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Bary has thrown a large stone in the pond
and the ripples ore still widening®.

The 'Lancet?!, 1954,
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PREFACE




Preface

In 1949 Bary and Bertram made the far-reaching
obgervation that a sewx difference could e readily identified
in the intermitotic nuelei of the cob by means of an eaglly
recognisable small chromatin body in the female nucleuvs,

During the subsequent fifteen years a completely new field of
regearch has opened up.,

Within a few years of this initial obgservation, it
was noted that sexval dimorphism could similariy be demonstrated
in man., Since then, techniques for demonstrating this sex
chromatin body have been applied to several fields of research
in man, the most frulitful of whiceh has been the investigabtion
of the intervsex states,

During the savlier years of application of this new
technique, several discrepancies of muelear sex iwn such inteoye-
sex conditlions were rvovealed, However, the precise nature of
the sex chromatin bedy and its relationship to the ¥ chromosome
were not known, and workers could only speculate about the
chromosomal sex status in these anomalies,

Although human chromosomes werc firast studied as early

as 1879, progress in this sphere of research has been exbremely



slow untll very recenily., Indeed, chromosome analysis in
man has been a practicable and vellable dlagnostic investigation
for only the past five or gix years, However,; gince 1959,
followlng the introduction of wvastly improved techniques,
there has been a great volume of research into chromosome
abnormalities in man, These bave revealed numerous anomalies
of both autosomeg and sex chromosomss,

The technique of nuclear sexing has bheen shown to
be an exbremely useful rapid mothed of detecting whether
cerbain abnormalities of the X chromosomes are present,
Becasuse of eage and vapidity of oxamination, the method has
proved to be of particvlar value in mags surveys of large popuw—
lationg,

One such population which hag been digcovered to
be a fruitful source of anomaliss of gex chromatin and the sex
chromosones ig that of menbal defectives. It is towards
abnormalities in this group that wy researches have been directed

and with which this thesis is largely concernsd,
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Human Chromosomes

Higtorical Backpround

The examination of human chromosomes has intorested
investigators for many decades, and, indeed, its bhistory goes
back for over 80 years, beginning with Arrold, who in 1879, first
published drawings of chromosomes in human tumour cells, Thesa
plectures, however, are not really clear onough to give even a
rough estimate of the number or type of chromosomes preasent,
Three years later, Flemming also described and drew chromosomes
in dividing corneal cells, but the first to attempt to actvally
count the nuﬁber of human chromogomes was Hansemann, who, in 1891,
using sections of testicular tissuve, reported 18, 24 and over 40
chromogomes in 3 dividing cells, Painter, in an article in
1923, describes work dan@-by geveral authors in the years
following Hansemann's paper, and comments that conflicting results
were given by these worksrs, who reported chromosome numbers of
between 16 and 48,

In 1912, de Winiwater, who was the first to use fregh
tostleulour tissuve, claimed that, in metaphagse in apermatogonia,
he could identify a total of A7 chromosomes counsisting of 23
autosomal bivalents together with an uvnpaired X chromosome,

He also reported that 48 chromosomes were present in ovarian




tlasue, and came to the conclusion that man belonged to the
IX-X0 type of sex debermination,

Hine years later, in 1921, Péinﬁerg also ugsing fresh
tegticular tisguve, disagreed with de Winlwater both about the
sex chromogomes and about the botal mmmber of chromosomes
present in the mele, Painber reported that, in the male,

a small ¥ chromogome was present 1n éddition to the X, and
consequently conclunded that wman belonged to the XX-XY as
opposed bo the XX.X0 peox ehromosome type. It is intevesting
to nobe that, although at this btime, Palnber stoted that "in
the clearest eguatorial plates so far studled, 46 was the

mogt frequently observed oumber®, 2 years later he reviged this
opinlion, and gtated that the normal dipleid mumber was 48 in
bobh sexeg,

For the following two decades, there was greal conbroversy
about this question of the mumber of chromosomes in the male,
and the nature of the sex chromosomes in primary spermatocytes,
Mogt workers supported Paluber, bub de Winiwabler and other
workers such as Ogoma and Kihara (1923) still claimed that 47
wag the corrvect nwmber of chromosomes in the male)anﬂ de Winiwater
and Oguma (1926) reiterated their belief that there wvag only

the glugle X sex chromogsome in spermatocytes.
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Invegtigation of humen chromsomes bthen remained almost
static for the next twenty years, and King and Beams in 1936
went so far as %o say, "Human cybology is so far advanced as
rogards chyomogome number in the perm cells that very lltile
remaing for vesearch oy digevaslion.® !

The asccepted mumber of chromosomses remained at A8 vnbil
nearly 8 years ago, when, in 1956, Tjlo and Levan degcribed in
thelr classical paper how, by using techniques which were greatly
improved compared with bthose of the earlier workers, they prepared
and examined btissve culbtures of lungs obbained from 4 legal
abortiong, Mogh bo thelr svrprise, the majority of fibroblaste
like cells bthey observed contalned L6, and nob the accepted wmber
of 48 chromosomes, Thelr ability o make this accurate
observation was undoubbedly dve to the fact that their preparations
were vastly superior bto any which had been previously published,
and, indeed, were of such quallty that the avthors were even
able to deseribe some of the more mimvbte details of the
chromosones themselves,

This figuve of 46 was vapldly confirmed by Ford and Hamorbon
(1956 1n squash preparations of teaticular tissue, and has since
been veported also by wmercus obther workers such as (hu and
Giles (1959), Hou and his colleagues (1957), Bender (1957),

Ford et al. (1954), Tiio and Puck (19543,



However, chromosome counbs obher thon 46 have been
reported by Kodani (1958), who examined squash preperabions
of tegbes of 15 Japancse end & white men, Although he agreed
that 46 was the basic diploid mumber, in 7 of the 23 people
he examlined, he claimed bto have obasrved 1 or 2 extra
chromosonss which he considered to be similar bo the small,
inert and ofben heterochryomatic superoumary chromogomes found
in many species of ingects, flatwormg and plantas, The reports
of Kodanl have suggested that the frequencies of individvals
having A7 and 48 chromosomes ave conglderably higher in
Japanese than in vhite psople, but more recently Malino and
Sasalkd (1951) have found the normal mimber of A6 in aborted
foetuges from Japanese mobthers so that Kedani's obhservabions
mast be congidered suspech,

Makino and Sasekd (1961) also eibe iun their paper, the work
of Chang who is the only obther worker besides Kedani who hag
digagreed in any way with the accepted Tigure of 46, Chang, i~ 1959,
uging sectioned material from o female Chinese foetus, coneluded
that the ocogonia conbained 48 chromosomes, bubt Makine and
Sagaki comment that since his counbg were basged an.seetioneﬁ
maberial ia which the chromosomes were clumpéd bogebher, his
regults were probably incorrect, There bave been no further
reporta to subgtanblabte the dbse@vaﬁioﬁs of Kedani or Chang,

and in viey of inmmerable reporbs and phobographa, 46 remaing




the generally accepted figure,

The major factor ensbling the corrvect mumber of human
chromosones o be established in 1946 was the vost improvemend
in technigue which had taken place by this time., Becavge of
the mmerouns chromosomal divigions teking place in the germ cells of
the testis, this organ appeared, to the early iunvesbtipators, to
be the most sultable for examining chromosomes, and go the
greator part of thelr work was done on testicvlar tissue which
wag fixed, paraffin embedded, and stained in the usuval manner,
In mosb cases, the btlssve was obtained some time afiter death,
ofbten from execubed crimivels. The resulblng appearances were
difficnls to interpret and the chromogomss difficult to count
beeause of several faclors,inelvding the degenerative changes
which ocour very vrapldly in the tosgtias, and the ariefacts which
moy arise very veadlly in the technigue 1ltself, In addition,
in these hisbological sectlons, the chromosomes are crowded
togother, bend and overlap each othevr, with the resullt thatb
an accurabte count is extremely difficult to cbtain,

Both de Winlwater (1912) and Painter (1923), used fresh
tagticular tissvwe in order to obtain a clearer demongtration
of the chvomosomes, This point was emphagised by Palnter, and,
vealiging its importance, EBvans and Sweszy (1929}, working in

Ameriecs, wvaited literally at the foob of the gellows bo oblain




testicular bissve from executed criminals, so that, Tor some
of thelr preparations, this tisgue could be fixed within one
ninvte of death,

Nevertheless, even with these precavitiona, resulis were
gbill not satiasfactory, and visuslisgsbtion of the chromosones
was nob clear, Technigques gradvally improved over the years,
and the bissve culbure methed which 1s now the prineipal
one uged for chromogomal examinabtion, alowly developed, Hgu
(1952) and Chu (1860), glve soveral reagons for the suibability
of examining chromosemes by thls method, and Heu also quotes
some obgewvabions made on this point by ?iaehégz &%o was an
eorllor worker in the tissue culbure field, These authorg
comment that cells in tissue eulibure grow best ian monolayers,
which, by thely nabure present the beal conditions for direed
obgervation and photography, and they add that since these cells
are already fletbened and gtretched in the culbure ‘they are
in o more sulbable stabte for examination, They also make
the fucther polnts that mitoble activity, which is greater
in vitro, can be enhanced by experimentel means,giving betbew
visvallisatlion, and bthat fixatlion of the chromosomes in tissue
culture 1s immediabe and move satisfactory than fixation of
chromosomes in solld tissues, Tinally, by avolding any necessity

Por sectioning bissues, no material lg lost or added by the




microtome knife,

Tissve culture methods for the exumination of human
chromosomes, had, in fact been used ag far back as 1929, by
Komp, who had cvltured ewbryonie liver, heart and sgpleeng
it wag not, however, for many years that this approach to the
problem was revived, Indeed, it wag nob until 1952 thatb
Hou reswakened interest in this technique ww describing
chromogomes in onltures of embryonic skin and gspleen to which
he had aceidentally added hypotonle salino, thus causing the
chromogomes to gpread widely apart and conseguently become
nore clearly visible.

The tlssue culbture method was quickly seen to have dcbvious
posalbilities, and more workers became interested in thip
particelar technioue for examining chromosomes, As it pained
populardty, further refinements of technigue were added, mosh
of which aimed at the all importent inn% of apreading the
chromosemes as Tar apart as possible, In addition to the use
of hypotonic saline, two further improvements which were inbkrow
dueed, were the adoption of the gguagh® method of making e slide
preparabion, and the use of colehicine, The Waquash' methed
{Feulgen suagh following acetic aleohol fixation), which wag

introduced by Sachs in 1952, incorporates mechanical presguve




V2.

for squashing and separating the chromosomes on the slide,

but hag now largely been superceded by the simpler aliyr.

drying technique for spresding the chromosomes, as deseribed

. by Rothfels and Siminoviteh (1958), and Tjio and Puck (1958b).

Colehicing, which wag introduced into the tochnique by Tord and

Hamerbon (1956bL), had already been used in plant cybtology for

improving chromosome digpersion, and acts by breaking the

spindle and producing arrest of the chromosomes at the stage

of metaphase, thus leading to the accumulation of mitomes, I%

also causes chromosone ¢onstrict10n9 thickening and shortening,

together with wide separation of the arms of the chromosomes,
Long term tissue culbture methods using variovs tissues guch

as akin or fascia are widely in uvse, and several workers such as

Puck et al, (1958), Chu and Giles, (1959), Fracearo et al, (1060b),

and Harnden (1960), have described methods for initiating skin
biopsy cultures, However, Harnden (1950) has polated out

that the use of long term tissue culbure introduces the possibility
that chromosome numbers in cells may alter after long periods

of culture, the most usual changes in culture heing an increase

in the percentages of polyf]oid cells in gsubcultvure (Rothfels

and Siminoviteh 1958, Fracearo et al, 1960b), and translocation

or fragmentations of chromosomes (Hirsehhorn and Coopor,

1961). Although Harnden (1950) found that abnormalities
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guch as polyploidy and endoreduplication occurred after

2 4o 3 weeks of eulture, obher workers, e.g. Puck (1958),

Piio and Puek (19589, and Chu and Giles (1959) have mainbeined
that vnder abrictly conbrolled conditions, buman cells can

be grown svccesgfully in tisesue culbure for long periods

of time of up bo several months.

The possible disasdvantages of long term tissvwe cwlture
have been obvisted by the introductlon of short term tissve
culture methods employing colls from bone marrow and blood.
These mebthods have the obvious advantages of the gresler eagse of
repeating specimens and increased speed in dhﬁaining vasulie,
However, although long term culture technicues have now
largely been guperceded by the ghorter methods, as Harnden
(1960) observea, long term tlssue culture methods may still
ba profitably employed in the examination of geveral different
types of tissues from subjects in whom a mosalce chromosomal
abnormality is svepscted, i,e, in individuals whozse body
conbaing two or more lines of cells with diffevent chromosome
congtitutiona.,

The short term bechnique of culbivating human bone marrow
for the purpose of examining chromosomes was intreduced by
Ford and his colleagues (1958), who combined Lajtha's.

suppension culbture method for bone marrow cells (1952)9 with
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a technigue for processing bone marrow colls in the mouse,
previously deseribed by Ford and Hamerton (1956bL),

Bven the relatively minor discomfort of a bone marrow
biopsy is no longer necegsary., Nowell and bis colleagues
in 1958, introduced into thig sphere of ressearch a shorb term
culture mebhod employlng peripheral bleod, This methoed was
baged on the Mgradient culture" prineiple of Osgoed and his
asgorlates who had evolved a method of growing peripheral blood
in tissue cullure for other purposes, (Osgood end Krippashne
1955, Osgocd and Brooke 1955),

Nowell's method was later modified by Hungerford and hig
eolleagues in 1959, when theyincorporated the usge of
phythaecnagglubinin into the technlque, Phythaemagglutinin,
acoording to Rigas and Ospood (1955), is a macoprotein extracted
from Phaseolus vulgaris, or the French bean, and is used to
agglubinate red cells and so séparate oub the leucocytes,

Wowell (1960) has aserlbed to this substance the mosh inberesting
property of inltlabing mitobic activity by modifying the cvliuvred
leucocybes into a gtate in which they are capable of divigion,

so that mibotle activity takes place in vitro after a "long latent
period" of 3 days after the addition of the phythaemegglubinin,
During this time the cells "ewiteh over" from theiyr veual

functions to the synthesls of protein and otheyr materials nocessary




for division,

For the following reasong the type of dividing cells in
thege peripheral blood culitvres were considered by Hungerford
and his colleagues (1959) to consist of monocytes together with
large and mediuvm sized lymphocytes, Firastly, they found that
when fresh serum ig added and mitoses cease, the entire popu-
lation of cells differentiates into monocytes, macrophages or
multinucleate giant forms,uand no cells resembling mature
gramilocytes or small lymphocytes - are observed., Secondly,
avtoradiographic studies have been performed in vitro by Bond
and his assoclates (1958)s in these, tritium labelled thymidine
is incorporated into human lencocytes, Tritium labslled
thymidine 1s a specific precursor of deoxyriborucleie aeid (D,N,A,),
and after iﬁaAineorporation into the leuvcoeytes, it is found
only in the monocytes, and large and medium sized Ilymphocytes.
These gells therefore must bave the capacity to synthesise neuw
D.N,A,, and are presumably capable of diviaion,’

In addition to other techniques described by Clarke in her
review (19562), Hungerford's methed, with minor modifications
added by some individual workers, is now widely used for the
examination of human chromosomes, The standard of the resulis

obbained can be extremely high, and, in favourable circumstances,
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excepblonally clear preparations may be obtained,

Since the inbroduction of these rapid simple technicques,
a large amount of work has been done, especially since 1956,
increasing in velume each year, yielding much information
about chromosome morphology together with abnormalitles of sex
chromosomes and avbosomes in vavious dlseases and syndromes,
Although, in veceunt years, the results of a greal wmmber of
detailed lnvestigations have been reported, one wush, nevertheless,
only admire the ploneers in this field, including workers such
as de Winiwater, Painter and Kemp, bto mention only three, who,
in apite of the limlited technicues at their disposal, were sbtlll
able to discern so much sbout chromosome morphology, and who apend
so many hours of diligent research in this difficult tagk, One
gynmpathises with Painberts eri de coeur - "WJ'al perdu un temps
énorme 8 rép§%@r des numgfaﬁioms tres fabigantes et j'avon aussie,

~ .
treg fasbidieuses"¥,

The Novmal Human Karvotype

By using these lmproved technliqueg, which are deseribed in
detall by Clarke (1962), in her reviow, chromosomés may readily
be observed in dividing cells when the process of division hag been
arresved by colchicine ab the stage of mebtaphase, This is bthe

stage of mitogsis when the miclear membrane hag disappeared, and
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the shortened and thickened chromogomes have elustered together
on the eguatorial plane of the cell, alttached by thelir
contromeres bo the spladle which is composed of fibres wadiating
oub in the cytoplasm from bwo centrioles situabted ab opposite
poles of the cell, The chromosomes ot this stage have divided
longitudinally but have not yeb separvated, and the object of

the techniques used in making preparations aimg at evenly
spreading the chromosomes as far apart in the cell asg posgible,
diverging the two chromatids of each chromcsome, and arranging
the chromosomeg in a sultable plane for mlceroscopy.

According to Ford (1962) in his veview of the subject, the
chromosones when examined in metaphaese may range in lenghth from
about Tuto Ldaus The number of chromosomes, as I have previously
degeribed, is now firmly established as 46, and by pairing these
chromosomes and arranging them in order, these 46 chromosomes
can be shown to conglst of 22 pairs of avbosomes together with
the 2 sex chromosomes, XX in the female and XY in the male,

(Fig, 1)

The chromosomes ave paired and arranged in order by comparing
vhely velative lengbh and the position of the centromere , this
pogition belng expressed os the rabtio of the lengbh of the shorter

of the two armg to the tobtal length of the whole chromosome,
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Even when the chromogomes have been paired as accurately as
possible, Carr and his associates (1961a) note that there is
frequently a difference »f up to 15¢ in the Jength of
homologous chromosomes, caused by factors such as differences
in the degree of conbraction of the 2 chromosomes, excessive
mechanical extension of one of them on the glide, or fore-
gshortening of a chromosome by a bend along its length in the
plane of the opbtical axia of the microscops.

Variong groups of workers such as Ford et al, (1958),

Tjio and Puck (1958a), Chu and Giles (1959), Levan and Hsu (1959)
amd Patan (1950), have arvanged the paired chromesomes into
groups and have attempted tn identify individual chromosomes,
These workers however, adopted slightly different systems of
grouping and numbering the chromosomes, and, in ovder to
unify these various systoms and prevent confusion, a conference
group composed of investigators who had already published work
on this subject, met in April, 1950, in Denver, Colorado, to
prepare whalt iz now known as the "Denver® sgystem of classificatlion
which is now universally used,

The Denver study greoup agreed that after avranging the 22
pairs of avtosomes in descending order of size, the autosomes

could be classified into 7 proups, i.e, groups 1 « 3, 4 = 5,
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6 =12, 13 = 15, 16 = 18, 19 « 20, and 21 - 22, T ach of theae
groups was described with particular reference to the length
of the chromosomes and the positions of the eentromeress
in the large 6 - 12 group it was noted that the greatest
difficvlty in identification of individual chromosomes oceurred,
The ¥ chromosome is similar to those of group 21 22, The
X chromosome is similay to the medium sized chromosomes with
submedian centromeres in group 6 - 12, resembling, according
to the report, chromosome number 6,
Although the Denver group states that "with very favourable
prepurations distinetion can be made between most, if not
all chromosomes®™, there has been some disagreement on this
point, especially with vegard to the 6 - 12 grovp, For exampls,
whereas Patan (1960, 1961) has questioned the possibility of
identifying any of the members of this group, Ford (1962) claims
that it is possible to recognise the individual chromosomes in
fawvourable preparations, and gives a description of each pair,
The Denver system has evoked some criticism, e.g. by Patau
(1951) but nevertheless is now universally used, although in
certain circumstances the system suggested by Patau, (1950),
in which the 7 chromosome groups ave designated by the letters

A to G, is also used by variovs authors,
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Oevbalin chromosom®s, or groups of chromogomes sre described
a3 being identified by the presence of Ysecondary consbrictiong?
and 'satellitest, Whervess the primary constrictlon of a
chromogome is the centromere, the term 'secondary' is applied
to any other constricbion which may be present., Secondavy
congbrictions occur most frequently ab the ends of the
chromogomnes, with the regulting formation of sabellites wbhich are
small apparently spherical bodies attached to the end of a shors
arm of a chromogome by o thin faintly sbaining stelk or YSATY
sone. This SAT zone lacks veadily stainable material (sine
acid thymorwcleie) and is thought to act as a meleolus organiser
during telophase (Carr and Barr 1951, Satellites have been
deseribed by varicus groups of vorkers, e.g. Tilo and levan
(1956), Tjic and Puck (195%), Levan and Hsv (1959}, Chu and
Giles (1959, and prominence was given Yo this feature Wy the
Denver group who agreed that in all, 3 pairs of chromosomes,
mmbers 13, 14 and 21, weve 'amabellited?, The Denver yopord
also ghated bthab chromosomes 13 and 14 covld be distingulshed by
the size of these satellites, for vhereas the satellites on
chromosome 13 wers described as being prominent, those attached
to chromosome 14 were small,

However, in 1961, Ferguson-Smith and Handmakevr made the
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further obgervation that satellites were present in all five
acrocentric chromosomes, i,e, mombera 13, 14, 15, 21 and 22,
In addition they gave details »f the interesting phenomenon
(also noted by Harnden 1961 and Petersen and Therkelsen, 1951)
of satellite assoeiation, when the satellited chromosomes tend
to adhere togebher during mitosis by thelr short arms, This
sgsociation ig thought to be related to the formation of
nueleolay material in the region of the satellites,

As a rvesult of this work on satellited chromosomes, it is
no longer thought that individual chromosomes in groups 13 - 15
or 21 -« 22 can be identified by the présence, absence or size,
of satellites,

Apart from the secondary congtrictions associated with
satellite formatlon, other secondary constrictions have been noted
by, 2.8, Patau (1961), de la Chapslle (1961), Muldal and Ockey
(1961, 192) and Ferguson-Smith et al, (1952)., The most recent

of these reports (Ferguson-Smith et al, 1962) presents an idiogram

showing gites of up to 20 secondary constvictions some of which
appaay infrequently, and the authors claim that in at least 15
gites these congtrictions are characterisiic of the chromosome

concerned ,
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Chromosgoms abnovmalities in caell diviglion

WA - Boctn et

Although, ag T have just deseribed, the great majority of
individuvals possess a normael chromosomal kavyobtyps, a lavge
usnber of chromosomal abnormalities have been veported in-
volving both the sex chromosomes and the aunbosomes, Thoge
structural or wumerical sbnormalities,which may involwe either
the whole or part of a chromosome,arise during the complex
proceduve of eell divislon, either in melogpls or mitosls,

During the normal first meloble division of a germ cell,
the 44 avtosomes bogethey with the 2 sex chromozomes forming bthe
diploid mumber of chromosomes, divide to form 2 cells, each
contvaluing 22 sutosomes together with 1 of the sex chromosomes,
thug, in thig reduction divieion, forming the haploid mumber of
chromosomes, In the normal second melobtic division, each of
thase 2 cells follows the patbtern of a mitotie division, vesulbing
in 4 cells produeced from the single precuvsor cell, Barly in
the firet meiotle divigion, while the homologouns chromoscmes come
together and form bivalenbs, "erossing over® of genebic material
peours between the homologous chromosomss abt the chiasmata atb
which the 2 chromosomes are held together, Structural
abnormalitles of the chromosomes probably take place mogt

froquently when this Yerossing over® occurs, for during this
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process, the chromosomes must break and rejoln, and are
liable %o vrejoin incorrectly with the consequent formation of
varioug abnormal forms, The struectural aebnormalities, which
may be produced in this way, are deseribed by Harnden (1962),
as being inverglon, deletion, duplication, trenslocation, or
formation of isochromosomos.

Inversion is sald to occur when part of a chromosome
bacomeg inveried go that the genes involved come to lie in the
roverase ovder bo that originally present, According to
Harnden (1962), the expression of the genes may be affected by
their position on the chromosoms, and he states that Yconelugive
proof that an inversion had ogccurred eould probably only be
obtained from independent gonetic observations and it is unlikely
that one could get such evidence in man',

Deletions occur, when, during the "erossing over",
involving the breaking and vrejolning of the chromosomes, the
broken ends incorrectly unite, due Yo perhaps Iying in a looped
position, so that part of a chromogome becomes eliminated, A
special type of deletion of a chromosome may oceur giving rise
to a Yring! glructure, According to lindsten and Tilllnger
(1962), ring chromosomes have occasionally been observed in

maligznont tumours and in gingle cells after therapeviie
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irradiabion, and they algo add thebt these vring chromosomes ave
vngbable, being liable to sponbaneous, rumerical and gbructural
change,

The third type of morphologieal abnormality is translocation,
in which part of a chromosome is transferred to a different site
on the same chromosome,or is btransforred to a completely diffevent
chronosome, The majority of translocation abnormalities
veported in man have involved chromogomes in group 13 to 15 ox

21 ond 22, wvhich ag 1 have previously menbioned, bear satellites,

It is thovpght (Polani ot al 1960), that the stalk which attaches
the gatellite bto the ﬁaim chromogome body is concerned with the
formation of mcleolar mabterial, and Ohno and his colleagueg
(1%3,), have demongbrated how this mechanism may be connected
with the phenomenon of translocabion, They have suggested thab
during the formabion of a nueleolus, the stalk, or mcleolus
organising part of the chromogome becomes greabtly shrebched and
i3 consequently liable to breakage, They further conclude thab
the cloge proximity of these acrocenbtric satellibed chromosomes,
or the Ysabelllbte association', deseribed by Ferguson-Smith and
Handmaker (1961)§W$u1d then facilitate the formabion of svch
abruetural abnormalities as bransloeations between the various

members of this group,
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The fourth type of morphological abnormality which may
ogcuy 6ufing cell division is the formation of an isochromosoma,
This structure arises by a chromogome, ab the beginning of
anaphage, splitting transversely instead of longitudinally,
with the resulbing formation of a perfectly mebacentric
chromosome which has completely homologovs avrms united at the
cenbromers,

Ford (1962) observes that these sbtructural changes appear
spontanecusly in the excepllonal individuval, but may be veadily
indveed by ivvadiabion or exposuyre to chemical mutapens, many
of these abnormalities being incapsble of vegular perpebration
at nitosis.

In additlon to these abnormollitles involving sbructural .
changes in part of a chromogome, numerical abnormelities may also
arise involving the vhole ehromosgore, These abnormalities are
believed to be due to the proeess of non-disjunchion occurring
either in melosis or mibtosls end in the germ cells, for examplo,
arise when for some reason, a pair of homologous chromogomes fail
to separate during either the first or second meiobie division,
Hon-digjunction affecting the gex chromosomes can be much more
complicated than when non-digjunction invelves the avtosomes,

largely becauge vhe sex chromosomes in the male ave unlike,
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Consequently, in theory, non-digjunciion can lead Yo many
different combinations of the ¥ and ¥ chromosomes ia the
regulting gametes and gygotes, Some of these gex chromosome
abnormalities and a few autosomal trisomic conditlons have bzen
degeribed in certain syndromes, but there is no dovblt bthat
many chromosomal abnormalities vesulting from non-disjunction
are lethal,

Apart from occurring in the stage of melosis, it iz believed
that nonedisjunction may arise in the gygote, its oceurrence
in mitosis during early embryonic 1ife piving rise to daeughter
cells each with a different mumber of chromosomes, thus forming
a mosale,which, by definition,is an "individual whose body conbaing
two or more veadily demonstrable lines of cells with different
chromogsomal constitubtions which have arigen within a single
individual®, (Harnden 1962), For example, if non-
disjunction arises in the firet mitotic division of a zygote,
a mosaic with two lines of cells will be formed., A similar sort
of error may also arise becaunsge of "anaphase lagging®, when one
chromogsome fails to move at anaphase in mitosis, with the result
that this ehromaeomé is elther included in the wrong esll or is
eliminated albtogether, (Harnden, 16562),

Many of these chromosome anomalies just described are
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illustrated in greater detall in later parts of this thesis
when I discusg the various aberrations of chromosomes,
egpecially of the sex chromosomes, which have bheen revealed
by nuecleur gexing techniques,

I now turn to the historical background and to the
development of these nuclear sexing techniques, which in their
application to man have been of preat value in yielding
information about the normal and abnormal strvueture and

functions of the sex chromosomss,
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PART 2

- SEX CHROMATIN
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sex Ghromatin

A

Highorical Backeround

Althovgh the earlier invesbigators in the field of chromosome
ragearch had been studying the debails of the chromatin structure
of the human cell both in melosis and in mitogis, and had
recognised and described the X¥ and XY pairs of sew chromosones,
they had nob realised that a sex diffevence could, in fact, also
be vreadily observed in the majority of restlng intermibotic
mclel, Indeed, it was wnobt vntll 1949, that Barr and Berbram,
whoy, at that time, were working on an enbirely different problem,
firet observed the gex chromatin body, a structure, which, as
Lennox (19560 remarked in his review of miclesr sexing, had
lain under the noses of micvrogcoplsts for about 70 years, ever
gince oll-immersion observaiion of histologleal sections beconms
a satisfactory proceduvre®,

The events leading o the recognition of sex chromabin
are velated by Berr (1958). He deseribes bhow Hodge, around
1890, had reporbed strucbural changes occurring in the nerve cells
of bees and swallows afber prolonged periods of work and fiight,
Since then, much vork had been done on the effects of alteved

levels of activity on the nevronal sbtate, In 1942, Barry and
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Berbran weve working on a problem involving faligue in aiv.
crews, and, in ovder to do this,were etudying the effects of
favigue in nerve cells of culs, After fablipue was produced

by stimulating the hypoglosesal wnorve, the cats vere kept alive
for varying poriods of time, and the structure of the neurons

of the hypoglossal nerve was then observed in histologlical
sections sbalned with cresyl echt vieolet, VWhile Bary and
Bertrem were observing the muelel of these nerve cells, thoy
nobloed that after gbimulation of the hypoglossal nerve, a
small mass of chromatin called the Ywueleolar sabtellite?, which
was present in 30 o 40F of cells, enlarged slightly during the
poriod of diasolution of the Nigsl bodies, and moved away from
ite most froquently enecgnﬁer@ﬂ position adjacent %o the
meeleolus, This sabtellite moved for varying distances towerds
the muclear membrane,end then veturned to its former position
when the cell bscame normal again, The mucleclar satellite wag
poted bo be present in gome, but not all of the cats, end Beriven,
who at that bime was a graduate Sclence sbudent, made the
significent cobservation that, in fech, the satellite was present
in female oats only, It was nobed at the same time that in
male cats also, a much smaller gatellite was present in a fevw

nerve cells sltuated adjacent to the mucleolus, This structure
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vag near the limlts of resolution of the oll-immersion objeeciive,
Lator work by Barr and his colleapgnes, (Barr and Beriram 1951,
Barr et al 1950), showed that after sbimulation of the
hypoglossal nerve of male cavs, these wery small rucleolar
satellitos also increaged slightly in size, and theiyr inecidence
voge a little,

Borr and his co-workers (1950) suggested that the wueleolar
gatellite they had observed in the female was related %o two
X chromosomes, and according to Moore (195622) they “considered
vslng the term "f-chromatin® bub deeclided agalnst 1t becauvse the
origin of the chromatin mass conld not definitely be traced %o
the chromatin (hebterochromabin) of the X chromosomes®, Instead,
therefore; the lerm "sex chromatin® was given to the muclsolar
gabellite, and as guch, it is now universally lkaoun,

However, other investigators did not agree with Bayr's
work, opposition being glven by bobh Coldan (1952) and Brusa
(1952), Coidan, after exsmining several species of animals,
including the cab, vat, mouse, gorilla, vole and man, denied
altogether that sex could be differeontiated by meons of this
chromatin bedy, Brusa on the other hand confirmed Barr's
obgervations in cabt nerve cells, tub after finding a chromatin

body in bobh seoxes in the plgeon, came to the conclugion that
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- Bare's explanation of thig body was unlikely. Since then,
inumerable obgervalions by many ianvestigators have confirmed
Barr's original bellef that the nucleolay satellite ig relatbed
0o sex, apd in partieunlar to the X chromosoms,

in the mean-time, however, it was being established thet
gox chromabin was more widely distributed in the bedy, and wes
present in the cat in tissues other than nevrons, In 1951,
Bary veported that it was pregent in the neuvoglial cells, and in
1952, Graham and Berr showed that most of the cells of the cab

gould be sexed, Other gpacies besides the cab were examined
(Moore and Borre, 1953), and then in 1953, Moore and his colloagues
made the important observation that in mang also, 4% was possible
to detect gex in akin bilopsies, This obsorvallon was rapldly
confirmed by obher workers such as Hunter and Lewnox (1954) end
Bmory and McMillen (1954), and interest in the procedvre became
genevally avoused,

This method of dotecting sex chromatin in skin biopsicg waas
vsed until 1955y when Moore and Barr described a simpley methed
of debecting the chromatin bedy in smears of cells Trom the oral
micosa, Sinee then, wsing these and obher techniques of
exomlning melenr sex, there has been a great deal of reseavech

inbo vearious obnormalities involving the sgox chromabtin bedy, and
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thils vegearch combined with chromosome invesbipations has helped
to elucldabe a few of the problems concerniag the gex ehromosomes

in man,

Degeription of Sex Ghromabin

In the first animal cells %o he gtudied, namely, the cat
nouvons, the sex chromatin body is mogt frequently situated
ad jacent to the meleolus (Parr and Bertram 1949), but it may
algo be found free in the cyvoplasm or occasionally, lying against
the muclear membrone (Barr and Berbtram, 1951), The position of
pox chromabtin in nerve cells veries bebtuween species, For
oxample, in man (Mylle and Graham 1954), and in the vhesus
monkey (Prince et al 1955), the sex chromabin, unlike that of the
cal, is move commonly fourd in the peripheral position in neyve
welel, Indoed, in mogb female blesves, the sex chromabin body
ig found more frequently in the peripheral posiltion, forming a
mass lylng againgt the inner part of the nuclear membrans, somee
times,apparently, according to Klinger (1962), on an indenbation
in the membrane, and in long slepder muclel, such as smooth mvscle
moeleil, the chromatin body may be obgerved at the tlp, Sex
chromatin can algse lie froe in the cyboplasm in men, tut in this

pogitlon, as Klinger (1952) polnts owt, it is dLfficvls bo
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digtinguish from obther non-gex chromalbin bodies which may
be present,especially in muclel of the oral mucosa, which is
the tissue most commonly employed for muclear sexing, Fow
this veason,thevefore,only chromatin bodies atbached to the
nmiclear unenbrane can be safely vegarded ss gex chromatin,

Iittle is known gbovt the cause of the variations of the
posibion of sex chromatin in the eell, In his review, Bavye
(1953) describes Graham's observebions of the wovements of the
sex chromabin body in cells of cat embryczs. In neuvrcblagts,
during developnent, sex chromatin moves from the miclear membrano
to the juwta-nueleolar position, vhereas in non-nervous tissue,
a logs pronounced change cccurs in the reverse direétion, the
gex chromabin body moving from the juxba-nueleolar position to
the mucleny membrane, These observabions, together with the
novenmenbs of the sex chromatin bedy of nerve celle @ﬁ?ing
chromabolysis in the cab, sugpests, esccording to Moove (1962c)
,énﬂ Barr (1963) that the position in the cell may depend on
certein metabollic factors.

Sex chromatin is described by Klinger (1962) as being
waugually plano-gonvex in profile, and somebimes spherical,
triongolar, "V shaped, or dvmb-bell shaped, In smears from the

oral mucosa it may be flatbened ageingt the nvelear menmbrane,
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ot when lying free in the eyltoplasm, Parr (1953) notes that
it may adopb o spherical form., Occaslonally, as vas origloally
desoribed by Grahem and Barr (1952), and Crouch and Berr (1954),
sex chromabin may appear ag a bipartite strucbure,

In his review, Barr (1953) observes thab the chyomabin
body is of the same ovder of size in diffevent vepresenbativaes
of the mammalian cless, i there may be minor varlations bebtueen
one gell type and another, belng, for example, a litils lavger
in adrenal corbew, thyroid epithelium and cartllage, Various
average dimension have been quoted by various vorkers, For
example, in men, sizes of 0.8 x l.luy 0.7 x L2 and 0,73 % 1.12‘;/
have been described by Barr and Garr (1956%b), YMoore and Bayy
(195508 and b), and Sohvel and Casselman (1951} respectively.
The latter euwthors also make the point that, normally, ‘the mean
areas of gex chromatln bodles in the human, do not vary by more
than 20 %o 28% in the some person ovey long povicde of time, and
do not differ normally by more than 30 to 35% bebween differont
individuals,

The percenbage of miclei contalning sex chromabtin varies,
as Moove (1962b) poluts oub, according to the bype of preparabion,
the btechnical quality of the specimen, the fixabtive, the staining

bechnique, and the experience of the observer., Moore also notes
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that the frequency can vary according to the souree. For
example, Moore and Barr (1953) state that sex chromatin can
be identified in approximately 90% of nerve cells in females,
and a figure even as high as 95% has been given by Graham
(1954) in whole mounts of embryonic membrane,

Sex chromatin can be gtained by numerovs methods efne
umerated in reviews by Lennox (1956b) and Barr (1963), These
suthors list stalns and methods such as Feulgen, ha@matoxylig/
sosin, cresyl violet, thionin, methyl green pyronin, gallocyanin,
fuchain, Biebrich scarlet-fast green, and orcein, According
to Barr (1963) it can be stailned by a silver carbonate method
tut is refractory to other slilver teechnigues, Sex chromatin
also resists digestion after ribonuclease (Lennox 1956a) and

pergists after mild acid hydrolysis (Klinper and Ivduig 1957).
Sex Chromatin in the embryo

Graham,in 1954, was the first to show that sex can be
determined in the intermitotlc nueclel of the embryo hefore the
gonads have differentiated, and Park later demonstrated in 1957 (a)
that a reliable sex difference is established in the cells of the
human and macague embryo as early in foetal lif'e as between
the 12th and 19th day., Among the earliest embryos described

are those which were examined by Park, and by Austin and Amoroso
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{1957y, Pork examined humen embryos as early as the 2 cell
gtage, Austin and Amoroso, working wibth cet embryos also
examined 2 eell ewbryos, and muclel of embryos of up o

20 days gestabtion, but in this maberial recognised sex chromabin
in none of 26 movulae and in only 1 of 12 blastocysts, They
suggesbed that the lack of sexwal dimovphlsm in the early

gbages of development might be due ko the fach that the nuclei
of the cwbryo bocome smallor as the embryo develops, and that
gex chromabin could only develop when the nuclel reach a
sufficiently small size. Howevor, more recent theories regarding
the visibility of sex chromatin in the embryo arcvnd the 12th
day have been put forward by Lyon in 1961, and will be discvassed
in part 6,

Although Witsehi (19%7) claims bo hove identified sex
chromatin in the large wesicular muclsel of primordial geym cells
of humen embeyos before the gonedal primordia are ovganised, sex
chromabin has not been found in oogonia of human foetuses aged
3, 7 and 9 months oxemined by Ohno and Klinger (1962), and,
agcording to Grumbech and Morishime (1662),has never been
identificd in the mature ovem, Observeltion of the chromogomos
in the ocogomia of human foetuses led Ohno and Klingey to the

interesting conclusion thab oogonla cease Lo propageie while the
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fomele is in the 5bth or Obh month of foebal lifeand thalb
gaveral weeks before the end of gestabion all the ooayles have
completed the entire process of the first melotie propvhase, bo
remaln suapsnded in a diffuse inberphase~like diectyotene sbage
unbil just before they are shed ab ovulabtion, A similay
aitoation hag been shown bo exist in certaln animals by sevewal

avbhors mentionaed by Hemerbon (1962) in his review,
Sex Chreonatin in Anipalg

Since sex chrometin was flvst described in the oat, the
investipgation of many other animal species has shown that sew
chromatin appsars to be falrly widely disbtribuvted throughout the
Apimal Kingdom, Comprehensive reviews on this subject by
Grumbach and Barr (1958), Ashley (1962), Moove (1l956%a) aw
Bary (1963) mention numerous workers in this field and detail
their findings,

According to Moore (1962e), mclei have been oxemined for
sexval dimorphism in 35 mamwalian specles, btogebther with 1

specles of veptlle, 1 kind of amphibien and several gpecies of

insects, Moore stabes that sexval dimorphism has been demonstrabved

in ab least 26 mammalian species, bub vhersas no sex difference

ig progent in reptiles ov amphibla, there appsars to be a
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sexnal dimorphism in the nuelel of ceriain invertebrates and
in some cells of warious birds,

In addition to the form of sexval dimorphism which ig
visible in the nuclel of tissue sections as the sex chromabin
body, the other form of sexual dimorphism which 4s present in
human neutrophils as Ydrumstick! structvres, is also present
in some other animals, and in thelr veview, Davidgon and Smith
(1953) 1ishb several specles in which thils phenomenon has beon
nobed, They obgerve that the freguency of these drumsbicks
is very variable, being scanby in some apecles such as catble,
and frequent in others such ag the vabbli, Pedunculsted nodules
are present in bobth sexes in vaviocus rodenbs, but no gex

diffeyence has boeen recognised in the leucoaytes of bhivds,
Sex Ghromabin in Man

Sox chromabin is visible in many bissues in the human
female, and ig most clearly demonsirated, according to leonnox
(19568,in cells of the skin, squamcus mwcosa, nerve cells,
sdrenal cortex, carbilage snd young gramlation tissue, However,
gome cells, as Lemnox polnbg cub, arve difficulb bo sex, including
for example, cells such ag lymphocytes in which the mclear

gbructure is dense, cells vhich ave eoarsely gramilay such as



[

liver cells, or cells such ag proghatic cells which often
have small dense nueleoll somevhat resenbling sex chromatin,

The typleal sex chramabin body in the female is, on the
vhole, easy o vrecognlse, and mcelear sex may readlly be
determined, However, as I have menbionsd, when Barr and
Bertram made their originsl obgervatlons on sex chromabin in the
nerve cell melel of cats, they noted that a esmall chromatin
body was also present in a few nerve cell mwiclel in the nale
cab, ITn the humen mele also, & similar chromatin mass has been
described in a few ceolls, somebimes, according to Sandorsoa and
Stewart (1961),edepbing the form of a crescent in vuelel of
the oral mucosa. The incidence of this chromabtin body in male
cells is low, For example, Welson (1956) stebes that in skin,
1 bo 12 9 of nuelel in the male conbain this chromebin mass, and
in the oral muicosa, 0 %o 4% of welel, The chromatin body,
however, is uvsvally too small to be confuzsed with the large sex
chromatin body seen in the female, and Macleen ot al(1961)go
so for ags Lo gay that suceh bodies ave never Found in normal males,

Under cerbain circumsbances, the ineldence or size of gen
chromabin, or the number of sex chromatin bodies preseunt in one
muelevs, may be alvered, For instance, according bo Barr and

Gary (196%b), where varying degrees of polyploidy ocour in bissucs
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guch as the amnion, liver or bronchial mucosa, the number of
gex chromabin bodies in the nuelel may increase, for example to
2y 3 or even 4. With regard to alteration of the ineidence,
Paylor {1953) has observed that newborn female infants show a
low incidence of sex ehromabin in mielel of the oral mucoga, this
offect being most marked during the first 2 days of 1life, when,
she has nobted, the gex chromatln bedy algo appeers lavger and more
diffvse than veval, Taylor states that certain hormones
svch ag oegtrogens, hydrocortisons or the adrenocoriticotrophie
hormone have been found to lover the incidence of sex chromabin,g
and suggestas that the low ineidence in the newborn may be a
reflection of o metabolic change asgsociated with neonatal
adaptation, being possibly influenced, for example, by the high
level of maternal oestrogons at this age, As far ag albevations
in size of the chromatin body ave concerned, Sohval and
Casselman (1961) have found thal certain antiblobies administered
both orally, and topieally to the bueecal miensa; have indveed
a veduction in size of up o 659 in mean area, the size ve-
Surning to normal ﬁhorﬁly after withdrowal of the drug, The
prevalence of sex chromatin was not affected,

In addition to these physiological and iaitropenic causes,

albtovations in the gige and incidence of sex chromabin, and in
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the number of sex chromatin bodies visible in sach nucleus,

may also be aggociabed with cerlain mumerical and morphological
abnorsalities of the X chromogomes, These abnormalities will
be degeribed in the appropriate paris of this thesis which
deal with certain abnormalities of the sex chromosomes in mand
and the significance of the assoclation bebween abnormalitiss
in sox chromabin and the X chromosomes, which throws light
upon the fundamental natvure of the sex chromabtin body itself,

will be discussed in part é,

Mothoda of deobecbine sex chromatin in the hunmen

Seoveral mebhods for the detection of sew chromatin in the
hvman have been uged, the first of which was the skin biopsy
methed introdveed by Moore and his colleagues in 1953, According
to Lennox, in his review in 1956(),slin from any part of the
body cen be gsexed, the sex chromatin body being best observed
in fibroblasts, epldermal cells below the sitratum gramilosum
and in the mouths of large sobacecus glands, (Fig,2)

Pixatives and sbaining methods vary., Moore and his agsociates
originally stained the skin sections with ha@matoxyliq/%osing
or by the Feulgen technlique after fixing the tissue in a modified

Davidsonds fixative (e formol acetic-oleohol fixative)., This



»

Figure 2 - Epidermal nuclei containing sex

chromatin,
(Feulgen, X 1000),
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fTixative is sbill preferred by many workers, albthovugh according
to Iennox (1956 other fixatives such as nouvbtral formol or
nercuric chloride may Lo uvsed,

Varioug staining methods have been employed inelvding many
from thoso previeusly listed on page 37 , Prefevence is givaen
by individval workevs for different sbalns and modifieations,
amongst the most popular being Feulgen, haema%oxylin/éosing and
thionin, I% ig generally agreed hovover, thal whichever
Tixative or sbain is employed, the preparations wust be of bhigh
technieal quality,

As previously nobed, the porcentage of nuclei recorded as
containing sex chromabin may vary according to several fachors,
and, consequently, slightly different valves ave glven by various
workers, For example, Lo quote only 3 sets of figures, Moore
and his colleagues,in their original description of the skin
blopay technique,give a figure of 52 to 85%, Bary (1960) mives
a Pigore of 60 to 805, and Emery and MeMillan (1954) who
rapldly confirmed Moorels Tinding of sex chromatin in the skin,
give a nueh lower vange of 25 to 54%.

Emery and MeMillan algo studied sox chromatin in posgte
mortem skin, and although they concluded that vesults are loss

accurate beeause of avtolytic changes affecting the sex chromabin
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the detection of sex by thils technique can be of obvious
impovtance in medico-logal work, In this comection, Dixzon
and Tory (1956, 1957) have found sex chromatin in cells of
unbreated limbs that had been expoged bto aly, buried, or eupoged
to waber for several weeks, the chromebin body pevsisting for
2 o 3 weeks, depending on the nature of the @nvifenm@nﬁ.
However, for voubine miclear sexing purpossg, bthe original
skin blopsy teechnigue has lavrgely been replaced by tho simpley
mothod of exanining muclel in smears from the oral mucosa, CFig.ZQ.
Thig sinmple method was fivst descrlibed by Moore awnd Barr in
195%a)and involves taking a smear from the inside of the mouth,
placing the cells thus obbained on a slide which is Ffixed
irnmedistely and then shainad, Apgain fixatives and stains vary
olightly, The fixabtive most frequently used ig Papanicolaculs
fixative, (egual paris of 99% ethyl alechol and ether),which was
used in the oviglual method deseribed by Moore and Bavr., Obhew
fizatives have also been employed, such ag methyl alcohol ow
acldified Papanicolaou's fixative, meanbioned by Yonnox (1956) in
his review, or modified Davidson's Tixative as used by Marberger
and her assoeintes (1955), The sghalning method most froquently
employed is again that described by Moore and Bavpy in their

original report, namely crvesyl echb viclel, btust bthe Feulpen stain
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Figure 3 - Nucleus of an oral mucosal cell
containing one sex chromatin body,
(Cresyl echt violet. X 1,750),
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has been used satisfactorily by Marberger and her colleagues
(1955), and thionin by, for example, Graham and Bary (1952).
Sanderson and Stewart (1951), and Thuline (1951) both advocate

a technique incorporating aceto-orcein, the former aubhors
doscribing a rapld method which is uveeful for immediabe
examination of buccal smeayrs at the time of taking the spscimens,
A minor disadvantage Vo the oral mrcosal smear method 1z that
the presence of large mnbdrs of bacteria may obgscure the sex
chromatin body, and in order to eliminete this factor; Klingewr
and Indulg (1957) have vecommerded mild acid hydvolysis.

The percenboge of miglei stated %o contaln sex chromatin
again varies according to different workers, Yor example,
whereas Moore and Bary origlnally weported a range of A0 o 607,
figures of 20 to 79% have been given by Nelson (1956), 12 to 607
by Ridler and his colleagues (1963), and 36 %o 764 by Maclean
and his aggociates (1¢51),

The oval micosal smeay mebhod of debecting sex chromatin is
now the most widely used btechnique, being especially valvable in
caryying out surveys of sewx chromabin in lavge popvlationas, for,
a9 Moore and Bary pointed oub, when they originally intrcduced 1%,
the method is simple, furtheor smeovs may easily be repeated, and

>

n conbtrast bto the skin blopsy technigue, smear preparvations are

gl



49

ecasier to intorpret, requiring less experience in cybology.

Apart from the ovael micosa, smears have also been prepared
of cells from the veginal micosa by workers such ag Caprpentier
ot al (1955), Guard (1959) and Cavpentier (1962), Carpentiow,
nslng Papanicolaoun's fixabive, and staining the cells with the
Papanleolaou or Feulgon sbaining methods oy with thionin, considers
what although the tueeal smear is easler to oblain, the prominence
of the gex chromatlin body and the-fewar cytoplopmie inelusions
makos the vaginal smeayr technlicque of value, good rvesulbts belng
obtalned even in the presence of cestrogenic influences which
canse nuclear shiinkage and pyknosis,

In addition to examining vaginal smears, Carpentier and
his assoelates have algo prepered smears from the urethra, which,
thay claim, in spite of the presence of cybtoplasmic inelusions
are alse gultable for sexing., Examination of ¢elle from the
vrinary tract has also been performed by Balelund who has claimed
%o have sexed epithelial cells in the vrine,(195¢).

A% one wime, 1t appeerved possible that foretelling the sex
of a foetus by examiving cells in the amnlotic fluld wovld become
a popular practice, when several workers ineluding Dewhurst,
Joames, Fuchs and Riisg, bogebher with Sachs end his colleagues,

independently, in 1956, veported the resulis of thoir investigabions
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in this field, UWith regeyd %o the origin of thesc cells,
James points cut that material desquamated from the slin of

the Toolus consists of pyknotic deﬁris, and considers thabt the
goxable nueled in the ammiotie fluld probably have their origin
in the vagina or urinary tract, or, as also suggested by uchs
and Rils, the alinenbavy tract. Many of these invegilgoitions
vere nade on amnlobic fluild oblained near term elther by
trang-abdominal puncbvre, arbificial rupbure of the membranes,
or ab Caesarian section, However, fluid from earlier pregnancies
has algo boen examined for example by Dewhurst, and by Sachs
and his asgociates who hove coblained amniotic fluid from an
enbryo ag early as & wecks.

However, this technlque of nuelear sexing has nobt bsen
practised in this counbry, because, as Dewbursgt pointed outb,
there wore a few minor complieations of labour and pregnancy in
gome of the cages oxamined, and it has been generally agreed thatb
the small rigk invelved is ncot considoved legitimate vhore
mevely curlioplty is the reagon for the Lavestigation, According
to Riis and Tuchs (1950}, the theovetical risks bo the mother
include puncture of the bludder or bowel, or contamlnabtion of the
uberus following uberine poncture, wheyoas in the case of the

footug, the risks include a possible vesulblng shortion, On the
14
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other hand, Riigs and Fuchs consider that these risks ave
very remote, and vecently, in 1650, advocated this tochnique
of nuelear gexing for the eugenic prevention of hereéitary
gex~l1linked recessive disenses such ag hasmophilia ov sex—linked
museular dystrophy, for when such diseases were carvried by the
mother a therapeutic sborilon of a male Foetus wovld prevent
the possibllity of the disease bheing inherited., These vorkers,
however, pracbtice in Denmark, wheve the law regarding lepel
abortion differs from this country, and where legal aboriion may
be granted if “"bhere is a close visk that the child, due to
inherited charvacteristics or to disburbances or disease scquired
during foebal liYe, may come to suffer from mental disease o
deficiency, epilepsy, or severec and non-~curabhle abnormality ow
shyaical diseasel,

In sddition to being detected in vivo by the metbeds I have
deseribed, the sex chromatin body may also be demonstrated in

vitro, Tor example, Serr and his associubes {(1958) have deseribad

sex chromatin in tlasue culture preparations of human thyroid,
and Miles (1959 , 1962) has reporbted sex chromatin in culbures
of normal female tissues ag well as in culivres of wvavious

benign and malignant tunours. This tigsue culbture technique
v 3 -

of demonstrating sex chromatin, lg, however, for obvious veasons,
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not used for routine miclear gexing purposes,

Apart from the usual Torm of sex chromatin which may be
detected in various tissves by the preceding techniques, 1t is
also possible to determine sex in neutrophils of the peripheral
blood by means of a sex specific pedunculated nodule, firgh
deseribed by Davidson and Smith in 1954, and confirmed by numerous
obher wvorkers cited by Davidoon und Smith in thelr review in
1963,

In peripheral blood films, gteined by any of the usval
methody, thia sex speecific ncdule, characteristic of the female,
may be observed in polymorphomiclear leucocytes, or occeasionally
in cosinophils (Riis 1955) or basophlls (Davidson 1962 ), Cﬁig.é).
The nedule lg described az presenbing an apgearance similay to
a drumstick, composed of a small, defined, solid head of average
diameter 1.4 40 1.6, uhich iz joined by a single thread.like
gbructure measuring %,uim length 4o one lobe of the micleus,
According to Davidson and FPlute (19562) a small O.g/a diameter
clear space is present near the base of the nodule,

It has been emphasised in the origlnal veport and in the
more vecent comprehensive veviews of Davidson and Flute (1962),
and Duvidson and Smith (1963),%hat this drumsbick mwet be

difforentioted from other projections of the muclous which may
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Figure 4 - Blood film from a normal female,
The lower neutrophil shows a drumstick
projecting from the upper lobe, A

small club projects downwards from one
of the middle lobes.

(Leishman. X 1,500),
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be present in both sexes, and with which the drumstick may

be confused, Soeveral types of projections are described,

For ingtance, btrue drumsticks must be distinguished from sessile
nedules which form blunt projections from the nuclei of
nentrophil or cosinophll leucocyies and are of the same size

as drumsbicks. These sesgile nodules ave regarded ag being
gbrongly suggestive of Female sex. A drumsbiclke-like nodule

may very oceasionally be found in the neubtvophils of males, bub
may be distinguished from trve drumsticks by the fact that even
if they are the correct size, they do not have the tvpieal
structure,and do not stailn in the characteristic fashion, Other
projections of the nucleus vhich must be differentiated from
drumsticks are amall clubg and the normally oceurring terminal
mclear gegments, Smell clvbs, which are often multiple and are
commoner in the male,measure less than 1, in diameter or
approximately one third of the size of sessile nodules,

Ag far ag the frequency of drumsticks is concerned, in their
original report of 1954, Davidson and Smith recommend thab Six
drumsgticks should be sought, which, in the female, should he ecagily
found in 500 cells or in a frequency of 1%. They later state in
their 1953 weview thabt although on the average, 1 drumstick is

found in 36 neubtrophils, this number may vary considerably, for
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example, from 1 drumsbtick in 5 nevbrophils to 6 drumsticks

in 2,000 neutyophils, They also mention the fact thal the
incidence of drumsticks in cosinopbils is, on the average,

1in 29, being slightly greater and less variable than in the
neutrophils, In ovder to shorten the vather lengthy procedure
of examining 500 eells, Davidson and Smith (1963) degeribe a
sereening test in which the freguency of both dromsticks and
gegsile notules iz nobed in 50 neubrvophils, and comment that ia
the female, even when drumsticks ave few, gessile nodules may be
found in reagonable numbers,

In certein cirecumsbances, the frequency of drumsticks may be
altered, TFor inghance, Wiedemann (1958) describes an inercased
freguency of drumsticks at birth, especlally in premature bables,
but although his Findings suggealt that the frequency deecreases
from birth to adult 1ife, Davidson and Smith (1953) do not consider
that this latter observablon has teen odequately svbsbantiated,
The frequency of drumsticks may also vary according to the degree
of segmentation of the nuelevs, appearing less {reguent when the
neutrorhil nucleus is less segmented than uvsval, and, conversely,
more frequens when the neutrophlil muicleuvs is more segmented than
ugual, for example, in the oversegmented neutrophils of untreated

perniciovs anaemia,  (Davidson, 1962 ),
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Alterations in the size of the drumsitlck nodule and in
the mumber of drumsbticks present in the noubrophils may also
b2 assoclated with nvmerical and morphological abnormelities of
the X chromosomes, and will be discusged, along with the
corvegponding changes vigible in the sesxt chromabin body unier
slullay elrcumstances;in part 6,

In practice, of all the technicques which have boen described,
the tissuves which are commonly employed for atudying sex
chromatin in the bhuman ave the oral mcosa, sgkin and blood, the
buccal mrcosa being the most convenlent tigssue for roubine
meleayr sexing, especlally of large populabions,; albthough the
slmmlboneous sbudy of sex chromatin in the skin, blocd and obther
tlagues may be of great valve when dealing with individvals in
whom thevre ave covbtain abnormalities of sex chrowabtin and the

1 chromosomes,

Sorrelation hotween drumsticks and sex chromaiin,

AT LAY A T A 3 4R S

This is a convenlent point at which %o consider the corrvelation
betwoen drumsticks and sex chromalbin, for the nature of the
drumgticks has been the source of some defgree of conbroversy,

At the onset, Davidson and Smith suggested that the drumstiek wvaa

a similar manifestation to the sex chromatin body in tissue cells,
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consisting of the "female chromatin aggregate separated off
ag a drumstick-like appendage”, btut this opinion has encounterad
some opposition,

For example, it was suggested by Rrigegs and Kupperman
in 1956 that drumstick frequency might be influenced in some way
by the hormonal environment, but investigations by workers,

e.g. PPeifer (1952),and Ashley (1952),have shown that administration
of androgens to the human female or of oegtrogens to the male

does not alter the ineidenes., In addition, as Davidson and

Flute (1962) observe that in some cases of human intersex,
drunsticks may be found in spite of the presence of testicular
tissue, and, as Davidson and Smith (1953) also point out, the
ultimate proof that drumsticke are not a hormone dependent
characterisgtic is found in the natural and artificial chimaeras,
where female cells ariging from naturally or transplanted HarTrow ,
persigt in the male blood strean,

Another possible objection to tissue sex chromatin and @rume
aticks being & simllar manifestation is the difference in size
between the two structures, the average diameter of sex chromatin
being L& , and of drumsticks, 1l.54¢ . Davidson and Winn (19561)
however, havc shown that this difference depends upon the method

of preparation, for when neutroprhlils are examined in tissuve
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gectiong, drumsticks and tissue gex chromatin have the same
average dimensions,

Although it is now generally agreed that drumsticks bear
éome rolation to sex chromatin, Ashley (1957) and Pfeifer
(1962) maintain that drumsticks and sex chromatin are two
different entities, In support of his argument, Ashley cluims
to have observed a heterochromabic mass resembling tissuve gex
chromatin in polyuorphonuclear leucocytes which also contained
drumsticks and concludes thal "the sutellite body of Davidson
and Smith is nolt identified with the heterochromatic mass and
must ba regarded as a sex characterlstice", Ashley's observation
of this phenomenon, however, has not been confirmed by other
workers,

There has been some disagreement about the nature of these
masses of chromatin which various workers have described within
the miclel of certain cells in the white cell series, For
oxample, whereas Ashley (1957) claims to have observed chromatin
magses resembling tissuve sex chromatin in all the cells of the
myelold series in bone marrow preparations in the-female and
Murthy and von Haam (1862) have deseribed sex ehromatin in late
myelocybes, segmented and unsegmented polymorphs ard monocytes,

Davidson and Smith (1953) maintain that these chromatin mosses
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in marrow cells and in monocytes may be present in elther sex,
Riis (1958) has also deseribed a chromatin mess resembling

sex chromabtin, in lymphocytes, but Davidson and Smith (1963)
note that since the technlque used was completely different from
those normally used to demonstrate elther sex chromatin or
druméticks, hig observations must be regarded with caution,

It is now thought bthat the Grumstiék is merely an exbruded
sox chromatin nodule (Murthy and von Haap 1962),and that the
sesslle nodvle is the early form of the drumatick (Davidson and
Smith 1963), bub the veason for the protrusion of the drumstick
is obgeure, It has been suggested bybnavidsan and Winn (1961)
that the production of the drumstieck might indicale a rejection
phenomsenon from the active part of the nmucleus when not involved
in cell division, Alternatively, Davidson and Smith (1663)
augeest that 1t 1s possible thal this mechanism is to bring the
chromatin inbo eloser relabionship with the cytoplasmic elements,
If, howaever, drumsticks and sex chromabin are similar manifestations,
thon the proposal that gex chromatin is lavgely inactive would
tend to favour the former of the two theories,

I have now briefly econsidered the higborieal background and
normal appearance of both the human chromosomes and sex chromatin,

together with mothods for detecting the latter in men, I now
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turn bo the applicatlons of these latter techniques and some

of the assoclated chromosomal fiadings,
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PART 3

APPLICATIONS OF NUGIEAR SEXING
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Applications of Nucleay Sexing

The technique of mclear sexing hasg been pub to
uge in several flelds lncluding the ante-natal sexing of
footuses, as previously desecribed, and in the detection of
sex for medico-legal purposes by examinlng tlssues such ag
skin, or, aecording to Davidson and Flute (1962), bloodsbalng,
It has algo been shown that the technicque 1is of valve in the
determination of the primary sex ratio, by obtalning infore
mation about the differences in mortalilty between the sexes
during gesbation, and Hienz and Stoll (1962),who are workers
in this field, have shown that during gestation, there is an
inoreased incidence in the mortality of male embryos which
reaches its peak during the 3rd and Ath months of pregnancy.
In addition, muclear gexing hasg been vsed, for example, by
Woodruff and Iennox (1959),in the gtudy of the fate of grafts,
and hag also agsisted in determining the origin of certain
placgental tissues such as the sepba placenta, which have been
gshown by this technique to be of maternal origin (Augtin 1952),

An exbtremely interesting application of wmuclear
sexing has been the gbtudy of sex chromatin in tumouvr cells,

and veviews on bthis subject by Ashley (1962), Tavares (1962)
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and Lennox (19633 cite many workers in this field, In
goneral, as Tavares states, apart from the teratomata,
"oenlgn and malignant neoplasms show a nuclear sex which is
ldentical to that of the beaver', Ismox nobes thal sex
chromatin is rarely seen in malignant tumours in males,
buh 1s seen with low frequency in malignant tumours in
females, becovse in rapldly growing tumours many damaged op
dying cells save uvndergolng karyolysls or pyknosis, In
additlon, there is lesgs chance of detecting sex chromabin in
large tumour miclel such as ave found in malignant lesions,
Nuelear sexing has been vseful in confirming the
origin of certaln tuncurs, For example, examination of
chorio~carcinomas by Park (1957 has gupported the foebal origin
of this tumour, On the other hand, with regard to the
inleregbing group of teratomabous tumours, wvarious theories
have been advanced, TFor example, in his textbook on the
Pathology of Tumours (1960), Willis says that "beratomas are
tumours ariging from foel of plastic pluripotential embryonic
tisaue which escaped from the inflvence of the primevy
organiser during carly embryonic development, this escaps
belng in gome way relabed to disturbances emanating from the

invaginated organising tissuves of the primitive streak and go
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alffecting medion or paramedian parts in close relation.
ship to these tissves, The affected primordia as it
grows, differentiates in aceordance with its own intrinslic
'labile determination', produeing a variety of tilssues
forelgn to the part in which it grous®,

However, the application of wuclear gexing to
toratomas by workers swch ag Hunber and Lennox (1954),

Myers (1959) and Theiss et al, (1950) has vaised the

possibility of another form of aectiology. These investigab-
ions have shown that whersas, as expected, the terabomss

in femnles are chromatin-pogltilve, those arising in males may
be chromatin-positive or chromatin-negatlve, or even, as
Myers! detaulled examinatlons have demonstrated, may present

a nmingled mogaic paticrn of chromatin-positive and chromatin-
nogative tissues. In ovder to explain this phanomenon,
Hunter and lennox, in 1954, originally suggested that of all
the theories of aetiology, "the simplest would seem to be
that teratomata derive from the fusion of two gametes (or ab
least of haploid cells) which would always produce an XX
zygote in the female, bub in the male, might in theory produce
¥¥, XY or even YY,"

If this theory were correct, the ¥Y cell being
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pregunably non-viable, the proportion of chronatin-

negabive (XY) 4o chromabin-positive (XX) tumours in the

male should be 2 3 1, However, most of the figures published
by various wovkers listed by Ieumnon (19633 and Ashley (1952)
ghow a zex ratio of 1 g 1 which is more in favour of the
theory that beratomas arise by single chromosomal row
duplication in a hapleid cell, As pointed ocut above, Myers
(1959) demonatbrated that some terabomas conteining sox
chromatin might have a mosaic pattorn., Temnox (19624
obgerved that, preoviously, any such tumour containlng sex
chromatin was regavrded ag being chromatin-pogitive, Being
awvare of this possibility of mixed gex chromatin pabtern,
Theigs and his colleagues (1960) investigated ©6 bevabomas,
and, in addition to mosale appsavances in 3, found that of the
remainder, the vatio of chromatin-positive to chrometin-~
negative tumovrs was 2 ¢ 1, This finding btends to svpport
the parthogenelic theory. Albhough Myers thought that "iho
occurrence of mosaic tumours appesrs to rule oub par@fggenesis
as an explanation of "female'! terabtomata in males"; lennox
(19633 proposed, in order to overcome this difficulby, thab
tervatomas mey avise from a group of abnormal colls rather than

. R eh
from one cell alone, lHowever, the question of pavthogenesis



—_—— ——— ——— —

bl

versus reduplication does nob yet appear to be finally
aottled,

With regard tn berabtomas of sxbre-gonadal origin,
Willis? opr Ashleyls suggestlon that they are ¥derived {rom
gern cells which have become misplaced during ontogeny®
appears as gablsfachory as any,

Although nwuelear sexing in these wavious fields
has yielded intevesbing wund wvaefvl results, the maln
application of this technigue has been in the large complicated
group of anomalies of sex developmewnt, or the intersexes, in
which nuelear sexing, chromosome investigation and biochemical
gtudies of defechs of hormone synthesis have alded in the
undersbanding of gome of the intersox conditions,

The tern "intersex® aeccording bto lennox (1960),
inclvdes any kind of deviation Ysocial, psychologlical,
angbomical, endosrine or chromosomal, from the svrict norms

of male and Ffemale®, Intersones have long b2on a subject of

interest becounse of the embiguliy, in gsome cases, of the evbernal

genitalin, Indeed the "hervmophrodite® proup owes ibs pame
to Greok mybhology, the term belng derived from “Hermaphroditbos®
o minor Groeek deiby said to be the child of lermes and

Aphrodite, and frequently represented in classlcal sculpbure
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(according to Ashley 1962),as "a composite being uvsually

with well formed breasts and an equally well Fformed

mpsculine phallus”,  Aghley conbinues that "the Romans

added the concept of functional bisemuality to the anatomical
mixture seen in Herméphﬁoditos".

There have been many systems of clasgification
suggested for the complicated intergsex group, Befors
nuclear sexing btechniques were indroduced, the histological
appearance of the pgonads wag taken as the uvlitimate cyiterion
of the sex, but nuclear sexing and chromosomal studies have
neceaslbated a more detailed classification together with the
inclugion of further large proups of intersexes such as
Klinefelter's and Turner's syndromes,

In hias roview of inbersex, Ashley degcribesg several
different systems of clasgssification adopled by various workers.
and shows how these vary according to the avbthor's concept of
the aetliology, for example, ombryogenetic, chromosomal, ote,
Turther classiflcations have been introduced, e.g, thoge
deseribed by Poloni (1962), bub the classification proposed
by Asghley, based on muclear sex btogebher with gonadal arnd
somatic gsex findings is simple and falrly comprehensive,

Ashley divideg anomalous sex development inbo three
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broad grovps, In hisg fivst group, the nuclear, gonadal

and somabic sex ave in agreement, This group includes
cages of hypogonadism due to genetic oy environmental causes
leading to infertllity and possible fallure of secondary
sex characteristics, ltogether with pgychosexval anomalics
such ag homosexuvality and transvestism. The second group
consiabs of cages in which the nuelear and gounadal sexw are
in agreement but in which somatic sex anomallies ave present,
This group includes the pseudohermaphrodites, In the thixd
group, the nucleosr and gonadal geox are not in agreemeant, and
Ashley includes in this group trve hormaphrodiltes, bogother
with Turnert!s syndroms, Klinefelter's syndrome and obther
chromosomal anomalies,

Nuelear sexing, comblined with the clinleal findings
is of gpeclal value, particularly in the pseudobermsphrodite
group, in determining in which sex a child born with ambiguovs
exbornal genltalia should be reaved, Plastice suvrgery can
often be performed where necesgsary, leater in 1life, espeoclally
as Overzier (19563a) observes "the deeision will frequently
go against the nuclear sex which ils primarily of importance
only in order to make a diagnosish.

The psouvdohermaphrodites are of intorest in that
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mach of the aetiology has been elucidated, in the case
of some of the female pseudobermaphrodites by the
investigation of the biochemical synthesis »f hormones,
ard in the case of some of the male psevdohermaphrodites

by castrabtion experiments in animals,

Fomale pseudohermaphrodibism (Mesculinisation of the female)

The most common of the female pseudohermaphrodite
grovp of intersexes is the well known condition of congenital
adrenal virilism or hyperplasia, This disease, details of
which are amply given by Bierich in his review (19563) vsually

progonts in infancy or early chilchood when it is associsted

with hyperplasia of the adrenal cortex, The syndrome can also

occur in older subjects in whom it may be dve either to a form
of congenital adfénal hyporplasia manifosting itself later in
lifo, or to an adrenal cortical tumour which usually ila
malignant (Bierich 1953),

The indiecence of congenital adrenal hyperplasia has
been estimated at 1 in 50,000 (Polani 19562), It is

familial and is inherited by an auvtosomal recessive gene
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(Childs ot al, 1956), The ruelear sex is chromatin-—
pogitive (Moore et al, 1953), The clinical manifest
abtions are very varlable, the most characteristic feature
being virilisabtion of the lower female genital trach

and the external genitalia, This virilisation may

ccocuy alone, or may rarely be accompanied by hypevrtension,
or, in a quarter of cases, according to Bierich (1%53), it
may be accompanied by an Addigonian-like electrolytic
defect with loss of sodivm and chloride ions., In this
latter variant of the disease, the courgse may ba very
rapld with death in the first few months of 1life due to
adrenal falluro, Noclear sexing is therefore of greatb
practical imporbtance in the wital early diagnosis of this
condition which i3 eminently treatable with cortisone or
othor suitable steroids, On the other hand, the hypere
tensive form of the digease may nobt become fully manifest
until after puberty, or again, the patient may live for
years showing only the features of virilism (Ashley 1962),
Congenital adrenal hyperplasia may also occur in the male,
in whom the salt losing form of the syndrome, according to
Ashley (1962) may be the only one readily reengnisable

garly in life,
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In the urine; the level of 17-ketosteroids is
raised and abnormal steroids are present, whoreas in the
blocd, the level of adrenocorticobrophic hormone (A,C,T.H,)
is inereased, It has been shown by Jailer and his
collesgues (1955) and by Bongiovanni and Tberlein (1958)
that the initial defect in congenital adrenal hyperplasia
ig a blockage of gome of thé enzyme systems, the clinical
manifestations depending on the enzymes blocked, The
conseyuent inadequate formation of steroids is thought to
lead to a "negutive feed back'! mechanism in the pituitary,
producing an increased secretion of A,C,T,H.,y, which in
additlon to causing the adrenal hyperplasia, adds to the
goverlity of the anomaly and to the formation of other
storolds such as androgens,

Apart from this imporbant clinical condition,
female pseudohermaphroditism may also be caused by sterold
hormones which are exogenous to the feoetus, For instanco,
Polani (1952) cites work done by Nilkiégngzo has found that
certain sberoid hormones such as testosterone, progesterone
oy dlethylegtilboegtrol given to the mother for the prevention
of habitual abortion may produce female pacudohermaphroditiam

in the child, although in some of the cases given progesterone



and diethyl-gtilboscstrol, and in other cases of
pagculinigation where the fostus had not beon exposed Go
oxteranl sborolds, Wilkina ,(according o Palani),haa
pogtbulated that a defect of mabernal sterold metabolism
might exlst, Polani slso mentions that masculinisation of
o footus may occur when the mother has a functioning
arrhenoblastoma,

Ageording to leannox (1860) female psoudoe
hermapbroditism vhich is nob dve bto hormonal magculinisation
ig very rarve, moghb cases comprising complex congenibal

malformations involving the urinary and genital tracts,
Male pegudohermaphrodibism

FPeminigation of the male; or male pseudo=-
hermaphreditism is more frequently encountered than female
peevdohermaphroditlsm, Detailed elinical descriptions arve
given by Ashley (1962) and Overziér (196%a) who show how the
degree of Teminisation of the exteornal penitalla may vary
congiderably, ranging from the commoner appearance of
predoninantly male to the leas common form of predominantly
female, Although testicular tissve is present in these subjects,

structures of Milllerian duet orlgin, i.e. a rudinentavy
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utervs, vagina and Fallopian tvbes may also be found,
The testes ave poorly developad and vary in position,
being found elther in the scrobtum or in the position of
the ovaries, or in an iantermediate position showing some
degree of descent, The histology is usually abnormal
and the seminiferous tubules are defective (Grumbach and
Barr 1958), The muclear sex is chromatin-negative,

It is thought that the aetlology of male pseudo-
hermaphroditism lies in some physleal deficlency, the
evocator normally produced by the embryonal testis
falllng to produce full masculinisation of the veproductive
gystom, UWhevsas, in the embiryo, the differentiabion of
the gonads depsnds on whether the germ cells rouching the
gonadal site have the gex chromosome complex XX oy XY
(Lennox 1960), the differentiation of the genitalia appears
to depend on different fachtors,

In the enmbryo, bobh Mdllerian and Wolffian ducls
ave present, the Millerian dvets capable of differentiating

into ¥alloplan tubes, wterus and upper vagina, and the

Wolffian dveet capable of Forming the epididymis, vas deferons,

and seminal vesicle,

Glassical experimonts by Jost (1947, 1953), have
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ghowa that the differentlatlion of the genitalia depends
viltimately on whether or not a male gonad is present,

Joat hag demonstrated that when female rabbit foetuses

are castrated at any sbage of development, the Millerian
duct porsists, the Wolfflan duet atrophles, and the

rabbits develop ag females, UWith male rabbit foetuses,
however, castration leads to varying resulis. If these
male foetuseg arve cagtrated at an early stapge of develop-
ment, the Millerian duct persists and they develop as
fomales, whevrecas, if they are castrated after a certain
critical period of time, the Wolffian duel persista and

the rabbits dovelop as males, These observabions indicate
that whereas ovaries are nol necessary for female develope-
ment, the positive action of an evoecator from the embryonal
teatis 1s espential during a certain critical pericd for
normal male development to occur, This masculinising
evocabor also appears to have a local action on tigsue, for
Jost has also shown that a unilatieral graft of ombryonal
testis into a female embryo stimulates the Wolffian duct
and guppresses the Millerian duet at the gite of the trang-
plant,

According to Lemnox (1960), then, it is highly
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probable that "the ordinary mele pssudobermaphrodite
results from a parbial fallvure of the endocrine activity
of the tegbtis dvring the crucial stage of gonital
differentiations the many anatomical variants reflect
diffeyences in the degree and timlng of the failuveV,

There remains the extremely rare condition of
congenital lipid hyperplasia of the adrenal which may
cavee feminisabtlon in the male, This condition was
described by Prader and Sicbenmaym (1958) in 6 babies of
femnle phenotype, in 3 of whom the Internal genibalia were
female, testicular bissuve being present in the remaining 3
babies, AllL the cages had signs and sympboms of adrenal
faillure resembling Addison's disease, and all died within
the firvsh year of life, Al svbopsy, the adrenals were
yellow and enlarged, showing diffuse and noduvlar hyperplagia,
the cortical cells containing lavge amounts of 1lipld and
cholesterol, The aestiology of this rare condition wag
suggested to be an enzymatic block in one of the firet steps
of steroid synbthesis with failure of conversion of cholestorol
into tho precursors of adronal and tesbleunlar steroids,
consequently leading o Addisonian crises and feminisation

of the male babies.



76

Togbloular fominisation

Tegticular femlnisation hag heen glven the
term of “eouwploto external male psoudohermapbroditism® by
fghley, who, in common with other workers, o.g. Grumbach
and Barr (1958), has clessified this syndrome as an
extreme form of male pseudohermaphroditism., However,
obher authors,such ag Polani (1952), have soparated
tegticular feminisation from this latter intersex group on
the grounds that the external genitalia are not vsuvally
inbersexual, the elinical picture is consigtent and une
eguivocal, and the inheritance which is styriking, is
different from other forms of intersexvuality., Thig
gyndrome 18 one of the wmost inconsplcuousg forms of inter-
sexuality, and becavse the miclear sex is at complete
variance with the phonotypic sex, it has, on occaslion, boen
placed by obher workers, e.g. Lennox (1960), into a separate
group of so-called "goxwreversala® along with Klinefelter's
syndrome and Turner's syndrome, Whereas in the labter tuo
syndromes, however, thore ig an abnormality in the sex
chromosome constitubtions, subjects with testlceular feminl-
sabion have been shown to have the normal XY chromosome

congbitution found in the male corresponding with the
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chromatin-negetive nucleor sex., (Jacobs et al, 195%9a),
According to Hauser (1953a), de Quervain was
ractually the first bo write about testlcular feminisabion
in his bexbbook of Surgery in 1923, when he sald "in spite
of plaits and a girl's name, the structure in the inguinal
canal may be a testicle", The term Mestlocular feminisation®
was firet applied by Morris (1953), who collected numerovs
cages from the literature and added two of his own,
Following Morris'! work and description of the syndrome,
there have been many obher publications cbout this interest-
ing condition,

Clinically, the patient, of female phenotype,
may present either in childhood with an inguinal hernia in
wvhich tegtlicenler tissve is found at operation, or may seek
adviee in advlt life for amenorrhosa or sberility (lennox,
1960}

On exbernal appearance, although the stabure ig
vsually normal (Ashley 1962), the patient may, on the other
hand, be btall and eunuchoid {Moryis 1953). Secondary sex
characteristics are female, and although the nipples ave
occasionally infantile (Morris 1953), the breasts may be

normal or even overdevelopad., The oxternal genitalia arc
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female in appearvance bobt pubic and axillary halr may be
absent or scanty. According to Grumbach and Barr (1958),
occaglional subjects ave less merkedly feminised, and show
more masculine cexternal genitalia together with lack of
breast development, The vagina which nay hefblin&>is

either normal or short in length, (Polani, 1952), and
although the uterus and Millerlan derivatives are nearly
always absenlt or yudimentary in form, Ashley eites occasional
cages in which menatruabtlon hag occurred,

The gonads, consistlng of the testis, epididymis
and proximnl paris of the vasa deferentia, may be intra-
abdominal, or present within the inguinal canal or labia
majora, When the teglbes are undescended, there is a
tendeney for malignant change to occur (Morris 1953),

The histology of the testes in this condition, is
deseribed by Hauser (1¢63a) in his review, The seminiferous
tubules which are immature or maldeveloped are narrow and
often have no lumen, Albthough, according to Grumbach and
Barr (1958) and other workers eited by Hauser, the tubnles
are lined lavgely by Sertoll cells,; Hauser states thalt in hig
material, Sertoll cells are few, the majorlty of the cells

being undifferentisted, Spormetogoniae may be occaslonally
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geon and Hauvger clites several workers vho have identified
agpermatocytes and even spermatozoa. The inberstitial
cells of Leydig are well developed and may be increased
in nomber, Tovbular adencmata frequontly occur, (Morris,
1953).

According to Polani (1962), oestrogens and
androgens arve secreted at normal levels for women, and
after castration, menopausgal symptoms often develop,

With vegard Lo the anebliology, the exact mechanism
of the defect s unknown, Although 1t was previously
posbulated that the syndrome was assoclated with an XXY
sex chromosomal abnormality (Danon and Sachs 1957), it has
been showm that the chromatin-negative muelear sex corregsponds
with a normal XY male sex chromogome pattern (Jacobs et al.,
1959.)

The syndrome is probably, however, a sex-linked
anonaly, for testicvler fomlnlsation is famllial ard is
btransmitted through the maternal line to affect only males,
but, ag Polani (19562) observes, sinece the affocted males are
aterile, 1% connot readily be determined whether the con-
ditlon is btransmitied as o gex-linked recessive character

or ag a gex-linked avtosomal dominant defect.



80

Various sugeestions have been made regarding
the nature of the hormonal anomaly in this sywnlrome,
For example, lennox (1950) states that "he facto sbrongly
suggest a simple mabturation error in (presumably) the
foydig cells of the testis, leading to the productlon of
the wrong hormones both in uvtero and at puberty®, 1In
view of bthe uvnusuval tissue reaponse, 1t has been sugpested
by Morris (1953) thal the ocostrogen secretion may be
différent from normal and Polani (1962) mentions that it
has algo been postulated that the syndrome 1s a result of

target-organ reslstance,
True llevmaphioditism

This interesting form of intersex has been
placed by Ashley into the group in which the miclear and
gonadal gsex ave not in apreement,

Detbailed reviews of this intersex grovp have been
wriltten by workers such as Ashley and Overzier (1963e) who
cite numerous cages from the literatvre and desarihe the
various clinical and anatomical varianbs which may occur,
Ovarian and tesbicular tissue are present in various come-

binations, so that for oxample, true hermaphrodites may have
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one gonad forming a testls and the other gonad forming an
ovary. More commonly, one or bobth gonads counsist of
an Yovolestia! containing both ovarian and tegticular
tissue, According to Overzier (1963e¢), the ovary is
vsuelly found in the normal pogition or slightly lower, bub
whereas the testis is usually present in the scrotum, both
the teatis and ovobegtis may be found anywhere along the
normal path of descent of the testis, The intornal genitalia
usually correspond to the gonadal or domlnant gonadal
tissue on that aide of the body, so that in most cases, a
tube leada bo the owvary and a vas defersens to the testis,
True hermaphrodites usuvally have a uteruvs, vagine or
vrogenital siruvs, and, in most cases, a prostate (Oversier,
1963¢), The external penditalle shotr varving degrees of
anomaly, but Ypragmatic males prodominate! (Lennox, 1960),
The histologleal appeavsnce of the gonads is
degeribed by Overszier, The tesgtes may show any dogree of
maturabion and development including complete spermatogenesis.
The lioing of the twbules which consilsts moinly of Sertoli
cells, and occasionally of spermabtogonia and spermatocytoes,
atrophies, The inbterstitial cells of Leydlg increase in

nuhoer,
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The ovarles may sometimes appear normal (Ashley,
1962), but albthough in two—thirds of cases of btrue
hormaphroditisn mensbruation occursg, no known trve
hermaphrodite has given birth to a ¢hild (Overzier 19%3c),

With regard to the ovotestis, the testicular
component is usuelly separated by a fibrovs band from the
ovarian tissve, but somobimos, mingling of the %wo types
of tissuve may ococuy., According to Ashley, the testicular
component which is usvally larger than the ovarian
element, shows the histologleal features of an undescended
tegbis, wheveas the ovarian tissve presents a more normal
appearance., The nuclear sex of these patients may be
chromatin-negative, or more uvsually, according o
Grombach and Barr (1958), chromatin-positive,

Chromosome investigations have been applied %o a
few true hermaphrodites, and the resulis have been
reviewed by Polanl (1962), In the majority of cases
examined, the sex chromosome pabitern has been veported ag
XXy, with occesional minor chromosomal irrvegularities, A
fow coses, o.g. those veported by Sandberg et al (1940, have
ﬁﬁe XY sex chromosome compleox,

A possible mosaic pattern of XX/XXX has been
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described in one case by Perguson-Smith and hig
colleagues {1960h), and an X¥/X0 complex bhas been reported
by Hiraschhorn et al (1950) in an intersex pabtient in whom
biopsy of ons gonad showed "tegticular and ovarian hissue
in an immature gbabe", Further examples of the XY/I0
complex (with occasional minor medifications) have been
reported in other intersex patients, in some of whom the
gonads have congigbed of a testis and an ovarlan VYsbreal!
gsimllar to that found in the intersex condition of
ovarian dyspenesis., Oases of this type present some
difficulby in classification which wlll be disecugsed in

the following gection dealing with Turneris syndrome,
4 v

Turnertas Syndrome

ALY

Tornerts Syndrong

BRI

Tourner's syndrome, which, as previously
mentioned, has been referred to by some avthors as one of
the sowcalled 'sew reversals', bas been inclvded by Ashley,
in the cstegory of intersex in which the nuelear and
gonadal sex are not congrvous, The gynérome is found in
phenotypic females with ovarian tissue, but in whom, in the
majority of cases, the muclear sex is chromatin-negative,

The syndrome owes ils name to Torner, albhough,
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according to Hauser (1963b),various features of the
syndrome had been provicusly described by several wovkers,
ineluding Ullrich who, in 1930, reported some of the pre-
peberal featvres, In 1938, Turner desceribed a groun of
anomalies occurring in femaleas, consisting of neck webbing,
cubltus valgue, short sbature and sexval infantiliom,

He guggested that the primery defect loy in the pituitory,
but in 1942, Albvight and his colleapues demonstrated thal
bocauge of the oxcess of pltuitary gonadobrophing in the
urine, the defect lay instead with the gonads which in Fach
ware shown to consist of 'asiveaks! of gonadal tissve cone
baining no follicular or germ cell activity (Wilkins and
Tleischmann 1944.).

Ag the original concept of the syndrome has bheen
broadenad, it has been shown that the clinical features are
many and wvariable, with the resull that varied nomenclatvre
hag been vsed to degeribo the condition, the differing
torminology, as Polani (19562) has obsorved, giving rise Go
much gonfusion, Of the numerovs eponyms listed by Hausger
(1963b)3these most frequently in use are'Turner's syndromo’
and ‘gonadal' or Yovarian dysgenesis?!, Some workers,

however, e.g, Hauser, have preferred io vregerve the term



"furnor's syndrome® for the clinical features origlnally
deaseribed by Turner,

As previocvaly mentioned, the clinical featvres
of ovarian dysgeneeis (to adopt the nomenclature suggested
by Polani 1662), may vary considerably, and numerovs
ancomalies have been describsd, details of which ave given
by Polanl (19613, Ashley (1962) and Hauser (1963b), As
originally veporbed by Turner, sexuval infantilism is
present s  the breagbs are usvally vnderdeveloped, and the
nipples, which are very smsll with almost completely uvne
pigmented aveolae, ave widely geparated. Axillary and
publc hair is scanty, Apart from the ovaries, the internal
genitalia ave completely developed but are immatvre, The
tubss ave navrow and apparently long, the vierus infantile,
the omndometrium gscanty or abgent, and the vagina small,
Pyimavry amenorrhoea ilg nearly always found, albthough,
according to Ashley (1962), a few cases have been reporbed
in which menstruation has occurrved, The gonads consist of
whitish streaks of flbrovs connecbive tlgsve in which germ
cells and follicular activity are abmsent, According to
Ashley, hovever, a few cases have been described in which

ovarian follicles were present, and in one instance a
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chromatin-negative phenotypic female has proved to be
fertile, (Bahner et al, 1960),

Apart from these anomalies of secondarv sew
chavacteristlics and gonads, mumerous other abnormalities-
may be present, The birth welght tends to be low and the
sthature,which is small,is not vsually more than 4 ft, 9 ins,
(Polani 19513, The trunk is broad and may show the
tshield chegt' deformity, Neck webbling may be present and
thig feature has been used by ?olani (1952) to divide
gubjecta with ovarian dysgenesis into two large groups
consisting of those wlth, and those without neck webbing,
He gtales that among those with neck webbing the incidence
of chromatin-negabtlve nuclesr sex togsther with varicus
agsoclated malformations is greater, These malformations
include coarctabion of the aorta and obher forms of
congenital hearht digease, renal anomalies, and various
skeletal anomalies involving especlally the face, veritebral
column, pelvis, limbs and knees, Slight intellectual
gubnormality iz also more frequently encountered in this
group, but is not a prominent featvre of the gyndrowe,

Other feabures which may be present include delayed

ossificabtlon and generalised ogteoporosis, webbing of the



8

fingers or axillaue, low~seb enlarged eavrs, mild oculay
defects and congenital lymphoedema of the linmbs, feel
and hands which is found in one quarter of all cases, .
(Polanl 1951d. Various obther abnormalities which may be
found are amply described by Hauser (1963bh),

Although the majority of patients have this
type of elinical picture, a few remaining subjects with
ovarian dysgenesis have been placed by variovs workers into
separate groups because of thelr different clinlecal
featvres, For example, some patients bhave the feature
of gonadal dysgenesis aloune, and because of the absence of
the other congenital abnormalities, thizs variant bas been
toermed 'pure gonudal dysgenesis', (Harnden and Stewart,
1959), In other subjects with ovarian dysgenesis in whon
the clitoris is enlarged, the ponadal streaks may contain

large numbers of hilar cells {Jones et al 1963) which havo

been described by Grumbach and Barr (1958) as resembling
Loydlg cells, Thizs group of cases ig termed hy some
authors "gonadal dysgenesis with phallle enlargement™,
(Grunbach and Barr 1958, Polani 1962), The third syndrome
which hag been reporited hy some workers as a variant of

ovarian dysgenesis ig btermed "gonadal dysgenesis with male
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pooudohermaphroditiom® (Grumbach and Barr 1958, Polani
1962), Subjects in this interesting group have been
desgeribed as having the appearance of a male pseudo-
hermaphrodite with ambilguovs external penitalis,
According to Poleni (19562) one ponad is composed of
testicular bilssue and the other is vepresented by a
1gonadal streak'! similar to that found in the vsuval form
of ovarian dysgenesis,

Difficulbty is obviously present in the
clagsification of this group of patienbs for they may be
said to present feabures of ovarian dysgenesis, male
paeudohermaphroditiam and true hermaphroditism, Several
patients with varlous features of these intersex groups
have bsen described, and in a recent review of the sitvation,
Sohval (1953) has proposed the term of 'mixed gonedal
dysgenesis', This caltegory, according to Sohval applies
bo subjects of wale and female phenolype who have an enlarged
elitorig or phallus, together with a vagina, vberuvs and
Falloplian tubes, The gonads may consist of intra-abdominal
tegteg, or of a testis together with a gonadal strealk,

These subjects are chromatin-negative, The difflculty,

emphagised by Sohval, in classifying these patients, sorves
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to veinforcee Ashley's statemenlt that various anomalies
of intersex cannol be placed "neatly in a pigeon-hole
wlth the teclt asssumption that there are clearly marked
differences belween the different anomalios of develop-
nent and the different gympbom complexesh,

Turner?s gyndrome has been described in the
male ag well as in the female, Those malé subjects,
(according to Ashl@y),m&y have webbing of the neck, short-
ness of stature, periphoral ocedema, coarctabion of +the
aorte and varioug shkeletal anomalieg, Hypospadias may
be present, and the testes may show abnormalities of
structure or funcbion, o,g, unilateral or bilateral
maldesecenh, Post-pubertally, aceording to Folani (1952),
the evidence of testis involvement is shown by a
reductbion in size with absent or impalred spermabtogenesis,
The few cages of Turner's ayndrome in the male whose
chromosomal patbern has been gtvdied have been found by
Court Broun and his colleagves (1960) and other workers
eited by Polani (1962) to be chromatin-negative with a
normal chromosome number of 46 and a male XY smex chromosome
complex, According to Ashley "the genetic anomaly of

Turner's syndrome in the male, ila, apparent a8 yeb
v 3 s PP y ¥
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beyond ouvr analybical capaclities., There may be sone
qualitative change in the chromosomes or possibly a
minor translocatlion too small to be detected, This
remains one of the problems still to be solwved®,

llowvever, in fewmales with ovarian dysegenosis,
the application of meclear sexing techniques together
with chromosome analysls has revealed some extrvemely
interesting anomalles,

In 1954, Polanl and his colleagues applied nuclear
soxing technlques to three pabients with ovayian dysgenesis
and found thal they were chromatin-negative, Subsequent
investigations by workers such as Segal and Nelson (1957)
have shown that although the majority of patienbs with
ovarian dysgenesis ave chromatin-negative, somne may be
chromatin-positive, Hesulls of colour blindness studies
in chromatin-negative subjects suggesied that only one X
chromosome was prosent, (Poluni_f&_a}g 1956),&nﬁ chronosons
investigatlons later showed that this indeed was the case,
for in the majority of chromatin-negative cases, only A5
ingtead of 46 chromosomes are present, and the sex
chromosome pattern is X0 (Ford et al, 19590).

Howevey, further investigations of both chromatin-—
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negeblive and chromatin-positive subjects have shown
that other sex chromosome patterns mey exist including
both normal and abnormal complexes, Hormal sex
chromosomes and sex chromatin patéerns have been found
in the variant *yure gonadal dysgenesis’, Some of
thoge pabients are chromatin-negabtive and have the sgox
chromogsone complex XY (Harnden and Stewart 1959),
Acoording to Polani (1962) there is slight evidence that
the condition, in some éaaeﬂs may be geneblcally
determined and may be relabed to a polnt, or single
gene mwbabion,

In other subjects with pure gonadal dysgenesis,
the nvelear sex ils chromabtln-posltive and the sex

chromosome patbern is XX (Jacobs et al 1951), 1% has

been suggested by Jones and his colleagues (1953) that in
thoge cases, a mechanical or viral factor may have intere
fared with the normal development of germ cells oy thely
mi.gration o the ovaries.

With regurd to the abnormal sex chromosome
comploxes, mmerovus sbnormalitles in additlon to the X0
pabtern have been described, Tor example, in chromatin -

negative subjects wlith ovarian dysgenesis, various mosaic
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complexes have been reported including XO/XYY (Jacobs

ob sl 1951), XO/XX (Sandberg et al 19508, and XO/XY/XYY
(Jones eb al 1953), The X0O/XY mesaie complex has been
described both in the usual form of chromatin-negative
ovarian dysgenesis (Jacobs et al 1961) and in the variant
of mixed ponadal dysgenesis, in which minor modificabions
of this mosaic complex may also exist and are described
by Sohval (1963),

Abnormal. mosalce couplexss héve also bean
degcribed in chromatin-positive ceses of ovarian dysgenesils
e.g. X0/%X, XO/XXX (Jacobs ot al 1951), X0O/XX/XXK
(Hayward and Cameron 1961, Jones ob al 1953), An
interesting feature in some of the subjects in whom three
¥ chromogsomes form one of the cell lines, is the presenco,
in some of the tissue miclei, of two sex chromatin bodies
ingtead of one, This feabure has alse been described in
other sex chromogome anomalies including the'triple-X
syndrome', and somo varianlts of chromatin-poaitive
Klinefelberls gyndrome. The significance of this will
be discusged in part 6,

Several other extremely interesiing anomalles

have been described in chromabtin-pogltive pablents with
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overian dysgencals, For example, morphological
abnormalitieos of the X chromosme including deletions and
the formation of isochromosomes have been reporied,

(FPracearo et al 1960a, Jaeobs et al, 1960, 1951), and in

addition, Gruwbach and Morishima (1952) have demonstrabed
the presence of gex chromatin in X0 cells of a patiend
with ovarian dysgenesis. These abnormalities will be
consldered in grester detall in part 6, vhen discussing
the nature of gex chromatin and its relabioashlp to the
£ chromogome,

With regurd to the application of nuclear
gexing to the intersewes, I have dlacussedihermaphraditism:
together with testicular feminisabion ard Turnerts
gyndrome, There remains the condition of Klinefglter‘s
gyndrome which, as I have previously noted, has been
classified by Ashley in the thivd of his intersex groups
in which the nueclear and gonadal sex are not congruous,
Klinefelieris syndrome, btogether with its varlanbts, will be

degeribed in the following part of this thesis,
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Ghromatin-Positive Klinefelter's Syndroms

The term °Klinefelﬁer°s syndroms' ig derived from a
condition deseribed in 1942 by Klinefelter and his eolleaguves,
The tltle of their paper svmmarised the main features as
those of a "syndrome characterised by gyneecomasiia,
agpermatogenesia, without a-laydigism, and increased excrablon
of follicle gstimulabing hormone®, The testes wore described
as belng small, showing bistologically hyalinisation of all
the tubular elements, bub with intact leydig colls, The
secondary sex characterigbics were defective and the level of
17-kotogtoroid hormone excrebtion in the urine varied from
normal to mavkedly deereased,

Thia oviginal concept was expanded by Heller and
Nelgon, who, in 1945, veviewed 20 patients with the gyndrome.
They demongbrated that, whereas small testes, azoospermia, and
elevaltion of the level of gonadotrophin excretion in the urine
wore consbant features, the gynaccomastia, mentioned by
Klinefelier, together with other features such as eunuchoidal
skeletal proportions, high pitched volce, poor muscle
development, scanty puvblec and faecial halr, and underdeveloped

external geniballa, although present in some patients, wore



96

varisble features, and vere not considered by Heller and
Helson %o be essential to the syndrome.

Over the following eleven years, little was contributed
to the original concept of the gyndrome, and there was a
tendency o classify all patients with small testes and azoo-
spormia as being cages of "Klinefelter's syndreme!, Tn 1956,
Plunkett and Bary, and Bradbury and his colleagues, together
with obher workevs elited by Overzier (1962 in his review, made
a major conbtribution towards the understanding of this ayndrome,
when, by applying the technique of nuclear gexing to patients
with Klinefslier’s syndrome, they found that soms of these
phenotypic males possessed chromatin-positive mclei,
Speculation regarding the nature of Klinefelter's syndrome then
increased, Several surveys of patients with Klinefelier's
syndrome were rapidly carried out in order to investigate the
nuclear sex, with some varied resulls, for although, for examplie,
Lonnox and bis colleagues (1958) found that in their material
more cases were chromatin-negative than chromatin-positive,
other workers, e¢.g. Nelson (195@,and»8egal and Nelson (1957))
have roported that in thelr surveys the m&jori%y)(about 80%),
of patients were chromatin-positive,

For coanvenience, therofore, Klinefelter's syndrome can
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be divided into chromatin-positive and chromatin-negative
forms. The former, chromatin-pogsibtive Klinefelter's
gyndrome, which presents abnormalities of sex chromatin and
sex chromogomes, ig the form which will be largely discussed
in thig chapter, The latter, chromatin-negative Klinefeliterls
gyndrome, shows no anomalies of sex chromatin or gex
chromosomes. Lts setiology is different from the chromatin-—
positive form, but beeause, clinlcally, 1% presents soms
gimilar features, it will be briefly compared wilth chromatin-—
positive Klinefelter's syndrome after the c¢linical and histo-
logical features of the latter have been described,

Atvtempts have been made to find a more sulitable nawme
than 'Klinefelter's syndrome'., UWhen nuclear sexing techniques
wore Tivst applied, Nelson (1956) introdueed the terms Vivue!
and 'false' Klinefelter's gyndroms to represent veapectively
the chromatin-positive and chromatin-—negative forms, but the
latter terms are much move accurate and sultable, Turther
names have been suggested for the gyndrome such as 'tesbicular
dysgenesais' by Plunkett and Barr (1956), 'pseudomales! by
Witsehl and his colleagues (1957), 'seminifercus tubnle
dysgenesis! by Grumbach et al, (1957), 'hyperplastic wedullary

gonadal dysgenesis! by Stewart (1958) and finally 'primayy
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micro-orchidism® by Ferguson-Smith in 1958, However,
altbough the term 'Klinefelier!s gyndrome! is nobt entirely
suitable, 1t has the advantage of being recognised as a

clinical entity, is widely known, and is convenient,

Cliniecal fembures of chropatin-positive Klinefelter's Syndrome

Many of the clinleal features wero degeribed in the
earlier papers on Klinefelter's syndrome, and these, togethey
with later findings ave adeguately detalled in vecent reviéws
(e.g., Ashley 1962, Overzier, 1963D,

In younger age groups there may be no clinical signs
or sympboms, and the syndrome uswally manifests jtself during
adolescence when thore may be delay of puberbty topether with
the development of gynaecomastia and other features, The adulib,
on the other hand, uouwally presentsz with infertilliy, or some-
bimes gynaecomastia, The patient mey be tall and have a
sunvchold statvre with delay in fusion of the epiphyses of the
long boneg leading to a terndency to excessive growbth in the
length of the exbvemities, SYtewart and his colleagues (1959)
amphasised that in some cases the arm span ls greater than
the height and the lower segment of the body (pubis to sole)

greater than the upper segment (pubis to crown), The pitch
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of’ volee may be high, and halr on the face, axilla and pubis

may be gparse in amount, Theve may be variabion in

nusele development and gtrength., The hair at the temples

may show lack of recession, The external genitalia show
reductlion in size of the testes, and sometimes, alsc, the penis,
The interstibtial cells of Leydig in the testls tond to fail
oarlier than novmal and the so-called male climacterie beging
sooneyr, Osteoporosis may occur,

Ag far as hormone esbimatlons arve concerned,
according to Ashley (1962)Dthe incroased secretion of folligle
gtimlating hormone,; has been confirmed in nuimerous casess
Overzier (1963, however, menbions that several excepbions ave
known, Oestrogen levels ave not increased and the excrstion
of 17-kebosberoids in the urine just veaches the lower limits
of normal (Overzier, 19630,

Heller and Nelson (1945) have emphasised that the
najority of the clinical signg just described, need not be
pregent in these patients, and Ashley (1962) bas gone so far as
to say that "bthe only congbant feature so far observed in this
syndvome is infertility™. However, as Ashley points oud,
the diagonosis of a ferbile case of Klinefelier's syndrome “must

arise largely by chance, and, of course, vigld proof of patevnity
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would be necesgsary in view of the vnusual nature of the
phenomenon”,  According to lennox (1963b), many workers have
looked fTor such cases, and two of the most recent claims of
fertility have been made by Kaplan et al. (1953) and Warburg
(1963)., In Kaplan's case, at least, fertility has not been
proved conclusively, but in the case described by Warburg,

blood group studies do not conbraindicate the possibllity.,

Histological featureg

The normal male breast congists of a moderately
dense fibrous connective tissuve stroma containing a few duets,
but when gynsecomastia is present, there are certain histolopleal
chunges vhich are deseribed in detall by Karsner (1946), Accord-
ing to Karsner, in the breast, there is proliferation of connective
tissve which is dense in the general gtroma and loosely
arranged in the periductal areas, Inaddition, there is a
periductal or more widegpread infilitrate of lymphocytes, plasma
cells and large mononuclear cells topether with occasional
coginophils and polymorphs. The ducts show branching,
elongation or multiplication, and often contain secretion which
may be discharged but rarely consigts »~f true colostrum or

milk, Mitotic activity may sometimes be present in the
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epithelivi which may show much hyperplasia, sometimes of a
paplllary pattern, but with rare formation of trve intra-
ductal papillomag,

Although Kersner states thabl true acini are never
found, Sandison (1952) has noted apparent acinar formation
with well formed lobuvles in the breasts of two chromatin-
positive Klinefelter cases from the material of this department,

The histologlcal Teatures of the testis in chromatin -
positive Klinefelter's gyndrome present many interesting
features. The normal aduli testis (Fig., 5) consigts of
seminiferous tubules lying in a connective tissue gtroma, each
tubule being surrounded by a delicate basement membrane at the
periphery of which avre a few collagen and elastic fibres, The
tubvles are lined by Sertoli cells and spermatogonia which
divide to produce spermatocytes and spermatozoa, the latter
being present in the lumina of the twbvles, Betwoen the
tubules lie the interstitial cells of leydipg which vsually
contain crystalloids together with the pigment lipofusein and
refractile gramloes,

This department has seen an excepblonally large
number of testicular biopsies from subjects with chromatin -

positive and chromatin-mnegative Klinefelter's syndrome, in both



Figure 5 - Normal adult testis,
(Haemalum and eoain, X 2.40),
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of which abnormal histologleal features are present,
Nolson (1956) was the first to point out that a difference
could be distinguished between the histology of the two formg

and this has been confirmed by Ferpuson-Smith et al, (1957),

whose material I have been privileged to re-examine,

The testes in chromatin-pogitive Klinefelter’s
gynfrome are smaller than normal and are of variable consistency,
The normal histology is grossly disorganised (Fig, 6), The
interatitial ecells of leydig are aggregated into solld, massive,
discreto, wellevasculariged, almost adenomatougs<like elumps
in which the individual cells show marked pleomorphism
(F@rguson«Smith‘gE_ggf 1957), Vacwolation is present, indicative
of a degenerative process and. there iz a deficiency of refractile
grammles related to a funcbtional failure (Barr, 1957),

The tvbules avre irvepgularly distributed throughout
the testis, and large areas of tesbicular tissue may be devold
of fwbules, The tvbules themselves show varying degrees of

fibrosis, over 70% of them, according to Lemmox et al, (1958),

showing hyalinigation, Many may be completely scleroged and
form ‘ghost tubules', Nonwgcleroged tubvles vary greatly in
sizo, some veaching slmost normal adult diameters, othors bolng
small and immature, These tubnles show a small lumen or even

none at all,
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Figure 6 - The teatis in chromatin-p>ositivp

Klinefelter’s syndrome showing clumps

of Leydig cells and hyalinised tubules
(Haemalum and eosin. X &40).
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A Teatoure of note ig the gross deficiency of elastic
fibres, Blastic fibres usvally appear in the testis around
the age of 10 years, and Ferguson-Smith (1958), emphasised
that in the hyallinised tvbules of chromabtin-positive Kling-
felter's gyndrome, the lack of slastic fibres indicates thab
the testicular lesion bsgan before puberty.

In addition to the lesions just described, severe
testicular atrophy with premature senllity may be supsrimposed
with the result that the remaining tubules atrophy to becoms
fghost’ tubules and the Leydig cells disappear leading to
androgen defielency (Ferguson-Smith, 1958),

Although hyalinisation of the tubuwles is seoen
froquently, it% is not an invariable feature, and Ferguson-Smith
(1958) observed that the most significant defect in the testis
is a reduction in the number of germ cells, The tubules
therefore are lined mogtly by Sertoll cells which may be well
preserved as long as the fibrosig in the tubules is minimal,
(Siebenmann, 1958), Spermatogonia, as just mentioned, are
rarely seen, bul spermatocytes and even spermatozoa have been
reported in several cases, (Bunge and Bradbury, 1946, WNelson,

1956, lennox eb al, 1958, Ferpguson-Smith and Munro 1958), It

ig therefore theoretically possible for a case of chromebin-
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pogitive Klinefelter's gyndroms to be fertile, btut, ag previously
noted, no such case has yot been prowved unequivocally,

Before puberty, actording to Overzler (1953b), the
appsarance is not quite ag charscteristic, but may be quite
striking, Overzler slates that the tubvles may vary in
diametor and are lined by very immature syncytlal cells, Germ
calls are reduced in number before puberty as well aa in the
adult (Ferguson-Smith 1959), and tubular hyalinisation does nob

oceur vntil puberty (Ferguson-Smith 1959, Oversier, 1963b),

Ghromatin-negative Klinefelter's Syndrome

This syndrome forms a reasonably homogosneous group,
but one less well defined than chromatin-positive Klinefelter's
gyndrome, from which there are a few points of disvinction,

Stowart eb al, {1959) analysed 16 chromatin-positive and 16

chromatin-negative cages of Klinefelter's syndrome, They con-
cloded that, whereas both forms show gignificant differences
from normal with regard to the size of the tegbis and prostate,
excretion of folliclo~stimulating hormone and distribwiion of
body halr, there were certaln differences hetween the two groups.

Stewert ot al, demonstrated that in the chromatin-pogitive form,

the testes were slightly smaller than in the chromatin-negative
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form, and that, in addition, whereas chromabin-negative
patients show no“maasurements vhich deviate significantly

from normal, the chromatin-positive subjects had an incroase

in their height and in the sole to pubis moasvrement, Stewart

et al., also added that the chromatin-positive patienits showed

deviations from normal with regard to the amount of facial hair,
the fregqueney of shaving, and the incidence of gynaecomastia,
Although the elinical diagnosls of chromatin-negative
Klinefelterts syndrome 1ﬁ.lass cortain than the chromatin-pogitive
form, the testes in the two groups ave distinpguishable on
histological grovnds, TFerguson-Smith et al, (1957) and Lennox
ot al, (1958) have gshown thot in the chromatin-negative form,
in contrast to the chromatin-positive form, the Leydig cell
hyporplasia is diffuse and oven, and the cells themselves appoar
normal (Fig. 7). The gseminiferous tubules ave well preserved,
Jesa than 30% being totally hyslinised, Most of the tubuleg
are lined by Sertoli cells, bub total lack of germ cells is
unexcoptional and a few spermatogonia are usvally seen, Few
tubules ars Yghost'! tubules, and there is no gradation betwaen
these and the tubules lined by Sertoll cells, Compared with
tho appearance in chromatin-positive Klinefelier's syndrome,

the tubules are wore uniform and the ghogt ﬁubules,which are



Figure 7 - The testis in chromatin-negative
Klinefelter*3 syndrome showing well

preserved tabules lined largely by
Sertoli cells*

(Haemalum and eosin. X 2.40),
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vich in elastic tissue,are larger (Polani 1962), As proviously
mentioned, elastic fibres usually appear in the testis arocund
the age of 10 years, and consequently, bthe presence of elagtic
tigsve indicabes that the lesion is post-pubertal,

The featvures of chromatin-negative Klinefelter's
syrdrome were described in 1947 by del Castillo and his collsapues,
who postulated that this new gyndrome was dve to the failure
of migration of germ cells to the primary gonad, Although
some cagses of chromatin-negative Klinefelter's gyndrome may be
regarded as a primary failure of germ cell development, a less
well«defined group exists, in which the damage to the tesgtis may
be a result of exogenous factors such ag inflasmation, breuma,

interference with the vascular supply, ete,
Apsociation with Infertility

As can readily be predicted from the teslbicuvlar
morphology, Klinefelter's syndrome shows a marked association
with infertility, 1In 1957, Perguson-Smith and his colleagues
investigated patients atlending a male infertility clinie, and
found that 8,5% of all cases of male subfertility, and 30% of
cases with major impalrments are due to Klinefelter's syndrome

(both chromatin—positive and chromatin—negative)., A0% of these
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cages with Klinefelter's gyndrome wers found to be chromatin—
et al
pogitive, Consequently, Ferguson-3mith concluded that 118

of cases of high grade subfertility and 3% of all cages of
gubfertility in males are due Yo chromatin-pogitive Klinefelter's

syndrome,

The frequency of chromatin-pogitive Klinefelter's syndrome

In 1959, a leading article in the 'Lancet' showed
that by combining the figvres for the incidence of infertility
in the general population, of azoospermia in infertility, and
of chromatin pesitive Klinefelber's syndrome in azoospermics,
1t covld be esbimated that chromatin positive Klinefelter's
gyndrome oceurred in at least 1 in 600 of the genersl
population,

Sino§ then there have been several surveys of male
and female newgorn babies by the tuceal mcosal smear method
of nuclear gexing, in order to estimabe the incidence of sex
chromatin anomalies, With regard to the male bables, Moore

(1959) found 5 eases with chromatin-positive mvelei in 1911

babiecs, Rergemann (1951b) found 4 eases in 1890, Maclean et al,

(1951) found 9 cases in 3,000, and Subray and Prabhaker (1962)

working in India, found none in 2058 male bables, Wilesli,
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working in Basle, studied amnion cells of 1563 newborn males
and found sex chromatin in only one case which was an
anencephalic,

Maclean et al, (1964) have extended their previous

1961 survey, and have recently reported a further 12 cases in
7,725 babies, making a total from the Edinburgh grovp of 21
cages in 10,725 llveborn male bables,

By combining the figuresg from the various groups
of workers and excluding the anencephalic case reporied by
Wiesli, 30 cases of presumptive chromatin-pogitive Klinefelter's
syndrome have been found in 18,147 male babies, 1.e, 1,65 per
thousand, or 1 in 605, This incidence is similar to the
freguency of 1 in 600, which, ag shown above, had been previouvsly
calculated by indirect means, It is, however, to be noted that
in the largest survey of the group, which was performed by
Meclean and his colleagues, the ineidence is 1,9 per thousand,
and that if only the surveys pefformed by Moore, Bergemann and
Maclean ave taken into aceount, the frequercv of chromatin—
positive Klinefeller's syndrome in-ﬁhe general population is

2,07 por thousand,
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Assgciation of chromatin-positive Klinefelter!s ayndrome with

e TR

nental deficiency,

There ig a well marked association between mental
deficiency and chromatin—pogitive Klinefelber's syndrome, and,
indeed, mental deficicney was present in one of the original
cages described by Klinefelbter and his collsagues in 1942,

In 1957, Pagqualini et al, drew attention to the fact that 11
of 31 patients with clinical features of Klinefelter's syndrome
whom he examined were feebleo-minded, but in none of these
patients had nuclear sexing been performed, In the game year,
Ferpuson-Smith and his colleapues, ag previovsly mentioned,
invegstigated patients attending a male infertility clinic, and
in addition to obgserving the association botween Klinefelter's
gyndrome and infertility, also noted that some of the chromatin-
positive patients were of low intelligence, These observations
rapidly led to geveral surveys of mental defectives, the resvlts
of which are ghown in Table 1, Comblination of thesgse flgures
shows that the incldence of males with chromatin-positive nuelei
is 132 in 14239 male mental defects, or 9,3 per thousand, Ten
of these 132 chromatin-positive svbjects were reported to have

more than one sex chromatin body in some of their nuclei,




1ES

Freaoney of  Chromatin—Positive Klinefeltorls Svndrons
in _ Menval Dofectives

[ra arstess ATHATS 2 Ehnn e L L s 0,0 e

| w P8 gITEESe LYoy e ey iqo. RERTUN JoRLEE JVE 7[:;- P e ]
Type of . No, Chromatin | . °,
Survey Author | Casos | Posltive é;gzg
; Cases ’
- } s e
Schools Prader et al. (1958) I 336 8 (1) 22,
for Porguson-omith (1959) t 633 g (1) 1.2
Education.| Cornwell (1960)+ § 40O 3 (1) 0,73
ally Chapelle & Hortling (1960)] 342 3 (1) 0,88
Subnormal | Israclsohn & Teylor (1961)] 1556 7 (1) 0,45
chl:i.-dlqeﬁ T i PR RS e S Sy Pre T S Y S s o
set | 29 | 0,89
. et e e s N 1 . .
Montal Ferguson-Smith (1958) L3285 4 (1) 1.2
Tngbitnb- | Mosier eb al. (1960) 1252 10 (1) 0,8
1003 Darr et al, (1960) C1506 | 11 %1%} 0,86
= 3 (2
Shapivo & Ridler (1060) ;800 6 (1) 0,66
Senderson & Stewart (1961} 245 2 (1) 0,82
Guabavaon & Akesgson (1961)E 48 0 0
Hamerbon et al, (1962) 220 1 (1) 0,44
Maclean el al, (1962) aso7 | 23 (1)
{ L (2 1,09
‘ 1 (3)
Perguson-Smith (1962) | 916 g g ;} 0.08
Davies (1663) L oss0 | o3 . 0,73
Forassman & Hambert (19563) 760¢+) 15 (1) 1,97
1625 10 (1) 0,62
10063 |103 [
Overall Incidencs 14239 132' 0e93

() WMo, sex chromatin bodies present
S Ulted by Israelsohan and Taylor (1961), as unpublished results,

¢ )
o Criminals or hawvd-to-manage males,
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Howeveor, not all cases of chromatin-positive
Klinefelter's syndrome are necessarily mentally defective,
0f the subjects with chromabin-positive Klinefelter's
syndroms who were found in a male infertility clinie,
Pergugson-Smith (1959) sald, "Certainly no more than a quarter
of these patients showed signs of subnormal intelligence and
some appeared o have morce than average intelligence™,

Both Ashley and Overzier in their reviews mention that they
have soen cages in pabients with average or above average
intelligonece,

In order to determine whether chromatin-positive
Klinefelter's syndrome is of more frequent occurrence in
patients with the less severe forms of mental deficlency,
Israelsohn and Taylor (1961) compared the results of various
surveys which had then been carried ovt, These surveys had
bsen performed both on children with the milder degrees of
mental deficiency who were atitending schools for the education-
ally svbnormsal,; and on patients with more severe forms of mental
deficieney who were to be found in mental instiltviions. Israel.
gohn and Tayloy concluded that the only evidence of a higher
incidence of chromabtin-positive Klinefelter's gyndrome in

svbjects with less severe degrees of mental deficleney was the
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increaged frequeney reporbed in educationally subnormal
achoolehildren by Prader and bhis colleagues (1958),

Comparison of the surveys which have bsen made to
date show an incidence of 8,9 per thousand in educabtionally
subnormal schoolchildren compared with 9,4 per thousand in
patients in institutions for mental defectives, However, a
feature of note is the relatively high incidence of 15 chromatin-
pogitive males in 760 patients (or 19,7 per thousand) reported
by Forssman and Hambert (1953), who surveyed three hospitals
for "criminal or harde-to-manage males of subnormal intelligence®,
in whom the degree of mental deficlency was not reported,
Inclusion of the resulbts of this survey with those obtained from |
other mental institutions produces the relative frequencies
mentioned above, If, however, these patients ave regarded ag
having a less severe degree of mental doficiency, then this
relatively high incidence of 19,7 per thousand reported by
Forgsman and Hambert would tend to support the suggestion that
chromatin-pogitive Klinefelter's syndrome is commoner in the
less severe forms of mental defeet, In addition, the overall
incidence of chromatin-—positive males in the milder forms of
mental deficlency becomes 10,7 per thousand and the freguency

in the more severe formg becomes 8,6 per thousand,
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These findings are discussed in some detail since
we shall consider later whether the degree of mental defect
in cases of Klinefelter's syndrome who have more than one sex
chromatin body in their miclei, (i.e, the XXXY and XXXXY
chromosomal variants), is similar %o that in the commoner

variety of the gyndrome,

Aetviology of chromstin-progitive Klinefelter's gvndrome

When Klinefelter's syndrome was first deseribed in
1942 vy Klinefelter, Reifenstein and Albright, the authors
guggested that it was dve to a primary failurse of testicular
funcbion, which, by producing a hormonal imbalance between the
testis and the pilituitvary, accounted for the elinical signs and
gymptoms,  Vhen, however, in 1956, it was found that some of
the subjects with the featuvres of Klinefeliter's syndrome had
chromatin-positive miclear sex, the situvation appeared more
complicated, and there was considerable speculation with regard
to the aetiology of this form of intersox,

It was postulated that the nuclear sex corregponded to
the chromosomal sex complex of XX (e.g. Danon and Sachs 1957),
and patients with chromatin-pogitive Klinefelter's syndrome

vere regavded as 'genetic females' who had undergone 'sex
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reversal' in foetal life, Various embryogenetic mechanisms
were suggested to account for this phenomenon, For example,
it was suggested that testes developed in these ‘genetic
Temales! &t a resulﬁ\of cortico-medullary imbalance in
ponada destined to become ovarieg, This coritico-medullary
imbalance was thought to be due eithefxto the fallure of
cortical development (Bunge and Bradbury 1956, Grumbach et

al, 1957), or to reinforcement of the influence of the medulla

by some exbernal influence (Segal and Nelson 1957), Witschi
and his colleagues (1957) offered an alternative suggestion
th&& the involution of the cortex was the result of an
impairment in the number of germ cells reaching the gonad,

As I have just mentioned, it wag believed that the
pregence of gex chromabin in subjects with chromatin-positive
Klinafelfer's syndrome indicated that the sex chromosome cone-
plex contained two X chromogsomes, This assumpbtlon was
reinforced by the low frequency, in these palients, of colour
blindness (Polani et al, 1958), which is carried on a recessive
gene on the X chromosome, and tends to be manifesied wvhen only
one X chromosome is present, VWhen Ford and his colleagues
(1959¢) and Jacobs and Strong (1959) examined the chromosomes

of these chromatin-positive patients, they found that, althovugh
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two X chromosomes were indeed present, there were 47 instead
of 46 chromosomes and the complete sex chromosome complex
wvag XXY. This obgervation has been confirmed by numerous

workers cited by Polani (1952),

The origin of the XXY chromosome anomaly

Ag previously mentionsd in part 1, numerical
abnormallities of chromosomes are believed Lo be the resvlt of
non=disjunction occurring during meiosis or mitosis, The XXY
chromosome anomaly could therefore arise if primary non.
disjunction occurs in either the sperm or the ovum, resuliing
in elther fertilisation of a normal X-bearing ovum by a non-
disjoined XY sperm, or fergilisation of a non-disjoined XX ovum
by & normal ¥ gporm,

The XXY anomaly could also theoretically be the result
of secondary non-disjunction, which is said to occur when an
abnormal nvmber of chromosomes is found in the gametes of
individuvalys who already possess an abnormal chromosomal
complement, Thus, in theory, an XXY zygote can arise from
secondary non-disjunction in an XXY father, or in a mother who
possesses the sex chromozome pattern of XXX, However, as

previously mentioned, Tertility in an XY Xlinefelter male hag
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been difficult to prove, and with regard to the XXX anomaly
(which will be discussed in part 5), all the ehildren of

XXX wmothers have been shown to have normal muclear gex or
normal sex chromosome complexes, For these reasons, there-
fore, primary non-disgjunction is the more likely cause of the
XXY anomaly,

Another possible mode of origin of the XXY asbnor-
mality is by mitobic nonedisjunction occurring in the early
cell divielion of a normal XY gygote with elimination of the
nonviable YO ecell line, This methoed of origin is discussed
by Iord (1963),wh0 obgerves that if the XXY anomaly arose from
non-digjvnetion of the XY zygoﬁg , the frequency of colour
blindness in chromatin-pogsitive Klinefelter'a syndrome would
be the same ag in normal males, Since, however, colour blind-
ness is of muach lower frequency in these patients, as Ford
points out, most XXY Klinefelter cases must therefore possess
two genebically distinet ¥ chromosomes derived from none
disjunction of tho gametes,

In order to determine whether maternal or paternal
non-digjunction is the cause of the sex chromosome anomaly,
forther studies have been made on families of colovr blind

subjects with chromabin-positive Klinefeliter's syndrome by
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Howakowski et al, (1959), and similar studies have been
carried out on cuses of chromatin-negative gonadal dyspenesis,
@,g. by Stewart (1959), The results of Nowakowski and his
colleagues show that in the colour blind Klinefelter cases whiegh
they investigated, the two X chromosomes were of maternal
origin, Using evidence from colour blindness studies alone,
however, it would be difficult to obtain proof of paternal non-
disjunction ag the cause of the XXY anomaly, since as Lennox
(1951) and Polani (1961b), have both pointed out, this would
necegsitate the investigation of a family containing a nonw
colour blind XXY male with a colour blind mother and a normal
father, These casges would be found only ravely,

Recently, however, the sex<linked blood group antipgen
Xg®, described by Mamm et al, (1962), has been used by Frdland
EE‘EE? (1953) to investigate the origin of the two ¥ chromosomes in
the XXY complex, 1In three of four families containing chromatin-
positive Klinefelter subjects, these workers have shoun that the
two X chromosomes were of maternal origin, In the fourth
family, however, they have demonstrated that one of the X
chromosomes was of paternal, and the other, of mabtesrnal origin,
L.e, +that paternal non-digjunction in this partiecuvlar ingbance

had caused the XXY anomaly, Thig observation has since been
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confirmed by Ferguson-Smith et al. (1954),

In passing, it may be noted that with regard to
the origin of the XO anomaly in chromatin-negative ovarian
dysgenegis, albthough the resulis of colour blindness studies,
e.g. by Stowart (1959), offered evidence that the single X
chromosome was of maternal origin, iavestigation of the Xg2
blood group antigen by Lindaten et al. (1963) has shown that
the X chromosome may be elther of maternal or paternal origin,
1.8, that the X0 anomaly may be cauvsed by either maternal or
raternal non-digjunction,

Although the XXY sex chromosome complex is the most
freqp@ntly gncountered form of chromosomal anomaly in chromatin-
positive Klinefelter's syndrome, several other chromosomal
variants have been described including mosaics,

It has been found that ln a few subjects with this
syndrome, the sex chromosome complex has included more than
two ¥ chromosomes, so that in addition to the usual KXY form,
LXXY and XXXXY sex chromosome variants have been deseribed, I
have recently had the opportunity of examining two patients,
one with the XXXY anomaly, and the other with the XXXXY anomaly,
and since the clinical features of these patlents serve %o

demonstrate the effect in the male of increasing numbers of X
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chromosomes, the XXXY and XXXXY chromosomal variants will be

congidered separately.

O AT ey LAY

A total of 6 subjects with the XXXV sex chromosome
complex have been describ@d by Barr et al, (1959), Fergusone
Smith et al. (1960a),and Cavy ot al, (1961c), These patients
wvere found by nuclear sex surveys of mental defectives in
ingtitutions, and were detocted beecauvse their buceal mucosal
smears contained two sex chromatin bodies in some of the
nvelei,

Nucleor sexing has vrevealed a further case of the
XXXY variant in a 40 year old mentally defective patient, who,
afber admission to Stirling Royal Infirmary, was noted to show
some features of Klinefelter's syndrome,

On physical examination, the subject is of average
height , (69 ins. or 175.3 cms.), and has slightly long legs, the

pubis to sole measuvement heing 354 ins. (89,54 cms,). The

patient is heavily bullt and has a gsomewhat feminine distribution

of fat, The hips are broad, the abdomen obese, and slight
gynaecomastia is present, Axillary and pubic hair is scanby

and the poblie halr ig of feminine digtritwtion, Chest and
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faclal hair are sbsent, There is no evidence of acne on
the face or body, and there are no oculur defects such as
myopia or strabismua, The voice is hiph pitched,

Abnormalities are present in the external genitalia,
for althovgh the scerotum is normally formed, the penis is
vnderdeveloped, The testes are not palpable in the scrotum
or groin, and are appavently intra-sbiominal,

There is also evidence of skeletal abnormalities
shown by marked limitation of pronation and supination of both
forearmg, Some degree of limitation of inversion is present
at the ankle joints but passive eversion is possible,

The patient is of subnormal intelligence and lives
a%t home with a sigter, Tormal testing in order to asgsess the
intelligence quotient could not be carried out, tut it was noted
that the patient is quiet, cheerful and co-operative, although
glow in performing taskss he ean feed and dress himgelf, can
answer sinple questions, and works as a road-gweeper,

At the time of the pabient's conception, both parents
vere 37 years of age, The subject is the second of a sibship
of four. The youngest sib, a female, died in infancy from
meningitis., The other two sisters ave healthy and have normal

intelligence. One of these sisters is married and has an
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apparently normsl fawily,

Unfortunately, apart from a physical examination and
the collection of peripheral blood for chromogsomal analysis
togebher with smears of the buccal micosa, the patient's
relutives would not give permission for any further investi-

gations.

Seox chromatin and chromogsome investipgationg.

The buccal smears were fixed in Papanicolaou's
fixative and stained with cresyl echt violet according to the
method deseribed by Moore end Barr (1955a), DPBxamination of
gultable muclel showed that 224 contained 2 sex chromatin
bodioes, 60% contained 1 sex chrometin bedy, and 187 contained
no sex chromatin,

Mitotic chromosome counts were made on cultured

peripheral blood by the method of Moorhead et al, (1950),

81 of the 100 cells examined contained 48 chromosomes, 14
conbained 47 chromosomes, 4 contained 46 chromosomes, and 1
contained 49 chromosomes, Analysis of cells containing 48
chromosomes showed that there were 22 pairs of aviosomes t0-
gebher with a ¥ chromosome and 2 extra chromosomes lying in the

medivm size renge (Fig, 8), On the baéis of the gex chromatin
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Tindings, thesa‘extra chronosomes were assumed to be X
chromogomes with the resuliing sex chromosome pattern of

XXX¥, Of the 14 cells containing A7 chromosomes, 7 were
thought to have the KXY sex chromosome complex, and although the
percoentage of XXY cells is small, the possibility of mosaleclisn

in this patient cannot be completely excluded,
Comparison of patiocnts with the XAXY anomaly

It is interesting to compare the elinieal features of
gubjects with ehrommtinvposﬁtiva Klinefelterts syndrome in whon
the sex chromogsome complex diff'ers from XXY, ia order to

agcertain vhether these chromosomal wvariants form specifie

syndromes which can be cliniecally recognised., TFor this pur-
pose, deballs of the seven patients with the XXXY,(O? pProe
sumptive),ch?omosome anomaly are shown in Table ?, Analysis
of the data shous no oubstanding features common to all the
patients which might form a specific agyndrome distinet from the
KXY varlant, but as indicated below, a few minor abnormalities
are present in gsome of the cases,

It can be seen thal features of the usual XXY form of
chromabtin-positive Klinefelter's syndrome are pregent in various

patients of the group, including, for example, increased heipght
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long logs, gynaecomastia, poor growth of facial and body
hair, small toestes and penis,

In four of the six cases in whom the gonads wore
examined histologleally, the appearances, at least Trom all
the degeriptions given, are similar to the testis in the XYY
variant of Klinefelter's syndrome, The remaining two cases,
however; which are both deseribed by Barr ot al, (1959) show
a somewhat different histological appearance, In one of these
subjects, (case 1), the testis is described as consisting
almost entirely of Leydig cells, Only one tubule was seeng
this conbained no goerm cells but had a thickened tunica propria,
The other subjaet)(ease 2),was a mentally defective male in
whom there were no clinical or hormonal featuvres of Klinefelber'a
gyndrome, The tegstes of this patient were nearly normal on
histological examination, the only minor abnormality being some
arrest of maturation and scaveiity of spermatozoa, Baxr and
his colleaguesg (1960))in a later paper say of this patient that
he Yeannol be included in Klinefelter's ayndrome, for hlis testes
vere normal in size and histologleal structure®, However, the
pregence of two sex chromatin bodies in some nuelei of the
buceal mucosa indicates that at least some tissues or cell lines

conbain three X chromosomes (XXX¥), but, unfortunately,
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chromosome gtudies are not reporied on thié possible mosaic,

Bvidence of skeletal abnormalities involving the
forearms is pregent in lwo of the geven patients under cone
sideration, In the present case, there is limitation of
supination and pronation of both forearms, and in ons of the
cases described by Ferguson-Smith et al, (1950a), there is
bilateral radio-ulnayr synostosis, Thils latter case also shows
gsome obther minor congenital abnormalities including neck
webbing and myopia,

The presence of malfunction of the thyroid and liver
in casoes 5 and 6 is of inlerest, since disordered function of
the liver has algo been described in an XXYY varlant of
Klinefelter's syndrome by the same group of workers (Carr et
al, 1961b), Barr and his colloagues (1950) noted that thyroid
sbnormalitios were present in a group of, (presvmably XXY),
chromatin-poaltive Klinefelter's patients with mental deficlienecy,
and suggested that underactivity of the thyrold gland during
the developmental period may be a factor contribuiting to the
mental retardation. That thils deflceiency may be the result of
a thyroiditis is suggested by the fact that the latter is known
to be the ease in instanceg of chromatin-pogsitive Turneris

syndrome with the X isochromosome-¥ constitution (Sparkes and
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Motulsky 1963).

A1l seven coges of the group are mentally retarded,
As proviously noted, 6 of these 7 cuses were detechbed on
auclear sexing surveys of mental defects in institutions, and
thege cases show a fairly seveve degree of mental defect, the
.0, varying between 60 and 14; The number of cases concerned
is too small for statistical analysis, bubt this range of T.Q.
sugpests that the degree of mental defect is, on the whole,
greater than that encountered in the XXY variant, (see palla)

On the whole, therefore, the only features presented
by these patients with the XXXY anomaly, which differ from the

usval form of XY Klinefelter's gsyndrome found in mental

ingtitutions, are the slightly greater degree of anomaly
present in gome patlents and the occasional association of

other congenital abnormalities,

The oripgin of the XAAY anomaly

o * *

The origin of the XXY anomaly has already been digw
cuased, In the cage of the XXXY abnormality& the situation
becomes slightly more complicated and geveral pogsibilities arise,
For exanple, firstly, primary non-disjunction might ocecur in

both parents, followed by fertilisation of an XX ovum by anXY
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aperm, but thig posaibility is highly unlikely on statlstieal
grounds, Secondly, it is algo unlikely, for reasons which
have previcusly been mentioned, that the anomaly is cavsed

by secoxdary non-dlsjunction occurring in an XXX mother or an
ZXY father giving rigse to XX¥ and XXY gametes, An additional
point against this explanation is the presence of normal
auclear sex in the mothers of the two cases described by
Ferguson-Smith et al, (19603, A third possibility is the
occurrence of mitotic non-disjunction at the first cleavage
division of an XXY zygote producing XAXY and XY cells, with
elimination of the XY eell line, This, however, is improbable,
for it would appear more likely that the normal XY cells would
survive in proeference to the abnormal XXXY cells, 1% would
appear, therefore, that a fourth and most probable explanation
of the X¥XY anomaly would be the occurrence of primary non-~dig-
Junction at hoth meiotic divigions in elther of the pavents,
producing an XXX ovum or an XXY sporm. These, when comblined

with a ¥ sperm or an X ovum regpectively, produce an XXXY zygote,

The XXXXY chromozomal variant

In addition to the cage which I am about to describe,

there are nine other casesg of XXXXY chromatin-pogitive
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Klinefelter's gsyndrome, These were reported by Fraccoro

and his eolleagués,(iue. Fracearo et al, 1950¢, and Fraccaro

and Lindsten l%éé% together with Anders et al, (1950}, Miller

et al, (1951), Fracearo et al, (1962b), Pfeiffer (1962),

Turpin et al, (1952), and Schade et al, (1963), all of whom
reportved one case, Barr and his colleapves however, described
two cases in 1962,

The present case is a male child who at 8} vears of
age was admitted to the Royal Hospital for Sick Children in
Glasgow for interval appendicectomy. He is the oldest of a
sibship of three, and at the time of hig conception, his mother
wag 22 and his father 24 years of age, No gignifilcant findings
arlige in the family history.

The ehild who is 42 ins. (107 cms,.) in height, is
~smaller than his stated age wovld suggest., Apart from the
genitalia, the external appearance is unexceptional, (Fig., 9).
The penis is normal, but the scrotum is vnderdeveloped and the
testes undescended, (Fig, 10).

There is a severe degrec of mental deficlency., When
tegbed on the Merril-Palmer scale, at the age of 8 years 3 months,
the mental age of the child wag found to be 2 years 3 months,

fi.a. an 1,0, of 33), The child is inedueable, Spoech is very
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Figure 9 - External appearance of the XXXXY
subject showing the underdeveloped
scrotum.
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Figure 10 - External genitalia of the XXXXY

subject showing the hypoplastic
scrotum and normal penis.  The
testes are intra-abdominal.
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indistinct, but this is probably due to a cleft palate which
wag vrepalred at the age of 3. A small perforation is present
in both ear-drums, and it is possible that a slight degree

of deafness may be ilmpalring spsech,

Badiological Examination

All the bones ave smell, tut the centres of ossiflcation
are within normal limits for the sge. Multiple bony
abnormalities are present, The golla turcica is enlarged and
deep, but the skull is othevwise normal (Fig, 11). There is
bilateral coxa valga (Fig. 12). The vlnee are very slender
and the proximal parts are expanded, pavbtlcvlarly on the left
gide, The radius on both sides proximally is overdeveloped,
and there is a radio-ulnur synostosis on the left side (Fig. 13).
In each hand, there is an abnormal centre of osgificatlion at
the base of the second and fifth metacarpals, The middle
phalanx of the little fingers containg two centres of osgification

and the terminal phalanx in each little finger is curved, (Fig.l4).

Testicular lesion

At laparotomy the appendix was vemoved and both testes

were found in the pelvis neer the internal inguinal ring,
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Figure 11 - X-ray of skull showing the enlarged
and deep sella turcica.
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Figure 13 - X-ray of forearms and elbow-jointa
showing a radio-ulnar synostosis on

the left side and other deformities
of the radius and ulna.



Figure 14 - X-ray of right hand showing an abnormal
centre of ossification at the base of
the second and fifth metacarpals, together
with anomalies in the middle and terminal
phalanges of the fifth finger.
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The vas defereng appeared normally developed on both sides,
Higtological examination of & biopsy specimen of the right

testis shows that compared with a normal testis of an § yeay

0ld boy, (Fig. 15), the tvbules arve seanty and lie in an
cedematous loose Fibrouvs connective tissve stroms (Fig, 16),

The tubules are of normal size and vary livtle in dlameter,

Some of the walls are slightly thickened, and these tubules appear
to be becoming hyalinised., No recognisable germ cells ave
present, and only Sertoli cells are identified, The epididymis

is infantile with widely separated tubules,

Sex_chromatin

The percentage of nuglei containing sex chromatin
varied considerably in several buccal mucosal smears, and ab
first the question of mosaiclsm was congidored, In the suears
with the highest percentage of chromabin-pogitive cells, 36%

T of gsultable nmuclei contained 1 sex chrometin bedy, 30% of
nuclel contained 2 sex chromatin bodies, and 9,5 of nucleli con-
tained 3 sex chromatin bodies (Fig. 17). 24..5% of nuelel cone
tained no sex chromatin, In the histologlcal sections of the

testis and appendix, 1, 2 and, very occasionally, 3 sex chromatin

‘bodies were visible in nwelei,
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Figure 16 - Section of tbe testicular biopsy
of the year old XXXXY subject,
showing scanty tubules without perm
cells lying In an abundant oedematous
fibrous connective tissue stroma,
(Haemalum and oosln, X 60),



Thi

Figure 17 - Nucleus of oral mucosal cell containing

three sex chromatin bodies.
(Cresyl echt violet, X 2,500),
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On examination of peripheral blood films, 6 drum.
gbicks were found in 383 neuvtrophils, No neutrophil was

ovserved conbaining two drumsticks,

Chromosome invesblgationg

Mitotie chromosome counts were performed on culbtures
of peripheral blood, according to the method described by

Moorhead et al, (1960), Ower 90% of the cells counted cone

tained 49 chromosomes, Of a tobal of 45 cells, 41 contained
49 chromosomes, 2 contained 48 chromosomes, and 2 contained A7
chromogones,

Analysis of cells conbaining 49 chromosomes showed 22
pairs of autosomes together with a Y chromosome, and 4 extra
chromosomes lying in the medium sized range (Fig, 18), On the
basis of the gex chromatin findings, these were assvmed to be X
chromogomes, Tlassue culbture preparations from tho atdominal

akin, roctusg sheabth, poritoneum, testis and epididymis also

showed a gex chromosome complex of XXXXY,

Gomparigon of patients with the XXAXY snomaly

In conbtrast to the XXXY chromosomal wvariant of

chromatin-pogltive Klinefelter's syndrome, comparison of the
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ten cases with the XXXXY anomaly shouws that several features ave
common to moat of the cageg in the group, which distinguish thig
variant from the usvally encountered XXY form of the syndrome,
Details of thege cases are shown in Table 3, and analysis of

the daba reveals several interesting features,

With regard to the exbternal penitalia, the scrotum is
underdevelopad in all wwit one case, and in gix of the ten cases
the penis, also, 1s small, Bilateral undescended togtes arve
present in five patients., In two patients, only one tegtis ig
degeended, but in the remaining three cases, both testes are
outagide the inguinal rings., All the tegtes which are palpable

are degcribed as being small,

Blopay of the testis has boen performed in five
children who wore all under 9 years of age, In these eages, the
tostes showed varying degrees of abnormality, Tn the three
older children, who were between 7 and 8F years of age, there is
a marked def'iciency of semlniferouvs tvbules in the testis, and
no germ cells are present, In thig age group, the most severe
lesion is pregent in the ease reported by Fraccaro et al, {(1950e)
in which the testis is desecribed as being almost gtructuvreless,
containing only a few tulules lined by Sertoli cells, together

with other tubules obliterated by connective tissue, A
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reduction in the number of germ cells was also noted by

Barr et al, (1962) in the testis of a 7 month old baby, but

on the whole, from the despripmiops pgiven, the testiculayr
appearances in this case aﬁd in the 7 month 0ld case reported
by Turpin et al, (1962) are legs abnormal than in the older
children, \

Apart from the gonadal lesions, all the patients show
various skeletal anomalies, In eight of the ten cages, these
anomalies include a bony abnormallty of the forearm, and in
five of these patients, a radio=ulnar synostosis is present,
Other skeletal anomalies include abnormalities of the vertebrae,
skull and sella tureica, cleft palate, coxa valge, retarded bhone
age and anomalles in the centres of osgification in the hande,

In many of the cageg, the external appsarance of the
patient is markedly abnormal, due to the many congenital
abnormalities present which may ineluvde; for example, micro-
cephaly, flat oceiput, prognathos, hyperteleorism and webbed
neck, In addition, other anomalies such as hypotonia, strabismus
and myopia are described, One patient also bhas a patent duvectus
arbteriosus, and in this case, and in another patient, minor
nalformatlons are present in the renal trachs,

In the case reported by Pfeiffer (1952) the mental
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gtatvs 1s not mentloned, tut all of the remeining cases are
mentally defective, and in at least five of these cases, in
whom the I,Q, 18 35 or less, there is a severs degree of defect,
Althouvgh, therefore, the number of cases concerned ig agaln oo
small for gtatistieul onalysig, it would appear that on the
vhole, the degree of mental defect i more severe than in the
ugually encovntered XXY form of chromabtin-pogitive Klinofeltor's
syndrone
Comparison of the ten cages with the XXXAVY sex

chromogsone anomaly shows that the most common featuvres of this
variant of Klinefeliter's syndrome are e severc degree of menbal
defielency, skeletal abnormalities involving espeeially the fore-
armgy; vnderdeveloped serotum and penls, uniluteral or bilateral
undescended tes?eﬂg and other variable congenitel abnormalities,

One additi;nal point of note in thege YXXXY eaéas is
that although three sex chromatin bodies are reported in varying
percentages in all patients, in none of the geven cases in whonm
blood filme were examined were three drumsticks observed, and
only Pf@iffer_has found double drumsticks, Of the 5,000 nevirow
rhils Pfeiffer examined, double drumgbicks were found in two,
double gessile ncdulos were found in oney; and in owne further

neutrophil, a drumstick and a sessile nodule were prescnt btogether.
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The significance of double drumsticks will be discuvssed in

part 6,

Origin of the ZXXXY anomaly.

The origin of this particular anomaly inclvdes four
pogsibllities which are rather gimilar to thoge which have
alraady been discugsed with respeet to the ovigin of the XXXY
anomaly. For veasons previously noted, secondary non-disjuncition
cceurring in either parent, or primary non-disjunction taking
place in both parents, is unlikely,

The third possibility is that non-disjunction might
occeur in both the first and second meiotic divisions in the
mother, producing an XXXX ovum, which, when fertilised by a ¥
aperm resulls in an XXXXY zygote.

The fourth possible mode of origin is by non-disjunction
in eitheyr parent produeing an XXY zygote, which then undergoes
mitotic non-~-disjunction at the first cleavage divisiony resulting
in two lines of cells, 1.0, XXXXY and Y. The labtter being non-
viasble ig eliminated, thus leaving the XXXXY cell lino,

Bilther of thege latber two explanations covld sdequately

aceount for ‘the XXXXY anomaly,
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Apart from the XX¥, XXX¥ and XXXXY chromosomal
variants of chromatin positive Klinefelter's syndrome, wvariloug
mosaic chromosome complexes have been reported, including, for

example, XXY/XX (Ford et al, 1959¢), XXY/XY, (Baikie ot al, 1951),

—————————

Buckton et al, unpubl.
KXXY/XXXXY (cited by Harmden and Jacobs 1951), and XXY/XKxY in

vhich one of the ¥ chromosomes was partially deleted (Crawfurd,
1961b).

In additlon to these chromosome anomalies, other
complexes have been reported in which extra Y chromosomes are

3

present as woll as extra X chromosomes, giving rise to the
variants XXYY and XXX¥Y, One subject with the latter anomaly
hag been described by Bray ot al, 1963, and a total of fovr cases

with the XYY complex have been reported by Muldal and Ockey

(1950), BEllis et al. (1941), Carr ot al, (1951b) and Vague et al,

(1961).

These five cages are of interest in assessing whether
the extre ¥ chromosome has produced any specific lesion apart
from thoge caused by the extra X chromosome, In this respect,
1t is pertinent to mention an XYY subject reported by Sandberg

ot al, (1961) together with two XYY children described by

Fracearo et al., (19%62a),
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The fouy XXYY patients and the XXXYY pullent all
show features of Klinefelter's syndrome,and are mentally
defective, Testicvlar histology is reported in the XXXYY
gage and in three of the XAVYY cases, 1In two of the latter
cases, reported by Vague et al, (1961), and Ellis et al, (1951),
the appearances, at least from the descriptions glven, resemble
thoge of the XXX %osbis, although in the case vreporbed by

Ellis ot al,, an unusval fealure is the absence of the head

and bedy of the epididymis, In the vemaining XXYY case,

and the XXXYY case, the testicular histology is markedly
asbnormaly in the former cose it may be partly due to regrosaive
changes in a 52 year old subject (Carr et al, 1951b) and in

the latter case, to the effect of the extra X chromosomes (Bray
et al., 1953).

With respect to the XVY subjects, the two children
reporved by Fracearo et al. (19562a) are also mentally defective,
and in one of these children, aged 8 years, both testes are
vndescended,  The XYY cage vreported by Sandberg et al,, however,
appoars to be a normal fertile male,

The only other points of note are the vnusvally long
legs in one of the XXYY subjects (Carr et al,), and the markedly

incroased heipght of 193 and 166 cmg. respectively, in the XXXYY
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subjoeet and in another XXYY case (Ellis gﬁ_gz,), both of whom
also show prognathism and other features suggestive of acroe
megaly,

On the vhole, theveforse, the four XAYY coses
present no common features which might delincate a clinical
variant digtinet from the XXV form of the syndrowme,

With respect to all these gsubjects with extra ¥
chromosomes, 1t is possible that in some instances, the
extra Y chromogome might have contributed to the mental defect

and to the fow obher additional anomalies, Thoesse features

are not, however, suffilciently consistent for any firm
conclvusion to be drawn, nobably because the easc reported by

Saendberg et al., was o normal fertile male,

Although the effects produced by extre ¥ chromogsomes
are not yebt firmly established, the presence of extra X
chromosomes in the male may produce numerous anomalies, which
in at least two chromosomal varients, form fairly specific
syndromes. It would appear that, on the whole, an increosse
in the number of X chromosomes increases the severity of
gonadal ehénge, the degree of mental deficiency, and the frequency
of assoclated congenital abnormalities of skeleton and soft

tisouves,




15k

The Infrecquency of Intersex States in Childroen,

Some of the anomalieg of sex chromatin and sex
chromosomes whiech have been degeribed in this and in the
preceding parts of this thesls, may be found in babies or
children, Tor example, as I have previovsly mentioned, inter-
gox states may be present at birth in children with ambipgvous
extornal genitelia, In such cages; as previously noted,
nuclear sexing is of value in determining the sex in which the
child should be reared, andmalso in recognising the important
conditlon of conpgenital adrenal virilism, which 4f nob
diégnos@dp mey be fatal.

In addition, certain sex chromogsome. ancmalies have
been recognised in childvren, including, for instance, the
XXXXY voriant of Klinefelber's syndrome, in which, it may be
noted, eight of the ten vreported cases wers ldentified in
children vucer the age of 12 years, Two of the three cases
with the XYY chromosome anomaly were algo recognised in childron,

However, it is important not to exaggeraie the
frequency of these intersex conditvlors in ordinary paediatric
practice. TFor instance, working in the Pathology Department
of the Royal Hospital for Sick Children in Glasgow for one

year, I made, during this periocd, a carcful search for miclear
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gex and sex chromosome abnormalilies in children in the
Medical and Surgical wards., These included females present-
ing with unilateral or bilateral inguinal hernias, or with
wobbed necks {possibly Turner’s or Klippel-Feil syndromes)s
males with ﬁyposp&dias or undeacended tegbes, and one child
with ambigious exbernal genitalia, During this year, in

o hospital of 286 beds, only two anomalies were found,

These were a female pseuvdohermaphrodite, and the XXXXY
variont of chromabin-pogltive Klinefelter's syndrome described

above,
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The Tyivle-X Syndroms

In the previous %wo parts of this thesis, ¥ have
degcribed how the application of nuclear sexing techniques to
the gtvdy of subjects with anomalovs sox development has led
to the recognition of variouvs sex chromosome abnormalities in
both phenotypic males and females, The firgt two gex
chromosone abnornalities bo be deseribed were the X0 complex
in chromatin-negative ovarian dysgenesis (Turmer's syndrome),
and the X¥XY complex in chromatin-pogitive Klinefeliter's
syndroms,

The third sex chromosome anomaly to be recognised
wag reporived in 19590y Jacobs and hewr calleagues>who describad
the elinical features of a phenotypic Ffemele who had the
chromosome mwmber of 47 and the sox ehromosowe congtitution of
XX, Thisg XXX chrouwosome complex is analogous bo the XXX
anomaly described by Bridges (1921) in the fruit fly,
Drosophila melanogaster, in which the extra X chromosome gives
rige bo the sow~called 'superfemale' {ly, Jacobs and hewr
colleagues thevefore, abt first, applied the same term 'supoy-
female'! to this chromosoms constitviion in the human, but

since ‘then, the term has largely been abandoned in favour of the
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purely descriptive term of ‘triple-X!,

The first patient recognised asz having this triple-
X condition was investigated because of the symptom of
secondary smenorrhoca, Clinical examination revesled variocus
abnormalities of the reproductive system, The external
ganitalla were infantile, the vagina smallTM%he breasgts
underdeveloped, The urinary execretion of gonadotrophing was
high, Blopsy of the ovaries,which resembled those of post-
menopavsal women,showed that although the patient was only 28
years of age ab that time, a solitary primordial folliecle and
a later follicle with granulosa cell layer were the sole
evidence of funcitional activity. No corpora albicantes were
pregent,

Hxamination of her bucecal smear showed that instead
of one sex chromatin body as is found in the normal XX femaleg
a proportion of the muclel contained two sex chromatin bodies.,
In addition, in peripheral blood films, one of the 500 neutro-
rhils examined showed two drumstick projeclions,

This sex chromosome pattern of XXX in a phenotypic
female appeared to be the counterpart of the XXY chromosome
anomaly found in chromatin-—positive Klinefelter's syndrome,

It had already been shown,(e.g. by Terguson-Smith et al, 1957),
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that this latter syndrome was aggoclated wilh mental
deficiency, and, as I have previously mentioned, Ferguson=
Smith, in 1958, reported a high incidence of gubjects with
this XXY chromosomal anomaly in male mental defectives,
Therefore, although mental defleiency was not presont in the
triple~X case described by Jacobs and her colleagues, it seemed
logical to institute a similar search among female mental
defectives, for patients with the XXX chromosome anomaly,
Accordingly, I investigated ag many as possible of the
female mentally defective patients who were inmates of Iennox
Cagtle Hospltal, Stirlingshire, Since Jacobs and her colleagues
had shown that the XXX sex chromosome condition covld readily
be recognised by the presence of two sex chromatin bodies in
nuclel of the oral mucosa, I decided to carrv ovt the survey
by means of the buccal micogal amear ©technicue of nuclear gexe

ing as detailed below,
Methodg

Smears from the bueccal micosa were taken from each
patient who was in the hospital at the time of the survey,
These smears were then fixed in Papanlcolaou's fixative, (equal

parts of 95% ethyl aleohol and ether), and gtained with cresyl




e

echt violet according to the original methed deseribed by
Moore und Bary (1955a),

Where unsatisfactory, the smears were repeated, bub
for various reasons such ag death of the patient, difficult
behaviour, or absence ‘on pass' from the hospital, satisfactory
smears were nobt obtained Trom 42 of the 637 female inmates.
From the remaining 595 petionts, good smears were obtained,

IIn each case T examined 100 svitable nueclei, and vecorded the
percentage of nucleil conbaining a sex chromatin body situated atb

the noeclear membrans,

In the smears from four of the 595 patients, a pro-

porvion of nuclel were found to contain two gex chromatin bodies,
These four patients were thon investigated for any sigpificant
featvureg which wight congtitute a syndrome, and the resuvlig of
the clinical investigations are described later in this chapter,
Of the 591 patients in whom the smears contalned only
ons sex chromatin body, the percentage of nuelel in each smear
containing sex chromatin is demonstrated in the accompanying
histogram (Fig, 19). The range of muclei containing sex
chromatin varies between 20 and 72%, the chromatin body being

most frequently found in 36 to 40% of nuclei.
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Pigure 19 « Hisbogram showing the percentage of
miclel containing sex chromatin in tho
buceal smears of mentally defective
patients at Lennox Casztle Hosplial,
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Variovs flgures have been reporited for the percentage
of muclei containing sex chromatin in bucecal mucosal smears,

For example sw

Moore and Barr (19%55a) 40 to 60%

Marberger et al. (1955) 20 to %, average A5%
Nelson (1956) 20 to 79%, average 53,5%
Maclean et ol, (1961) 26 to 6%, average L9
Ridler et al, (1963) 1?2 to 604, average 33%

These findings show some degrese of variation, but, as
I have previovsly mentioned, several factors are involved'ina
cluding the quallity of the preparation, the fixing and staining
technigue, and the criteria of the individual observer,

My own findings corvespond most clogely with those
of Marberger et al, (1955) and Nelgon (1956), although the
figure of 36 to 40% jwhich in my survey is the most frequently
encovntered range of nuclel containing sex chromatin, is slightly

lower than most of the averages glven by other workers,

Sox Chromatin findings in the triple-X patients

AR AR T

With regard to the four cases in which two sex

chromatin bodies were observed in some muclei, the percentages
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of nuclel contalining sex chromatin are as follows,

i

% ruclel with sex chromatin [

~ Case No., . e
single doubl@f total
1 43 o o
2 50 25 | 75
3 35 33 ? 68
4 33 30 ; 63

From these figures it can be geen that the tolal

percentage of nuclel nsontaining sex chromatin ln these cases,
ig higher thon the average found in the remainder of the fenale
population of the hogpital.

Ag with the majority of workers, no unvsual features
wvere detected in the morphology of the double sex chromatin
bodies (Fig., 20), which wore almost invariably of equal size

and were situated at varying positions around the nuclear membrane,

The freouency of drumstlcks,

Blood films from sach of the four patients were
examined in order to egstimate the frequency of drumstick pro-

jectiong in the nevutrophils, The resulis were ag follows.
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Figure 20 - Nucleus of an oral mucosal cell shoving
two sex chromatin bodies,
(Cresyl ocht violet, X 2,500).



' ¥
g0 No, ﬁNo, gingle dyromsticks | Na.eigzgigphils
2 g 6 500
i
9 ; 8 500
& ! & 500

In contrast to the sew chromebin findings, the munber
of neutrophils with drumsticks is not pgreater than that found in
the normal female,

In both case 2 and case 4, one nevtrophil shoued two
projections from the nucleus which veseombled drumsticks bub were
slightly move gessile in form (Fig, 21 )., This double pro-
jechlon is obviously analogoug to the douwble sox chromatin boldy

present in nuelel of the oral micosa,

Chromogome analyais

T TR e,

Peripheral blood from cases 1, 2 and 4, uwas culbured
according Lo the methed of Hungerford ot al, (1959), and ebernal
marrow from case 3 was prapared according bo the method of

Ford et al, (1958), The wesults were as follous.,
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Figure 21 - Neutrophil showing two projections
from the nucleus,
(Leishman, X 3,000),



No, of chromosomss

Cage No, — .. . .
46 47 48
1 1 13 2
2 6 28 -
3 5 16 1
&

3 31 1

As can be seen, In each case there is a wellw
defined medal number of A7 chromoscmes, although in caseg 2,

3 and 4, the number of cells with 46 chromosomes is rather high,
Analysis of the cells with 46 chromosomes, however, showed no
consigtent pattern, and wnalysis of those with A7 chromosomes
showed that the exira chromoscme lay in the medium sized range
of chromosomss in which the X chromosome is found, On the
basis of the sex chromatin findings, the extra chromosome in
cach case was assumed to be the X chromosome, The gex chromo-
sone complex was therefore XXX (Fig, 22).

The four patients with this anomaly were then examined
eliniecally in order to ascortain whether any features wore presont
which might congtitvie a gyndrome in the female in the same way
ag the XXY chromosome anomaly produces a specific syndrome in the
mole. The elinieal detalls of the four patlents are shown in

table A,
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Ixboraal Apbearancs

The external appeoarance of the fovur patients,; whose
ages vary between 30 and 73 yeavs, is relatively unexceptional,
(Figs, 23a,b,c,d) One of the patients who is 5 £t, 9% ins,

(177 cms, ) in heipght is rather tall, but the obher three subjechs
are of average stoture, Simllarly, in only one case is the
pubig to sole noeasurement greater than the head to pubis
meagurementy the other patients did not show increased lenghh

of the extremities such as is frequently fournd in subjects with

¥XY Klinefelter's syndroms,

Reoproduetive Syaten

The secondary sex charactoristics appeared novmal in
each patient, I was unable to obtain any details about the
previovs menstrual higbory of the oldest pabtient, but in the
other cases, apart from the late menarche in twe of them, the
mengbrual history was relatively normal,

Althovgh the first XXX case deseribed by Jacoba and
her colleapgues had markedly deéficlent Tollicle formation in the
ovaries, one of the four pabicents found in my survey was proved
to be fevrbtlle, for at the age of 27 years, thls patient gave

bivéh to a male child, Conceplion ccourred while ‘on pags?




Figure 23a - External appearance of case No, 1,
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Figure 23b - External appearance of case No, 2,
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Figure 23c¢ - External appearance of case No, 3,



Figure 23d - External appearance of case No, Z
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from the hospital and the father ig vnknown, There i1s no
doubb abovt the materulty, for the child was bovrn in Lennox
Castle Hospltal, and then removed to an ovphanage which X
visited in order to make a physical oxamination and to obbtain
blood for chromosome studios together with orval micosal smears,
The child ob that time was 3 ysars of age, and no
abnormality wags revealed on physieal examination, Theve
appsared to ba‘no evidence of meontal deficiency and the gtaff
of the orphanage had not noted any retardation of development,
Mo sew chromatin was present In the child's buccal smears, and
analysis of the chromosomss in paripheral blood culbuvres
showved the nuwber of 469 with the normel male gsex chromosone

patbern of XY,

Moental Noficiency

The L,Q, of the four XXX pebtients varies from 38
to 58, Two of the pabients are ilmbeciles and two are fecblew
minded, The type of mental defect is of tho'non-gpecific?
variety, and there is no particular characteristic common %o all
vhich ig of velevance in delineating a syndrome,

A1l four patients are eplleptics, but this feature

ig probably not of any great signiflicance since 25% of the




"6

mental defectives in lennox Castle Hosplial are epileptics,

Qthor clinical Findings

There are no striking clinical features common to
the four patientspland nany of the rvesulis of investigations
are normal, Biochemical examinebtlion of the corebro-spinal
fivid and blood electrvolybe levels shows no abanormelily, and
apart from confirming the pregence of left ventricular hypere
trophy in the oldest patient, who is hypar%ensive, the eleebro-
cardiograph findings arve unexceptional, This latter patient
who also has positive Wassermamand Kehn reactions, is almost
blind and deaf, but the remeining three patlents show no
visual ov ocvlar defects, Electroencephalographs show only
some non-gpecific abnormallty and parletowtemporal activity in
two cages,

An X-ray examination wag made of the whole skeleton
in each of the four cases, but showed no evidence of bhe
miltiple bony abnormalities such ag are found, for example, in
X0 chromatin-negative ovarian dysgenesis or AXXXY chromabin-—
positive Klinefelterls syndrome, and only a few minor features
of no great significance were noted (see table 4 ),

Blood group studies show that all the pabients are
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group A, rhive, but this feature is probably coincidental,

Famlly Higtovies

Accompanied by a psychiatric social worker, T visited
the nearest relatives of each of the triple X patients in order
to obbain any relevant famlly histories, and also to obbtaln
buceal smears,

Nothing of note emerged from the family histories
excopt the high maternal age at congeption of 35 and over 40D
years of age in two cases, DPuceal smears teken from the
parents of case 1, a slster of case 2, tuo slgbers of case 3,
and & brother of case 4, wore all found to show no abnormalities

of sex chromatin,

Trogueney of the XXX anomaly

In this survey, the incidence of the XXX sex chromogsoms
anomaly was found to be 4 in 595 or 6,7 per thousand menbally
defective patients,

However, owing o the policy of finding ocuvbaide
employment for as many vatlents as possible, relatlvely fow of

of the caseg I exomined al Lennox Caglle Hogplberl were of the

highast grades of nmental defectives,
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The less severe forms of mental defect are more
likely to be found among mentally retarded cehildren who ave
attending special schools for the educationally subnormal,
and, aé I have already mentioned in the previous chapter,
various surveys of male children bhave been carried out by,
G.g. Prader ot al. (1958), Ferguson-Smith (1959), in ordor %o
detormine whether the inclidence of chromatin-pogpitive Klinww
felteris gyndrome ig greater in thesec higher grades of mental
defect, In order to ascertain whether the inecldence of the
triple~X anomaly in female mentally defective children differed
from the incidence in the female mental defectives at Iernox
Bastle Hoaspital, I therefore undertook a survey of all such

children attending special sche0lg in Glasgow.

The triple-X gyndrome in mentally hondscapped children

With the co-operation of the Bducation Department of
Glasgow Corporation, I visited all the schools for mentally
handiecapped fomale children in the Glasgow area, From these
16 schools, I collected bucecal mucogal smears from a total of
786 girls who were attending the schools at that time, 711
satisfactory prepavrations were obtained, and for this reason,

rpoat smears were not taken,
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The method of fixing, stalning and examlning the
smears was simllar to that employed in my previocus survey

at Lennox Castle Hosplial,

Resvlig

In two of these 711 buccal gmears, two sex chromatin
bodies were found in a proportion of the miclei, In tho
remaining 709 smears conbaining only one sex chvomabtin hody,
the pargentage of nmueled conbaining sex chromatin is shown in
flge 24. The range of nuclel contalning gsex chromabin varies
between 20 end 70% and the chromabin bedy is most frequently
fourd in 36 to 40% of nuclei, These figures are almoal
identical with thoge which I obtained in my previous survey ab
Lennox Castle Hospital, (sec p. 160)

The percentage of nueclel coantaining sex chromatin

in the two triple-X cases is as follows:-

% ¢ melei with sex chromatin
jase No, - - - D
| single | double @ tobal
1 49 69
i i
2 | A1 20 ] )
; g -
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Figore 24 « Hisbogram showlng the percentage of
miclel containing sex chromatin in the
buccal smears of eduecabionally subnormal
children,
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It 1s again to be noted that the total percentage
of muelel containing sex chromatin is higher than the

average for the rest of the population surveyed,

Peripheral blood wag obbained from case 1 awnd
cvltured according to the method of Hungeriord gﬁ_gg:,
(1959), Of 39 cells counted, 35 had a chromosome number of
47, and 4 had a chromosome mumber of A6, Analysis of cells
contalning 47 chromosomes shows the sex chromosome complex of

XXX,

Glinlcal foatvres

Cage 1, aged 16 years, has an I.Q, of 69, She ig of
avorage height (50%. 5% ins,, or 166 ems.), and shows no evidence
of increase in the length of the extromitles, Wo abnormalily
was debected on physical examination, and an ¥ =iray examination
of the hands, feectand lumbay spine showno significaab features,
Menarche occurved ab the age of 13 years and menstruation is
normal.. She is the youngest of a spilbship of thweey her

brother and sister are apparvently normal., Cage 2, aped 13 years
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has an %,0, of 71, She has two older brothers, together

with a non-identical tuin sisber, who are all at schools

for the mentally subnormal, No abnormality of sex chromatin

is present in the buccal smear of the twin sister,
Unfortunstely, the parents of this second case refused

permlgsion for further examination,

Gomparigon of pablents with the triple-~X anomaly

Comparigon of patlents with the triple-~X anomaly
In addition to the original triple ¥ case veported by

Jacobs et al,., (1959 b),and the four pablents reported by my
colleagues and myself (Fraser et al, 19560}, degscripbions of
other patients with this sex chromosome anomaly have also been
roported by Stewart and Sanderson (1950), Jacobs ot al, (1960),
de Garli ot al, (1950), Sandberg eb al. {1950, Johngton eb al,
(1961), Hamerton et al. (1952), Ridler et al, (1953) and Close
(1963)3 (ses bable 5 ), I have shown that thers are no striking
clinical fealtures comnon to the triple-X patients found in my
own surveys, Similarly, comparison of the clinical features
off all reported triple-X cases algo fallg to reveal any apecific
gyndeons .

Host of the patlients present a fairly normal appearance,

Analysis of the dabta shows no increased ghatuvre nor dige-
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proportionate length of the extremities such as are found in
XXY Klinefelier's syndrome., Nelther, however, was there the
shortness of statuvre found in X0 ovarian dysgenesis,

The extra X chromosome in thege patlents does nob
appear to have a particularly marked effect on the secondary
sex characteristics or on fertility., Abnormalities of
secondary sox characteristics are present in only four of the
23 pationts listed, In casesl and 10, the breasts and

1

-l

external genitalia are underdeveloped, The vagina in case
is small, ard the vterus in case 10 ig hypoplagtic, In the
other two patients (cuses 20 and 2L), the breasts are vnder
developeg and axillary halr is scanty.,

Secondary emenorrhoea is present in only three patients,
(cases 1, 15 and 19), but of the remainder, the majority have
a normal, or nearly normal, mengtrual higtory,

Altbough, at first sight, the incidence of secondary
amenorrhoea and of snomalies of secondary sex chavacteristics
might appear to be rather high, it must be pointed out that
patients with such abnormalities are particularly liable to
undergo examination of bueccal smears for abnormalities of sex
chromatin, Conseqrently, the increased incidence of thesgo

anomalies in the reported triple-f patients may well be more
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apparent than real,

Histology of the ovaries hag been deseribed in ono
patient, (as previocusly mentioned), by Jacobs et al. (1959b)
and algo in three other patients by Johnston et al, (1951),
In one éf thege latter three cases, the ovaries present a normal
appoarance, but in the other two cases and in the case described
by Jacobs et al., follicles are scanty,

aboormal

Although,appearances arce present in the ovavies of
three of the above four patients, one of my triple~-X cases,
(os previously deseribed), was vnlparous, Two other cases,
one described by Stewart and Sanderson (1950) and the other

by Close (1963), were also fertile and multiparops, Carr ot al,

(1961e) briefly mention a 60 year old mentally defective triple-X
gchizophrenic patient who hag had nilne pregnancies, and Iewis

et al, (1963) also has reported a levkaemic patient who is a
mosaic with the triple-X sex chromosome complex in one of her
cell lines (XXX/X0), and who has given birth to three normal
song, Finally, Bergemann (1951a) has briefly and somewhat
inadequately described a female mosalc with the triple-X cell
line in the sex chromosome complex of XXX/XXXX, The mother

and daughter of this subject also posgess the sams mosale sex

chromogome pattern, This uvnusval finding is vather difficuli
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to account for since such a familial mosaic abnormality would
necessitate a somewhat similar process of maternal and
zygotic non-disjunction in each case, This is a possible
but rather unlik@ly phenomenon,

Apart from this labtter case, of a total of 19
children born to triple«X mothers, the gox in 9 cages is nob
manﬁionea, but the remaining 10 children are described as
normal boys, - a rather extraordinary fach for which no sabige
factory explanatlion can be given, In 7 of thegel( childven,
including my own case, nucleer sexing and/or chromosomal
analysis has shown no abnormality. This point is of interest
gince, in theory, secondary non-digjunction in a triple~X
mother ghould give rise to equal numbers of X and XX ova,
Fertilisation of these would then glve rise to XX, XY, XXX and
LXY zypotes in a gimilar way to the reported cases of mothers
with trisomy 21 or mongoliasm, {cited by Hamerton 1952), who by
secondary non-dizjunction have given birth to approwximately
oqual numbers of mongol and normal children, However, ag shown
above, the XX, XXX and XXY complexes have not bsen found in the
children of the triple~X mothers,

To accouns for the absence of gex chromosone abnormalitios

in these offapring, Polani (1962) has advanced two theories,
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He sugpests that elither, for some reason such ag preferential
sogregation, the abnormal gonis of these triple~X subjects

are less able to mature into ova, or alternatively, that
gonogomal mogaicism may be present, in which the gonads of
triple-{ patients might contain XX rather than triple-X cells,
With regard to the former sugpestlion, it has been postulated

by Ferguson-Smlth (1964) that since ocogonia do not contain a
sex chromatin body,(i.e. do not vndergo the process of
‘Lyonisation! which will be discussed in part 6), sex chromow
some abnormallties are more injurious to these cells than to
other cells in the body. Consequently, oogonia containing an
abnormal sex chvomosome complex fail to méture. Although thisg
hypothesis accounts for the absence of sex chromosome anomalies
in the children of triple«X mothers, it does not, however,
explain why these offspring are melos,

Apart from the features mentioned above, the only other
points worth noting in the clinlcal comparigon of the triple-X
rebionts are the rather questionable mongoloid features in
three subjectas, webbing of the neck in one subjeect, and the
pregence of epilepsy 1n six patients, Four of these, however,
wore found in my survey at lLennox Castle Hospital, and in these,
as I have already noted, this fealure ig not considered to be

of any great significance, In two patients, there was some
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oevidence of thyroid malfunctions one of the eases described by
Close (1953) had been proviocusly disgnosed as having bthyrotoxi-
cogla, and the patient reported by de Garliagﬁwﬁgy (1960) had
a moderately enlarged firm thyroid, with increased uplake and
delayed excreotion of pi31,

Comparison of the sex chromatin findings in the triplew
X patients shows that, on the whole, the total psrcentage of
nuclei containing sex chromatin ig high, and similarly, in
some of the cases, the incidence of drumsticks in neubtrophils
is slightly greater than normal. Double drumsticks have heen
noted in only four cases, and thls point will be discussed in

part 6 of this thesis,

The freguency of the triple-X_ syndrome

In part 4 of this thesis, I described the resulis of
nuclear sexing surveys cavried out by various workers on nov-
born male babies, Similar surveys have been carried out by
thaese workers on female newborn infants, (table 6), TFemales
with more than one sex éhromatin body in their nuclel have been
detected only in the surveys done by Maclean and his colleagues
(1951, 1664), In 1951, these workers found four triple-X

subjects in 3,000 babies (1,3 per thousand) and in 1954, they




Table 6

Froqueney of Triple X Syndrome in

Goneral Population,

. . No, of % incidence

Authoy No, cuages XXX cases of XXX
Moore (1959) 1804, 0 0
Bergemann (1951b) 1838 0 0
Subray and Prabhaker (1962)) 1832 0 0
Wiesli (1962) 1466 0 0

Maclean et al. (1964) 10000 12 0,12

16040 12 0-071
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reported that this survey had bsen extended to a further
7,000 babies in whom they found € more triple-K subjects,
giving a total of 12 triple-X cases in 10,000 babies (1,2
por bthousand), Although the combined figures from oll the
surveys give an incidence of 0,71 psr thousand, the consigte
ently higher results of the Edinburgh group suggest that the
fraquency is probably greater,

The incidence of the triple-X ayndrome among menbval
dofectives is gsomewhat higher than that in the general populat-
ion, As I have shown, the incidence in wy survey at Lennox
Costle Hospital is 6,7 per thougand, and following this survey
(Fraser et al, 1960), the resullts of several others have been
reported by various groups of workers (table 7)., The
najority of thege surveys have boeen carried out on femnle
patients in ingtitvbtlons for mental defeetives, or children with
a severe degree of montal deficilency, In addition to my
survey of educationally subnormal schoolehildren, one other
survey in this less severely vetarded group hag been published
by Chapelle and Hortling (1960),

The freguency of the triple=X syndrome in all these
svrveys is lover than the figure of 6,7 por thousand found ab

Lennox Castle Hoaspitel, so that comblnation of the reavlis glves
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an overall incidence in all grades of mental deficiency of
362 por thougand,

In ny survey of educationanlly subnormal schoolchildren,
the incidence of triple-{ cases is 2,8 per thousand and
Chapelle and Hortling {1960) in a similar survey, have fovnd
none in 269 children, Comparison of this combined incidence
in mentally subnormal schoolehildren (2,04 per thousand) with
the overall incldence in mental institutions (3,4 per thousand)
does not indicate théﬁ the triple~X anomaly is more frequent
in the less severe forms of meuntal defect,

However, it has been shown by Kidd et al, (1963) that
gsome triple«-f petients in mental instlitutions are nob
intellectvally subnormal, and thal an accompanying psychosis
may be the most prominent feature, Indeed, it has become
apparent that mentel defieiency is not a necessayy feature of
the gyndrome, for recently, two triple-~X gsubjects with normal
intelligence have been reported by Close (1963), These two
pubients are of great interest since they ave both apparently
normal females, One of thesec subjects who is feritile, wasg
detected on roubine cervical gytologlical examination of patlents
atvbending o family planning c¢linic. The other was detected on

cytological examination of sputum carvied out ag part of an
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investigation for loss of welght,

This demonstration that the extra X chromosome need
affect nelther intelligence nor fertility, indicates that the
general population must contain a proporiion of apparvently
norrnal females with the triple~X chromosome anomaly who will
be detected only by chance, | Surveys of the advult general
populatlion as opposed to the population ab birth would obviously
be of interest in determining the incidence of such chromosome
anomalieg,

Aggociation of the triple-X anomaly with other chromosoms
abnormalities,

The triple-X sox chromosome anomaly has been reporied
to be associated with trisomy of autosome 18 in two cases,
(Uchida and Bowman 1961, Uchida et al, 1962, Ricel and Borgatii,
1963).

Trisomy of avtosomes in the 16 -~ 12 group occurring
without other chromosome anomalies, has been reported in several
infants in vhom multiple severe congenltal abnormaliities wore
lethal within several monthe of birth (Edwards ot al, 1950,
Smith et al, 1960, Crawfurd, 1961a), These abnormalities in-

cluded guch features aa congenital heart disease, gpaaticity with

probauble mental defect, micrognathla, low-get malformed cars,
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anomalies of the eyes, small mouth, flexion deformities of the
fingers, gyndactyly of the toes and other abnormalities of the
feeb, neck webbing, and deformities of the chest and cranium,

Tn the two cases in which trisomy 18 was found together
with the triple-X anomaly, soma of these congenital abnormalities
asgociated with trigsomy of the 16 - 18 group were present,

The ovaries in both ceses wore abnormal, slnce folllcles vere

deficient, and clumps of cells sald to resemble epilthelinl cells,

were present in the ovarian stroma,

The triple~X gex chromosome anomaly has algo been
reported to be agsoclabed with trisomy 21 in one patlent by
Yunig et al. (1964), and in another patient who also had a
retinoblastoma, (Day et al, 1963), The latter awthors comment
that whereas they estimate that the éoineidence of triple.X
and trisomy 21 is 1 in 500,000 births, the agsoclation of thege
two chremosome anomalies with a retinoblastoma will only ocour
by chanece in 1 in 12,5 billion (sie.) births,

In pessing, it moy be noted that trisomy 21 has also
been deacribed in association with the sex chromosome anomaly
of XXY, Trisomy 21 was recognised by Iejeune et al, (1959)
and Jacobs et al, (195%c), to be the cause of the well known

elinical condition of mongolism, or Down's gyndrome, and in the
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oceasional case vhere trigomy 21 has been found together with
the XXY anomaly in the same subjecb, the cllinical featurss of
both mongolism and Klinefelier's syndrome have been present,

(Ford et al, 1959a, lamerton et al, 1962)., lMongolism has also

been noted by Mosler et al, (1950}, and Miller at al, (1951) to
be pregent in other memberg of the same famlily as subjects with
chromatin-positive Klinefelter's syndrome,

Roth mongolism and chromatin-positive Klinefellter's
gyndrome are agsoclated wlth advanced maternal age, and Hamerton
(1962),in his review of mongolism,notes that 1t cannot be
coneluded that the coincidence of these two conditions in the
same svbject ocewrs with greater fr@queneﬁ than might bo expected

ty chance at any glven maternal age,

Origin of the triple-{ anomaly

The triple-X chromosome anomaly may theoretically arise
by three possible mechanlsmg,

The first of these ig the occurrence of non-disjunction
at elther of the melotic divisions in the mother or at the
second meiotic division in the father, producing an XX gamete,
which, when combined with an X gamete from the other parent

will give rige to an XXX gygote, However, as will be shown later,
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the increased age of most of the mothers of triple-~X sul jects
tends to support maternal as opposed to paternal noa-digjunction,
The second possible mode of origin of the triple-X
anomaly is the occurrence of secondary non-disjunction in parents
who alysady have an abnormal chromosome congbitution such as
XY or XXX, lowever, asg previously mentioned, it has been
difficult to prove fertility in an XX¥Y male, and, apart from an
XAX/XXXX mozaie Lriefly deseribed by Berpemann (19%1a), whose
mother and davghter have the same sex chromosomal complex, all
the parents and children of triple.{ subjects who have been
examined to date have shoun s novrmal sex chromatin pattern,
It ig unlikely therefore, that secondary non-dlgjvnction is the
cauge of the anomaly,.
Finally, the demongtration that sowe subjects may

have an XX¥/X0 mogaic sex chromosome complex (Jacobs el al,

1960), suggests that it is also theoretically possible for the
XXX anomaly to arise from an X¥X/XO mosaic zygote in which the

L0 cell line is eliminated, This possibility would be difficult
to digprove, but the maternal age effect suggests thalt the vnder
lying mechanism of the triple«~X aromaly lies al the gametic

rather than the zygotie level.
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Bffect of Maternal age on Non-disiunclion

This is a convenient point at which to consider the
effect of mavternal age on non-disjunction,

Of the clinical conditions now known to be caused by
a chromosome anomaly, the firgt to be studied with vegard to
the effect of maternal age was mongolism (or Down's syndrome),
Aceording to Hamerton (1962) it has been found that‘th@ frequency
of mongol births is independent of the age of the father or
the birth order, but increases with the age of the mothewr,
and is greatest over the age of 40 years, This inereaged ine
cidence of mongolism must therefore be related to the age of
the oocyte influencing, In asome way, the frequency of non-dige
Junction,

In the male, there ig o rapld turnover of primary
spermatocytes in the seminiferous tubules of the testis, with
conaequently little time for ageing processes to occvr, In
the female, however, ag previocualy mentioned in part 2 of this
 thesis, it has been shown that, in the embryo, cocytes complete
the entire process of the first melotle prophase several weeks
before the end of gestation, and then romain in a long interphase-
like gbtage until shortly before ovulation, when meiogis is

resumed, As Hamerton (1952) therefore remerks, "Some oocyles
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remain in the ovary in a pachybene or posbt-pachytenc stage
for forty to forty-five years, and it seems not vnreagonable
to suppose that ageing mlght have affoected them,”

In addition to mongolism, a maternal age effect has
also been noted in some of the gex chromosome anomalies,

Yor example, in my cases of the itriple~X syndrome,

g high moternal age of 35 and over 40 years is present in two

of the three cases in which the age of the mother is knoun,
Similarly, in the majority of the remainlng 14 cases of the
- triple-X syndrome in which the maternal age has been reported,

(table S p, 83 ) the latter is high, and of this total of

17 patients, the mean maternal age is 33.2 yoaram, Thig ig
greater than the average maternal age of 28,5 vears Tor the normal
population in 1939 cited by Polani in hig veview (1962), and
supports the theory that maternal non-digjunction is the cause
of the triple-{ anomaly.,

According to Polani, whereas the mejority of triple-X
females are born at advanced maternal age (in this fespecﬁ
similar to mongolism), the maternal age offect Tor chromatin—
positive males is less marked., Verguson-Smith ot al, (1S64)
have demongtrated that in cases of XKY Klinefelter's syndrome,

the maternal age is high in proven cases of maternal non-dig-
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junetion bt is normal vhen paternal non.digjunction is shown

to be the cause of the anomaly, Consequently, asg these

authorg point out, the maternal age effect for chromatin-—
poatitive males is likely bo be less marked than in mongoliasnm
because the contribution of cages due to paternal non-disjunction
is greator in Klinefelter's syndrome. It may be noted, however,
that the average maternal age of 25,9 years for the ten XXXXY
subjects would suggest no maternal age effect at all in thig
parbicuvlar variant of the syndrome,

Polani aslso sbtates that the majority of X0 and sex
chromosome mosaic females ave born at the average maternal age,
and a feow at advanced maternal age, and makea the interosting
sugegestion that the similar age effect in these two latber con-
ditiong might indicate a similar underlying mechanism acting
at the zygotic rather than the gametic level, However, it
may be observed that in the X0 females, the lack of c¢lear
parenbal age effect supports also paternal non-digjunction as

an alternatlve cavse of the anomaly (Forguson-Smith et al, 19564).

The effect of extra X chromosomes

In the male, the presonce of one extva X chromogome

produces gpecific lesions making up the well known clinical
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features of chromabin-positive Klinefelter's gyndrome, Vhen
more than one extra X chromosome is prosent, the extra chromosomes
ab least in the XXXXY chromosomal variant, are asgoclated wlih

the presence of additlonal congenital abnormalities such as
skelotal malformations, together with an spperent increage

in the degree of severity of the mental defect, and more maorked
ebnormalities in the gonads and external genitalia,

In the fomale, as I have shown, extra X chromosomes
are extremely well tolerated, In contrasgt to the male with
the XXY¥ sex chromosome complex, the extra ¥ chromosome in the
triple-£ female produces few abnormallities, Mental defielency,
although present in the majority of c¢rges so far described,
is nobt a necessary accompaniment and in some subjects, oven
fertility is not affected., Indeed, the finding of the XXX
chromosome complex in apparently normal females demonstrates
how 1little effect may be produced, in some cnsesy; by the
presence of one oxtra X chromosome,

Two exbtra X chromosomes also appear Lo be well
tolerated by the female, for the XXWsex chromoscme complex has
been roported in two subjects with normal menstrual histories,
in whom apart from severe intellectual subnormality, there

were no physlcal anomalies (Cary et al, 1951a),
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It has been showm, therefore, that both the male and
the female tolerate the presence of exira X chromosomes remarke
ably well, and 1t is also of note, that in the male, a ¥ chromo-
gome can produce a tesbis in tho presence of up to fouwr X
chromosomen, even although the gonad formed is markedly abe
normal,

The relatively small effect produced by an oxira X
chromosome 18 in marked contrast to the effect produced by
the pregsence of an exitra svbosome, For example, trisomy 21
and trisomy of the 16 - 18 group, as previously mentioned, and
algo trisomy of the 13 - 15 group, (Patau_gﬁMEE, 1950), are all
agsoclated with multiple congenltal abaormalities, which, at
least in the latter two autosomal trisomies, mey be sufficlently
gsovere Ho be lethal within several months of birth,

This difference between the offect of extra X ‘
chromogomes and extra aubosomes hag been showa to be velabed
to tho nature of the sex chromatin body, and I now turn %o

conglderation of the relationghip between thig structure and

the X chromosome,
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The Derivation of Sex Chromatin

One of the most interesting problems that has resulied
from the application of nuclear sexing technigues to the inter
gox atates concerns the nature of the precise velationship
botween séx chromatin and the ¥ chfomesomos. Over the last few
years, this subject hag evoked much controversy and speculation,

At the onset, Barr and hls colleagues pogtvlated that
the sex chromatin body wag derived from the heterochromatle
roglons of the two X chromosomes (Barr et al, 1950), This
logical supgeation wos supported by the occasionally obgerved
bipavtite appearance of the chromatin body, and each half of |
this structure was thovght Lo represent one X chromosome,

This hypothesis was accepted for geveral years, albthough,
even when Ilntroduced, there was raigsed the obviocus objection that
whoreas, in the female; the two X chromosomes form a mass of
approximately }/% dlameter, the single X chromosome pregsent in the
male doeg not form a chromatin bedy of balf this size, (Lennox,
19565+

In recent yearsm, however, several anomalies involving
both the sox chromatin body and X chromogomes have been deseribed,

and in such cases, consideratlion of the numerical correlation
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between the sex chromatin masses and the X chromosomes clearly
ghows that sex chromatin cahnoh be derived from two X
chromosomes, as was originally thovught,

For example, ag I have already shown)(see parte
4 and 5 of this thesis), when a subject possesses three X
chromosomes, as in bthe XXX and XXXY sex chromosome complexeg,
a proportion of the nuelel contain two gsex chromatbin bodies,
and when four X chromosomes are present, og in the XXXEY couwplex,
the muiclel may contain vwp to three sex chromatin bodieg, IF
pach sex chromabtin body represented two X chromosomes, then in
the former two examples, one wonld expset four ingtoad of thyeo
X chromogsomes t0 be presens in the chromosome consgtitubion of
the subject, and in the latber example, where nuclei contiain
three sex chromabtin bodies, one wourld expect six instead of four
£ chromosomes, Comparison of the mmber of sex chromatin
bodiszs with the number of X chromosomes in these and other sex
chromosome complexes shows thal, with very rare oxceptions, the
maxinum mimber of sex chronmatin bodies which mey be present in
a micleus eqguels one less than the tobval number of X chromosomes.,
This correlation, therefore, clearly demonstrates thal sex
chromabin can not be derived from two X chromosomes,

If sex chromatin s nobt formed from two X chromosomes,
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then the obviova alternative 1a that it is derived from the
heteroehromatic reglon of only one ¥ chromozome, and,
indeed,; geveral pleces of evidence have been advanced in
favour of this theory,

In 1959, Ohno and his colleagnes demounstrated that,
in the ra%, only one X chromosome in female somabtic cells

showed precocious heteropyknotic condensation in prophase,

In 1661, Ohno and Makino, agsuming logically that a similar
aitvation might exist in man, exbended their researches Lo the
human gox chromosome field, Uslng foetal material, they showed
clearly that in somatic eellg in the buman female, one %
chromogsome is prococicusly condensed at prophase. This

2,

obgervation strongly svgegests that in intermitotic nuelel, only
one £ chromosome 1o heterﬁpykﬂoti@_and may form sex chromatin,
The observation by Stewart and Sanderson (1951) of a
gox chromzbtin body in 107 of germ cells in human testicular
tigsue, has also been advanced in support of the derivation of
sex chromatin from a single X chromosome, However, although
the degeripbtion of this chromatin mass and the illustrations
provided by these workers resemble thoge of the sex chromatin
rody found in the female, the faet that the XY bivalent in germ

cells may be heboropyknotic necessitates a cautliouvs inter-
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pretabion of thelr resulis,

Further information on the derivation of sex
chromatin has been advanced by Grumbach and his colleagves,
who,by meticulovs observatlons,demonstrated the presence of
sex chromatin in the X0 cell line of a subject with ovarian
dysgenoais whose gex chromogome congbtitution was composed of
the mosiac complex XO/AXK/XXX, (Grumbach_giﬂgl, 19560, Grumbach
and Morishima 1962)., A further, rather similar case, has
been reported by Jacobs et al. (1961): +hey desoribed sex .
chromatin bodieg which, howsver, were smaller than normal, in
a subjeet with A5 chromosomes and the sex chromosome complex
of X0,

Grumbach and hig colleapues have mainbained that
their observations prove that the sex chromatin bedy mwst have
bheen derived from the single X chromosome in the X0 cell lineg
it is, however, dAifficult to reconcile the pogsibility of a
vioble chromatin-positive X0 cell with the hypothesis that one
X chromosome is ™necessary for, and engagoed in the metabolic
buginess of the cell and therefore not stainable", This hypo=
thesis will be discussed in dve course, It is therefore possible
that the explanation proposed by Jacobs eb al. For thelr

chromatin-positive X0 case may also apply in the case described
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by CGrumbach and his colleagues, i.e. that there may be a
amall dvuplication or translocatlon of gsome of the X chromosome
material onto an avtosome, the abnormality heing too small to
be detected by present techniques,

Neovaertholess, although the evidence advanced by
Stewart and Sanderson, and Grumbach and hia colleagues, may nob
be completely acceptable, the observations made by Ohno and his
colleagues, together with the numerical correlation between sex
chromatin and the X chromosomes,provide strong evidence that
sox chromatin is derived from the hoterochromatic reglon of one
¥ chromosone,

There still vemains to be accounted for, however, the
bipartite appsarance of the sex chromatin boﬁy, and two
suggestions have been proposed, Firstly, Ohno et al, (1959)
have postulated that thils appsarance may be due to the X chromo-
some being folded back on itself at the centromere, Secondly,
Baryr and Garf (19622 have guggesbted that the strueture moy
repregent the heteropyknotic regions of the two chromatids of the
X chromosomes, Either of these possibilities wovld adequately

account for this phenomenon,
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the derivabion of drumsticls

In part 2 of this thesis, T discussed the relatione
ship between drumsticks and sex chromatin, and indicated
that 1t is now thought that the dfumstick is merely an
extruded sex chromatin nodule. TFurther observationc by various
groups of workers on morphological abnormalities in sex
chromatbin bodies, drumgticks and X chromosomes have glven strong
gupport to bthis hypothesis,

For eoxample, as previously discussed in part 3,
cerbain subjecls with ovarian dysgenesis have been found to
show variationg in the glze of their sex chromatin bodies,
When the chrometin mass was larger than normal, one of the Hwo
X chromogomes wag algso found to be larger than normal, and was
thought to represent an igochromosomz for the long arm of the
X (Fraccaro et al. 19503 Jacobs et al, 1961), “hen the sex
chromatin bedy was gmaller than normal, one of the two ¥ chromoe
gomes wag also gmaller than normal, due to deletion of either
the short arm, (Jacobs et al. 1961)7or the long arm of the X,

(Jacobs et al, 1960),

It has also been demonstrated hy Maclean (19562), that
in simlilar cirvcumstances, analogous morphologleal abnormalitics

may likewise be present in drumstick projections, for he has
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shown that large drumsticks may also be asgociated with

an isochromosome of the long arm of the ¥ and that small
drumsticks may be assoclatied with deletion of the small arm
of the X,

This morphologleal correlation bhetween the sex
chromotin bodies and drumsticks in simdlar circumstances there-
fore gstrongly supporis the view thal the two gtructures ave
closely related and repregent different forms of the gams
rhenomenon,

As 1 have indlcated, strong evidence has been provided
in favour of the theory that sex chromatin is derived from a
single X chromosome, and gimilarly, evidence has been advanced
which suggesbs that the drumstick projections in novtrophils
are also velated to one ¥ chromosonme,

Tor example, Davidson and Winn (1961) have shoun
that the ratio of the drumstick head to the whole neuitrophil
nuelous is 1 to 34, and that the ratic of the mass of the X
chromogome pair to all the chromosomes is 1 to 18, Altkough
the technique used Tor this demongtratlion was admlitiedly rather
crude, nevertheless, this striking difference in the two rabtios
strongly suggests that the drumstlck projection also is formed

from a single X chromosome,
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Although, as previously mentioned, there are
definite numerieal correlations between sex chromatin bodieg
and X chromosomes which support the derivation of sex chromatin
from a eingle X, similar correlabions bolween drumsticks and
¥ chromosomes are nnt,on the whole,sc clearly demonstrated.

I wentioned, in part 5 of this thesis, that double
druhstick projections analogous to double mex chromabtin bodles
vere identified in two of my four triple-¥ cases identified at
Lennox Castle Hogpital, Dcouble drumsticks ﬁer@ algo described
in the oripginal triple-~X case veporied by Jacobs gﬁmg&. in
1959t ; Maclean (1952) in a survey of subjects with abnormelities
of X chromosomes has since confivimed the presence of double
drumgticks or double segsile nodules in further triple-{
subjects,

Although 1t may be observed éhat the drumsbick findings
in individuals with btwo and three X chromosomes correspond with
the gex chromatin appearances, in no subject with four ¥ chromo-
somes havé three drunsticlk projections bean identified in
nevtrophils, Such cases include the XXXKY males previously
deseribed in part A of this thesis, and the two XX{X females
reporbed by Carr et al, (195148).

A further point worthy of note is that although, as
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may be obgerved from tables 2 3and 5 the presence of extra

¥ chromosomes, on the whole, increases the incldonce of ‘the
total number of auelel conbaloing sex chromatin, the frequency
of drumstick nodules in nzutrophils, in the majorlty of cases,
is not increcased,

Ag T have indicated, the numerical correlation
botween drumgticks and X chromosomes is not as elearly morked
as between sox chromatin and X chromosomes. It is possible,
ag Maclean suggests, that the absoence of tﬁr@e dromsticks in
the presence of four X chromosomes may be due to the technical
difficulties of idenbifying dyumsticks which lie on top of the
main maclear mass of the neubrophlil, Tt mighlt also be
postulated however, bthat the sex chromatin body, albhough
condensed, iz not yet extruded fwom the nueleus in the form of

a drumatick or gsesgile nedule,

The nature of sex chromatin

Althovgh it is now established that sex chromatin is
derived from a gingle X chromogomne, much spoculation hag been
aroused in the last few years concerning .ts presence in the
intermitotic muclevs., One of the move interesting problens

thabt has arisen concerns the numeriecal corrvelation hetween sex
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chromatin bodies and X chromosomes, As I have previovsly
shown, the maxirum number of sex chromabin bodies that may be
present in a nuclews 1s one less than the number of ¥ chromoe
gomes, oeveral hypotheges have been advanced to accoont for
thig phenomenon,

Ono sueh view which was propoged in a leading article
in the 'Lancet' (1950), suggested that one set of avbosomes in
o cell gsuppreases the hotaropyknoelty of ouns ¥ chrouosonme,

This theory is supported to some extent, by bhe work of Book
and Santesson (1951) on cultures of triploid XXY cells obbtained
from a boy with malformabion syndrome. Sex chromatin bodieg
were obgerved in only a few cells of the sevoral thousand
aercensd,

As previously indicated, whereas an increase in the
nunber of sviosomes causes mamerous congenital abnormaelities
which are often lethal, an increage in the number of X chromow
somes appears Lo be remarkably well tolerated by the bedy, In
the male, even thres exhra ¥ chromosomes ave compatible with 1ife
and, although modifying the structure and function of the testis,
do not prevent the initiation of formatlorn of this owvgan by the

Y chromosome.

One of the best theories to acecount for these facks




was advanced by Stewart (1950) vho states that "In the inter.
nitotic metabolic nueleus, the hebterochromatin of one X
chromozgome is appavently necessary for, and engaged in, the
mebabolle busineas of the cell and therefore not stainsble,
The hotevochromatin of any other X chromosome is, however,
superflvous to the metabolic re@uirem@nts, functionally inert
at this vime, and therofore gbainable, uvevally at the nuelear
nembrane, "

Later, o leading article in the 'lLancet! (1062
vory apbly expressed this hypobhesis when 1t stated that "the
two ¥ chromosomes ean exlat in bwo different forms, one working
like Gindevella in the background, while any others present in

the eell bhehave 1like her ugly sisbers, doing no wovrk, tub

3

inalsting on belng seen',

This suggestion fityg fairly well with the facts, and
if comblned with the previcus hypothesis (see p, 212 ), proposed
by the 'lLancet’ (1960), also accounts for the sex chromatin
findings in polyploid cells, since it may then be postulated thab
each extra avtosome get will need an exbtra working ¥ chromogoms,
(lennox, 1951).

Strong evidence that only one X chromosome is fully

achive in the diploid cell is provided by Grumbach and hisg
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colleagues (1952), These workers demonstrabed that the
activity of tho enzyme glucose-Hophosphate dehydropenase
{G-6-P,D,) vas witrin normal 1imits in 14 of 15 subjects in
wvhom there wag an abnormal number of X chromosonss, Slnce
it la thought that an X-linked gene conitrols the activity of
the engyme, the ?esultw of CGrumbach et al, supggest thob, in
each of these 14 cases, the loocus for G-6-P,D, was sctive in
only one X chromosome, and correspondingly inactive in all the
remelning X chromosomes, These findings would appear to give
further gupport to the theory that only one X chromosome is
fully active in intermitotic miclei,

Although the problems concerning the numerical
correlatlon beiveen gsex chromatin bodics and X chromosomzs have
begn falrly adeguately golved by the above hypotheses, further
points have arisen repgarding the dervivation and nature of the
hoteropyknotic ¥ chromogsoms which forms the sex chromatin bedy,

It was postulated in 19599 by Ohno and his colleagues,
that the heberopylnotic X chromosome in the female ig paternally
derived, However, as poinbed ocut in the 'Lancot® {(19560), there
is the obvious difficulty that if this were the case, half thoe
males wonld have one such ¥, and a cquarter of tho fomales would

have two such X ehromosomeg,.
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Ohno and bis colleagues leter revised thelr opinion,
and (Ohno and Hauschka, 1950), postulated iunstead that the
heteropyknotic properties of the two X chromosomes within the
game female vuelsus alternate, depending on the gtape of D,WL,A,
synthesis and the degres of overlapping in the replication of
the two X chromosomes, Albhough this might appear to be a
reasonable hy?othesisy it doos not, however, explain the uniform
praegsence of small sex chromabin bodies in subjects with deletions
of one of the X chromosomes as reported by Jacobs eb al. (1961),
Iﬁ guch cases, if the heteropylknotic prcperﬁiea of'ﬁhé‘ﬁwo X
chromosomes alternate, one would expect to find sex chromatin
bodies of normel size derived from the normal X chromosome in
additlion to the swall sex chromatin bodies derived from the
deleted X chromosome,

A more gabisfactory ﬁheofy'regarding the derivetion of
the heteropyknotic X chromogome has been proposed by Lyon (1961,
1952), From observatlions made in mouvse genetic studlies, Lyon
deduced that in the female, at some time early in embryonie life,
probably when sex chromabin first becomes vwisible, one X chromo.-
gome in each cell becomes inactivated and hebtervopyknotic. The
inactivated ¥ chromosome in each c¢ell may be of elther maternal

or paternal origin, the cholce being made at random by each cell
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present in the embryo abt that time., Onece the X chromosome
ig inacbivated, the inactivaition remains fiﬁed thereafter and
is transmibtited to all dauvghier cells,

Turther ovidence in support of this hypothesis thaﬁr
the inactivated X chromosome may be either maternally or
paternally derived was independeutly provided by Beutler et al,
(1952), vho, working with the enzyme G-6-P,D, also arrived ab
the conclusion that "the buman female is rormally a genetic
mosaic conbaining cells with a genetically active maternal X
chromosomz, and cells with a genetically acbtive paternal X
chromosomo,

Although, in view of the above work, this part of
Iyon's hypothesis may therefore he considered to be egtablished,
certain Aifficulties ave encountered when the argument is applied
to anomalies of sex chromatin and X chromosomes,

Tor exomple, if it is postulated thalt the "Lyonlsed!
X chromosomes eve completely inactivated, then subjeebs with
varying nurbers of X chrombsoﬁes ghould show no abnormalities,
and, IntGlvidvualsg with the ZKXXY, XXXY and XXY complexes would
be the same as the normal XY male.‘ The presence of various
anomalics in the former three complexes, therefore supgests thak

parb of each extva X chromosome mst still be functioning, and
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indeed, o recent elegant pieco of work by Recd et al, (1943)
on the gex-linked domlnant blood group anbigen Xgﬁ) desceribad
originally by Mann eb al, (1962), has added strong evidence in
favour of a segment of the 'Iyonised! X chromogsome gtill
vemaining active,

It may therefore be concluded that in the male, the
excess genebic material on any oxtra X chromosomes, in some way
preventsthe corrvect formabion of the testls, and that the -
resvlblng abnormal gonad with the assoclated hormonal imbalance
accounts for many of the aboormalities found in chromabin-positive
Klinafelﬁe&‘& syndrome and lts chromosomal varianbs, VWhen the

3,

amovnt of excess gonetic maberial is sufficlently great, as in
the XXXXY male, additional somatic congenital anomalies are
produced

It 19 not known why some males and females with one
extra X chromosome are mentally normal and others mentally sube
normal, but slnce mental defect mey occur when either an oxtra
¥ or an exbra ¥ chromosome ig present, as in theo XXX, XXY and
XYY complexes, it may be postulated thalt when mental deficlency

does occur, the caugal factor in each case is again due to the

effect of excess genotically setive material,
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The preceding discussion indicates the way in which
correlation of nuclesr sexing gtudies and chromogome analysis
in subjects with anomalies of the X chromosomes has led to
many inﬁerésting deductiona and hypotheses concerning the
nature of the ﬁex‘ahroﬁatin bedy. HNevertheless, although some
of the problems concerning sex chromatin and ¥ chromosomes have
been resolved, many others vemain, These include the different
functlons of the two X chromosomes in the human female, and
the precise action of the X and ¥ chromosomes in sex deter
minabion,

Progress in human oytogenesis hasg only really pained
momentum since 1956, when the technlques of chromogsome analysis
wore brovght to their present high standard. Painter (1923)
foreecust that ™4t is not to be doubled that in the course of
time the individval chromosomes of man will come to be knowm
quite exactly as we now know the chromosomes of insectsg®,
Tlowever, as Tord (1960) states, "The study of humen eytogenetics
has now atlained the stage that the Drosopholists had reached
aboub 40 years sgo. We can hardly expect an advance as vrapld
and dramatiic ag they achieved in the {twenties aund thirtieg,
particnlarly after the rediscovery of the salivavry gland

chromosones, Nevertheless there is now a great interest on the
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part of the medical profession and we can look forwvard to

the gercening of large numbsrg of individuals, at least in
Weatern Burope and North America, and to a gteady increase in
ouy understanding of the relabtionships of chromosomal
abnormalities to congenital digease, o neoplasia, and to

general human biology".
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i)

SUMMARY

The historical background of chromosome investigation
and nuclear sexing is reviewed, and the normal human karyotype
and gex chromatin findings in man are deseribed, The prineiples
of chromosome analysis and the bechniques for the investigation
of nuclear sex avre indicated. An ovtline ig gilven of the
variouvs fields of research in which nuclear gexing methods
have been applied in mean., There follows a discussion concerning
the anomalies of nuelear sex and sex chromosomes which have been
detected by these techniques in various intergex states,

The condition of chromatin positive Klinefelter's
ayndrome is then reviewed with partlicular reference to the in-
cidence of the anomaly and its association with mental deficiency,
The chromosomal varianbts of thils syndrome are digcussed in
deteil, Two cagses, of the ¥XXY and ¥XAXY variants are described
and compared with other similer chromosomal variants vreported in
the literature, These variants are veviewed and the effect of
extra X and Y chromosomes are discvssed with regard to the pro.
duction of mental deficiency, Gonadal and sometic anomalles,
and the formatioﬁ of gpecifie elinlcal gyndromes are also cone

sidered. It 1g demongtrated that an increase in the number of
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. & chromosomes increases the severity of the gonadal abnormality.
the degree of mental deficiency und the frequency of associatbed
congenital abnormalities of the skeleton and gsoft tissves,

It is shown that in the XAAXY chromosomal wariant a clinical
syndrone is produced digtinet from the commonly encountered

XXY form of the syndrome,

The vregulbts of two surveys of female mental defectives
carried out by the buceal smear technique are given, In these,
the incidence of the triple~X anomaly was found to be 0,6
in 595 inmates of a mental deficlency instituition ard 0,287
in 711 mentally handicapped schoolchildren, The results of
surveoys by other workeras of the ineldence of this chromosome
anomaly in mental defectives and in the pgeneral population are
then considered in relation to the above,

The elinical featuvves of the six triple=X subjects
detected in uy two surveys are described, and it is shown that
thore are no feabures forming a specific elinical syndrome,
Other cases of the triple=X anomely which have been reported in
the literaturc arve reviewed, and the above finding confirmed.

The effect of extra ¥ chromogomes in the female is
discussed, and 1t is demonstrated that mental deficlency, although

present in the wmajoridty of cases, is n | a necessary
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aceompaniment of the triple-X anomaly.- It is also shown

that in some subjects, including one of my triple-X cases,
fertility is not affected, and thal the offgprirg need not
be chromogsomally abnormal, The effect of maternal age in
the production of chromosomal anomalies ig discussed,

Minally, the hypotheses concerning the derivabtion of
pex chromatin and drumsticks are congidered, and it is shown
how the gtudy of nuclear sex and sex chromcsomes in normal
and abnormsl clinical conditions has led to the formlation of

those present hypotheses,
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