongest objections to the somatic cell mutation
theory have arisen out of the discovery that in fowl tumours exist which
can be propagated by cell-free filtrates and hence are presumably caused
by a virus., One mammalian tumour has been found which behaves in a
gimilar way (Shope, 1932). To explain these cases on the somatic cell

mutation theory subsidiary assumptions must be made, A possible one is
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that the virus (or other active agent of the tumour filtrate) is
capable of producing a specific mutation in normal cells, In this
case there must be several different viruses and several different
specific mutations, since the filterable tumour types known reproduce
themselves specifically. A second possible assumption is that in the
case of each filterable tumour line a mutation originally gave rise
to the virus, In this connection it may be pointed out that the
somatic cell mutation theory does not preclude an ultramicroscopic
virus or an enzyme as the irmediate cause of malignancy. Indeed, if
a mutation is involved there must be some intermediate step or steps
which connect it with its phenotypie effect in altering the growth
behaviour of the cell, The discovery that in some cases such an
active agent can be shown to be responsible therefore does not mean
that the somatic mutation hypothesis must be discarded,

It has been argued that if malignancy is due to a genic
mutation in a somatiec cell, then this mutant must be dominant to its
normal allelomorph since it would otherwise have no phenotypic effect,
The malignant 'mutation’ may of course be a dominant one (dominant
mutations predominate in fowl and are common in man) but even if it
is recessive the objection does not necessarily hold since it is knowm
that an originally heterozygous gene can become homozygous in patches
of samatic tissue, and thus express itself phenotypically even though
recessive, One mechanism by which this can occur is through somatic
erossing=-over in two strands of a four strand group of chromatids
(Stern, 1936; Jones, 1936), Somatic crossing=-over merits particular

consideration in this respect since the onlyother known mechanism by
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which a recessive mutant gene could show itself is through loss of a
chromosome or part of a chromosome carrying the normal allelomorph,

and this, unless the lost part were small, would necessarily lead to

a visible alteration in the chromosome constitution of malignant cells,

The idea that cancer cells arise through somatic mutation is
easily reconciled with the heritable nature of cancer susceptibility.
That all susceptible genotypes do not express themselves in progressive
maliznant growth is apparent from the behaviour of both experimental
arinals and man., It has been suggested that malignant changes in cells
take place very much more frequently than is supposed, but that certain
organisns and tissues possess some kind of protective mechanism against
neoplastic growth. In this case the appearance of cancer would be due
to an inherent defect in the protective mechanism, This point of view
explains particularly well some feccts which appear in genetic and in-
duced resistance to transplanted tumours.

An alternative possibility is that inherited cancer suscepti-
bility is due to a mutability factor leading to somatic mutation under
certain conditions, while resistance is a lack of mutability., Such
factors are knovn to exist (v. Demerec, 1929).

There is some evidence (particularly from the effects of X-
radiation on slow and fast-growing tissues) that mutation occurs pre-
dominantly during the process of cell division. If so, the frequency
of mutation in a tissue should be proportional to the number of mitoses
taking place in it, This affords a possible explanation of the fact
that malignancy very often originates in regenerating or reparative

tissues, and that some carcinogenic agents also stimulate growth



=28
(ve Lits, 1936; Dodge and Dodge, 1937; Creech, 1938), This possibility
is worthy of consideration since the prevalence of chromosomal irregu-
larity in regenerative tissue and the cytological upsets caused by many
carcinogenic agents have been interpreted by some authors as an indica-
tion that abnormality of chromosome constitution is fundamentally related

to malignancy.

The question arises as to how ralignant cells differ from
normal cells., The fundamental distinciién is one of growth behaviour,
A number of authors have claimed that they have found some morphological
or physiological characteristic specific to cancer cells, but in few
cases has such 2 claim been substantiated by the work of others. liacCarty
(1927 et 'seg) believes that the nucleolus has a larger volume propor-
tionate to the volume of the cell in malignant than in normal cells,
and that intranucleolar bodies =re more numerous (Page, Regan and
FacCarty, 1938). These conclusions are based on a study of fresh un-
fixed tissues of various malignant and non-malignent types. However
Guttman and Halperin (1935) find that although hyperplastic tissue in
general tends to show larger nucleoli than normal, there is no difference
in this respect between melignant aﬁd non-malignant cells.

Brues and liasters (1936) find no difference between fibro-
blasts of rat and chick embryo heart and of the .jalker rat tumour 256
in their permeability to water. lialignant cells qre however apparently
more permeable than others to fat-soluble substances (Ludford, 1934a).
They show greater basophilic properties than normal epithelial cells
(v. Andres, 1932) and, in tissue culture, they are known to liquefy the

clot more readily and with greater speed than normal tissues (Fischer,
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1932), and to be less resistant to changes of temperature and other
environmental conditions (Fischer, 1929; Lambert, 1912). While there
are a number of more or less well=-defired characteristies combined (see

Iudford, 1933; Mendelsohn, 1934; Lewis, W.E., 1935) which make the mal-

ignant cell recognizable to the practised eye, there is no single quali
tative characteristic peculier to it. Those quantitative ones which do
exist can most reasonably be explained as results rather than causes of
malignancy.

A number of authors have noted that dividing cells of malignant
growths very often show chromosomes which are widely split at metaphase
before the anaphase separation of halves has begun. Precocious split-
ting of chromosomes has not been described in the normal tissue of mam-
mals, except in a few isolated cases, such as the amnion of rodents ex-
amined by Painter (1924) and considered by him to be cytologically
abnormal, or at -ny rate atypical. Crew and Xoller (1932), describing
the normal mitotic chromosomes of mice, state that the split is not vis-
ible until separation of the halves takes place at the beginning of
anaphase., This remark is borne out by the figures of lasui (1923),
Minouchi (1928, a and b), Painter (1924, 1928), Cross (1931) Cutright
(1932) and Butarin (1935). In malignent tissue, on the other hand, the
phenomenon of early splitting, slthough by no means a universal atiri-
bute, is sufficiently striking (v. Ludford, 1930; Lewis, lL.R., 1932, a
and b; Lewis, M.R. and Lewis, W.H., 1932; Potter and Richter, 1932 and
1933) to suggest that there may be a correlation between it and the growth

behaviour of cancer cells,
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While the spindle, whatever its structure or origin, has the
obvious function of separating the daughter halves of the chromosomes
at anaphase and ensuring their arrival at the poles, the formation of the
halves by splitting is apparently an autonomous function of the chromo-
some or is at any rate unrelated to spindle action. This is the view
subscribed to by Belar (1933), Ludford (1930), Andres (1932), Darlington
(1936), and others. For normal division, chromosome splitting and
spindle formation must be co-ordinated in time. If splitting takes place,
but the halves do not go to the poles due to lateness or failure of the
spindle to function, then the split chromosomes lie in the cytoplasm
and give, in extreme cases, the appearance of tetraploidy. Indeed, the
term precocity of splitting necessarily means a precocity in relation
to the other processes of division, and can probably be accurately re-
placed by the term “leteness of anaphase“. There is little doubt that
many polyploid sometic cells, especially in tumour tissues, arise through
the formation of a2 single restitution nucleus after failure of the
spindle to function. That this process sometimes takes place as a regu-
lar and normel occurence is indicated by the work of Berger (1937).
Experimental arrest of mitosis at metaphase can be brought about by ether
and ammonia (Rosenfeld, 1932), sodium cacodylate (Ludford, 1936), colchi-
chine (Ludford, 1936; Blakeslee and Avery, 1937; Nebel, 1937; Brues and
Cohen, 1936; Brues and Jackson, 1937; Nebel aqd Ruttle, 1938), weak acid,
nheat, bichloride of mercury, and alchohol (Lewis, :..R., 1933), pressure
(Ellenhorn, 1933), and other substances including nicotine, caffeine and
hypertonic sugar solution followed by water (Sshiginaga, 1937). All
these agents act on the spindle and cause apolarity of the cell, and

their action, if not too severe, is often followed by the restitution of a



hyperploid nucleus,

Whatever -~ the connection may be between the occurence of
prec?ciously split chromosomes and malignancy, it is clear that their
presence in a cell indicates that some derangement of the normal
division mechanism is at hand which night well be expected to lead
to more serious cytological abnormalities.

In cytological literature there are a number of instances
known whers the processes of cell division and chromosome behaviour
at certain stages of the life history are under the control of well-
defined genes., Such a case is that in maize described by Beadle
(1529 and 1931) where a single recessive :s2ne causes a number of
supernucerary divisions of the tetrad without splitting of the chromo-
somes, and the conseguent oroduction of sub-haploid cells. Homo-
zygotic plants are pollen=-sterile. Beadle (1932) has also described
a simple recessive gene in maize causing "sticky" chromosones,
with consequent increase in non-disjunction and translocation in
both somatic and meiotic divisiors.

Again in maize, a case has been found (}McClintock, 1937)
where the loss of certain genss in patches of somatic tissue due to
the behaviour et division of 2 rinz chromosome results in a number
of changes of growth capacitr, among them an excessive proliferation
of cells at the surface of the affected are=z,

Further, it is well known that chromosome length, behaviour
at synapsis, and freguency of chiasma formation are under genic

control, It is therefore not unreasonable to suppose that time of

splitting may be subject to the seme sort of regulation as other
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kinds of chromosome behaviour. The cssumption that this is so was

made by Huskins and Hearne (1936). They made the hypothesis that if
early chromosome splitting is associated with the appearance of
malignant growth, snd is controlled by hereditary factors, then

normal dividing cells of an orgenism susceptible to malignancy

should show earlier chromosome splitting than those of a resistant
organism. By testing this hypothesis they examined the possible causal
relationship of zrecocity of splitting to the onset of malignancy.

If splitting of the chromosomes in meiotic prophase takes

place before pairing is completed, it interrupts the pairing and prevents
formation of chiasmata in the unpaired regions of the chromosomes (Huskins
and Smith 1934; Darlington 1935). By making the further assumption

that chromosomes which split early in meiosis do the same in mitosis,
Huskins and Hearne were led to the postulate that animals constitution-
ally susceptible to malignant growth should have a lower chiasma fre-
quency than resistant animals, and tested this hypothesis by an examination
of the reduction division in voung males of inbred strains of mice

heving different sgpontaneous marmiary gland cancer frequencies., Their
results on eizht distinct lines showed that these conformed to their
hypothesis: two other strains were exceptional (Huskins and Hearne,
1936), but were related to each other and have, together with collateral
lines, a somewhat doubtful record of cancer resistance (v. Huskins and
Hearne, and below).

The purpose of the present worx was, first, to test the correl-

ation found by Huskins and Hearne both for new representatives of' the

same strains and for additional strains not previously examined.
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The work was designed to establish the consistency of strains after several
further generations had been bred, to reexamine the strzins found not
tc conform to the hypothesis of Huskins and Hearne, and to test two strains
of Strong's which had recentlvy been made available,

Secondly, an investigetion was undertaken of the normal tissue
of representative strains to examine Huskins and Hearne's fundamental
hypothesis that precocious chrormosome splitting is associated with
genetic susceptibility to malignancy. At the same time the possibility
was examined of an association with mitotic chromosome length.

In the light of Little's discovery (v. supra) that breast
cancer is inherited to a large extent maternally, first generation hybrid
mice from crosses of hizh and low chiasmza frequency parents were tested
to determine whether or not chiasma freguency 1s inherited in a similar
manner., Finally an investigation vac undertaken on the influence of the

milk of a foster mother of another strain on chiasma frejusncy.
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Most of the cytological observations reported here have been
made on spermatogonial or spermatocyte divisions in the testes of young
mice, This tissue has the advantage of showing both mitotiec and meiot-
ic divisions, and is more suitable for the study of mitotic chromosomes
than most adult tissues since dividing spermatogonial cells can be found
large numbers and are of exceptional size, Since spontaneous tumours
are much less frequent in males than in females, and appear at later
ages, the tests were made on males in order to eliminate any possibil=-
ity that the results might be prejudiced by the presence of a developing
tumour,

To get good preparations of spermatogenic divisions in mouse
testis, healthy animals must be used., Llice brought from other laborat-
ories were not killed until at least five days after their arrival,
when the disturbances of the train journey had presumably ceased 1o
have an effect. Throughout all the recent work, mice of 6 to 8 weeks
of age have been used. Huskins and Hearne's work is on mice of similar
ages (usually 1-2 months: v, their Table 1), The possibility has thus
been eliminated that the chiasma frequency results have been prejudiced

by the effects of age (v. Bryden, 1933 b),The origin of the mice
used for chiasma freguency counts is mentioned in the tables showing
the results of the tests.,

Observations on chromosome splitting were made on lymph node
and spermetogonial divisions from six weeks old mice received from the
Roscoe B. Jackson lemorial Laboratory in November, 1935,

A brief description follows of the strains used; other data

concerning them have been cited in the Introduction.
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l. Strain A, Colour Genotype: aa bb c¢c DD, Tests A-1, etc.
Representatives of approximately the sixtieth generation of
this strain were obtained from Dr. C. C. Little of the Roscoe B. Jackson
Laboratory, Bar Harbor, “aine, The mice used in ths first experiments
(chiasme frequency tests A-l, A-2, and A-3, and the chromosome splitting
tests) were young males born in Dr. Little's colonies; subsegquent tests
vwere made on mice raised in I‘ontreal,
The strain originated (Strong 1936 b) from a mating of two
albino mice, in 1921, one from Dr. Little's colony, then at Cold
Spring Harbor, Long Island, N. Y., and the other from Dr. H. J. Bagg's
colony, which had been brouszht to Cold Spring Harbour in 1918 from the
Memorial Hospital, New York City. Dr. Bagg's colony had been inbred
for eight years, though not by strict brother~to-sister matings.,
Since 1921 the stock has been closely inbred, brother-to-sister matings
having been accomplished in all but six cases, where daughters were
mated back to their fathers., sfter the twenty-seventh generation
Strong selected two lines, one towards the early incidence of such
tumours (Line A), and one towards the greatest longevity without tumour
development (Line A-2). The ineffectiveness of this selection in
producing any difference in the age of cancer incidence in the two
lines was taken as evidence that the strain had already reached a high
degree of homogeneity for this character (Strong, 1934 b). In a recent
report, however, Strong (1937 a) concludes that after his colony had
been moved to New Haven in June 1933, a slight age of onset difference
appeared in the cancer development of lines A and A-2, kept on the

same mixed oatmeal diet. The fact that line A, selegved for early
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cancer incidence, is now showing a later average age (415.C days)
of cancer development than line A-2 (355.8 days), selected for long-
evity without cancer, is not cormented on by Strong., This difference
is presumably due to an independent mtation.

Every female in the direct line of strain A from the 36th
to the 55th generations inclusive, has developed primary carcinoma of
the mammary gland. These cancers are the most malignant of all the
mouse tumours investigated by Strong (Lewis, li. R. and Strong, 1934).
Mice survive on the average for 45 days after the tumour appears, and
show frequent occurence of ﬁultiple nodules and metastasis into the
lungs, The incidence of cancer in non-virgin females was reported by
Strong and Werner (1936) as rore than 90%, The average age of cancer
development under “normal” conditions of diet ete, was quoted by the
Roscoe B. Jackson lLaboratory in 1¢34 as nine to twelve months; by
Bittner (1935 ¢) as 10,7 months, and by Strong (1937 a), on a commer-
cially prepared diet, as 338.8 days.

As well as a high incidence of mammary gland cancer, strain
A exhibits also a marked tendency towards the development of primary
carcinoma of the lung, in both sexes., Bittner (1935 a) found that in
males living ten months or more, 55% developed primary lung tumours
at a mean age of 15.2 months, 36% of females with mammary gland cancer
also had lung nodules. In 1936 (a) Bittner reported 71.6% of lung
tumours in males and 77% in breeding females, all pulmonary tumours
being bronchial adenocarcinomas.

Following out his discovery (1936d4) that mice of susceptible

strains show a lower volume of blood precipitate with trichloracetic
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acid than do resistant mice (v. supra) Strong found in strain A (Strong,
1936 d and Strong and Francis, 1937) a variation in this volume depend-
ent on age, Females of 200 days' age or more show a steady deecline in
haemoglobin level, whereas in femeles of a resistant strain (CBA)
there is a continual slow increase up to 500 days. After this age the
level rises in A4 and drops in CBA., The mortality records of strain A
(Strong, 1936 c¢) reveal that i females go through a "depression periodu
every six months and show high frequency of breast cancer development
in the inter-depression periods. The first period of depression coin-
cides with the drop in haemoglobin level, The relationship of these
facts to tumour development is as yet unknowm.

Hybridization experiments between strains A and C57 Black
(resistant: v. infra) were the first to show maternal inheritance of
breast cancer susceptibilit: (Little, 1933 b). Much of the more recent
worx on the question of maternal inheritance and the influence of milk
has been dGone with these two strains.

Injection of large doses of keto-oestrin benzoats into males
of strain A causes growth and proliferation, formation of adenomas,
and eventually cancer in the mammary glands (Gardner, Smith, Allen and
Strong, 1936) althouzh these normally undergo little if any development
after three or four weeks of age (Gardner, Diddle, Allen and Strong,
19%4) and seldom or never show spontaneous cancers in any strains.

Strain A may be briefly described as highly susceptible to
mermery gland carcinoma and susceptible to pulmonsry cancer. It is
highly inbred and may be considered homozygous for genes controlling
these types of cancer, Because of its relatively good breeding qual-

ities, it is one of the best strains of cancer-susceptible mice obtain-

able for experimental work,
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2. Strain dba., (listed by some authors as Strain D).
Colour genotype aa bb CC dd., Tests D=1, cte.

This strain is a continuation of the Little dilute brown
strain, which has an unbroken inbred line of descent, mainly of brother-
to-sister mating, extending over the last 30 years. Strain dba was
obtained by L, C. Strong about 1930 and further inbred by him., The incid-
ence of memmary gland cancer in breeding females is very high, approach-
ing 100%. Only a2 few die from other causes, Strong (1932) reports
a 75% incidence in females reaching eight months of age., The average
age of onset of cancer was reported by Murray (1934) as 10.5
months, and by Strong (1936 g) as 11-12 months, for breeding females,

In virgin females the average age is 16.6 months (Murray and Little,

1935 b).

3. Strain C3H or Z. Colour genotype AA BB CC DD, Test C3H.

This strain was developed by L. C. Strong from a mating, in
1920, of 2 male of the Little dilute brown strain, and a female of the
Bagg albino strain, both of these being already to some extent inbred,
Since then the line has been continued as far as possible by brother-
to-sister mating and selected towards high incidence of mammary gland
tumours. These are usually medullary carcinomata or adenocarcinomata
of moderste malignancy. The iean age of tumour appearance is 8 months,
lower than that for any other strain (Strong, 1936 g). Ilice live an
average of 51 days after the appearance of the tumour, and infrequently

show metastasis into the lungs (Lewis, li. R. and Strong, 1934).
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Strong (1935 b) states as his opinion thet with regard to susceptibil-
ity to breast cancer, C3H may be considered genetically pure, and that
all female mice of this strain that have been used for breeding and
are kept under suitable hygienic conditions, develop carcinoma of the
mammery gland (Strong 1935 c).

Gardner, Smith, Strong and Allen (1936 a) obtained marmary
glend tumours in virgin C3H females by weekly injections of 100 inter=-
national units of hydroxyoestrin benzoate, In males, after treatment
with theelin followed by continued large doses of keto-oestrin ben-
zoate, they obtained rapidly growing spindle-cell sarcomas., These
developed in the subcutaneous tissues at the site of injection, and not
in connection with mammery tissue,

Andervont and licEleney (1937) report the tumour incidence
in breeding females of strain C3H as 56,1 to 88.2%. By selection
over a number of generations they succeeded in lowering the age of

incidence in a subline of this strain,

4, Strain C57 Black. Colour genotype aa BB CC DD. Tests CB1-I etc,

This strain has been inbred by C. C. Little since 1921,
It is classed by the Roscoe B. Jackson kMemorial Laboratory as having
a very low incidence of gland tumours, and a medium to high incidence
of internal tumours. It has now reached epproximately its 45th gener-

ation of inbreeding.

In 1934 Murray and Strong apparently considered C57 Black
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as practically irmmune to all neoplasia {Lewis, . R., and Strong,
1934). When Bagg submitted females of this line (obtained from Little)
to a “functional test”, they showed up to 155 of spontaneous maermary
gland tumours, This behaviour is unlike that of other resistant strains
(F and JK) under similar treatment (Bagg and Jacksen, 1937). The
turmours showed a tendency to be concentrated in certain famili=ss, and
the question arises as to whether, among the large numbers of mice
raised by the Roscce B. Jackson Laboratory, some degree of mutation
or segregetion has not caused sublines with distinct characteristics
to appear. In 1936 it was reported from Bar Harbor that only one
ralignant tumour had appeared in the strain during the last ten years,
but Dr. Alexis Carrel stated that 13-305 of internal tumours had arisen
in mice derived rrom Little's C57 Black obtained in 1928 (Huskins and
Hearne 1936).

Korteweg has reported verbally to Dr. Huskins that he finds
leukaemia in 105 of mice of a substrain of C57 Black, but no tumours,
No leuksemia is found =t Bar Harbor,

Branch (1936) obtained a hizher freqguency of dibenzanthracene-
jnduced tumours in C57 Black than in the susceptible strzin 4, This
kicher freguency may represent only a difference in speed of reaction,
since Branch apparently 4id not keep his mice until the end of the
cancer period,

Strain C57 Black has been used extensively in connection
with strain A in experiments on the maternal inheritance of tumour

susceptibility and the influence on subseguent tumour formation of the
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mother's or foster-motherts milk, In these experiments C57 Black is
treated as, and appears tc behave as, a resistant strain. For this
reason it was used for the first tests on the effects of maternity and
fostering in the present work. But the possibility of distinct varia-
tions, perhaps due to mutation, in the cancer resistance of different
sublines which have been isolated for some time from the stock has not
yet been ruled out. There is reason to believe that the substrain
now being bred by Dr. Bagg behaves differently from Little's stock

(v. supra). Chiasma frequency tests have been made on mice obtained
from each of these colonies, Huskins and Hearne also made a test
(included in Tables V and VI, gv.) on Carrel's subline of this strain,

mentioned above,

5. Strain C57 Brovn. Colour genotype aa bb CC DD. Test C-Br,

This strain is derived from a mutant brown-coated mouse thich
appeared in 1924 in the C57 Black line, It is therefore inbred to the
same extent as the parent strain (c. 45 generations) but has been
isolated from it for the last thirteen years, It is described by the
Roscoe B, Jackson Laboratory pamphlet (1934) as having "tumours at
an advanced age", and in a later eircular (1937) as showing a medium

incidence of mammary zland and a low incidence of internal tumours,

6. Strain C57 Leaden or M-Leaden, Colour genotyve aa bb CC DD 11.

Tests M-l etec.

Derived from a mutant which appeared in strain C57 Brown in
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1929-30, and claimed by the Roscoe B, Jackson Laboratory in 1934 to
have an "extraordinarily low cencer incidence, Murray has remarked
(Huskins and Eearne, 1936) that there are a number of tumours in old
females of this strain, A riore recent circular sent out by the Roscoe
B. Jackson Laboratory (1937) describes l/-Leaden as having a medium to

low breast cancer incidence and a medium internal tumour incidence,

7. Strain CBA., Colour genotype 4AA 3B CC DD. Tests CBA-1l, etc.

This strain has be=n inbred by Strong by brother to sister
matings since 1920. He selectad only descendants of that mouse which
lived longest in each gsneration. By 1930 he had obtained stock in
which the average length of life wes more than 24 months with no
sign of tumours. In colleteral lines tumours occurred sporadically
but the descendants of these mice were alvays discarded (Strong, 1936 a).
In Strong's colony no instance of any carcinoma of any kind had been
found up to 1936 (Strong =nd Werner, 1936).

Recent evidence has showm, however, that at an advanced age
mice of strein CBA develop various kinds of tumours with considerable
frequency. Strong (1936 a) reports that of 71 females which were
placed in reserve on a uniform diet, two developed mammary gland car-
cinoma at 732 and 557 cdays' age-respectively, and two developed
hepatoma or adenoma of the liver at 602 and 581 days resnpectively.
Uterine and ovarian carcinoma have also been observed. Between 1933
and 1936 Strong and Smith (1936) found 14 solitary benign hepatomas in

CBA. Since they were confinzd to two families they were probably
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determined by genetic factors. Hepatomas are more frequent in CBA
than in any other of Strong's strains., Such tumours appear at an
advanced =z2ze (25-35 months).

An epithelial metaplasia has been induced by Lacassagne
(1936 b) in the uterus of a six months old female derived from strain
CBA, by injection during alternate weeks of benzoate of oestrone and
alcalin extract, Lacassazne's mice were descended from a line obtained
from Little and bred in the Institut de Radium, Paris, by Madamé
Dobrovolskaia-Zavadskaia, who had never observed 2 spontaneous cancer
in it,

Andervont (1935 a) found that CBA was susceptible to induction
of tumours by l-2-5-6-dibenzanthracene, but reacted more slowly than
the high spontaneous freczuency strains A, C3H, arnd D,

Strong (1936 c¢) and 3trong and Francis, 1%37 showed that
mice of strain CBA have a higher volume o blood pfecipitate than
mice of the susceptible strain A,

An important point is the diversity of different kinds of
tumours which appear in CBA mice of advanced age., Mammary gland car-
cinoma is the most frequent, but the list includes hepatoma, carcinoma
of the ovary and lungs, sarcoma of the uterus, papilloma of the skin,

and osteoid giant-cell sarcoma. In this regard strain CBA is unique

among inbred mouse lines,

8, Strain I. Colour zenotype aa bb CC 44 ss. Tests I-1, etc,

This strain wes developed by Strong from a cross made in
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1927 of a pink eye dilute brown mouse with a dilute brown piebald one.
It is one of the most resistant strains known to mammary gland cancer,
Bittner (1936 b) reports eizht generations in direet line with no
recorded tumour, though a few internsl tumours had been observed in
collaterals., He used strain I in crosses with C3H (susceptible to
mammary gland cancer) and found that the reciprocal hybrids shovwed a
strong maternal influence oix drecst cancer,

Andervont anrd Stewart state that mice of strain I have no
spontaneous mammary glend cancer =n7 are resistant to tumour trans-
plants. They £ind, however, that practicallr all animals 10 months
old or more show lesions in the prloric region of the stomach., The
condition is characterized by adenomatous hyperplastic growth of the
zlandular mucous membrene with some signs of infiltration into the
basement membrane, Mice of this strain seldom live more than 14
months., Stomach lsesions of this type have not been found by Andervont

in other mice, 1vith the exception of three o0ld ones of strain C3H.

9, Strain F. Colour genotype aa bb e®BeCh 43 ss, Test F.

These mice were developed by L. C. Strong from a race which
he obtained during the winter of 1925-26 from H. W. Feldmann, of the
Bussey Institution, Harvard University. ?hey bear five pairs of reces-
sive coat-colour genes, and zre characterised by their small size
(about two-thirds of the average adult weisht of Strong's other
strains). In January 1935 they were in their 32nd generation of brother-

to-sister inbreeding. The only pathological feature found in these
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mice is a group of lymphatic srmptoms, characterized by hyperplasy of
the lymph nodes, enlargement of the spleen and hypertrophy of the thy-
mus. One epithelioma of the anus, transplantable into other F mice,
has been observed (Strong, Smith and Gardner, 1¢36) and some squamous
cell carcinomata of the skin (Strong, unpublished). Ba:zg and Jacksen
(1937) have subjected 23 females to their functional test’ without as

yet having found any mammary gland tumours.,

10. Strain JK. Colour genotype aa bb CC DD. Also carries s©s® and P1P] e«

Test JXK.

Trhis strain is derived from a cross made by Dr. L. C. Strong
in 1927 of representatives of tto strains, one the J, obtained from
Dr. H., Feldman of the Bussey Institution, Harvard University, and the
other, the X, from Dr. Gregory Pincus of the same Institution. Both
the parent strains have since been discontinued. Since this mating the
mice have been continued by brother-to-sister mating, with selection
towards longevity. Only one animal in the direct line (6th generation)
has developed carcinoma; a few have shown small round-cell sarcomas,
Mammary gland cancer has never occurred, The age at death of females
is regularly about 21 months. JK mice exhibit the highest readings
of blood precipitate of any strain examined (Strong 1937 b).

Bagg and Jacksen (1937) have tested eleven JK females by
their functional test’ and have so far discovered one spontaneous

lymphosarcoma and no carcinomata,
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11, Strain N. Colour genotype 2a bb CC dd ss, Test N.
Developed by Dr. L. C. Strong as a line highly resistant to
cancer. It is a slow-growing race, and is difficult to perpetuate
due to the fact that 70-80% of fermales have cystic ovaries and are
sterile (Strong, unpublished). In 1934 Stronz had observed no tumours
in mice of this strain., It has been inbred since 1921 (Roscoe B.

Jackson Laboratory leaflet, 1934),

12. Strain Y. Colour genotypes Yellow: A’a bb CC. Test Y-Yel,
Black: aa BB CC. Test Y-Bl.

This strain was described by the Roscoe Bl Jackson Laboratory
in 1934 as showirg a ”relatively hizh occurrence of spontaneous sarcoma
of different types", and more recently (1937) as having a medium
incidence of mammary tumours and a medium to high incidence of internal
tumours. It has been inbred for more than 15 generations,

The yellow and black segregates of this strain show a slight

ifference in their rates of development, but apart from secondary

o

effects of this difference, have the same cancer incidence (Little,

1934 a, et supra).
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METHODS

1, Preparation of Material

A, Smearing

In making preparations for the study of maemmelian chromosomes,
only fresh material can be used, and this must be fixed with the
utmost possible speed., For this reason, among others, the smear
method is particularly suitable since with a very thin layer of
tissue on the slide the Tixation of all cells is practically instant-
aneous, and the delayed fixation caused by slovr penetration of
fixative through a block of tissue, such as is used for sectioning,
is avoided,

The mouse to be tested is killed by decapitation, or
rendered senseless b cutting the spinal cord in the neck region,
or‘by stunning., The last two methods are probably the best since
circulation is not interrupted. Dr. Fearne used the decapitation
method. For the smearing of lymph nodes it was found most conven-
ient to cut the spinal cord, thus desensitizing the lower part of
the body without interfering with respiration or circulation,

This allowed time for the finding and removal of a number of lymph
nodes in the lower abdomen, which cannot be done satisfactorily
if the animal is instantaneously killed.

Anaesthetics were avoided because of their possible effect
on chromosome behaviour, E‘Ether and other fat solvents have been
shown in tissue culture to affect spindle formation and anaphase
movement of chromosomes (w,supra) and ether anaesthesia has been

found by Victor (1934) to decrease the respiratory rate
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in normal mouse lymph nodes. 4lthough Ludford (1930) finds no
effect of anaesthesia on tissues in situ, and in any case the like-
lihood is small that variation in different mice in the length or
degree of anaesthesis might affect differentially the splitting or
pairing behaviour of chromosomes in somatic or germinal tissues,
it seemed best to avoid any possible confusion from such a source,

Immediately after killing or stunning the mouse, the
testes ere renoved one at a time, cut into small pieces with sciss-
ors, and smeered on a clean glass slide. The slide is at once
plunged face aovnwerds into & shallow bath of the fixative, The
removal, smearing, znd Tixin: of each testis takes about ten seconds.
Ten or twelve smears can-be made from the testes of a six weeks old
mouse.

The same procedure wzs used in the preparation of lymph
node smears. These can best be obtained from (1) the inside of the
abdominal skin, one large lymph node on each side being associated
with the mammae, (2) from the intestine, particularly near the
appendix, and (3) from the axillary region of the fore-limbs.

The node is picked off with fin= foreeps, cut open with seissors,

ané smeared on & slide,

B. Fixation,

1. For ritotic divisions, metaphase of neiosis, and general purposes

it was found thct several osmic acid fixativss used in plant cyt-
ology produced excellent results. Osmic acid fixatives, however,

are always expensive. The best general purpose medium not contain-
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ing osmic was found to be Allen's modification of Bouin's fluid
(used by Painter (1924) and other investigators).

The fluid is made up as follows:

Solution A: 8 parts. Solution B: 2;5Aparts.
Saturated picric acid 500 cc. Formaelin 200 cec,
Glacial scetic acid 30 cec, Urea 16 gm.
Chromic acid 10 gnm.

The two solutions are kept separate and Ireshly mixed
just before using. Fixation is from 4 to Z4 hours, as convenient,
Better penetration can be obtained by using the fixative at blood

temperature,

2. For prophase of meiosis and chiasma countinz Kaiser's solution, fol-

lowed by Se¢lling's modification of Navashin's fluid is undoubtedly
the best firetive tried (Huskins and Hearne, 1936). This method
also zives better preparstions of early mitotic prophase than does
Allents Bouin or the osmic acid rixatives., The solutions are |

Navashin's: 12-=24 hours.

Kaiser's: 10-30 minutes. ' Solution A. One part.3Solution B.One part
Mercury bichloride 10 gu. Chromic acid 1l gn., Formalin 200 cc.
Glacial acetic acid 3 cc. Glacial acetic 50 ce. Distilled 175 cec,

water
Distilled water 300 cc, Distilled water 320 cc.

C. Staining.

In order to obtain the best possible preparations for the

study of chromosomes, it is necessary to use karyological, rather than
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histological, stains. Throughout this work i‘ewton's gentian violet
method of staining for chromosome structure, which is extensively
emplorad in the study of plant chroznosomes, has been used., It is
purelry a chromatin stein, being taken up by chromosomes and nuc-
leoli =2né lzeving the nuclear plasm, nuclear =erbrzne and cytoplasm

colourless,

by

The rethod of stainin:s has beesn described by Huskins and

Smith (1833)., A more intense stein is obtained after chromic acid
timss =dvisable to soak slides for a few

fixation, and it is som

39
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minutes in 15 chromic acid solution before harcenins. This was

usually done with slides Tixed in Kaiser-Javastia. Slides are then
washeé thorouzhly in running wei=r, end brousiat up slowiy to 70%
alcohol throuzh several sta es., r=ere they are hardened for 1l2-24
hours. They ars then stained zccording to the following schedule:
(l). Yjashing in running water to ren>ve the alcohol, .
(2). Staining in a 1 agueous solution of crystal violetd

for 15 minutes.
(3). Rinsing in tap we=ter,

(4). 92 alcohol for 5 seconds.

(5). Solution of 175 iodine and 1) potassium iodide in 80
alcohol for 30 seconds,

Ia)

(6). ¢57 alcohol for 1C seconds,

(7). A4bsolute z=lcohol for 10 seconis,

(8). A mixture of half clove oil and hzlf absolute alcohol
until ele=—=d (about 2 minutes).

(9), Xylol, fivs chanses with at least two hours' total tine.

(10). ountinz in Canada Balsam.



II.Collection of data,

ie mstimation of the amount of trecocious
chromosor:ie splitting in spermatozonial —itoses.
“hen testis tissue is lizhtly smezred on a slide, some

sections of the seminifsrous tubules remain unbroizen, znd adhere
in toto to the zlsss surlece. In ths walls of ths tubules az
points zlon:i their length 2 be found srouns of Zividing s»ernato=
zonizl cells., If the tissue be well cleersd after staining, such
cells are excellent matesriel for the stucy of mitotic chromosomes.,

To determine the zmount of pre-ancthese splitting, sper-
r.atogonizl netaphase stazes vwere selected in hich all 40 chromosomes
(the normal diploid number in mice) were clearly visible. The cells
were (rawn by carera lucica (at an iritial mecnification of 3500
diameters) to verify the chromoscre count =n’ to proviie a permanent
record of the obs:rvations. ~fter all the drawinzs hed been made
for the complete test, tiie sliliss were restained to ensure uniform
visibility. Zach chiromoscre was then carefully resxz-_ned to deter-
mine vhether or not it wes split. The criterion used to decide
tais 2oint was the visibility of Tour lir=s representins the edges
of the »arts of a double structure. The s:lit chrormosones werz then
recorded on the drawingzs and coantzd. The counts on the two straims
sxanin=d were nacde on alternate groups from each strain, to avoid
any influence on the results of o possibls change in stendard on
the part of the observer durinz the course of the wori,

Tifty cells each of strains A and I were counted in this
way. Apart from this, additional counts were niade on twenty-five

cells =ach of strains A, JX, CBL:, and ’-Lesaden, These vwere done
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by inspection, without the use of drawings, from freshly-stained

preparations,

B. astination of chroricsore length =% metaphase

in spermetogonisa.

Chromosome lzangth has besn measured in fiftr cells each

from spermatoroniz of strains A and I. The measursients ware made

(i}
]

Lo

for each chromosore to the nearest millimeter from the camera luci

&)

a

drewings mention2? ebove, The comparison therefore comprises :casure-=

ments of 4,000 caromosomes,

C. Zstiz=tion of chiasma fre usncy in primary

=

- - e 4.
e ale b bs
S_u_/:j'la ooy veS.,

For chiasma fre juency counts, cells at stages from mid-
diplotene until diakXinesis were selected. Only cells clearly siowing
20 bivalents (ti> normal haploid number for nice) wers used.
Observations were made at a neznification of 1260 diameters. A

was made of e=ch cell, representing dizgramatically

o)

rough sietce
the form and position of ezch bivalent and the number cf its chizs-
nmata. In all cases 2 bivelent wes counted as naving the minimum
number of chiasmata necessary for its confisuretion. Iuskins and

arnz used the same method of cocuntinz, In this way comzarable

e
dew

[

values for different =roupc of cells can be obtained, althoush the
absolute values for chiesna freguency in mice are no doubt some-
what bhi:her than those given in the observations herein presented,

Twenty-five complete nuclei (50C bivalents) were counted

for each test,
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ITT. Statistical Analysis of Data,

Husizins and “cernz (1936, anslyzed their chiasma Tregusncy
results by Fisher's method for the cnolysis of variance, and derived
a single Tigurs as a standard for the comparicon of means. This
method assumes that the varisbilityr is homogesneous for all samcles
in the population. 1i/ith tne addition of the new results reported
here, it has becorz clsar that this method could not be continued,
The new test on strain I (test I-2), for examplzs, has an exceptionally
high standard deviation, a2nd the addition of this one test to the
figures of Husking cend Hearne so increases thz total variability
that a higher diftTerence between ~izans is at once necessary for
significance even when the comparison does not involve test I-2,

:7uch 1mors accurate is a corpesrison of means based solelw on the
variability of the tests which theyr rertresent, For this reason

all tre data on chiassma “requency have been znalyzed by the standard
error method, A difference beiwesn two me:ns which is three times

its own standard error niayv bz considered significant. It represents
a vrobability of .9¢7 that the samples are Iroui dirfferent populations.
A difference of twice its standard error has a ,255 chance of being
significant.,

The standard error of the difference is represented by

" ' ‘3
the symbol S", and is obtained from the formula S =1Ci + Géz

\

where 01 and oé’are the standard errors of the two groups concerned,
o

The standard error of a population is equal'Mz%§ vhere J 1is the

standard deviation and N“ the number of observations. Standard

deviations were in all ceses worked out from ungrouped data,
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In the following tables the differences between means have been
divided by their "S" values for all comparisons so that significance
or non-significance may be readily seen.,
Observations on chromosome stlitting and on chromosome
length were analysed tv Fisher's method for the analysis of variance,
To determine the proper interpretation of the res:lts the greater

Wb

mean scuzre is diviced b the lesser, giving a figure, F , whose

5

. . . . N Hon
significance can be iced Trom Snedecor's tabl2 of ® (Snedecor

D

i

po)

2

1934, table XCV). This teable is based on Fisher's values of

"t and "z" (v. Fisher, 1%5:, tables IV and VI)., In Snedecor's
table two velues are given (under appropriate colurms for degrees
of freedom) representing Fisher's 5. and 1% points respectively.
The first of these may be concidered significant: the second,
highlr significant,

In the present work only difrerences which viere three
times their stenierd error (or greater than Fisher's 17 point)
have been considered siznificant, In the chiasma fregquency counts
di#ferences which fall betvwzen two and three times their standard
error have been treat=d as borderlinze cases, This is donz because
of the relative smecllness of the samples and the fact that it is

sometimes impossible to deveruine exactly what the count for a

given cell should be.



CBSERVATIOIS AlD R=SULTS

1. The comparability of the results of the present tests of chiasma

frequency with those of Huskins and Hearne, and the consistency

of several counts on the same strain

Iultiple tests have been made on five strains (A, dba, C57 Black,
x=Leaden, and I). Of these the first three had already been tested twice
by Huskins and Hearne, with consistent results (v. their Teble III, and
infra, Table III). The additional tests were made as a further examination
of consistency within strains, and with the purpose of showing, by their
general trend, whether possible differences in the standards of the obser-
vers would prejudice the direct comparison of the present results on new
strains with the tests of Huskins and Hearne. To provide a more accurate
decision on the latter point, a count on C57 Black (test CBl-6) was made
from the preparations used by ~uskins and Heerne for one of the original
tests on this strain (CBl-l).

The numbers of chiasmata observed in additional counts on strains
teéted by Huskins end Hearne are given in Table I; an analysis of these,
together with a similar analysis of Huskins and Hearne's figures for the
seme strains (see their Table II) are given in Table II, and a comparison
of the rmeans in Table III.

The results of the comparison of means within strains show that:

(1). Except in strain C57 Black, there is agreement between different

tests within strains. In no other case is the difference between the means

greater than about twice its standerd error.
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All other differences between means within strains are less
than twice their standard errors, and are therefore in no way significant.
The test (CBl-6) rmede by the writer from the preparations of Huskins and
Hearne is statistically identical with the test made by them from the same
preparations (CBl-1l). The highest difference occurs in Li-Leaden. The test
on this strain made by the writer (M-3) gave a result which shows a differ-
ence from one of the tests of Huskins and Hearne (m-2) of 2.06 times its
standard error, i.e, a difference approachingz significance (see Table III).
Its difference from the other of Huskins and Hearne's tests is, however,
only 0.31 times its standard error. Since test Ii=3 is not significantly
different from tests I-1 and 1’-2 when these are combined to form a single
population, the difference between :~2 and 1:i-3 was not taken to indicate
either an alteration in this strain or a difference in the standards of the
observers,

(2) In the case of strain C57 Black, there is complete agreement be-
tween all the counts made on stock obtained from Little (the Roscoe B. Jackson
Laboratory) or its progeny, but mice of this strain obtained from Bagz's
colony (tests CB1l=3) have a very much higher chiasma frequency. This is
clear from the fact that the difference between the mean for Bagg's stock
(test CB1l=3) and the highest mean obtained among the four tests on Little's
stock (test CBl-1l) is 6,03 times its standard error (Table III). Actually
the chiasma frequency in Bagg's derivative of this strain is higher than

any other found in the course of this work.
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T-BLxn NUMB=R 1

CHIASMA FREQUENCIES IN NEW COUNTS IN UNFOSTERED MICE

TEST NOe A=3 D=2 L~3 CBL~6 CBL-7 CBL-3 I-2 I-3

28 25 27 32 32 44 34 34
29 29 31 29 29 37 32 30
31 26 31 31 29 33 34 32
30 24 24 34 30 38 31 35
26 30 24 30 26 35 39 32
31 28 30 31 32 40 26 31
31 29 29 33 28 31 36 29
30 25 29 29 28 31 31 33
26 27 30 33 29 35 32 34
31 25 26 31 28 33 34 37
27 26 27 32 28 33 40 33
28 24 30 29 31 35 36 36
26 25 23 28 28 33 32 31
33 28 26 32 30 35 32 33
31 28 26 29 33 35 31 34
25 28 30 35 33 38 31 34
29 26 29 31 33 34 34 35
30 30 28 29 29 37 32 31
28 29 30 32 29 30 37 38
28 24 a7 28 31 36 30 31
25 27 24 32 30 34 31 34
27 32 31 30 31 35 42 31
24 26 29 30 24 38 38 34
28 29 28 30 29 32 36 3l
24 28 30 28 32 33 35 33

TOTALS 706 678 699 768 742 875 846 826




TABLZ NUMBER IT
AFALYSIS OF ALL COUNTS I UNFOST .amﬁ@p OF CHIASIA FREJUENCY
STANDARD (STA,»'LDARD)

DEVIATION XERROR

A-1 *xH/H 28,44
A-2 E/H 26.24

A=3  ¥x AH 28,54

D=1 H/H 27.40

3=l H/H  27.76

M-2 EfH 26,68
M=3 A 27.96

CBL-1 H/H 30.32
CBL-2 H/H £29.72
CBL-6 AH  30.72

CBL-7 AH 29.68

CBL=-3 AH 35,00

I-1 H/H 33.92
I-2 AH 5Z.84
I-3 AH 23,04

*¥H/H: Test of Huskins and Hearne (1936).

l.88

1.80

%420

1.95

2439

1.67

1.87

2.17

%kAH: Test made by the writer.
*RBJT: In this and other tables refers to the Roscoe B. Jackson Memorial

Laboratory, Bar Harbor, ia

0,266
0.084

0.234

0.141

0.111
0,162
0.139

C.188

0,368

0,099

0,492

0.184

ine,

ORIGIN OF STOCK

¥Mice received from*RBJ, Nov. 1933.
fice received from RBJ. Nov, 1935.

Mice received from RBJ. Feb. 1935,

[lice received from RBJ. Jan, 1935,
Progeny of stock received from
RBJ. Nov, 1936

liice received from RBJ. Jan. 1935.
lilce received from RBJ. Nov. 1935.
Progeny of stock received from
RBJ. Nov. 1936

Liice received fron RBJ. Nov, 1933.
I"ice received from RBJ. Nov. 1933.
Count made on the slides of H/H.
e stock received from RBJ.

August 1937

Progeny of stock received from
H. J. Bagg Nove 1936.

Wice received from RBJ. Sept. 1934.

liice received from L. C. Strong
Nov. 1936.

Progeny of stock received from
L., C, Strong Nov. 1936.
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COMPARISON OF MEANS WITHIN STRATHS

DIFFERENCE

- TLTRT BT
ReTHEEN ED

Between A-1 and A-2 0.80
etween 4=-1 and A-3 0,20
Between 4A~-Z and £-3 1.0C
Between D-1 and D=2 0.28
Between =1 and 1=2 1,08
Between =1 and =3 0.20
Between =2 gnd 1=3 1.28
Between CBL-1 and CBL-2 0.60
Between CBL-1 and CBL-~6 0.40
Between CBL~1 and CBL-7 0,64
Between CBL-2 and CBL=-6 1,00
Between CBL-2 andéd CBL-7 0.04
Between CBL~6 and CBL-7 1,04
Between CBL~6 and CBL-3 4,28
Between I-1 and I-2 0,08
Between I-1 and I-3 0.88
I-2 and I-3 0.80

Between

£IS

S

0.71

0.77

0,53

0.82

0.54

1.83
0.31

2.06

6.03

0.10
1.66

0.98

DIFFRENCE
Sl
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2. New data on the correlation between high cancer susceptibility and

low chiasma frequency

Huskins and Hearne made counts on ten distinect strains of mice,
Two additional resistant strasins (F and JK) have been counted in the present
work, and the results compared with the results of Huskins and Hearne for
the original ten.

The observed numbers of chiasmata in strains F and JK are listed
in Table IV. Table V shows an analysis of the new results together with
all the counts previously made in all strains. Where more than one test
had been made on a strain, all the tests were considered as representing a
single sample and the mean and standard deviation of the whole population
were taken to represent the strain., This procedure is justifiable since
the results of the different tests have been shown to be identical, Table
Vi shows a comparison (2t the intersection of the horizontal and vertical
1ines through the titles of the strains) between all the means obtained.
The test on Bagg's subline of strain C57 Black (see Tables V and VI) is
also included, but is listed separately because of its significantly higher
chiasma freguency. Carrel's subline of C57 Black, which is lower, is also
listed séparately.

Table VI shows that the resistant strains F and JK agree with
Huskins and Hearne's déta showing an inverse relationship between chiasga
frequency and mammary cancer incidence. Both F and JK have a chiasma fre-
quency significantly lower than the resistant strain 1i, but higher than any

one of the susceptible strains (Y Yellow and Y Black, C3H, A, C57 Brovm,



=50 =
and dba)., When compared with strain I, ¥ shows no difference; JK is
lower, with a difference which approaches significance (2.81 times its
standard error).

Bagzg's subline of strain C57 Black has a chiasma freguency sig-
nificantly higher than that of all other strains except N, I and F. When
compared with the latter two, the difference still apovroaches significance,
Carrel's subline, on the other hand, has the lowest mean chiasma frequency
of any strain and is significantly lower than all of them except C57 Brown,
il-Leaden and dba, Little's subline occupies an intermediate position, but
is significantly lower than five of the resistant strains (N, I, F, CBA and
JK; cf. Huskins and Hearne's Table ITII}.

4spart from the exceptional strains already known to exist from
the results of Huskins and Hearne (namely, C57 Black, and ii~Leaden) the
combined results summarized in Tables V and VI show good agreement with

their working hypothesis.



Ta3ls NUZBZR 1V

CEIASIA FREQUENCY T THO ADDITIONAL RESISTANT STRATHS

E b
30 31
27 35
32 37
28 32
27 33
35 33
34 34
33 28
33 32
33 26
39 31
27 28
35 34
35 32
38 30
31 31
28 32
33 29
30 33
32 33
36 35
34 32
36 33
34 35
52 8L

TOTALS 812 800



STRATHN

Carrel!'s
C Rlacx

dba

1

C Brown

CZH
Y Black

Y Yellow
C Black
(Little's)

JK

CBA

N

C Black-3
(Bagg's)

LI e
1TEBL7

=[P -

© NUZBER ¥V

TATNL CURCLTIOTTIION L S LSy TN a= £7 A T
ELYSTS CF GROUERD TISTS POR ALL STRATS

27.38

28.64

29.16

29.16

30,00

54,92

35.00

STAFDARD
DIVIATION
1.61

2.00

2415

1.77

2.45

2457

2.00

3.03

* H/H: Test of Huskins and Feesrme (1973).
**¥ ;17 Test made by the writer,

0.104

0.067

0.140

0.184

0.240

0,081

0,432

0.088

0.160

0,368

ORIGIN OF STOCK

}ice received from
RBY., Jan. 1935, *H/H.

See Table II.

See Table II.

¥i~s received from
REJ. Jan. 1935, H/H,

See Table II.

Liice received from
RBJ., Jan. 1935.H/H,

Llice received from
RBJ, Oct. 1933.H/H,

Jouse received from
RBJ. Oct. 1933.H/H.,

See Table II.

iidice received from
L.C, Strong Dec, 1936.
**(4AH) .

See Table II.

¥Mice received fron
L.C. Strong iiarch 1937

(4H) .
See Table II.

Iice received from
RBJ. Prob., Sept. 1934,
H/H.

See Table II.
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0.69
12.00
7.74
0.67
11,55
7.53
0.66
11.41
7.12
0.69
10.32
6.36
0.66
9.64
5¢34
0.71
8.23
5.84
0.74
7.89
5.00
0.70
7.14
4.89
0.64
7.64
3.00
0.78
3.85
2.84
0.67
4,24
2.52
0.89
2,83
1.40
0.68
2.06
0.08
0,73
0.11

C57
Bl B

8.20
0.51
16,08
7.66
0.49
15.63
7.45
0.48

115,52

7.04
0.51
13,80
6.28
0.45
13,08
5.76
0.55
10.47
5.76
0.59
9.76
4,92
0.53
9.28
4,81
0.45
10.€69
2.92
0,63
4,83
2.76
0.49
5,63
2.44
0.77
3.17
1.08
0.81
1,33

6.88
0.44
15,64
6.34
0.41
15.46
6.13
0.39
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0.44
13.00
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0.71
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0.76
4,37
3.32
0.78
4.26
2.48
0.75
3.31
2.37
0.69
3.43
0.48
0.82
0.£9
0,32
0.72
0.44

5,44
0.43
12.65
4,90
0.40
12.25
4.69
0.39
12,03
4.28
0.43
9.99
3.52
0.38
9.26
3,00
0.47
6.38
3,00
0.51
5.88
2.16
0.45
4.80
2.05
0.35
5.86
0.16
0.57
0.28

CBA

5.28
0.59
8.95
4.74
0.57
8.32
4,53
0.55
8.24
4,12
0.59
6.98
3.36
0.55
6.11
2.84
0.62
4.08
2.84
0.65
4,37
2.00
0.60
3.33
1.89
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2.44
0.54
4,52
1.90
0.51
3.73
1.69
0.50
3.38
1.28
0.54
2.37
0.52
0.50
1.04
0.00
0.57
0.00

Y Bl

2.44 1,92
0.49 0.41
4,92 4.68
1.90 1.38
0.47 0.38
4,04 3,63
1.69 1,17
0.46 0,37
3,67 3.16
1.28 0.76
0.49 0.41
2.61 1,85
0.52

0.45 A
1,16

C3H

1.16
0.46
2.52
0.62
0.43
1l.44
0.41
0.41
1.00

C Br

0.75
0.41
1,83
0.21
0.38
0.55

TABLE VI

0.54
0,43 C Black
1,26 Carrel

dba

COMPARISON OF MEANS FOR ALL STRAINS

Three figures are given for each comparison

lst figure - Difference between means

2nd figure - S (Standard error of the

difference)

3rd figure - Difference = S
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3. Chromosome splitting in normal tissue of resistant and susceptible .

mice

A, Observations on lymph node tissue

Smears of lymph nodes from several strains of mice (A, M-
Lecden, CBA and N) showed that in this tissue the majority of dividing
ce 11s are large and, although not plentiful, occur in sufficient numbers
to make a stﬁdy of the mitotic chromosomes possible., In sll metaphase
cells examined, regardless of strain, longitudinal splitting of the chro-
mosomes is tresent to some extent. In some cells the split can be scsen
only at the ends of the chromosomes; in others it is clearly visible in
every chromosome of the cell, and in some cases the tvo halves of the chro-
nosomes are widely separated although their form, and the arrangement of
the »plate, in no way suggest thaf this is an anaphase stage. ZHFigure 1 is
a drawing of a metaphase cell from the right mammary lymphatic gland of a
mouse of strain ¥. The normal somatic number of chromosomes (40) is present
and each chromosome is clearly split, four of them widely so. A photo-
micrograph of another metaphase split is shown in Figure 2.

The presence of pre-anaphase splitting in all dividing cells of
the lymphatic glands was an unexpected occurrence and one which led to the
discarding of this tissue for the present investigation. Such splitting
has not previously been described in the literature dealing with normal
cells, and it wes felt that cells of the lymphatic germinative centres may
be in some way atypical, Possibly the large dividing cells examined repre-
sent the last divisions which these cells will undergo before they reach

their final stage of differentiation., Partly owing to this possibility,
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and partly because most cytological work on normal mammalian tissue has
been carried out on spermatogenic tissue, it was decided to use testis as
material for investigating the time of chromosome splitting., Here at least
it is known that the mitotic divisions of the spermatogonia will be followed

by other cell generstions.

B. Observations on Spermatogonia

Examination of a few spermatogonial divisions from strains A, N,
M-Leaden, and CBA showed at once that splitting of the chromosomes at meta-
phase 1s present in almost every cell, regardless of strain, and that there-
fore a comparison of strains in this respect must be treated as a statistical
problem. Figure 3 shows a group of seven cells drawn by camera lueida, and
Figure 4 a photomicrograph of two other cells, which illustrate this point.
The possible reasons for the arpearance of split chromosomes at metaphase
in the present meterial, when most authors have not seen them, will be dis-
cussed later.

An interesting, and perhaps significant, observation which was
made in the course of this study is that there are aprarently two types of
spermatogonial cells. One has longef and thinner chromosomes arranged in
a characteristic ring on the metaphase plate with the smaller ones in the
centre, vhile in the other type the chromosomes are thicker, more condensed,
and tend to be irregularly scattered over the plate, IFigure 5 is a photo-
micrograph of three spermatogonial cells from a CBA mouse which illustrate
the two types. These differences could not be correlated in any way with

position in the tubule wall, sither radially or longitudinally (as shown by
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additional sectioned material used to test this possibility), and hence
neither with stage of division nor with possible cell generation. The
two tyoes are not distinect, and there are intermediate stages. This is
indicated both from direct observation and from the measurements of chro-
mosome length (v, infra) which do nct fall into two classes but form a
more or less continuous series from the shortest to the longest. There
is no apyoreciable difference in the number of split chromosomes in cells
classified arbitrerily according to the degree of condensation of their
chromosores,

Table VII gives the number of split chromosomes observed in
fifty spermatogonial metaphase cells (previously drawn>by camera lucida)
in each of strains A and I. The mean frequency of split chromosomes is
higher in strain A, but an analysis of the two populations shows that the
difference is not significant.

Observations on strains A, Y, JK and CBA nade by inspection of
smaller numbers of cells are given in Table VIII. Analysis of the results
for strain A compared with ezch of the resistant strains shows that the
differences are not significant. These results indicate that there is no
difference which can be detected by the methods employed in the amount of
pre-anaphase chromosome splitting in spermatogonia of resistant and suscep-

tible strains.
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TABLE NUMBER VII
NUMBER OF SPLIT CHROMOSONMES IN SPERMATOGONIAL
METAPHASES FROM STRATHNS A AND I

STRATN A STRAIN I

10 a
a4 3
7 4
9 5
6 4
10 7
20 13
4 7
2 5
4 ik
18 4
14 7
2 Z
15 14
7 7
4 13
1.3 4
12 8
4 8
7 5
1S 3
5 3
6 4
15 9
415 4
13 8
8 15
7 14
12 8
& 4
7 20
o] 7
5 15
7 7
15 115
4 2
o] 12
11 15
[ 6
6 10
5 5
5 12
4 9
13 g
4 6
15 4
5 11
6 5
10 2
15 ?
TOTALS 427 582
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ANALYSIS OF OBSERVATIONS ON NUMBER OF SPLIT CERUMOSOMES
IN SPERVAGONIAL METAPHASES OF STRAINS A AlD I,

, A & TOTALS
No. cells 50 50 100
No, split chromosomes 427 382 809
Sum (split chromosomes)z 4541 3780 8321
(No. split chromosomes) 2 182329 145924 328253
ANALYSIS OF VARIANCE
Correction factor = (809)2 = 6544,81

100
Total variance = 8321 - 6544,81 = 1686.19

Vﬂiaﬁce.betmen = 52;85° - 6544,81 = 6565,06 = 6544,81
strains

SOURCE OF DEGREES OF
VARIANCE FREmDOL SUILI OF SQUARHES FEAN SCUARE
-—-“‘__"-—-'—'-——
Total 99 1686,19 17.032
Between strains Al 20525 20.20
Within strains 98 1665,94 16,999

7 = 20,250 = 1,19

16.999

Value necessary for significance: 3,94 for Fisher's 5% point.
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TABLE NUMBER VIII

OBSERVATIONS ON NUMBER OF SPLIT CHROMOSOMES BY THNSPECTION
OF SPERMATOGONTAL METAPHASES IN FOUR STRAINS
STRAINS |
A i I CBA
5 8 8 5
Y5 16 7 9
8 8 i 7
16 5 it Iz
- 4 8 138
6 [ 4 )
3 S 5] 3
8 6 = 9
5 6 10 8
3 6 8 3
7 2 S 10
10 L 7 10
1k 3 10 12
S & 5 8
4 3 6 8
il 4 4
6 9 4
5) 5] 3
7 108 10
s = 6
10 9
3 o
10 6
15 8
= B, Ll ol
PYPATS] 191 120 160 123
MEAN 7 54 6.00 6,40 8.07
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OBSERVATICON ON STRAINS A AND M

A ik TOTALS
No. of cells 25 20 45
No. of splits 191 120 SLl
EXz 1753 940 2713
[No. of splits )° 36481 14400 50881
(No. splits)® 1459,24 20,00 2179.24
No. cells in col.

e o . (311)° geFsr _ .
Correction factor = I5 = = = 21492,.36
Total variance = 2713 - 2149.36 = 563,64
Variance between strains = 2179,24 - 2149,36 = 29;88
SOURCE OF VARIANICE DEGREES OF FREEDOM SUM OF SQUARES MEAN SQUARE
Total 44 563 .64 1 sal
Betwaen strains 1 29,88 29.88
Within strains 45 533476 12.41
29.38
FK-SE:ZE'= 241

Value necessary for significance :

4,06 for Fisher's 5% point.
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ANATYSTS OF CBSERVATIONS OH STRAINS A AND JK

No, cells

No. splits
2

22X

(No. splits)z

2
Correction Factor = AS5L)
Total variance =

Variance between strains =.§§%%£ - 2454,02

&

25

191
1773

36481

50 50

Il

SOURCE OF VARIAINCE DEGREES OF FREEDOM

Total
Between strains

Within strains

Value necessary

49

i &
8

. AGee
B 9,745 b

for significance : 4.03 for Fisher's 5% point.

= 123201 _ o5464,02

JK
25

160

1178

25600

2483,.,24 - 2464,02 = 19,22

SUM OF SQUARES

TOTALS
50
551
2931

62081

MEAN SQUARE

436.98
19.22

467,76

9.938
13082

G,745
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ANATLYSIS OF OBSERVATIONS ON STRAINS A AND CBA

A cBA
No. cells 25 15
No. splits 193 121
X~ 1773 1089
(Fo. splits)? 36481 14641
(No. splits)® 1450,24 976,07

No. cells in ecol.

2 -
orrection factor = ASL2)7 - 9734L _ o4z5 40
Corr on factor Ta) 30

Total variance = 2862 - 2433,60 = 423,40

Variance between strains = 2435,31 - 2433,60 = 1,71

SOURCE OF VARIANCE DEGREES OF FREEDOM SUM OF SQUARES
Total 39 428,40
Between strains 1 173
Within strains 38 426 .69
.t' e l.]?l o 6.57

Value necessary for significance : 249,04 for Fisher's 5% point

TOTALS
40
312

2862

51122
2435,31

MEAN SQUARE

10.98
ol

11,23



-7 3=

4. Chromosome Length at lietaphase in Spermatogonia of a Susceptible”

and a Resistant Strain

Observations on chromosome length at metaphase in strains A and
I were made from camera lucida drawings of fifty spermatogonia of each of
these strains, Table IX gives the total chromosome length in millimeters
for each cell, The analysis which follows shows that there is no differ-

ence between the means for the two strains.
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TABLE NURBER 1X

o
OBSERVATIONS ON TOTAL CHROMOSOEE IENGTH IN 50 SPERMA

VETAPEASES OF STRAINS A AND 1

STRAIN A STRATIN I
LEHGTE ~ LENGTH
o955 358
260 309
335 296
=47 297
332 ' 314
G953 274
343 282
308 351
310 349
275 34.9
271 Bl
288 285
307 302
308 289
282 283
309 LS
264 289
279 287
363 286
2813 312
259 301
218 286
299 282
308 304
%298 327
DL 303
295 239
318 307
289 336
325 326
348 297
339 Sk
235 3086
299 - 293
303 287
290 329
316 307
286 308
301 509
264 -
273 311
321 S00
351 297
296 321
%10 314
) 290
302 291
270 303
25% 294
263 7 291

TOTALS 15008 15280
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ANALYSIS OF OBSERVATIONS ON CHROM

AL

IN SPERMATOGONIAL METAPHASES OF STRATNS A AND I

n g S TOTALS
No. cells 50 50 100
Chromosome length 15008 15280 30288
Sum (Lengths)® 4609012 4688054 9257066
7(Chromosome length)® 225240064 453718464

233478400

Variznce Correction Factor = 2&2%%%2&& = 9173529 .44

Total Variance = 9297066 - 9173629.44 = 123436.56
Variance between straing = 220715464 _ 9173629 .44

50
= 9174369.28 - 9173629,.,44

= 7359.84

Source of Variance Degrees of Freedom Sunms of Sguares Mean Square

Total ) 123436.56 124,68
Between wl 739.84 739.84
Within 98 122696,.,72 1252.01

_ 1852.01
= STEoLeL -

=S|

169

Value necessary for significance : 254,32 for Fisher's 5% point.
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5. Chiasma frequency in hybrid mice

Chiasma counts have been made in eight F-1 progenies from crosses
between strains. Crosses were made of I @ X A g, I 2 X dba §, and reci-
procally between A and C57 Black (Bagg's subline), between A and JK, and
between A and dba. The frequencies of chiasmata observed are listed in
Table XI, and in the following pages are ziven an analysis of the figures
and a comparison of the means obtained for the hybrids with those of the
parent strains (as listed in Table V ). These analyses show the following
results:

(1). In all crosses of low with high frequency strains, chiasma fre-
guency in the hybrid is like that of the low chiasma frequency parent, and
significantly lower than that of the high chiasma frequency parent, regard-
less of the direction of the cross. The highest difference observed be-
tween the mean for the low chiasma frequency parent and the hybrid offspring
is only 1.38 times its standard error.

(2). The twﬁ progenies of reciprocal crosses between two strains have
the same chiasma frequency.

(3) . The progeny of reciprocal erosses between two low chiasma fre-
quency strains (A end dba) which themselves show a significant difference
(see Teble VI) have a lower chiasma freguency than that of the lower parent
(dba). The difference between the mean for strain dba and that for the F-1
progeny of the cross A Q@ X dba & is 2.41 times its standard error, and
therefore approaches significance, The difference between dba and the pro-
geny of the reciprocal cross (dba 2 X A &) is highly significant, being 4.04

times its standard error.
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TABLE X

CHIASKHA FREQUENCY IN HYBRID MICE

Progeny of Crosses¥

AXCBLB CBLIBXAIAXJK | JKX A IXA|IXdba AX dba| dba X A

26 26 28 30 29 27 =3 25
27 28 5 27 28 28 29 29
29 29 2. = 54 i 28 26
26 24 26 55 29 28 26 24
27 30 26 37 O3 o4 e 2
26 25 28 28 29 26 26 29
28 o7 30 22 25 24 23 27
oL a2 o 295 S5 28 24 22
) SO ] T 38 26 30 25
24 28 26 26 32 E 26 23
25 29 38 26 28 27 30 23
26 28 28 S 28 33 30 23
28 28 29 27 25 28 25 24
32 G 30 P 30 24 24 26
32 ) 26 32 28 24 24 25
34 e 29 30 28 28 24 31
o i 27 24 | 29 32 30 a7 26
28 5 29 29 P 26 20 25
30 28 30 A 2 23 25 2]
34 28 30 29 30 32 29 2
27 28 29 28 34 32 27 25
26 30 30 25 s 29 28 26
28 26 27 28 &8 2 28 26
20 | 27 4 24 29 28 24 28
27 _28 S5t 2 @ | B | =s | a4
TOTALS 701 I 8}5 724 703 736 689 648 J 631

* The female parent is named first.
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CHIASHA FREQUENCY IN HYBRID MICE

1. Crosses between strains A and C57 Black Bagg.

STANDARD | STANDARD) 2

MEAN IGIN
M DEVIATION ~ ERROR SRIGH
A 28,64 2, 0,087 See Table 1T
Cb7 Bl Bagg 5500 3.03 0,368 See Table 11
A G557 Bl Bl 28,04 2D 0.347 Progeny of A? X €57 Bld
C57 B1 B X Al 28,20 P 0.205 Progeny of C57 Bl? X A4id

DIFFERENCE S
Between A and C57 Bl B 6 .36 0,66 9.64
Between A and A X C57 Bl 0.60 0.54 0.94
Between A and C57 BL X A 0.44 0.52 0.85
Between C57 Bl - A X C57 Bl 6.96 0.85 8.19
Between CS57 Bl and 6430 0.76 8490
C57 B1 X A

Between A X C57 Bl and 0,16 0.74 Q23
G557 Bl A ,
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2+ Crosses between strains A and JK

G DEVIATION' FERROR
A 28 .64 s 0.067
JK ZEe 00 2.45 0.240
AR 3N 28.96 Sl (B)rator
JK X A PO Lo 2.64 (B2
COMPARISON OF MEANS

DIFFERENCE §_

Between A and JK Bie 86 D55
Between A and A X JK Dle B2 0,55
Between JK and A X JK 3,04 G669
Between A and JK X A G52 0.60
RBetween JK and JK X A 3.88 Q.72
Between AX JK and JK X A 0,84 Qe

ORIGIN

See Table I1
See Table 11
Progeny of AR X JKJS

Progeny of JKR X AQ
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oy Cross between strains I and A

ypan | STANDARD (SIANDARD ) 2 e

=== DEVIATION ' ERROR e
I 33.60 2,57 0.088 See Table II
A 28.64 | 2eeD 0.067 | See Table II
IXA 20 .44 | 2.58 0.266 | Progeny of I? X Ad

COMPARISON COF MEANS

DIFFERRENCE S DIFFERENCE
o]
Between I and A 4,96 0.39 e
Between I and I X A 4,16 0.59 7 0b

Between A and I X A 0.80 0.58 1.38
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4, Cross between strains I and dba

STANDARD (STANDARD}2
MEAN DEVIATICON ERROR CRIGIN
I 33,60 2eD7 0.088 - See Table II
dba 27.26 2.00 0.080 See Table II
I X dba 27.56 2,100 04291 Progeny of I? X dbad

COMPARISQN OF MEANS

DIFFERENCE S DIFFERENCE
s
Between I and dba 6.34 0,41 15,46
Between I and I X dba 6.04 0.62 9,74

Retween dba and I X dba 0530 0.61 0,49



=-8la=

5. Crosses between strains A and dba

STANDARD
HEAN DEVIATTON
A 28,64 2420
dba 27 .26 2.C0
A X dba 25,96 229
dba X A 20424 2,04
COMPARISON OF MEANS
DIFFERENCE

Between A and dba 1.38
Between A and A X dba 2468
Between dba and A X dba 1,30
Between A and dba X A  3.40
Between dba and dba X A 2,02

Between A X dba and A 72
dba X A

(

0.48
0.50

0.61

TANDARD, 2

ERROR ) ORIGIN

0,067

0.080

See Table II

Ses Table II

Progeny of AR X dbad

Progeny of dba® X Ad
DIFFERENCE

S

1.18
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6. Chiasma frequency in fostered mice.

Observations on chiasma frequency in twelve fostsesred
litters comprising strains A, dba, I, JK, and C57 Black (both Little's
and Bagg's stocks) are listed in Table XI. In the following pages
will be found an analysis of these results and comparisons between
cach and the mean chiasma frequencies (as listed in Taeble V) of the
strain to which the fostered mouse belongs and of the strain on which
it was fostered., The analyses show the following results:

(1), Chiasma frequency in all mice of low freguency strains
fostered on mothers of high frequency strains (A on Bagg's C57 Black,
A on JK, A on f, dba on I) is the same as in unfostered mice of the
same strain., The highest difference obssrved between the mean obtained
for fostered mice and the mesn for their own strain is only l.24
times its standard error.

(2). Chiasme freguency in mice of high frequency strains
fostered on mothers of low frequency strains (Bagz's C57 Black on
A, I on dba, JK on dba) is lower than in the strain to which the
fostered mouse belongs., The smallest difference observed is between
Bagg's C57 Biack and ones test (CBl-4) on Bagg's C57 Black fostered
on A, and is 1.92 times its standard errbr. The next smallest (between
A and A fostered on dba) is 2.38 times its standard error. The others
are all more than three times their standard errors,

(3), The same results are shown where two stirains are
used which, although both definitely low, nevertheless are different
(A end Little's C57 Black, A and dba).

(4). The means for high frequency mice fostered on low
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frequency mothers are not generally as low as those for the foster
mother's strain, However, one test (CB1l-5) on Bagg's (G57 Black fostered
on A shows a difference from A of only 2.55 times its standard error;
the difference between dba and JK fostered on dba is only 2.80 times

its standard error, and in the case of A fostered on dba, the result

|

s identical with dba.

(4). In Bagg's subline of strain C57 Black appears a serious dis-
agreement belween counis on two different mice fostered on strain A
(tests CBl-4 and CBl-5). Although these counts were made on brothers
from the same litter, fostered at the same time and killed only a
few days apart, they show a difference between means of nesarly six

times its standard error.



TABLE X1

CHIASHA FREQUENCY IN FOSTERED MICE

Test

A=5 A-4 A-6| CBl1-4 ©Bl-5 A-8 A-7 I-4 |D-3 JK=2 A=9 D=4

27 68 | 3l 35 28 22| 20 | 38| 29 29 29 24
A 30 29 35 ool 30| 32| 85| 26 29 4] 28
29 27 29 36 30 3Q 30 34 26 33 26 | 28
32 26 28 36 31° 29 28| 29 28 27 27 25
28 28 | a7 36 34 30| 26| 34| 26 29 30| 27
27 30 30 34 29 29 28 35 25 21 ol 32
31 26- | 31 32 31 28 29 2281285 | 3l 29| 28
28 34 29 29 33 29 33 | 29 25 28 26 29
30 32 26 33 28 23 33 27 26 28 26 | 2%
26 28 | 31 54 30 29 Sk | 28 29 28 ST 28
32 27 28 35 34 29 27 311 26| 24 28| 26
29 29 27 26 30 30| 29| 35| 30 27 27 27
26 30 28 30 28 251 25| 31| 3 25 26 29
33 27 35 31 28 21| B0 31| 28 oSl 24 28
25 30 27 30 30 Bgl B 52 | 30| 24 29 28
29 26 | 3l 29 30 22| 22| 31| 34| 33 31| 30
20 | 30 | 32 34 33 27 2a | 321 83| 20 28 23
28 | 32 | g8 36 29 27 27 33| 25| 21 26 | 24
o O - - B 36 30 25429 I Bb | 33|« 28 30 27
27 28 | 28 34 31 24 32 32 | 29 31 25 28
29 31 | 26 32 27 281 29 29 | 28| B0 27§ 29
26 34 26 31 30 27 28 | 29 24| 28 27 29
25 29 i 33 29 28| 27 38| B0 B 23 23
25 3201 27 57 28 30 a7 BQAL 2T 28 26 29
26 25 28 54 28 35| 26 oL | 24| .30 26 26

TOTALS 712 734 718 838 746 717 | 721 | 792 | 686 | 720 | 685 | 679
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CHIASMA FREQUENCY IN FOSTERED MICE

1. A AND 057 BIACK (LITTIE'S)

JEAN
A 28,64
CBL(Little) 30.11

A-5 28,48

COMPARISON OF MEANS

Between A and CBL (Little)

Between A and A-5

Between CBL (Little) and

A=5

STANDARD (STANDABD)Z

DEVIATION ERROR
2,25 0.067
1.98 0.039
2.19 0.192
DIFFERENCE s

1.47 0.33

0.16 0.51

1.63 0.48

ORIGIN
See Table II
See Table II

Fostered on .
€57 Black (Little's)

DIFFERENCE
S

4,45
0.31

3.40
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CHIASMA FREQUENCY IN FOSTEREZD MICE

2. A AND C57 BLACK (BAGG'S)

STANDARD (STARDARD)g
MEAN DEVIATION ERROR ORTGTIN
" : i
A 28,64 2925 0.067 See Table II
CBl-3(Bagg's) 35,00 ' 3.03 - 0.368 See Table II
A=4 8,36 2807 0.265 Fostered when 3 days old on|
| ' C57 Black (Bagg's) '
A-6 284,72 S lS U181 Fostered since birth on
C57 Black (Bagg's)
CBl-4 3359 Erg T 0.224 Fostered on A
CBl-5 29,84 1L i 0.156 Fostered on A
Comparison of means

1.20 el 0.48 e 5,68

0.47 0.72 0.65 0.58 0.62 CB1-5

2 ¢S y s 0.74 1,93 .94

4,88 1.48 4,16 4,80

«D4 0.77 0.70 0.64 CBl-4

9,04 s Se 5,94 el

0,08 6.28 0.04

(61518 0.74 0.67 A-6

0.16 8,49 0.96

O 5.64

0,58 0.80 A-4

l.24 7 .05 Three figures are given for each

comparison,

6 « 36

0.66 CBl-3 1st figure : difference between means

9.64 (Bagg's)

y iu
2nd figure : S value

A 3rd figure : difference ¢+ S



3. A AND JK
STANDARD
MEAN DEVIATION
A 28,64 2,20
JK 32.00 2.45
A-8 28.68 2.51

COMPARISON OF MEANS

Between A and JK

Between A and A-8

Between JK and A-8

=37 -

(STANDARD) 2
ERROR

0.

0.

0.

DIFFERED

3.36
0.04

3. 32

067

240

252

==

=

C

ln

0.55
0.56

0,70

ORIGIN .

See Table II
See Table II

Fostered on JK

DIFFERENCE
S

b dl
0,07

4,74
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4, I AND A
STANDAFED (SZANDARD, 2
MEAN DEVIATION ERROR ORIGIN

1 | 33,60 2,57 0.088 | See Table II

M| aBaves 2,25 0.067 | See Teble II
L T e S e ‘

A=7 28.84 2.29 0. 210 | Fostered on I

= | | =

COMPARISON OF MEANS DIFFERENCE S DIFFERENCE

S
Between I and A 4,96 0.39 12,72
Between I and A-7 4,76 0.55 8.65

Between A and A-7 0.20 0,55 0,38
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5, I AND dba
STANDARD (STANDARD) 2
MEAN DEVIATION ERROR ORIGIN
T 33,60 2 T 0,088 See Table II
dba 27.26 2.00 0.080 See Table II
I-4 31.68 2,69 0.290 Fostered on dba
D=3 27.44 2+ 70 0.298 Fostered on I
COM?A.RISON OF MEANS DIFFERENCE S DIFFERENCE
S

Between 1 and dba 6,34 0,41 15,46

Between I and I-4 1,92 0,61 515 |
Between I and D-3 6,16 0.62 9,94

Between dba and I-4 4,42 0.61 7.25

Retween dba and D=3 0.18 0.61 0,30

Between I-4 and D-3 4,24 0,77 5.51



" ;ba 27;é6
JK 32,00
JK=2

COMPARISON OF ME

Between dba and JK

Between dba and JK=2

Between JK and JX-2

-90-

STANDARD

DEVIATION

2.00
2.45

ZeDD

(

STANDARD

ERROR

0.080

0.240

0o

0.221

)

2

ORIGIN
See Table II
See Table 11

Fostered on dba

DIFFERENCE

S
8.32
2.80

4,71



7. A AD dba
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s STRNQARD_ (STEEDARD)E

LEAN DEVIATION ERROR ORIGIN
A 28.64 2425 0.067 See Table 11
dba 27.26 2.00 0.080 See Teble II
A-9 27 .40 2426 0.205 Fostered on dba
D-4 27,16 1.95 0,153 Fostered on A
COI'.CPERIS ON OF NEANS

DIFFERENCE S P_H%_&m@_

Between A and dba 1.38 0.38 3463
Between A and A-9 1.24 0.52 2358
Between dba and A-S 0.14 0,33 Q.26
Between A and D-4 1.48 0.47 3,15
Between dba and D-4 0.10 0.48 0.21
Between A-9 and D-4 0.24 0.60 0,40
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CONCLUSICHS 23D DISCUSSICH CF THSE XWSULT

93]

.

1. The Consistency of results within strains.

The results shown above (Observations, Part 1) demonstrate
that, except in Strain G57 Black, different tests on any given strain
are in complete agreement with each other wherever duplicats tests
have been made, This conclusion, drawn from eight counts made by
Huskins and Hearne and eigiht additionel omnes by the writer, is justified
since it has been shown that a test made by Huskins and Eearne and one
by the writer from the same preparations gave identical reéults.

Such concistency between Aifferent fests on the same strain
is to be expected since the mouse lines here investigzted are highly
inbred and therefore should show a minirmm of intra-strain variation.
In strain C57 Black, however, the chiasma freguency tests reveal that
at least in This respect there is considerabls <issimilarity both
between sublin=s from different colonies and within one of them,

The dissimilarity between Carrel's and Little's sublines is apparent
from the workx of Fuskins and Hearne (see their Teble III) while in the
present work a distinct difference appears between each of these and
Bagot's subline (see Table VI). Since the mice used for testing these
three sublines were from different laboratories, these differences

may be due to environmental causes (the effect of diet, for esample,

on chiasma frequency in mermals has never been investigated). On the
other hand they ey be under genetic control anc azy represent mutations
which have srisen in the different substirains., Whether the substrains
differ in their cancer incidence it is not possibls to say because

records are not available, Opinions of several investigators regarding



the strain, however, show some disagreement as to its cancer behaviour.
Some of these havg been outlined in the description of the strain
(Material, Part 4).

The difference which appeared between two litter mates of
Bagg's subline of C57 Black (see Observations, Part 6), vhich had
received in svery respect the same treatment, is particularly worthy
of note, This difference indicates very strongly a high degree of
variability in this stock. Since the nature of this work demands
as 2 necessary essumption that all mezbers of a strain are uniform,
so that a single test may be taken as a reliable representation
of its chiasma frequency, the results on Bagg's subline of C57 Black

cannot be considered as having =ny sizsnificance for the problems at

hand.,

2. The correlation between hizh cancer susceptibility and low chiasma

frequency in pure line mice nursed by their own mothers.

The conclusion drawn by Huskins and Hearne from their counts
on ten str=ins of mice wes that, with the exception of two related
strains, a negative correlation exists betveen mammary cz=ncer incidence
and chiasma frequency. The present work shows that the results of
chiasma frequency counts on two additional resistant strains support
this conclusion (Observations, Part 2).

As discussed above, this work also provides additional counts
which indicate that one of the exceptionel strains of Huskins and

Hearne (C57 Black) shows within itself marked variations in chiasma
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freguency (v. supra) and therefore, taken as a whole, cannot be con-
sidered =25 hevins any real bearing on the cguestion =% hand, However,
one subline (Little's) gives consistent results., Since it is classed
as resistant, and its chiasme freguency, thouzh lower then in other
resistant streins, is nevertheless higher then that of any of the
susceptible ones (as now sp»nesrs from the larger number of cells
counted: compare Table VI with Huskins and =Zearne's Table III), it
cannot be said to constitute an excention to Husitins and Hearne's
conclusion but rather to support it.

The other exceptional strazin (C57 Leaden) gives a chiasma
frequency count consistent with previous ones. It is very significant
that this strain is now classed as moderately susceptible rather than
as sxtremely resistant (see Imteriel, Part 6), With its present
cancer record it is no lonser an  exception to Huskins and Hearne's
conclusions, but sctuzlly givses then additional support. Indeed,
in this cass the chiasmz frequency tests of Huskins and Hearne
might bes considered as a prediction justified by later developuents,
since they obtained a low count on this strain at a time when it was
still classed as resistant.

Some points have already been noted which cast doubt on the
reliability of the C57 family., The different behaviour of the
several branches of this stock constitute a clear example of what
hazppens when one subline oI a strain, even though this is already
hichly inbred, is isolated and its progeny inbred inter se. The
described czncer incidence of the derivatives C57 Browm and C57

Leaden is now quite different from that of the parent C57 Blacx stock
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from which they arose as coat colour rutants at a time when C57

Black was already inbred., This difference can only be due to mutations
occurring in one or more of the lines. That such mutations do occur
means that continued close inbreeding is necessary not only to estab-
lish & stock but also to sep it relatively homozygous (cf. Haldene,
1937). C57 Black is a fast breedaing strain which has bsen distribut-
ed during the last few ryears to a l=arge number of laboratoriss through-
out Arerica and %o some in Europe, It seems possible that in the
course of breedinzg the very large numbers of mice recuired for this
purnose matations having an z=ff=ct on czncer or chiasma frequency

Bl

or both mey have occurred which have led to segregation of fzctors
in the members of the current generations and which mizht be held
responsible for the results obtained in this work,

The cancer frequencies of the various inbred mouse lines
described here, and of other lines, show that bz:sides those strains
with an incidence approachins 100%, and those showing virtually no
cancer, there is also 2 series of intermedizte strains havinz more
of tess high frequencies., This fact in itself is interesting because
it demonstrates the complex genetical nature of the problem. With
regard to the gquestion in hand, it is significant since the chiasma
frequencies found in the twelve line:s examined in this laboratory
also form a series, and thiz series coincides fairly well with the
series into which the strains fall if grouped in order of their cancer

incidence. The comparison is not very satisfactory since strictly

comparable data on tumour incidence is not available for more than



a few strains, and the rzther loose verbal descriptions supplied by
the Roscoe B, Jackson Laboratory do not permit of accurate classifica-
tion of the lines, Nevertheless, the similarity of positions on the
two scales of the different strains (excepting Carrel's C57 Black,
which was unofricielly reported to show some internal tumours: see
Material, Part 4) is very striking,

The work of Huskins and Hearne originally took into account
only the marmerv gland czncer incidence of the various lines, Since
that time a number of facts have come to light concerning the inter-
nal tumour incidence in gsome of thzase strains, and the question
arises as to whether chiasma frequency is correlated with mammary
gland cancer susceptibility or —ith cancer susceceptibility in general,
As hes already been seen, mermary gland cercinoma and other malignant
tumour types seem to be controlled by different factors, both genetic
and environmental (using this term in its broadest sense). The
records of the frequency of malignant tumours other than mammary
gland ones in the strains described here are not sufficisntly com-
plete (due, no doubt, to their less frequent occurrence when compared
with marmmary gland cancer and their greater difficulty of diagnosis)
to justify any conclusions with regard to a possible correlation
betwesn chiasma frequency and internal tumour freqguency, independent
of memmary cancer incidence, Straing selected exrressly for lung
tumour incidence writhout mammary gland cancer, and strains showing
a hish percentage of spontaneous leukaemia, althouzh they exist,
are at present unfortunately not available, It is interesting to

note in this connection that strain I, recently reported by Ande.vont
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and Stewart (1937) as showing a high frequency of stomach lesions
which are possibly melignant in nature, has one of the highest chiasma

frequencies found,

3. Mitotic chromosome beheviour in resistant and susceptible mice,

The results given above (Observations, Parts 3 and 4) shov
that in a resistant ané = susceptible strain there is no difference
which is detectable by the methods employed in the amount of metaphase
chromosome ezlitting or in metaphase chromosome length in spermeto-
gonia,

The observations which were made on dividing cells of the
spermatogonial layer and of the lymph nodes reveal, however, two
interestins facts., One is that pre-anaphase splitting is present
in almost every cell of these tissues. This implies that if a differ-
ence in chromosome behaviour exists between two animals, it must be
a quantitative, not a gualitative, one. The chromosomes of sperm-
atogonia have been described by a number of authors, some of whom
have zlready been cited. Cox (1926) illustrates three cells from
white and house mice in which e thickensd appearance of the meta-

" t1 .
phase chromosores vas attributed to precocious splitting, but her
ficures do not show splitting to a desrse comperable with the present
material. Bryden (1932) has observed a split at early metaphase in
spermatogonial cells of the rat. In other papers there is no in-
dicztion of the presence of a split vefore anesphase. The difference
petireen the present observations on spermatogonia and those of almost

all other investigators is most readily explained by the difference of



staininz technique employed., The staininz method used here is one
designed specificalliy to reveal the internal structure of the chromo-
sores and it is probable that the presence of two chromatids is ob-
vious vhan stained in this wey where it would not appear with the
usual bulk chromosome stains (for example haematoxylin, or gentian
violet not followed by Newton's method of destaining and clearing).,
The appearance of sperniatogonial chromosomes stained in iron-haema-
toxylin to test this point indicates that the extensiveness of meta-
phase splitting observed here is largely due to differences in the
visibility of the split due to the staining method.

The more rapid fixation and absence of "clumping" secured
by the use of the smear method nay also contribute to the difference
between the present observations and those of others on spermato-
gonial chromosomes, It was observed that in sectioned material the
metaphase chromosomes are less distinet in outline and rarely show
a longitudinal split,

In the Cividing cells of lymph node tissue, however, the
separation of the half chromosomes at metaphase is in many cases so
wide that it would be distinet with any method of chromatin staining,
The large majority of investigations on mammalian chromosomes in
nornal cells have been made on testicular or embryonic tissue, since
these are the most readily obtainable types in which dividing cells
are plentiful, As shown ebove, precociously split chromosomes have
not generally been observed in spernatogonia, In embryonic tissue,
on the other hand, they have been seen, especially in the foetal

membranes (Painter, 1924, In tumour cells they occur frequently
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(v. supra). Descriptive work on chromosorie behaviour in different
normel mammalian tissues has, however, not advanced far enough to
allow any conclusion to be drawn as to the significance of pre-
anaphase splitting or separation in any one tissue.

A second observation of general cvtological interest made
in the course of the studies on spermatogonial divisions is thet the
amount of metaphase splitting in these cells is very varieble, The
number of split chromosomes per cell varies from two to twentv in one
strain, and the figsures obtained show no particular grouping around
the mean or any other level of Trequency, but form a more or less
continuous series. So also do the Tigures for chromosome length
taken from measurements of the chromosomes of the same cells (Ob-
gservations, Part 4), These facts might be interpreted as indicating
that the cells exemined represent a series of stages from early to
late metaphase, since it is commonly agreed that the metaphase stage
is a long one, This possibility can only be tested by using some
means of classifying cells according to their stage within the
metaphase. The characteristic changes in degrees of contraction of
the chromosomes during the divisidn cycle makes this =2 comonly used
method of determining staze. In fact in many instences it is the
only possible method, No correlztion exists, however, between the
number of split chromosomes within the cell and the degree of contrac-
tion of the chromosomes as indicated by their length. Therefore,
unless degree of chromosome contraction is not an indication of earli-
ness of lateness of the metaphase, it must be concluded that the
observed variability between cells in reletion to both these factors

is due to chance (a term which includes, of course, all those factors

of whose existence we have no knowledge)
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The variability of the counts is sufficiently great to sdmit the possi-
bility that a difference between strains may still exist in amount
of chromosoms splitting, but cannot be detected except by the observa-
tion of a very much larger number of cells., Since this possibility
has not been eliminated, the lack of difference in the results obtain=-
ed on the two'strains cannot be taken as conclusive evidence that
the chromosome splitting behaviour in each is the same, It rmust be
interpreted as an indicetion thet if e dirfference exists it is
sufficiently small to be effectively masked in any sample of reason-
able size by the inherent variability of the cells at metaphase.

An attack on the problem through the observation of time
or amount of chromosoiie splitting in mitotic prophases has been con-
sidered. The split is visible at a relatively early stage in good
preparations (see Figure 6 ), both in spermatogonia and in lymph
node tissue, and in both o the strains examined, Here again any
difference between streins must therefore be 2 quantitative one.
The difficulty of analyzing prophase nuclei precludes a statistical
investigetion of the number of split chromosomes per cell at this stage.
Furthervore, it is difficult to eliminate variations due to slizht
differences in the lateness of the prophase. It thus appears that
this problem is not one which can be investigated by direct observation
of the chromosomes. Possibly some indirect method mey suggzst itself,

Tf mitotic chromosome splitting is the same in susceptible and
resistant mice, then the antepenultimate hypothesis of Huskins and
Hearne, that early chromosome s2litting is assqciated with high
cancer frequency, breaks down. So also does their penultimate

hypothesis thet early somatic splitting is associated with loose
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meiotic pairing, at least as tested in mouse spermatogonia and
spermatocytes, Their ultimate hypothesis, however, that low chiasma
frequency is associated with high cancer frequency, has been justified
by their own observations and those of the writer shewn above
(Observations, Part 2). Since the present results on somatic
chromosome splitting indicate, but do not prove, that chromosome
behaviour in this respect is the same in the two strains examined,

the only conclusion to be made is that chiasma frequency is correlated
with cancer susceptibility, but probably for reasons which are not the
same as those envisaged in the original working hypothesis of Huskins

and Hearne.

4, Chiasma frequency in hybrid and fostered mice.

The work of Little, Bittner, and their associates, discussed
in an earlier part of this work, has shewn that susceptibility to
mammary gland cancer in mice is inherited predominantly from the
maternal parent, and that the extrachromosomal factor involved is
transmitted largely through the milk, The counts made in the present
work on cniasma fregquency in hybrid and fostered mice (Observations,
parts 5 and 6) indicate that this characteristic is not inherited in
precisely the same manner.

The first point of difference is, that while the progeny of
reciprocal crosses between strains differing in cancer incidence and

chiasma frequency shew a cancer incidence approaching that of the
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maternal strain, they have a chiasma freguency like that of the
strain of the low chiasma frequency parent, regardless of whether
this is on the maternal or the paternal side, In other words, as
far as first generation hybrids are concerned, low chiasma frequency
behaves as a simple genetic dominant over high chiasma frequency.

A second point of difference arises from the fact that,
although chiasma frequency, like cancer susceptibility, is influenced
by the milk which the young mouse receives, this influence is effective
in the case of chiasma frequency in one direction only (Observations,
part 6). Chiasma frequency in mice of low frequency strains fostered
on mothers of high frequency strains is the same as in unfostered
animals of the strain to which the fostered mice belong. The milk
of a high chiasma frequency mother can therefore be concluded to have
no effect on chiasma formation in mice inheriting factors for low
chiasma frequency. But the milk of a foster-mother of a low frequency
strain reduces chiasms frequency in mice which have inherited factors
for high frequency. Thus the milk received by the young mouse may
lower its chiasma frequency but cannot raise it.

I1f low chiasma frequency be considered as dominant over high
chiasma frequency, and the milx of low frequency straine as having a
depressing effect on chiasma frequency while that of high frequency
strains has no effect, the results on hybrid and fostered mice can
readily be explained, On these assumptions the progeny of any cross
between a high and a low frequency strain would be expected to have

a chiasma count similar to that of the low frequency parent, That
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the true explenation is not quite so simple is indicated by the tests
made on hybrids between strains A and dba, which, although both low
frequency lines, nevertheless shew a difference in their mean chiasma
frequency. In this case the progenies of the reciprocal crosses have
chiasma counts lower than that of the lower parent strain, one of them
significantly so, and one on the border-line of significance (2,41 times
its standard error). These results suggest that a cumulative effect
due, perhaps, to complementary factors, is present when both parent
genotypes are of the kind which leads to low chiasma frequency.

While the results which have been obtained may be explained
in this way, it is still entirely possible that chiasma frequency may
be under the control of some physiological factor associated with
heterosis and influenced also by some constituent of the milk, Bryden
(1935 et seq.) demonstrated that in rats chiasma frequency is influenced
by changes in the temperature at which the animal is kept and also by
local temperature changes in the scrotal region, Many environmental
factors, particularly temperature and moisture, affect chromosome
peiring in plants, and the work of Oehlkers (1935 et seq.) has shewn
that in Oenothera these agents act on the meiotic chromosomes through
the physiological changes which they bring about in the plant as &
whole, From the present data it is impossible to drew any conclusions
as to what physiological factors may have an effect on chiasma
frequency in mice. The most plausible possibility is that low chiasme

frequency may be correlated with high rate of growth. This would explain
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the low frequency observed in hybrids which, due to hybrid vigour,
grow faster and mature earlier than inbred mice. Genes controlling
growth rate are known to exist and it has been shewn (Goss and Gregory,
1935) that young rabbits which have been nursed have a higher content
of glutathione (a substance whose concentration in the tissues is
related to cell proliferation) than unnursed animals starved for
forty-eight hours, The assumption that mice of high cancer frequency
strains transmit through the milk an active agent while the milk of
low frequency strains has s neutral effect would explain the chiasma
frequency behaviour of the fostered mice, An alternative possibility
is that the important factor is merely the amount of milk received

by the young mouse.

The literature concerning the strains used in this investi-
gation contains no data on their comparative rates of growth. However,
from the relatively small numbers of mice bred in this laboratory
during the last year there are indications that in general the low
chiasma frequency strains mature earlier and breed faster than the
high frequency strains, This certainly applies to strains A and dba
as compared with I, F, and JK. Whether or not growth rate is reslly
correlated with chiasma frequency must remain for the present an open
question, If it is, then a correlation also exists between growth
rate and cancer incidernce - a not unreasonable corrolary in view of
the influence on the appearance of malignant growths of metabolic and
developmental factors such as age, maturity, reproductive activity

and possibly diet.



-106-~

Even if the interdependence of cancer incidence, chiasma
frequency and growth rate be assumed, there is still no explanation
for the low cancer incidence reported in hybrid mice from crosses
between a resistant strain female and a susceptible strain msle, unless
the additional assumption is made that chiasma frequency can be in-
fluenced by chromosomal geres and by milk independently, while in the
case of cancer susceptibility the parental genotype has little or no
effect except through the milk, It thus appears that in order to reconcile
the observed chiasma frequencies in hybrid and fostered mice, a number of
postulates are necessary. The possibilities outlined are purely speculative,

but seem the most reasonable ones in the light of the present results.

In conclusion it may be said that a correlation exists in mice
between low chiasma frequency and high cancer susceptibility, but that
neither the observed somatic chromosome behaviour nor the chiasma frequency
in mice under experimental conditions known to influence susceptibility
give any definite clue as to the reason for this correlation. It may be
due to the chain of events involved in the working hypothesis originally
used by Huskins and Hearne, but this, as they foresaw was possible, now
appears unlikely. It seems more probable that the connection is through
some physiological factor having a fundamental relationship to neoplastic

growth.
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SUMMARY

(1) Duplicate counts on chiasms frequency in certain of the
strains of mice examined by Huskins and Hearne (1936) shew that except
in one line (C57 Black) chiasma frequency is consistent in different
generations of the strain,

(2) Counts on chiasms frequency in two additional resistant
strains of mice have confirmed and extended the correlation found to
exist by Huskins and Hearne between low chiasma frequency and high
susceptibility to smontaneous memmary gland cancer.

(3) The two exceptional strains found by Huskins and Hearne
are shewn to be no longer truly exceptional, Strain M-Leaden is now
iisted as having a cancer incidence consistent with its chiasma
frequency in view of Huskins and Hearne's correlation, Strain C57
Black has three sublines each shewing a different chromosome behaviour.
One (Bagg's) shews inconsistent results which are therefore of no
significance for the general correlations; another (Carrel's) has a
low chiasma frequency and is of doubtful resistance; and the third
(Little's) has a chiasma count not inconsistent with its reported
cancer incidence.

(4) No difference is detectable, by the methods of observation
used here, in the time of chromosome splitting in spermatogonia of

resistant and susceptible mice. The longitudinal split is visible,
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both in spermatogonia and in the dividing cells of the lymph nodes,
at a relatively early prophase stage, and at metaphase is present
to a variable extent in every cell examined.

(5) In hybrid mice from crosses between high and low
frequency strains, the chiasma count is the same as that of the low
frequency parent., If two low frequency strains are crossed, the
offspring may shew a count significantly lower than that of the
lower frequency parent.

(6) Fostering of mice of low frequency strains on mothers
of hign frequency cstrains does not influence their chiasma count.

(7) Fostering of mice of high frequency strains on mothers
of low frequency strains causes a significant lowering of their
chiasma count.

(8) A tentative explanation of these results is put forward,

and their possible significance is discussed.
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Figure 1

_Camera lucida drawing of a cell at metaphase from a
lymph-node of a mouse of strain N,
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Figure 2

Photomicrograph of a metaphase cell from a lymph=-node
of a mouse of strain N.
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Figure 3

Camera lucida drawing of a group of seven sperma-
togonial cells at metaphase from a mouse of strain A,
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Photomicrograph of a group of spermatogonial cells
at metaphase from a mouse of strain A, Splitting
is elear in several chromosomes.,
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Figure 5

Photomicrograph of a group of spermatogonial cells from
2 mouse of strain CBA shewing the differences between
cells in the thickness of the chromosomes, Splitting
ig visible in several chromoscomes,

Figure 6

Photomicrograph of a mitotic prophase from the testis of
a mouse of strain A, Splitting of the chromosomes is
visible at several points,
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