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Studies of Human Chromogomel Anomslies by Tissue Culture Methods

SUMMARY

A description is given of the methods of culturing samples
of bone marrov and peripheral blood material for the purpose of
studying the human chromosome complement. The normel human
karyobype is described.

An sccount is then given of the application of these methods
to the investigation of the chromosome complement in patients

with various conditions.

() Mongolism.

Studies were performed in twenty families where {the mother
wves under 30 years of age when hexr mongol child was born. One
translocation mongol was found; +this trenslocation was thought
to have arisen spontaneously, since both parents had normal
karyotypes. One mother was found 4o be a mosaic of a normsl
cell-=line and a cell-line trisomic for chromosome 21, Studies
were also caxried out on two families with two mongol children,
but no translocation was found; on two mongols with a higher I1.Q
than average, both of whom proved to be trisomic for chromosome 2.
and on five children vhere the diagnosis of mongolism was in
doubt., Three of these had normal karyotypes, while the other

two were trisomic for chromogome 21,



(b) Abnormalities of the sex chromosomes,

Chromosome studies were performed on four adult patients in
a hospital for the mentally deficient who had been found Lo have
two mex chrometin bodies in a proportion of cells in smears from
their buccal mucosa. All had 47/%XX chromosome consbitution,

Among 12 patients studied vho had chromatin posgitive
Klinefelter's ayndrome; three were found to have an unusual
chromosgome congtibution, They bad karyotypes XX, XXY/XXXY, and
XXXXY respectively. The remaining patients had the typical
4?/xxﬁ chromosome consti‘bution° Three patients with chromatin
negative Klinefelter's syndrome had a 46/XY chromosome complement

Studies were carried oub on nine cases or doubtful cases of
Turnexr's syndrome. Two of these patients were mosalcs of two
cell—lines§ the first was an X0/XX mosaic, the éecond had an X0
cell-line and & cell-line containing a normal X chromosome and
an isochromosome for the long arm of the X, Two other individua
had an X0 karyotype, wvhile the remeinder had a normal female
complement.

(c) Various psthological conditions.

Chromosome studies were carried oub in 43 patients with a
variety of conditions where it was thought that an abnormality

might be present. These included genetically inherited conditio:



other distinet syndromes, multiple congenital abnormalities and
digeases of the blood. One case with multiple congenital
abnormalities had trisomy of chromosome 18, and one case of
chronic myeloid leukaemia had an X0 cell-line in the bone marrow,
with no Philadelphia chromosome present.

131

(d) Patients receiving I therapy.

Chromosome studies on 19 patients receiving 131

I therapy
gﬁggeated that this treatment is accompanied by some increase in
the number of abnormal cells in the peripheral blood. There
seemed to be no evidence that any particular chromdsome or

chromosome region was preferentislly involved.
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INTRODUCT ION

Higtorical Backeround

The question of heredity has occupied men's minds
sinee ancient bimoes, It is mentioned in the works of
many vriters, among ‘vhem Lucretius and Avistvotle, but unbil
the middle of the ninebeenth century it remained a subject
shrouded in guperstition and speculation. Since then
patienﬁ research has slowly uncovered the facts, although
many of them were at fivst acceptéd with reluctance, ~ The
present state of knowledge of the chromosomes as ‘the
maverial basis of inheritance is the wesult of the
coovdination of various lines of study, most of which were
made pqssible by the invention of the microscope.

By the time fertilisation was obhserved in the sea~urchin
by Hertwig (1875), the eell theoxy as formuleted by Schleiden
and Schwann (in Swanson, 1960) was alveody established, and
it had boen pointed out (Virchow, 1858) that eells coul&
arise only by divigion of premexiﬁting calls, Thus the
idea of hereaiﬁy a8 a congequence of gemnetic continuity of
cells by division was introdueed. Hertwig (1875) showed
bhat fertilisation involved union of the nucleus of the

gperm with that of the egg, end two years later Strasburger



(1877) observed the same phenomenon in plamtso Attention
was thus focusged on the nucleus.

The bodies vhich are now known as chromosomes vewé
firgt rvecorded by Naegeli (1842) and Hofmeistexr (1848) in
gtudies of nucleay division in pollen mother cells in
Tradescantia, After oll immersion technigues were intro-
duced by Abbé in 1873, much more debailed studies became
possible (in Sirks, 1952), The name chromosome {from the
Greek chromog = colour, soma = body) was first introduced
because of the marked ability of these bodies to take up
stain (Waldeyer, 1888).

Flemming (1882) described the details of the mibotic
Tigure; he also discovered that the chromosomes split in a
longitudinal foshion during cell division, Van Beneden
(1884) and Houser (1884) showed that the longitudinal halves
of the chromosomes passed to the daughiter nuclei during
division. The Lirst bypothesis that these chromosomes
might constitute a linear arrvangement of basic units repre-
senting hereditary properities was pubt Lorward by Roux in 1883,

About the same time ven Beneden (in VWilson, 1925) showed
that in fertilisation the chromosomes of the offspring ave

derived in equal number from the nucleus of egg and of sperm.



Welsmann was the fivet to suggest that the production of
germ eells dnvolved a reduction or halving of the chromosone
number in the nuwcleus. It was thought at f£irst that this
might involve degeneration, ox casting oulbt of helf the
chromosomes, but von Winiwarter (1901, 1909) was able +to
ghow otherwise: what had appeared to be a longitudinal
split in a single chromosome was in fact the separation of
two chromosomes which had beon assoeiated side by‘ﬁidép and
wvag bvhus o mechenism of reduetion, |
Barlier workers, while appreciating that the number of
chromosomes per nucleus was constant Lor any given species,
had agssumed that all of these chromosomes were alike in both
marpholcgy‘and physiology. Thet chromosomes ave of
different shapes and sizes, and that these differences are
congtant in any species, was vecognised by Montgomexy (in
Wilson, 1925), e postulated also that bthe separvating
pairs observed by von Winiwvarber were each composed of one
chromogome that was of paternal origin and one that was of
mabernal origin, and that the two were homologous. Qualie~
tative diffevences in chromogomes weve demonsbratved by
Boveri (1902, 1907) in his fertilisation experiments in

sea-—-urching,



1900 marked the vediscovery of the work of Mendel
deseribing the segregatvion of genetic determinants
influencing inherited characteristics in 3exua11ymr@pieducing
ovgenismns, Mendel shoved, in experiments in which he
erossed two stireing of garden peas breeding truve with
regpeet bo o given chavectberisbtic (g.g. tall x short planis),
that such characteristics arve determined in an individual by
btwo factors, which may or may not he the game, and that atb
the production of gorm cells pgametes are produced which have
either one factor ox the other. He showed also that where
two different characteristics are concerned the factors
segregate independently of one another. These facbtors were
later given the name gene by Johanszen (1909).

Sutton (1903) was the fivst to point out the corres-
pondence between the beohaviour of the chromosomes in mitosis
(cell division) and meiosis (reducbion division) and the
behaviour of the Mendelian genesg in inhari%ana@. The
chromogome theoxy of inheritance has doveloped from this
idea. Significant edvances have come from bthe work of
Morgen and his group of co-workevrs in their breeding
experiments on Drosophila (Morgan eb al., 1915),  They

found, contrary bo Mendel's second law, that certain



chavacteristics tended 4o be inherited together, ALl the
many charecteristics wvhich can be studied iun Drogophila fell
into fouwr such groups, which they celled linkege proups, and
these vere interpretved as corresponding to the four chromo-
some pairs, Furdther, theoy were able to construvet mops
showing the ovrderx im vhich the genes were linearly arranged
along each chromogome, Toxr cech gene situabed along the
length of cach chromosome of any pair there is o corrvesponding
gene at the gsame position on the homologous chromosome of

that pair influencing the same cheractervisbic or charachber-

Imta

stvics, though not necessarily in the game wvay.

Sex Chromogomos

Foxr cenburies it was bholleved vhatl external conditions
could influence the sex of an offgpring (in Darlington, 1952),
Mendel suggested bhat sex might be a heveditery phenomenon,

o hypothosis which wos confiprmed by the work of Coryens on
fertilisation experiments with Bryony plants (1907).

~IY ig now vealised that sex debeormination is o complex
mechanism with e chromosomal bosis. in the most general
gituatbtion there is one pair of chromogomes in which bthere ig

2 homologous region, bubt also a region in which each chromeo-—
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some carries genes not represented on the obthew. In one
gex, one of these chromosomes is represenbed twice (usvally
referved Lo as the X chromosome), and the other membex of
thé pair is not present at all. At melosis only one type
of gemete can be produced (X-beawving), and this ig therefore
calied the homogametic sex., In the other sex each of the
chromosomes is represenbted once (one X and one Y).  Two
types of gamete can be produced ot melosis, hence this is
konown ag the hetevogametic gesxt. In most groups of plants
and snimals the male is the hetorogametie sex, although in
some groups it is the femalo,

The differential vegion of this pair of chromosomes is
somebtimes more doveloped in one member then in the othex, so
thet there is & visible cytolegical difference between X and
s the homologous region may be very much reduced, There
axe gsome groupd in which the Y chromosome is missing
altogether, so that the cells of the heterogametic sex have
one chromogome fewer than thoge of +the homogametic one.

This is veferred to as an XX:X0 type of sex debermining
meehanion,

Ib is probable +that not all sex determining genes ave

carried on the sex chromosomes; gimilaxrly not all the genes



on these chromosomes gre concerned with gex development,
Genes cerxried on the non-homologous region of either X or ¥
show a very pariticular type of inheritence patbern kaown asg

sex linkage,.

Human Chromosgomes

The diffieulty of obtaining suiteble material for the
study of chromosomes in man (see section on Technigue) was
probably responsible foxr +the lagk of interest in the subject
in the early paxt of this centuzy. Von Winiwartbter (1912),
working on seetioned besbicular material, deeclarxed thet the
chromogome number in bhe human male was 47, end that thexe
wag an FX3X0 sex debermining mechanism, Painter (1923)
claimed that there was a Y chyomogome and that the number in
both sewes was 48, Until 1956 this wos the accepted humon
chromosome number and the only point of discussion was the
nature of the sex chromogome consbitubion. The improvementd
in technigues at this time led to the digcovery by Tjio and
Levan (1956) 4hot the true number was in fact 46 with XY sexn
chromogomad., The presont period of intenge investvigation of
the chromopsome complement in nowxmal and abnormal humen

individuals wes thus initiatved, Since +then the only auwbthor



to disagree has been Kodani (1957, 1958), who hes reporited
the three chromosome numbers 406, 47 and 48 1o be present in
testicular meteriel among Japanese males. Since this has
not been confirmed by othexr workexs on Japavese individuals
(Makino and Sasaki, 1961; Makino eb gl., 1962; Makino,
Vomade and Sofuni, 1963), there is some doubt about the
a¢ecuracy of the observatbion, although it has been suggested

that there may be supernumeraery chromosomes present (Sbtern,

1959).

Chromogome Chemistry

Chromosomes ave known to be composed of two nueleie
acids (desoxyribose nucleic acid [DNA] and ribose nucleic
acid [RNA]), two main types of protein snd a small amount of
galcium (White, 1961), but hovw these combine to form the
visible chromogome is not yel cextain, The evidence al
present points convincingly to DNA as the main carpyier of
genetic information (Bphrussi~Teylor, 1951).

DA is a long, fibre-like molecule, an unbranched chain
composed of many nucleotide units, Lach of these consists
of a molecule of phosphoric acid, a pentose sugar (d-2~desoxy-

viboge), and a nitrogenous base; +the consecubive nucleotides



are joined by bonds bebtween the sugar and the phosphate
molecules, There are four bases which axe commonly Tound,
adenine and guanine (purines) and thymine and cytosine
{pyrimidines), and they can occur in any sequence along bhe
chain, The number of adenine hases is slwvays equal to the
number of thymine bases, similarly the number of guanine
alwvays equals the number of cytbosiney the rabtic adenine +
thymine bo guanine 4 cytosine is consbant within a species
but differs widely bhetwveen species.

The interpretation of the gtructure of the DNA molecule
wvhiech is nov accepted was proposed by Watson end Crick (1953).
They astate that bthe DNA molecule is composed of twe parallel
gbrands wvhich axe coiled round a common axis bo form a double
helix; the sugav-phosphate backbone ig to the outside and
the nitrogenous bases to the inside, The basges lie
perpendicular to the axis of the fibre and are held together
in pairs, one from each chain, by hydrogen bonds. This
paiving is vexry specifie; 1t ean occur only between adenine
and thymine, and between cylosine and guenine, Thus the +two
chains comprising the molecule axe complementary to each other,

This atructure provides for one of the btwo essential

requivemonts of a carrvier of genetic information, namely +the



exact self~duplication of +he molecule. Vateon and Crick
suggest that each chain of ‘the molecule sexves as a templave
upon which a new complementery chain ig built up. This
reduplication takes place in the interphase nucleus before
the beginning of cell-divigloni +the phonomena observed in
coll~division are the proeesses of mechanicel separation of

the doubled chromosome,

The Coding Problem

The second requirement of a genetic matberial is that it
should be able to exexd o very specific influence on the cell,
and there is now evidence that this is done by influencing
the synthesis of gpecific proteins (Symonds, 1962), It is
though% thot DNA oxerts +this influence on proteins by
controlling the sequence of their component amine-acids along
the polypeptide chein, This control must be influenced by
the sequoence of the bases along the DNA molecule, gince thisg
is the only source of variation within the molecule, Sinco
there sxe only four hases, and btwenty amino-zeids ara‘commonly
found in proteing, it is argued that the sequence of +the four
bases must in some way form a code for the sequence of the
amino-peids, The present conception of this code is due to

the work of Crick et gl. (1961), who suggest that a group of



three (or 2 multiple of three) bascee codes one amino~acid,

and that there ig no ovevlapping between the groups. Since
there ave sixty-four possible twriplets, end only twenty
amino-acids, it is likely thal more than one triplet can code
Por one amino—acid, The sequence of bases must be read in
order from o fixed starting point; 4i¥ this point is displaced
tvhe growping of +the bapes into triplets is disarrvanged and the
reading becomes incorvect. Similaxly if at any point along
the code a base (or bases) is added or deleted, the reading

of the code from that point onwards will be incorrect,
Some Other Aapechs of Chromosome Siudies

A great deal of wowrk is being done at present on meny
diffeorent aspects of chromogomes, and these can be menbioned
only briefly here. The classical approach continues to
reveal ‘the chvomosome congtitution of species mnot yotb
investigeted in this way (Walen end Brown, 1962; Lu and
Brodie, 196235 Shaw and Krooth, 1964). The improvements in
tochnique which facilitabted the humen studies have also
allowed situdy of other species which present much the same
technical difficulties, g.g. gorilla (Mamerton ¢i al., 1961;

Chiawrelli, 1961).



Many approaches to the fine structure of the chromosome
are being pursued. Use has been made of naburally occurring
giant chromosomes -~ the lampbrush chromosomes in the cocyte
of the newt have been investigated (Callan end Lloyd, L960),
and DNA synthesis has been studied in ‘the polytene chromosomes
of salivary glands in the Diptere (Rudkin and Corlette, 1957).
Electron microscope bechniques are being employed (Yasuzumi
and Sugihaxa, 1961), and biochemical methods ave being used
to duvestbigate the problem of coiling and of tho arvangement
of +the various moleculesg within'the chromogome (Cole, 1061;
Gall, 1963). Orgenisation and duplication of chromosomes

ig being studied by autoradiographic techniques (Taylorx,

Al

o

Joods and Hughes, 1957) which are also proving of use in
identifying individual chromosomes (Rowley et al., 1963;
Yunis, Hook and Mayew, 1964),  Other functions of DNA in the
cell are being investigeted biochemically (ALlfrey and
Mirvsky, 1957),

The production of mubations and of gross chromosomal
aberrabions by avtificial means is giving imporbant resulis,
Toniging radiation has been sbudied in this vespect (in Lea,
1955}, also chemical agents such as DWNA inhibitors (Kihlmen,

Nichols and Levan, 1963) and alkylating agents (Xollew,
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1957-58), and infeebicn wibh virus particles (Wolman,
Hirschhorn and Todaro, 1964). Research into the relatbtion-
ship of chromosomes to neoplastic disease is of the greastest
importance at present, and much woxk is being done in the
ficlds of both tumours and the leukeeomions (Spriggs;
Boddingbton and Clazrke, 19623 Nichols, 1963).

The study of mommelian specioes can present many problems:
for example, vhere are oflen large numberxs of gmall chromo-
SOM S, Men in particular, with the long space of time
between genevatbions, the small mu@b@r of offspring and the
absence of experimentel breeding, is espeecially difficult to
investigate. Hence the study of human chromosomes is sbill
in its infancy, and the majority of experimental work is done
on moxe favourable species.

However, the problem of mapping the human chromosomes
bas vecently begun bo be elucidatbed. Sex~linked genes such
as those responsible for haemophilia and colour~blindness
have been familier for some time, and recent evidence has
shown that the Xg blood group genes axe located on the short
arm of the X chromosome (Lindsten ef al., 1963). Studies
have now shown that none of the X-borne genes responsible for

haemophilia (VIII) (0'Brien gt al., 1962), Duchenne muscular



dystrophy (Clark eb al., 1962), and the prot@n and deuban
types of colour-blindncss (Jackson, Symon and Mann, 1962)
are cloge to the gene locus of the Kga blood group, Obhew
date show close linkage between gene loci for glucose—6-
phogphate dehydrogenase and colour-blindness (Joackson, Symon
and Mann, 1962), and loose linkage of glucose~6-~phosphate
dehydrogenase and Xg© loci (Adam gf al., 1962).  Soume
linkage groups nolt on the gex chromosomes axe also beginning

to be recognised (Renwiek, 1961).

Objecta of +the Pregsent Study

The firsl object was to establieh in the laborvatory the
recentvly discovered bechnigues involved in the study of humen
chromosomes from semples of bone marrow and peripheral blood,
vechniques by which relatively large numbers of individuals
couvld conveniently be scroened. These methods have since
been adopted widely and successfully; however, when the
present wvork was begun at the end of 1959, they were in their
infancy. In fact there was only one other laboratory of
this kind in Scotland, +hat of Court Brown and Jacobs in
Edinburgh,

Until +the middle of 1962 the author was the only workew

in Glasgow studying human chromosomes by vhese methods. The



resuld was bthatv, as chyomogome studies became clinicelly more
impoxrbtent, much time had to be spent in the investigation of
cases ag bthey presented themselves in hospital. These
elinical demands made it difficult to pursue a consisbent
programme of research; but on bthe other hand they presented
opporbunities for meking new observations and counfirming
others which were still in doubt at the time.

The chromosomes of the patients described in this thesis
were examined by the authow, About 4 out of every % cultures
initiated were guecessful, and a tobal of 12,553 cells from
273 patients has been sbtudied.

The individuals studied fall into the Tfollowing

cavegorieys

(1) Apparvently normal individuals, studied for the purpose
of becoming more femiliar with the normal human kexryeotype,
end of obteining informatbion about the range of variation,
both in gize and in percentage of aneuplold cells, within

the normal limits,

(2) Individuels with various pathological conditions were
investbigated to see whether any visible abnormelity of

the ghyromogomes was presenb.



(4)

(5)

Patients with abnormalities of the gex chromosomes
were studied with the purpose of supplementing, and

if possible extending, the present state of hknowledge.

In o few cases cytogenetics has been used as a tool to
help confirm a doubtful clinical diesgnosis in conditions
where a chromopome abnormality is well established, g.gz.
mongoliasm, Similarly, perents of mongol children have
been gtudied, to try to discover any with chromosome
constitubion which vould give -them a higher risk of
producing avother such child.

31, .
1 I were examined for the

Patients treated with
presence of radiation induced chromosomal abevratbions

in the cells of thelr peripheral blood.



SLOTION L

TECHNIOUE

Introduetion

The Tirst esmenbtial in studying chromogomes is to heve
d sufficient nuwber of intact cells for analysis. They
should be woll spread out so that the chroma&om@g Lie din one
plane and overlap as litble as possible, The chromozsomes
should be well fixed so that they awxe sharply defined and
not Tuzzy in outline. A guitable cell is shown in Pig. 1,

The practical difficulties of obtaining suitable
preparations wevre the main cause of the early confusion émong
workers on human chromosomes, vho bad to use tissues naturslly
dividing in the body. The dnitisl observations were made on
testicular material from executed crimimals, end as this had
not always been removed from the body immediately aftexr death,
post-mortem changes giving rise o clumping added to the
difficulties. The observabions of Painter (1923) and von
Vinivarter (1912) were made on fresh testicular maberial but
8bill employed the method of embedding the gpecimen in pareffin
wax afber fixation, and then sectioning. Vhen using thin

sectionsg it ig difficult to be certain that oll the chromosomes



Figure 1.

»

%

Mitotic figure from a normal male.

Shows also the presence of satellites (arrowed),
and the association often seen between two or
more of the satellited chromosomes.



of any one cell are seen in any one sechbion, while increasing
the thickness of the sections decveases the possibility of
seeing the chromosomes all lying in the one plane, and alse
causes opbical difficuliies.
The method of handling testicular material described by

Tord and Hamexrton (1956), involving the use of hypotoniec
solution before {ixabtion, followed by menual sguashing of the
tubules, results in much belbter disgspersion of the chromosomes.
However the oceasions on which testicular maberial can be
obtained axe limited, since specimens can only be obteined
when this is justified on clinical grounds,

| The development of long-berm tissue culture techniques,
providing cells which can either be examined as a monolayer,
or be easily brought into suspension, was of great advantage
to eytologistbs, Cultures can be obtained from a wide range
of tissues, both embryonic and adult, including skin, fascis
late, lung, heart, liver and spleen. Using these methods
Tjio and Leven (1956) established the human chromosone number
a8 40, These auwthors incorporated both the use of hypotonic
treatment (accidentally discovered by Hsu, 1952) to swell the
cells and help the spreading of the chromosomes, and the use

of colechicine ~ first used by botanists bo produce polyploid
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cells (Swanson, 1963) -« to inhibit spindle formation, and
thus help to accumulate mitoaeéa These methods yield
excellent vesulbs and are at present widely used, There
may, however, he a delay of several weeks for the cultures
to grow sufficiently b@foi@ ecybological exmamination is
possible. Since each cell divides fregquently during this
growth period, thewve is also the possibility of an ebnormal
cell-line erising in ¥vitro.

The short term tissue culture methods to be deseribed
below have facilitated the present-day large scale examination
of human chromosomeg. Of such methods, the bone marrow
m@th@d of Tord, Jacobs and Lajtha (1958) wes used initially
in the present sbtudy. Overnight incubstion of this rapidly
dividing bissue is sufficient, and the mitoses obsexved are
the firvst division of the cell in vitrxo, The peripheral
blood method described by Hungerford gt al. (1959) was latewr
adopted becapuse of the ease with which specimens can be
obtained from the patient. Mitogis ig dnitiated by the use
of the substance phytohaemagglutinin, end again thewe is
evidence that it is the firslt in wvibtro division which is
observed after the three day incubation period (Bender and

Presecott, 1962).



The first object of the work described in this thesis
vas to establish these shorb~term methods as a roubine
procedure. When the first cultures were preparved in this
 laboratory, during December 1959, ithe bone marvow method was
the only one avsilable; moderate success wes achieved.
However, almoglt immedistbely Hungerford's recently-published
method of culturing leukocytes began Ho supplant it. The
first culture uwsing this method was prepared towards the end
of January 1960, Tor about two months the two were zun in
conjuncbion, but from April 1960 the leukocyte culture method
only wes used, because it proved move rveliable and gave
betﬁ@r preparations, It is much legs unpleassnt for the
patient concerned, and hence much more suitable for

investigabing relatively large numbers of individuals.

Cultbure of Bone Marrow Cells for Chromogome Investigatlon

[Ford, Jocobs and Lajtha, 1958] (Solutions used -~ see

Appendix A)

About 2 ml, marrvow is withdrawn from the patient, usually
from the sternum, This is injected into 18 ml., sterile
Ringers solution to which snticoagulant has been added to

prevent clotting (100 i.u. Heparin/ml.). The specimen is



placed in a centberifuge within half an hour, and is spun atb
1400 r.p.m. for 1% minubes; all {the supernatant liguid is
then discarvded and replaced by 0:% ml. glucose-galine solution
(0-6 gm, D-glucose and 0.7 gm, NaCl per 100 ml. doubly
distilled watexr), The suspension is well mized, and,.afver
a nuclesbed cell count hes been pexrformed, is diluted to the
opbimum white coell concentration of aboutb 109000/mm3. The
diluent is a mixbture of 1 part by volume of glucose saline %o
3 parts AB positive serum, ox the patient's own plasma. It
ig then divided into 2 ml. aliquots in sbterile bottles and
inc¢ubated overnight at 37°C, Colecemid, at a final concen-~
tration of 4 x 10"6 gn, per L ml. of suspension is added
before incubation,

The cell guspension is then transferred to a centrifuge
tube and spun abt 800 r.p.m, until all the cells have settled.
The supernatant liquid is discerded and replaced by 2 ml. of
0:95% sodium citrabe in whiech the cells awe incubated at 37°C
for 15-20 minutes, They are then gpun as before, the super-
nabent liquid ig rvemoved,; and the cells are fixed by the
addition of epproximately 2 ml. of o mixbure of 3 parts by
volume of absolute alcchol to 1 paxrt of glacial acetic acid.

The fixative must be added slowly with constant agitabion of
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the cells, so that an even sugpension without clumping of the
cells is obbained. The cells are left in this fimative fox
30-45 minutes at 0°C. They are then suspended successively
in 75% (by volume) mlcohol, 50%, 30% alcohol and distilled
vater, From this they are transferved to N HCL and
hydrolysed at 60°C for 4 minutess +he hydrolysis is sbopped
by cooling the tubes quickly. The peid is discexded and
the cells are suspended in FPeulgen's reagent, wvhexe they are
left for 1 hour in the daxk, Finally they are washed in &
gsulphurous acid rinse and suspended in 45% by volume acebic
acid.

A small drop of +this suspension is placed on o clean
slide, covered with a siliconiged coverslip, and pressed by
hand, Congiderable pressure is gometimes required to
achieve gpreading of the chromesomes, and it is essential, in
the first place, that the coverslip should be perfectly flatb,
and, in the gecond place, that it should not move sidewaysn
during this stage. The slide is then placed on solid co,
and the coverslip vemoved; +the cells ave additionally
sbained by flooding the slide with 1% orcein in 45% acotbic
acld for 5 minutes. The slide is then passed throungh two
changes of cellosolve and one of euparal essence hefore

mounting in eupaval.



Culbuve of Leulkocytes f£rom Peripheral Blood (for Chromosome

Iavestbigation) [Huagerford gb al., 1959]

Between 10-20 ml. peripheral blood are withdraun from
the patient and placed in a sberile 1 oz. universal container
bottle containing 2 ml. 0.2% Hepavin solubion, 0+4 ml,
phytohaemagglutinin ig added, tho bottle shaken te mix the
contents well and then left 4o stand for 30-45 minutes at 0°C,
The phytohaemagglutinin has o dual function; in the first
place it agplubinates the red cells and thus facilitatbes the
separation of leukoecytes for culture, and in the second place
it gbimuletes mitotic activity in the smeparated leukocytes.

Afver being cenbrifuged at 350 r.p.m. foxr I-4 minutes,
the supernsbtant plasma containing the leukoeytes is removed.

A nucleated cell count is perflormed, and the plasme is diluted
with o commercial tissue culture fluid (T.C. 199) o a Ffinal
concentration of 1000-1200 eells pew mmsa It hag been found
that good growth is not obteined if the concenitwation of cells
is over 1400-1500 per mmgn The culture is then divided into
10 ml. aliguots in sberile 1 oz, bottles; and incubated atb
37°C for 72 hours.

Two hours before the end of the incubation pewiod

colcemid is added to each culture to give a final conceantration



of 4 x 10“6 gm, /ml, This treatment accumulaetes sufficient
mitoses for exemination and yet aveids the contraction of
chromosomes which prolonged exposure to colecemid produces.

Afber inecubation has been completed, the suspension is
transferred to a cenbrifuge dube and spun at 350 r.p.m. fow
5 minutes; the ﬁupern@ﬁént liguid is discarded and replacod
by a hypotonic solution, The author found 4 ml. of Hanks
balanced salt solution, diluted 1 part by volume of Henks to
3 paxts of distilled watbtexr, to be the mogh satisfactory:
the cells awe left in this solution for 6 minutves ab 37°C.
Thig is gufficient to achieve spreading of the chromosomes
witﬁout logs of definition, and without breaking the cells,
The cells are bthen fixed in 2 ml. of a mixbure of 1 parit by
volume of glacial acetic acid to 3 perxrts absolube alcohel,
and left overnight in this Lfixative at 0°c,

Immediately before the slides are made the cells arve
re«guspended in 1-2 ml., of fresh fixative. One dxop of this
sugpension is placed on a clean wet slide and dried guiekly
over o spirit lamp. The slide is then sbained for 45 minutes
in ovcein (2 gm. natural orcoin in 100 ml. of 60% acctic
peid ~ this and the following percentages are by volume).

After a gquick rinse in 50% acotic acid to rvemove excess sbain,
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the slides ave taken through two changes of 95% alcohol in
which they vemain for two minutes each, transferred to
absolubte alecohol foxr 15 seconds, and bthen leflt in xylol fox
about 15 minutes. Finally the cells are mounted in a
suibtable mounting medium, the omne in current use bheing
Havleeco, This medium was found more satisfactory (than
DePeX) vhon oxamining the cells under the phase contrast
microscope, vhich was occasionally used vhen the chromosomes
weve too lightly steined. Initially, Feulgen's reagent wvas
used in addivion to the owvcein staining, bub it was Lound.

that very satisfactory results were obtained without it,
Notes on the Author's Modifications of Leukoecvie Techmigue

1)  Concentration of cells and percentame of plasma

According to Hungerford's descwiption for preparing
these culbures, the leukecyte concentretion is debermined
and the plagsme conbeining them in suspenasion is‘recentrifugeds
The cells are then re-guspended in a mixture of 10-20% normal
human plasma in T.C. 199, the final concenivraivion being
12 % lﬂé/mlu, 3.8, IQOOmZOOO/mmg.

In this laboratory the patient's own plasma was used in

place of normal human plasmo., The leukocyte suspension was



diluted with T.C. 199 until the desired concentration was
achieved. Varying the conecentration of cells in a series of
cultures dervived fvom the one individual showed that better
growith wvos cobtained ab a concenitvation of 1000m1290/mm% than
ab 1800m2000/mm3, So long as spproximatbely this concen-—
tration of colls was achieved, experience showed that the
proportion of plasma could vary from 10-40% end still give

good vesults,

2)  Fhytobsemageglubinin

During 1960 no trouble was encountered with the phyto=~
haemagelutinin, bub early in 1961 a new batch was received
with appavently greatly inercased sgglutinating properties,
As o result, bhe wvhite cells weve carvied down with the red
cells and it was impossible to obbtein gufficient leukoeytes
‘to prepare a culiure,

A series of dilutions of this phytohsemaggluibinin in
Hanks B.8.8, was prepared (%@ %, %, f%w ﬁ%& é%)» Six 5 ml,
samples of blood were obtained, and to each wag added 0.1 ml.
of one of these dilutions, The two dilutionsg % and fg Wére
found to give the besgt yilelds of both plesma and leukogytes,

Consequently the original phytohaemegglutinin was diluted



10-fold; oultures preparved using this strength showed o
sabisfactory proportion of cells in mitosis, All subseguent
batohes of phytohaemagglutinin weve tesbted for stwengih, and
the 10-fold dilution continued wnoil 1963, when the Wellcome
produet became available. A trial run uvsed gecoxding to the

makers' insitructions geve excellent resulis,

3)  Colchicine twrestment

Hungerford poinbved out in 1959 +hat optimal mitobie
actbivity occurved after 3-4 days incubation ab 3700p and
recommended the addition of colechieine (final concentration
1% 1077 M) 17-19 hours before harvesting o avcumulate large
nunmbers of colls in mitosis. However, since prolonged
exposure bo colchicine couses over-contraction in mibotbic
chromogomes, o shorter period of colchicine treatmont seemed
advisaeble, On several occasions a series of ddentical
cultures was set up from an individual, and exposed o
colehicine (Ffinsl concentration 4 m 10“6 gm./ml,) in the

following manner:

» [ - 0 ¥ 8 » »
(i) 17 hours incubation at 37 C with colehicing,

following incubation for 49 or 51 hours withoub.



(ii) 2 hours incubation ab 379 with colchicine,
following incubation ab 37°C without it for

35, 65, 66, 70, Ti, 72, 89, 93 oxr 95 hours.

0f these vaviations, 63566 and Tl-72 hours incubation,
folloved by 2 houxs colchicine breatment, gave the most
sobisfacbory results,

Parallel cultuves from one individual were also treatbed

=5 6

with colehicine at a final concentration of 4 x 1077, 107,

7

107 ang 1078 gm./ml,, in an abbempt to find the most

suitable sbtrengbh bo accumulate mivogses without contracting
. =0
the chromosomes. A concenbtration of 4 x 10 7 proved the

mont effective,

4)  Method of prepsring slides

Initially vhen using the loukocyte cultuve method, the
cultures were havvested on completion of the colchicine
Yreatment. The geme method was used as for the bone marvow
cultures, i.2. afber hypotonic treatment and fixation, the
cells vere stained in Ffeulgen's reagent and slides werwe
prepared by the squash technique, This method is notb
entirely satvisfactory as considewable pressure may be required

vo spread the cells,
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Cultures being hevveslted were divided into two eqgual
portionss the first was breated by the usual method vhile
the second, after fizatvtion, wvas trested by a modification of
the air~drying method of Rothfels and Siminoviteh (1938).

12 drops wewe placed on a clean wetb glide and dried gently
over a low flame, The preparations thug obtained were of a
highexr gualibty than those prepared by the squash technigue,

The edvantages of the air-drying method of preparing
slides as compared with the squash bechnigque are two-fold.

In the firet place it achieves betber spreading of the chromos
somed. There is less overlapping and bthe movphology of the
chromegomes is mowe weadily distinguisghed in the majority of
preparabions, In the second place it avoids damaging the
cella to the same ewbent; +thus the number of sneuploid cells
counsed by handling of the materisl is decreased, and the
counts obtsined may be regarvded as giving a teruer veflecthion

of the chromosome congbitubion,

5)  Hypotoniec breatment

In order bo improve the spreading of chromosomes using
the alr-drying bechnique, the uge of diluted Hanks B.S5.38, fox

the hypotonic treatment as recommended by Moorhead et pl. (1960)



was investigated. Again culdures being harvested were
divided into two equal portionss ‘the first was treated with

citrate as befove, the second with Hanks B.S.8., diluted

Ssal

io 4 or 1 in 10 with distilled water, for periods betveen
520 minutes, 6 minubes exposure to 1 in 4 dilubion of
Hanks B.5.8. achieved improved spreading.

Most of the modificabions 1) 4o 5) were subsequently -
described by Hungevford and hig collesgues in the dmproved
version of thelr method published later in 1960 (Moorhead

,‘:%:E té’?gé;—,,a ? 1960) L)

Exeminabion of Preparations

The preparations thus obbained weve examined under the
microscope, a proecess whiech, in s patient with straightforverd
chromosomes, occuples l-2 days, The number of chromogsomes
present was counted in sufficlent mitoses to establisgh the
modal numbesr in the marrow or blood cells of the patient, and
to eliminate the possibility of mosalcism. Originally the
aim was to count bevween 2030 cells per patient, and this
was later exbended bo 50, which iz now the voubine tbarget
where no sgecond cell-line is suspected, In addition a

number of cells (owriginally 3«4, now 6=8) were fully analysed
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under the microgcope to detbtermine the chromosome constitubion,
i.g. the disgtribution of the chrompsomes among the various
sub-groups vwas ascertained (see Section II), Many
inwvggtipators bend to rely on photographs, bubt it was found
in the course of the present gtudy thet, with practice, the
gimple, cconomical and vapid method of direet microscopy was
sufficient in most cases, although where there was any
uncerbainty the cells were photvographed and karyotyped., In
addition, all non-modal cells were analysed microscopically
go that any evidence of mogaicism would be detectved. The
distribubtion of all modal and non-modal c¢ells is shown in
Toble I, excluding those from meseics and from pavients who
had been irvadiated, To illustrate the improvement in
technigue, the bone marrow wesults are compaved with the
results from 100 vecent blood cultures,

Cultures were prepaved from 341 individuals, not
including those receiving 1311 therapys 46 of these were on
bone marrvow meterial, asnd the remalning 295 were on peripheral
bhlood, 0f these, 15 of +bhe bone marvow culbures (approxi-
mately 33%) and 236 of the bleod culitures (80%) were
successful, and Lrom these 251 individuals a tobal of 9553

cells was studied.



Y

FABLE L

Digtribution of Modal Cells

Total

1 -~ ot b v .
% Cells with Chromosome No, Colls
Material Ml M M1 Counted
16 patvients -
bone merrow mabverial 10 34 6 223
100 wocent patients -
peripheral hlood
material 5 Q4.5 0«5 4348
All patients, presentd
gbudy - excluding
moselics ) 03 1 8022

M = modal nunmber



SECTION 11

I T AN SN AT S

TDENTIFICATION OF NORMAL HUMAN CHROMOSOMES

After the development of the new techniques previously
aescribed, the human chromosome numbewr was estoblished (by
©jio and Levan) as 46; 22 pairs of autosomes and one pair
of sex chromosomes., A system of nomenclature had then vo
be eastablished, The longest chromosome is T-8 p in length
and the shovtest g¢. 195 p (Ferguson-Smith, 1962). In the
rather artificial mitotic metaphase produced by these
technigues, each chromosome is seen to be longitudinally
split into two chromatids joined at one point, the centromere.
This may be situated in the middle of the chromosome,
dividing each chromatid into two moxre or less equal arms
{(metacentric), or may be nearer one end than the other,
forming a long and & short arm on each chromptid (submeta-
centbric). In some cases it is found very near one end, so
that the short arm is very short indeod (acrocentric).

The term karyobype is applied to the chromcéomes of a
single mitoals arranged in order of decreasing length and
relative centromerve position, and this berm has the extension

in meaning that the chromosomes of a gingle cell cen bypify



those of an individual (Denver Report, 1960). The berm
idiogram refers to a diagrammatic vepresentbation of +the
kavyotype. Among the first authors bto publish idiograms of
the human complement were Forég'Jaeoba and Lajtha (1958),I
Tjio and Puck (1958), Leven and Heu (1959) and Chu_and
Giles (1959). These idiograms were constructed from
meagurements of lengths and srm ratios made either from
photographs or Ffrom camera lucida dravings: one of the mein
points of difference among them wves in the designation of
the various groups.

In 1960 a Human Chromosomes Study Group met et Denver
to eiimina%e this confusion in nomenclature and evolve a
standard system which would be accepbtable Lo the majority of
workers, It was agreed thatl the autosomes should be
numbered 1l-22, as nearly as possible in order of decreasing
length, while the sex chvomosomes continued bto be veferred
to as X and Y. The 22 autosomal pairs were divided into 7
groups which can readily be distinguished from one anothew.
It was recognised thalt congidersble difficuldy is experienced
in attempting to identify the individusl chxoﬁosome pairs
within gsome of the groupa;’ the present arvengement is gvill

somewbal tentative and varies from one laboratory to another,



while Patau claimed at one time that it was impossible to
digtinguish further than the 7 groups with the informaetion
available.

Recently Ferguson-Smith ¢b al. (1962) have described
the occurrvence of secondery consgtrictions as an ald to
identification., These are reogions of heterochromabin which
have staining propertics different from the rest of the
chromosome (sce Pig. 2). They are most frequently found on
the ﬁhort‘&rms of the acrocentric chromosomes, where +they
produce the chavacterigtic savellites, Since savellites
have been observed on all vhe acrocenitric auvbosomes they awe
of little value in identifying the various pairs, butb
secondary constrictions are also observed with varying
frequency at other sites, Thoge on chromosome pairs 1 or 16,
for example, ave again of little valuvwe in idenbification,
gince both palrs are recognisable without them, It is
important, though, to recognise the secondary constriction as
such, since its presence may alter bthe apparent length and
arm ratio, and lead vo misidentification, Within the 6-12
group (see below) secondary constvictions mey be of value in
recognising individual pairs, The idiogram of Terguson-Smith

eb al. (1962), incorporating these constrictions, is the one



Figure 2. Mitotic figure from a normal maie,
showing secondary constrictions (indicated
by arrow).



adopted for use in the present study (sce Pig. 3). A mecent
Cibo Foundation Guest Symposium on the Normsl Human Karyotype
(held in London in 1963) is in substantial sgreement with

this srraongement, with the exception that the position of

peirs 8 and 9 is weversed,

Svmmexy of Groups

Chromogsome paivg 1=3 (A). These three largest pairs

are yropdily wocognisable: 1 .and 3 axe metacenivic, 2 submeba-
cenbric,

Poirs 4 and 5 (B). These two pairs arve submetacentric,

with fairly small ghort armg, ond are very similar to each

othew.

Pairs 6-12 end X (C). In this group of medium sized
chromosomes (L5 in the mele, 16 in the Ffemale) it is difficultd
to identvify the pairs exectly. Tour padxrs of the autosomes
in this group are more metecenbric than the othex three pairs,
and these are designated by Ferguson~Smith gt al. (1962) as
6, 7, 9 and 11, The X chromosome also lies in this sub-
group. It is gonerally accepted that it lieg bebweon pairs
6 and 7 in size, and is rather more metacenbric than eithewx.

Chromogsome number 9 in this classification can frequently show
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Figure 3. The normal human idiogram. Reproduced by
kind permission of Dr. M.A. Perguson-Smith.
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s secondary consbtriction on the long aﬁm near the centromere.
The three move submetacentric pairg eye designated 8, 10 and
12.

Poirs J13-15 (D)., This group consists of the sim lavge
acrocentric chromogomes. .- These are all vexry alike, and
sometimes satellibed.

Pairg 1618 (L), Pair 16 has en almost median centro-
mere gnd is easily recognised. Pairs 17 and 18, agein very
similar to one another, are submetacenibric.

Pairs 19-20 (F). The small metaconirics.

Paivg 21-22 nnd ¥ (G)., The small acrocentrics, of

which pairs 21 and 22 may be satellited. The ¥ is uvsually
the lavgest of this group, end its arms lie more nearly

parallel to one enother than do those of the othew pairs.

Kevyotypes of a normel male and s normal femsle ave
shown in Figg. 4 and 8,

The incoxporation of britvisted thymidine into the chromo-
somes can nov be studied by suboradiographic ﬁechniques.
When this thymidine is added to cultures of peripheral blood
a short time (¢. 3=6 hours) before they are to be hervestbed,
it can be seen that cevriain chromosomes oy chromosome vegilons

veplicate later than othewrs. In particular, one of the X
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chromogomes in vhe female can e¢leaxrly be seen by this metheod
to be vexy much latexr in replicatbing than are the remainder
of the chromosomes (Gilbert et al., 1962).

This method is now heing exbtended to help distinguish
between the members of & mowphologically similax group, g£.g.
Tunis, Yook and Mayex have invesbigatbed the members of
group 13-15 (1964 a) in two cases of the D trisomy syndrome,
and the members of group 17-18 (1964 b) in & case oflE
trisomy syndrome. The same group of authors have studied
the chromosomes of group 21-22 in several mongols and trans-
location carviers (1965); Germen g gl. (1964) have used
the same techaiques to identify the delebed chromosome of
group 4-5 in the 'cri du chat' syndrome as one of the pair
characterised by relatively early synthesis of DNA along the
long awrms,

There is also a reeent claim by Miller gy al. (1963 a
and b) bhat chromosomes tend to oceupy the same relative
poaition from cell bo cell, bul this has not so faor been

found of wvalue in chromosome identification.



Anecuploid cells in individusls with normel kasryvobype

(a) Hyperdiploid

Very occasionally a cell is found in ﬁhich a chromosome
has become divided tﬁanﬁvarsely at the centromere, giving
apparently two ehrama&mm@é with no ghort arms (telocentric).
Such cells heve been scored in the present study as
structurally abnormal, and notv hyperdiplaid, Similarly
chromosome Tragments have heen wrecorded as such, and not
geored as chramaﬁém@s.

The presence of one or more chromogomes from a differxentd
mitosis can generally be detected, bhecause the degree of
contraction of chromoscmes differs a good deal from cell io
cell, depending on the gstage of divigion reached before the
addibtion of colechicine to the culitures.

The éémainiﬁg hyperdiploid cells ave probably genuine
products of an ervoy of division,; possibly non-disjunction of
a dipleoid cell, In the present sbudy about 1% of cells falls

into this category.

(b) Hypodiploid
These are always more frequent than the hypewrdiploid,

and wepresent btwo bypes of cell, first those genuinely
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produced by errors of division gsuch as non-disjuncition or
anapbase lagging, and secondly those caused by breakage of
the cell in bhendling and subsequent loss of one or move
chromogomes, Unfortunately it is not possible to distinguish
between these two bypes since, if a cell is obviously broken,
it is net ascored in the first place, In the pregsent study
about 5% of the cells were of this deseription, Occasional
individuals were digecovered with a higher piroportion of
hypodiploid cells, and yel with no evidence of mosaicism.

The regson for thias ig nol obvious as it is not confined to
any porbticular type of potient.

Jacobs et al. (1963) have pointed out that the
propovtion of aneuploid cells increases with the age of the
individual, and in the present study the figures for
individuals of normal karyotype are in agreement with this
(see Table II), Jacobs gt al. claim also that the chromo-
someg mogt often affected ave, in females, the X, and in
males the Y, and thal these account for most of the increage
in older individuals. In general the figurves in the present
stvudy seem to confirm this in the ecese of the ¥, but since
the majority of the individuvals of normal Lkaryotype studied

wexre in the one age group, the figures in the other groups are



boo small for veliable conclusions to bhe drawn. However,
the distribution, among the various sub-groups, of the
migsing chromogomes in 175 cells with 45 chromosomes cen be
compaved with that expected if this loss wag random; when
this is done it eppeawvs that fewer lavge chromosomes and

moxre small ones are logt than would be cxpected (see Table III).

Digtribution of Counts with Age in 132 Patients

(&@le and Pemale)

9 .
No. of % Cells with Chromosome No, gg;?i
Age Patients Ml M M-+l Counhed
0=-15 46 5 94 1 1917
15=50 T 5 24 1 2888
>50 18 6«5 02 1.8 T30

TABLE 11X

Disbribution of Missing Chromogome in 175 M-1 Cells

Chromogome

Group, 1=3 4=5 6=12 13-15 16-18 19-20 21-22 ¥
No, of chromo-
somes empected 23 15 7 23 23 15 13 4

No. of chromo-=
somes found 15 a 41 25 31 19 29 7




Variation in size of membexs of chromosome pelrs

i LAY

The two members of a chromosome pair are rvawely oxsctly
the same gize; +thisg difference is seen even in peirs which
can be identvified conelusively, such ag paivs 1, 2 and 3.
Leven and Heu (1959), in comparing the lengths of the two
chromogomes of palr number 1 in 10 cells, found a verietion
of 0=-15%, and Rothfels and Siminoviteh (1958) have demon-~
strated a similar difference between tho bhomologues of pair
aumber 1 in Rhesus monkey. This difference is probably due
in part bto vhe limitations of the method of measuring and in
part bo slight differences in contraction between individual
chromosomes,

The Y chromosome in particular seoems to show a wide
range of veriastion in size without any phenotypic effect.
Cases have been veporxrbed in which the Y was almost as large
as o group 13-15 (de la Chapelle gb al., 1963), and there axe
several other reports of similar enlargement (Bender and
Gooch, 1961; wan ¥ijck, Tijdiank and Stolte, 1962; Bishop,
Blank and Hunter, 1962)., Bender and Gooch saw enlargement
in some cells only. Vennstrom and de la Chapelle (1963)

concluded thet the enlargement they observed was due to



elongation and not to the presence of extra chromosome
material, since tritiated thymidine studies showed that
the lawvge ¥s did not synthesise any more DNA than did
conbrol ones, This clongation might be caused by variation
in the expression of the secondary consbriction in the long
arm of the .

Chyomosome pair 16 can also show mowe variation in gsize

than the other auwtosomes (Weber and Miller, 1962).
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SECTION IIT

CHROMOSOME STUDIRS TN VARIOUS PATHOLOGICAL CONDITIONS

The object of this situdy was bo Lind out if there were
any chromogome abnormalitiecs which could be associated with
pathological conditions in patientis, The comdivions fell

inbo four cotegoriesg:

(1) conditions known to be geneticelly inberited,
(2) other syndromes,
(3) multiple congenital abnormalities,

(4) diseanses of the hlood.

(1) Conditions known to_be geneticelly determined

The chromosome counts are shown in Table 1V,

Peubz=-Jdeshers Syndirome

Several cases of this rare syndrome ave deseribed by
Jeghers, MeKusick and Katbtz (1949). The two main feotures
are the presence of distinctive melenin spots on the bucceal
mucosa and lips - face and digits may also be involved - and
polypogis of the small intestine. The disease may be
familial, and shows simple Mendelien dominaunce.

The chromogomes of a boy with this condition (No. 28)

were examined, and vere appavently normel,
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Laurence-Moon~Biedl Syndrome

This is a hereditary syndrvome involving obesity,
hypogenitalism, retinitis, mental deficiency, shull defects
and syundactyly.  The chromogomes of one man with this
syndrome were studied by the author (No. T6). The nvmber
of cells available for sbudy wes small, but the chromosomes

were appoarently normal,  The same result has been obtained

by Miller and Jacobsen (1962) on two affeeted brothers.

Myotbonice dystrophis

This is a hereditary syndrome of progressive musculer
degeneration; there ig a mavked differemce in both age of
onget and severity of sympitoms between various genexatbions.
It is generally believed to be inberited as an aubtosomal
dominant, end Penrose (1947) hag suggested a modifying factor
to account for the variabion. Sex chromatin has been shown
to be normal by Marshell and Thomas (1958).

Fitzgerald and Caughey (1962) examined the chromosomes
of seven patients with the disease. In five of these vhey
report finding a gmall proportion of cellsg in which there was
an additional chromosome similar to pairs 21 and 22, and which
they suggest may be & gupernumerary. The three cases which

show this chromosome wilth the highest frequency are those in
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whiech +the disease was most severe. The findings of the
author in two patients with this condition (Nos. 107, 268)
are not in agreement with this observation, The second case
studied was a severe onc (patient died aged 37 years), butb no
cells with 47 chromgsomes were found. The first case had
one such cell but this was thought 1o be due to a broken
chromogome,; and there was c¢ervainly no additional chromosome
of the appropriate size present. However, the pvoporvion of
¢ells observed by Fitzgevald to have the superaumerary
chromosome was small. The highest frequencies were in two
patients, the first of wvhom had 7 such cells oub of a total
of 6% c¢ells counted, ond the second had 3 such cells out of
43 cellg counted, The remsining three casges each had only
one such cell out of a total of about 40 cells counted. The
pumber of cells counted from the two patients in the present
study was small, 18 in the firﬁﬁ case and 34 in the second,
go the presencs of a sﬁpernumarary chromosome cannot be
entirely ruled outb, On +the other band, the evidence for

the existence of supernumerary chromosomes in men is atb
present unconvinecing. Their presence was sugpested by Stern
(1959) to account for +the three chromosome numbers reported
by Kodani (1957), but Kodani's work has never been confirmed

despite extensive studies on Japanese patients by Makino.



Huntingdon's Chorea
fresos o mg N — »

This is & serious, incurable nervous disease, usually
developing rather late in 1ife, and thought to be due to @
dominant allele. The chromosomes of & woman (No, 259) with

this disease were sbtudied and were apparently normal.

Maxfan'g Syndrome

This is a congenital and hereditary disorder of conneec-
tive ﬁissu@, the patients being abnormally tell and thin, with
araclhnodeetyly and bilateral digplacement of the lens of the
eye, and frequently aortic aneurysm of a special btype. The
chromogsomes of two patients with this syndrome were investi-
gated (Nos. 292, 406). |

The first chromosome observatbtions on patients with this
syndrome showed no obvious chromosomal abnormality (Tjio,
Puck and Robinson, 19593 Ford, 1960); but tvo anomalies have
since been claimed., Tjio, Puck and Robinson (1960) c¢laimed
greatly enlarged satellites in two patients with familial
‘inherit&nce of the disease, in one¢ instence in a chromosome 21
and in the obher a chromosome 13, The faet that the chromo-
somes involved are different in the two cases makes it unlikely

that this enlavgement 6f the satellites is responsible foxr the

digease, especially in view of the fact that the same phenomenon



has been observed in many individuals who do mnot have Marfan'a
syndﬁame (Cooper and Hirschhofng 19623 Xllis and Penrose,
19613 present study, section on mongolism), Handmaker (1963)
has exenmined the chromosomes of eight patients wiﬁh‘Marfan'ﬁ
syndrome without finding any whose satellites were enlawvged
b0 a greater extent than those of their unaffected relaﬁive&.
Neither of the patients whose chromosomes were examined
here shoved any exbraordinary enlargement of the satellites;
the first petient (No. 292) hed a ¥ chromosomne of geeater than
average length (see Fig. 6), but again this phenomenon has
been observed in many iundividuals without Marfan's syndrome
(Bender and Gooch, 1961) and is probably without relation to
the disease, An vnusuvally large ¥ chromosome in a case of
Merfan's vas described by Kellen and Leven (1962) in the paper
in which they xeport that in four patients with this disease
the chromosomes of group 21=22 were ghorxrter than those of
normal controels. This difference was not obviouns on normal
microgeopic examination, bub Gnly became evident on analysis
of ‘the lengths of the chromosomes, They suggest that this
is a change in the phenotype of the chromosomes brought aboutb
by a genetic modification, Since the diffexrence in length

was not immediately obvious, however, it is possible that a
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wider range exists in the general population than is ab
presenty realised. On the whole, it does nob sppear that a
congistent chromogome abnormaliby ig connecbed with Marfan's

syndrome .

Breast carcinoma

Chromosome examinabtion vas performed on o mother and hewr
two deughters, all of whom showed o strikingly similar type
of breast cexcinoma which i% was bolieved might be géneﬁically
contbrolled. Cultures fxrom one of the daughters failed o
grow, but in thoge of the mother and remaining daughter no

abnormelity was observed (Nos. 346, 347).

TABLE TV

Chromosome Counts in Patients with
Genetically Determined Conditions

Ref. Cells with Chromogzome No.

No. Digeasge Sex 45 46 47 Total

26  Peutz-Jeghers M 1 14 1 16
- 76 Laurence~Moon-Biedl M o 10 - 10
107 {Myntcnica M 2 15 1 18
268 \Dystrophia M 4 30 - 34
259  Huntingdon's Chorea I 4 33 2 39
292 {M&rfan M 2 58 = 60
406  |Syndrome M 3 47 1 51
346 {Breast T 6 35 - 41
347 Caxrcinoma B 3 33 - 36




(2) Qthexr Syndromes

The chromosome counts are shown in Table V.,

Frohlich'a Syndrome

This is a condition of adiposogenital dystrophy, due +bo
hypoﬁituitayisma The chromosomes of the man investigated in

this study (No. 64) were appavently normal,

~

relinisn

H

In this condition there is o comgenital lack of thyroid
secrebtion which leads to arrested physical and mentall
ﬁ@valopment; One girl,; whose mother was also affected, was
gtudied by the author and had appavently normal chromosomes

(No., 132).

Stuxgoe=Veber Syndromg

This is a syodrome of gross mental vebardation and
hyperkinesis, seizuvres, and congenitel cubtancous anglomatous
naevi involving face and obther aveas of the body.  The chromo-
somes of o boy with this syndrome were invesmbigated in the
‘pxegen% study (No. 81).

Hayward and Bower (1960) reported chromosome gbudies from
the bone marrow of o 3 yeaxr old boy with this syndrome. They

found 47 chyromogomes to be present, and claimed trisgomy for a



member of group 21l=22, Thig wes identified as 22 by the
absence of gatellites on the short arms of the exbra chromo-
SOme , Although it is now known that all members of thisg
group can be sabtellited, the extra chromosome is wvnlikely to
have been a 21 sinc@ none of +the features of mongolism wewve
present., Latex, however, the same author@ reporbed (Hayward
and Bower, 1961) on o further 7 patients, in all of whom the
chromogomes were normel, and bthis result has been confirmed
by obher subthors (Lehman and Forssmen, 1960 ~ two patientbs;
Guabavson and Hook, 1261 - two patients; Hall, 1961 - three
patients). = The pabient sbudied by this suthor also had
normal chromosomes. In their later paper Hayverd snd Bowerx
suggest that the 47th chromosome is a chance agsoclation of
events, or perhaps a supernumeraiy. It has also been
suggesbted (Lancet L.A., 1960) that it might be an additional
which is known bo have litile phenotypic effect (Sandberg et
al., 1961},

Patau end his co-workers (1961) also describe three
‘patbients with Sturgengb@x syndrome; in two of these the
karyotype was apparently normal but the third had a small
gsegment of chromosome material trenslocated on to the shorxrt

arms of a member of the 13-15 group. They postulate bhat



this repregents partial trisomy of an unknown donor chromosome,
and elaim thet such a condition is always presert in the
Sturpe~Wober asyndrome, though not always detecteble micro-
gscopically. They +hus explain the 474h chromosome in

Hayward and Bower's first case as a translocation chromosgome.
There ig no evidence Hto support this view at present, nor the
further hypothesis of Pataw that pertial trisomy underlies
many cases of congenital abnormelities, However, it cannotb
be denied bthat there are many chromosomes in the human comple-
ment in which o smell structural alteration would be ovewr-

looked by tbthe methods at present available,

Typus_degenerativus Amstbelodamensis (de Lange's Syndrome)

Five patients ave described by Jervis and Stimson (1963):
vhe sympbtoms are summarigsed as men£a1 rebardation and a cluster
of minor physical malformations including small stature and
head circumference, low forehead with heavy confluent eyebrows,
depressed root of nose and flaring nostrils, low set eaxs,
clinodactyly of 5th finger, lov placed thumb, webbing of 2Znd
and 3rd toes, and hypertrichosis,

Jervig also studied the chromosomes of his petients and
reported a normal karyotbtype execept for the fact that four outb

of the five cases had a percentage of cells containing a small



fragment. The &ignificance of these cells was not hknown.

The chromosomes of two patients with this syndrome were
examined by Leuvence and Ishmeel (1963) and found +to be normal,
snd in a further case reported by Hienz (1963) the same

result was oblained.

The chromosomes of three affecbed bhoys were examined in
the present atﬁﬁyg end again a normal karyobype was found
(Noa, 371, 368, 369). The Y chromosenme was somevhat lavger
then usual in one of these cases: +this is probably & normal
voriabion unconnected with the disease, a8 was the case with
Marfon's syndrome, In this seme patient (No. 371) there
vag o higher percentage of qellﬁ with 4% chromosgomes than

usuwal, but there was no counsistvency in the misging member.

SABLE ¥

Chromosome Countg in Patients with Other Svindromes

Ref, ” Cells with Chromosome No.

No, Condition Sex 45 46 47 Total
64  Frohlich M 3 23 - 26
132  Cretin o 2 45 o 47
31 Sturge-Weber M 3 25 o 28
371 (Typus M 8 56 = 64
368 { Degenerativus M 3 45 w 48

369 Amsbelodamengis
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(3) Obhor Congenital Abnormalibies

AR ey

The chromosome counts are shown in Tables VI anhd VII,

Anencephaly
This ds a developmental abnovmelity with absence of
neuval bissue in the crvanium,
| Sex chromptin studies were done by Bearn (1959) and
Poloni (19%9) and the nuclear sex was found to correspond to
the phenebypic sex. Hernden gt al. (1959) showed @he chromo-
gomes of two male and two femele anoncephalics 4o he normal.
In this study chromogome investigablons wewve performed on
three couples, each of whom had had bwo anencephalic foetuses,
and also on one mother vwho had one hydrocephalic, two
miscarriages and one anencephalic, In all these seven

individualg the karyotype was within the normel limits.

TABLE VI

Parents of Anencephalic FPoetuses

'C@lla with Chromosome No,

Ref. No, Sex 45 46 47 Totvel
131) M 3 24 e a7
138) P 3 34 o 37
376) M 2 44 - 46
277) 7 - A8 > 48
4313 T - - - -
432 M 2 58 2 62
304 1) 1 30 o 31




There have been gseveral ingbances where congeunibal
abnormalities have recently been discovered to bhe sssociated
with dvregularities of the chyromosome complement. Both the
chromosomes involved and the type of abnormalities presont
have vavied from casme to case, making it difficult bo see the
relationghip between the irregular chromosome patbtbern and the
patholopical condition of the patbtient. Chromosome abnox-
melities reported have included ring chromosomes (Genest,
Leelere and Auger, 1963; VWang eb al., 1962; Bein and Gauld,
1963; Lindsben and Tillinger, 1963; fTurner gf al., 1962),
deletion (Lejeune gb al., 1963), translocation (Rohde and
Catz, 19643 Vislie gt al., 1962), and diploid-triploid
moseicism (Ellis eb al., 19633 Terrier gt al., 1964}, On
the other haend many caszes of congenital abnormalities studied
have proved to have a normel chromosome complement (Rohde, 1962;
Klevit, Loftus and Mellmen, 1962; Hewvn, Hamm and Robertson,
19633 Prfeiffer, 1964), The chromogomes of eight individuals,
selected because of various congenital abnormalities, in the
present study (see Table VII) were alse normal.

Only in ‘three instbances -~ the D and E trisomy syndromes,

and the ‘eri du chat' syndrome - has a disbtinet paittern emerged.



The B syndvome was £firsgt described by Patau and his

co-yorkers in 1960, and iunvolves trisomy of a member of group
1315, This is associated with cevebral defect, apparent
anophthelmia, cleft palatbe, harve lip, simian ereases, trigger
bhumbs, polydaciyly, and heaxt defect. Childyren born with
this condition do mot generally survive for long.

"Cri du Chat' Syndrome. Three cases were reported by

Lejeune ¢t al. (1963) and several othewxs are now konowa.  The
name comes from the peculisr meowing cry chamaéﬁ@xiatic ofl
childven with thisg syndrome, The othex symptoms include
severe mental wrebardatbion, microcephaly, somatic dwarfism,
and trangverse palmary creases. The chromosome abnormality
inyolved herve is a deletion of part of the short armg of a
chromogome of group 4-5.

The I syndrome was fivst desecribed by Hdwards and his

group in 1960, It involves trisomy for o chromosome of
group 17-18, nowv generally wrecopnised to be s number 18, and
the main sbnovmelities are odd-shaped skull, lov-get and
‘malformed oars, btriengular mouth and receding chin, shoxrt
gtubby fingers and toes with short nails, webbing of toes,
congenitel heart conditvion and mental retardetion,

In the present gbudy, bthe chromosomes of one pabient

suspected of having bthis syndrome were examined. The infant,



a slightly prempture girl born at mabernal age 30 years,
weighed 2480 gm. and measured 45 em. ab birth. She failed
to thrive, and died after T days. Her hends showed clawing,
latberal displacement of 4th and 5th fingers and smeoll finpev-
ngile, Both feet had syndaechyly of Z2ad and 3rd toes. Thexe
was en abunormally shaped skull, the posterior pavietbal
diamedver being widew than the frontal. Bars vere low-set,
and the syes were prominent, with a membrane over the eornea.
There was bilabteral cemplete hare lip, and cleft palate,

The heaxt filled almogt half the thoracic cavity; thewe
wes o righb-sided hypoplasie with complete pulmonary stenosis
and absence of the tricuspid valve. The septum of the
foramen ovale was Ffenestrated. Both avria were grossly
distended; the vight veniricle was a narvow slit and the
left ventricle wos grogsly enlarged, Mitral valve showed no
sbnormality.

A Méckel's divexticulum was present. Histological
examination of ovary showved extremely scanty primovdial
follicles.

The chromosome preparations were rather disgappointing in
quality but could not be repeated as the infant died, The

modal aumber was 47 (see Table VII), end careful analysis of
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five cells clearly showed that the extra chromosome was in
group 17-18 (soce Pig. 7).

Chromosome Counts in Patients with Congenital Abnoymalities

Cells with

Ref, Chromosome No.
Neo. Condition Sex 45 46 47 48 Total
35 Congenital liver dysplasia M 2 16 = - 18

291 Abnormal centres ossification.
Malfoxmed low-set ears. Talipes.
Large nose. No scrobum, Chy -ve b

=

i L 47T = - 48

410 Part of sternum missing.

Hypospadiag, M 5 45 ~ = 50
411 Multiple cuhganiﬁal abnox -

malities. Dwariionm. i) 1 49 o« - 50
384 Congenitval heart condibvion,
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