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ABSTRACT

Previous work has shown that in adult XX<->XY
chimeras, the XX cell lineage can contribute to all of the
testicular somatic cell types except the Sertoli cell
population. This led to the hypothesis that the Y
chromosome initiates testis formation by cell-autonomously
inducing the differentiation of Sertoli cells from their
precursors - the supporting cell lineage. In the first
project of this thesis, this model was tested by examining
the fate of XX cells in the testes of fetal, prepuberal and
adult XX<->XY chimeras using in situ hybridization to a
transgenic marker. It was found that whilst XX Sertoli
cells were strongly selected against, small numbers were
found at the fetal and prepuberal stages and very small
numbers in adults.

The model was tested further in the second project by
examining the fate of XY cells in the gonads of X0/XY
mosaics using in situ hybridization with a Y-specific
probe. In these circumstances, it was found that XY cells
contributed to the follicle cell population (the products
of the supporting cell lineage in the ovary) in roughly the
same proportions as the other somatic lineages examined. It
is argued that in the normal XY individual, the Y acts in a
cell-autonomous fashion to induce Sertoli cell formation,
but this system is 'leaky', causing some local recruitment
of XX cells in chimeras. When insufficient Sertoli cells
differentiate for testis cord formation, these cells are
susceptible to recruitment into the follicle cell pool.

In the third experiment, the onset of testicular
differentiation in mouse fetuses carrying Y chromosomes

derived from M.m.domesticus was compared with fetuses

carrying a M.m.musculus-derived Y. It was found that

fetuses with a M.m.domesticus Y chromosome had a relatively

late onset of testicular development and it is suggested
that this is due to differing alleles of the testis



determining gene. It is proposed that the late action of
this allele forms the basis of the XY sex reversal which
occurs in C57BL/6 mice with a M.m.domesticus-derived Y
chromosome.
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1. DEVELOPMENT OF THE UROGENITAL RIDGE

The urogenital system is composed of the kidneys,
the gonads and a series of interconnecting ducts and
excretory pathways. It develops from the nephrogenic cord
which is a ridge of the intermediate mesoderm. The
functional adult kidney of amniotes develops from the
metanephros which is the last of the nephric structures to
form. During fetal life, vertebrates first develop a
pronephros which is a transient and vestigial organ,
followed by development of the mesonephros which is
functional in fetuses of reptiles, birds and certain
mammalian species and forms the site of gonad development.

1l.i. Kidney development
The first signs of nephrogenic differentiation

appear in the rat at approximately 9.5 days post coitum
(pc) with the beginnings of the Wolffian duct joined to a

few narrow canals and funnel-like projections that open
into the celomic cavity (Torrey, 1943). This structure is
thought to represent the rudimentary pronephros. The
Wolffian duct grows caudaly towards the cloaca and, as it
does so, induces the formation of the mesonephric tubules.
In experiments on chick embryos where the growing tip of
the Wolffian duct is destroyed (Boyden, 1927) or a cut is
made in the path of the growing Wolffian duct (Wadddington,
1938), the mesonephric tubules either fail to form, or
develop very poorly.

Interpretations of sectioned material from rat
(Torrey, 1943) and chick (Gruenwald, 1952) fetuses suggest
that the mesonephric tubules begin as condensations of
cells close to the Wolffian duct which hollow out to form
vesicles. These vesicles then send out projections that
fuse with, and open out into, the Wolffian duct.
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l.ii. Origin of the somatic components of the genital ridge

Precise details of the cellular events involved in
the formation of the somatic components of the genital
ridge are still unclear, mainly because all are interpreted
from sectioned material but also because of differences
between species. In the 'classical' cortico-medullary
antagonism model (Witschi, 1951), it is proposed that the
indifferent gonad is composed of an ovarian cortex derived
from the celomic epithelium and a testicular medulla
derived from the mesonephros. Under this scheme, a testis
or ovary forms by the overgrowth of one or the other
components. This hypothesis, derived from histological
studies of amphibian gonad development, does not conform to
the mammalian picture of development.

At 9 days pc in the mouse, just prior to genital
ridge formation, the presumptive region consists of a loose
mesenchyme containing the mesonephric tubules, which are
close to the surrounding celomic epithelium (Upadhyay et
al. 1979; Satoh, 1985). The first sign of genital ridge
formation is the absence of a basal lamina underlying the
celomic epithelium of the presumptive region (Torrey, 1944;
Gruenwald, 1942). The basal laminae surrounding the
mesonephric tubules is also lacking or incomplete on the
side closest to the celomic epithelium. Mitotic figures are
seen, both in the celomic epithelium and in the mesonephric
tubules (Merchant, 1975) and epithelial cells appear in the
intervening space. These cells comprise the earliest
members of the gonadal blastema: the somatic component of
the gonads that is thought to give rise to the supporting
cell lineage and, perhaps, some of the other somatic
lineages. Where the blastemal cells come from is still the
subject of debate. Some believe they originate in the
celomic epithelium (Torrey, 1944; Gruenwald, 1942), others,
solely from the mesonephros (Upadhyay et al. 1979; Upadhyay
et al. 1981) and others, from both sources (Wartenberg,
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1983; Merchant, 1975; Kanai et al. 1989). Merchant (1975)
reports that the majority of cell divisions in the celomic
epithelium are at right angles to its surface. Therefore,
daughter cells should be displaced towards the forming
genital ridge. Wartenberg (1981; 1983) demonstrated the
existence of 'dark' and 'light' staining cells within the
blastemal mass, suggesting a dual origin. McLaren (1985)
argues that much of the confusion can be explained by
differences between the various species studied. In
particular, the extent to which the mesonephros functions
as a kidney during fetal life may affect the formation of
the gonadal blastema.

A more important question, as far as this study is
concerned is, does the 'indifferent' gonad form in the same
way in both sexes? Kanai et al. (1989) showed that XY mouse
gonads at the indifferent stage (11.5 days pc) contain some
cells which are positive for the periodic acid-schiff (PAS)
reaction whilst cells of XX gonads are all PAS-negative.
This may indicate that sex differences are established from
the beginning of blastemal formation. Alternatively, since
early Sertoli cells are also PAS-positive, it may be that
the positive cells are the earliest members of the Sertoli
cell population prior to their aggregation into cords (Jost
et al. 1973; Magre and Jost, 1980). Functional and
biochemical evidence (Ross and Lipsett, 1978; Ciccarese and
Ohno, 1978; Vigier et al. 1984) suggests that ovarian
follicle cells and testicular Sertoli cells which are
derived from the blastema, originate from common
precursors. The recently cloned testis determining gene
Sry, is found to be expressed after formation of the
genital ridge has begun (Koopman et al. 1990). When this is
considered in conjunction with the information that XX mice
may be sex-reversed by the transgenic addition of Sry
(Koopman et al. 1991), it must be concluded that the
indifferent gonad is truly indifferent prior to Sry

expression or, if there are differences, they are of no
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consequence to the eventual outcome.

Apart from the supporting cell lineage, the adult
gonad also contains other somatic lineages including
Steroid producing cells and various types of connective
tissue cells. When 11.5 day pc genital ridges are separated
from their mesonephroi, then reassociated in culture with
mesonephroi taken from fetuses containing a transgenic
marker, it is possible to identify cells that have migrated
into the genital ridge by in situ hybridization to the
transgene. In XY gonads treated in this way (Buehr and
McLaren, unpublished), none of the Sertoli cells or germ
cells were labelled but many of the peritubular-myoid cells
and interstitial cells were. This indicates that at least
some of the steroid-producing cells and connective tissue
cells are derived from the mesonephric region and that this
contribution continues beyond 11.5 days pc.

1.iii. Origin of the germ cells

The primordial germ cells (pgc's) begin migration
into the genital ridges of mice at 10-11 days pc (McLaren,
1983) and continue until 13 days pc (Upadhyay et al. 1981).
These cells enter the genital ridge through the mesonephric
region but they originate from an entirely separate source.
Chiquoine (1954) identified a population of migratory cells
that show a strong positive reaction to alkaline
phosphatase staining. The number of such cells is severely
reduced in embryos homozygous for the white spotting
mutation - W, which deletes germ cells (Mintz, 1959). In
the 8 day pc mouse fetus, positive staining cells were
found at the base of the allantois (Ozdzenski, 1967). The
progenitors of these cells were shown, by dissecting and
culturing parts of 7 day pc embryos, to be located at the
posterior end of the primitive streak (Snow, 1981).
Collected evidence suggests that the pgc's originate in the
epiblast (see McLaren 1983; 1985 for reviews) and Ginsburg
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et al. (1990) have demonstrated by improved alkaline
phosphatase staining techniques, a cluster of positive
cells in the extra-embryonic mesoderm of 7-7.25 day pc
fetuses, close to the posterior end of the primitive
streak, separated from the embryo by the amniotic fold. At
8.5 days pc, the pgc's are found in the yolk sac endoderm
and from there they migrate through the invaginating hind
gut (9-9.5 days pc), up the dorsal mesentery, around the
celomic angle and into the genital ridges (Chiquoine, 1954;
Mintz, 1959; reviewed by McLaren, 1983 and Eddy et al.
1981). Transfer of the cells to the hind gut may be due to
morphogenetic movements of the developing embryo but
ultrastructural studies of the germ cells in the hind gut
epithelium and at subsequent stages in the migratory
pathway demonstrate morphological and microanatomical
characteristics of amoeboid movement (Zamboni and Merchant,
1973; Spiegelman and Bennet, 1973). Once inside the gonads,
the germ cells continue to divide rapidly in synchronised
clusters (Spiegelman and Bennet, 1973; Hilscher et al.
1974). At this stage the Hilschers refer to the germ cells
as oogonia in the presumptive ovaries and as M-
prospermatogonia in presumptive testes. This distinction is
artificial since there is no evidence to suggest that the
morphology or mitotic kinetics is different between males
and females (Hilscher and Hilscher, 1978).

At 11 days pc the indifferent genital ridge is
composed of rapidly dividing germ cells mixed within a
dense mass of growing somatic epithelial tissue derived
from the gonadal blastema (Upadhyay et al. 1979; Merchant,
1975). The ridge also contains some of the cells required
to form the steroidogenic and connective tissue lineage.
However, organ culture experiments demonstrate that there
is a continuing contribution of these cells from the
mesonephric region that extends beyond 11.5 days pc (Buehr
and McLaren, unpublished)
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Fig.l. Diagrams of transverse sections through the lower
torso of 9.5 to 11.5 day pc fetuses showing the development
of the indifferent genital ridge. Da, dorsal aorta; wd,
Wolffian duct; bl, basal lamina of the celomic epithelium;
dm, dorsal mesentery; pgc, primordial germ cell; hg,
hindgut; mt, mesonephric tubule; b, blastema; gr genital
ridge. Blastemal cells accumulate between the developing
mesonephric tubules and the celomic epithelium. The
primordial germ cells migrate from the hindgut, up the
dorsal mesentery and into the developing genital ridge.
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2. SEXUAL DIFFERENTIATION

2.i. Development of the ovaries

At 12.5 days pc in the mouse, the ovaries show no
gross morphological changes from the indifferent state and
are recognised only by the absence of testicular
differentiation. The ovary is enclosed by an epithelium 1
to 2 cell-layers thick (Odor and Blandau, 1969) and
contains a loosely organised system of cords - the
intraovarian rete (Byskov and Lintern-Moore, 1973; Byskov,
1978), derived from the blastema (Merchant, 1975). A common
basal lamina surrounds the branching system of intraovarian
rete cords and on the inside surface, the rete cells make
direct contact with small groups of oogonia. The position
and ultrastructure of the intraovarian rete cells suggests
that they are the precursors of the follicle cells
(Zamboni, 1974; Byskov, 1978). At the hilus of the ovary,
which is towards the cranial end, the cords make contact
with a loosely defined mass of epithelial cells - the
interconnecting rete which joins to the mesonephric tubules
(extraovarian rete) (Byskov and Lintern-Moore, 1973).

At 13.5 days pc, some of the germ cells in the hilar
region of the ovary have undergone identifiable changes
prior to meiosis (Borum, 1961). By 14.5 days pc, most of
the germ cells have ceased the oogonial phase of mitotic
proliferation and have entered the prophase of meiosis,
thus becoming oocytes (Borum, 1961). The majority are found
as leptotene and zygotene stages, both of which are very
short-lived stages, measured in terms of hours. Entry into
meiotic prophase begins amongst the oogonia in the hilar
region and spreads as a wave towards the periphery
(Upadhyay et al. 1979).

Between 15.5 days pc and birth, the intraovarian
rete cords (ovigerous cords) become more clearly defined

and increase in length, creating a system of twisting
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strands that connect at one end to the mesonephric tubules
and at the other with the surface epithelium (Upadhyay et
al. 1979). The presumptive follicle cells begin to extend
cytoplasmic processes that separate groups of oocytes (Odor
and Blandau, 1969). Strands of connective tissue and
connective tissue cells start to extend into the ovary from
the hilar region towards the periphery to form the ovarian
septae (Brambell, 1927; Odor and Blandau, 1969; Torrey,
1944).

By 16.5 days pc in the mouse, nearly all of the
oocytes have reached the pachytene stage (Borum, 1961),
which is a prolonged phase in comparison with leptotene and
zygotene. The total number of germ cells reaches a peak at
this stage with 70-80,000 germ cells per animal (Jones and
Krohn, 1961; Burgoyne and Baker, 1985). In the rat, the
germ cell peak is reached 2 days later with approximately
75,000 per animal (Beaumont and Mandl, 1962). Starting at
16.5 days pc in the mouse, and increasingly up to and
beyond birth, large numbers of pachytene oocytes
degenerate. This process of follicular atresia eventually
removes approximately 807% of the germ cells that originally
entered meiosis. At 2 days post partum (pp) in the rat, the

germ cell number has reduced to 30,000 (Beaumont and Mandl,
1962), at 12 days pp in the mouse, there are approximately
22,000 oocytes and at 200 days pp this has reduced to
around 5000 (Burgoyne and Baker, 1981).

At birth, the ovigerous cords have a rosary-like
appearance. The oocytes have expanded, particularly those
in the central region of the ovary, and the cord tissue
between the oocytes has thinned considerably (Uphadyay et
al. 1979). As soon as the germ cells reach diplotene they
arrest meiotic development in the dictyate phase whilst the
accumulation of products required for the post-ovulatory
phase occurs.

During the first week of post-natal life the

interconnections between individual follicles are lost
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(0dor and Blandau, 1969; Upadhyay et al. 1979). The
remnants of the mesonephric tubules lose contact with the
Wolffian duct at one end and the ovigerous cords at the
other and become isolated as a mass of epithelial tissue -
the rete ovarii (Upadhyay et al. 1979).

By two weeks after birth, the ovary consists of many
isolated follicles surrounded by a single layer of follicle
cells and a thick basal lamina. The follicles are embedded
within the ovarian stroma which is composed of connective
tissue cells and cells that differentiate into steroid
producing theca cells in growing follicles.

The initial development of the somatic components of
the ovary does not seem to be dependent upon the presence
of germ cells. In two experiments where germ cell-free
ovaries were studied, in rats treated with busulphan
(Forsberg and Olivecrona, 1966; Merchant, 1975) and in mice
carrying two mutations at the white-spotting locus - W/WY
(Merchant-Larios and Centeno, 1981), it was found that the
development of the ovigerous cords, connective tissue and
blood vessels, up to 19.5 days pc, is the same as in a
normal ovary. The fine structure of the epithelial cord
cells and stroma cells at 1 day pp is also very similar to
that of an intact ovary (Merchant-Larios and Centeno,
1981). However, without the presence of oocytes, the
epithelial cells remain as ovigerous cords and no steroid
producing theca cells are formed. Corpora lutea are only
found in ovaries in which there is evidence of germ cell

survival,
2.ii. Development of the testes

Under the light microscope, the first signs of
testicular differentiation are the formation of clearly
defined cylindrical cords that appear in the mouse at 12.5
days pc (Simkins, 1923) and in rats at 13.5 days pc
(Torrey, 1944). The testis cords form as two rows of
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C-shaped arches, one inside the other, perpendicular to the
long axis of the fetal gonad (see fig 2). Except for rare
cases where the cords anastomose or end blindly, each of
these arches insert at the two ends into the presumptive
rete testis (Cleremont and Huckins, 1961).

Ultrastructural studies demonstrate that the
differentiation of primordial Sertoli cells precedes the
formation of testis cords (Jost et al. 1973; Magre and
Jost, 1980). Sertoli cells are identifiable in the rat at
13 days 8 hours pc, in the anterior part of the gonad,
close to the mesonephric tubules. Differentiation of fetal
Sertoli cells from their precursors appears to spread
outwards in a wave towards the periphery (Jost et al.
1973). Under the electron microscope, primordial Sertoli
cells are recognised as large clear cells with short rough
endoplasmic reticulum and complex junctional
specialisations at points of contact with neighbouring
Sertoli cells (Magre and Jost, 1980). The formation of
testis cords is achieved by the active aggregation of
Sertoli cells: a process which is estimated to take 16
hours in the rat (Jost, 1972). Sertoli cells will also
aggregate to form cords in cultured fetal testes but at a
slower rate. In vitro testis cord formation does not take
place, however, if the medium is supplemented with fetal
calf serum (Agelopoulou et al. 1984). In these cultures,
the Sertoli cells remain isolated as single cells or in
small clusters but the ultrastructural morphology of the
Sertoli cells appears to be unaffected.

The Mullerian duct inhibiting substance - AMH or
MIS, which is secreted by fetal Sertoli cells (Blanchard
and Josso, 1974; Tran and Josso, 1982) is detectable in the
rat at 13.5 days pc in some Sertoli cells at the cranial
end of the fetal testis (Tran et al. 1987). Although AMH
production coincides with the aggregation of Sertoli cells
into cords (Josso et al. 1985), it is not dependent upon it
since AMH production occurs at the same time in cordless
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testes cultured in the presence of serum as in control
cultures without serum (Magre and Jost, 1984).

At 13.5 days pc in the mouse (which approximates to
14.5 days pc in the rat), the seminiferous cords are
tightly packed and occupy most of the gonad except for a
small region of disorganised cells that lies between the
mesonephric tubules and the newly formed cords (Upadhyay et
al. 1981). These cells are assumed to form the rete testis
- the ducts that will provide the link from the testis
tubules to the excretory channels. Once the cords have
formed, the mitotically dividing M-prospermatogonia block
at the Gl phase of mitosis and differentiate into Tl1-
prospermatogonia: a state in which they remain until after
birth. The first signs of germ cell arrest are detectable
at 13.5 days pc in the mouse (McLaren, 1984b; 1985).
Sertoli cells can be made to disaggregate in cultured fetal
mouse testes by adding cyclic-AMP analogues to the medium.
In these cordless gonads, the germ cells still arrest to
form Tl-prospermatogonia (Taketo et al. 1984a), thus
dispelling any suggestion of a connection between enclosure
of the germ cells in the seminiferous cords and their
arrest.

By 15.5 days pc in the rat, low levels of
testosterone can be detected, synthesised from introduced
radioactively labelled acetate, indicating the existence of
functionally differentiated Leydig cells (Warren et al.
1973). Low levels of testosterone, produced from
radioactively labelled pregnenolene, can be detected as
early as 13.5 days pc showing that at least some of the
necessary enzymes are present at this time (Noumura et al.
1966). Leydig cells only become histologically
distinguishable from other interstitial cells at 16.5 days
pc in the rat (Roosen-Runge and Anderson, 1959). 16.5 days
pc is also the time at which most of the dividing germ
cells arrest to form Tl-prospermatogonia (Hilscher et al.
1974; Hilscher and Hilscher, 1978) and the time at which
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AMH levels reach a peak (Tran et al. 1987).

At 18.5 days pc in the rat, testosterone production
reaches a peak, which coincides with the time at which most
of the regression of the Wolffian duct occurs in the
female. Accordingly, the relative proportion of Leydig
cells also reaches a peak during the last days of fetal
life (Zirkin and Ewing, 1987). The differentiation of
Leydig cells is independent of Sertoli cell aggregation
(Patsavoudi et al. 1985).

11.5 day pc XY mouse gonads, isolated from their
mesonephroi, develop very poorly in culture and do not form
testis cords, whereas control cultures of fetal gonads with
intact mesonephroi have good cord development (Buehr and
McLaren, unpublished). In the same experiments, it was
shown that cells that form the interstitial and
peritubular-myoid lineages in the testis continue to
migrate into the gonad from the mesonephros after 11.5 days
pc. Merchant-Larios and Taketo (1991) argue that the
formation of cords in the fetal testis is not primarily
caused by Sertoli cell aggregation but is instead due to
the invasion of mesenchyme and endothelial cells between
the epithelial tissue. This suggests that these lineages
play an important role in the formation of the fetal
testis. Experiments on isolated prepuberal testicular cells
also point to the same conclusion. For example, the in
vitro migration of Sertoli cells is greatly enhanced by a
fibronectin coating on the substratum (Tung and Fritz,
1986) and fibronectin is only secreted by myoid cells.
Secondly, when Sertoli cells and myoid cells are cultured
independently, neither secrete detectable amounts of
laminin, but when cultured together laminin is produced
(Skinner et al. 1985) suggesting that there is a
cooperation between the two cell types to form the basal
lamina of the testis cord.

Between late fetal life and adulthood, the cytoplasm
of the Sertoli cells increases dramatically, completely
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enclosing the germ cells and the number of contact
specializations between neighbouring Sertoli cells
multiplies (Flickinger, 1967). The cords increase in length
and twists and folds appear in the arch structure. These
resolve into a regular series of hairpin loops that run
back and forth along the long axis of the testis (Clermont
and Huckins, 1967). By 14 days pp in the mouse, most of the
cords have a small lumen and at 21 days pp, the first signs
of the Sertoli cell tripartite nuclear structure begin to
appear (Flickinger, 1967). AMH production gradually
declines after birth and finally ceases in the rat at 9
days pp (Tran et _al. 1987). During the first post-natal
week, the relative proportion of Leydig cells drops
dramatically. This is not due to degeneration of Leydig
cells but a diluting effect caused by the more rapid cell
division of the other testicular lineages (Zirkin and
Ewing, 1987). Leydig cell number then increases once more
and testosterone levels reach a second peak at around four
weeks after birth. The arrested Tl-prospermatogonia resume
mitosis on days 4 and 5 pp in the rat (Hilscher et al.
1974) and at 2 days pp in the mouse (Vergouwen et al. 1991)
to produce T2-prospermatogonia. There follows a series of
mitoses which punctuate the differentiation of the
spermatogonial stem cell population, followed by the first
wave of meiosis which begins in the mouse at 1 week after
birth (Bellve et al. 1977).

2.iii. Differentiation of the ducts and external genitalia

In mammals, two sets of duct systems develop during
fetal life: the Wolffian (or mesonephric) ducts and the
Mullerian (or paramesonephric) ducts. In eutherian mammals,
the survival and subsequent differentiation of these ducts
is under the control of gonadal hormones produced after the
initial differentiation of the testes. In XX and XY rabbit
fetuses that have been castrated at 19 days pc, the ducts
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develop according to the female pattern: i.e. the Wolffian
ducts regress and the Mullerian ducts develop to form the
oviducts, uterine horns and upper vagina. This illustrates
that the ovaries play no part in the control of the
development of accessory structures but the testes must
secrete products that prevent the regression of the
Wolffian ducts and inhibit the development of the Mullerian
ducts. The exogenous introduction of testosterone to XX
fetuses stabilizes the Wolffian ducts and promotes their
development into the vasa deferentia and induces the
formation of the prostate and external genitalia from the
urogenital sinus (Jost, 1947). However, testosterone has no
effect upon the Mullerian ducts (Jost, 1953). Through
studies on the bovine freemartin, it was discovered that
the Mullerian ducts are destroyed in the male by the
Mullerian inhibitor - AMH or MIS (Jost et al. 1975; Donahoe
et al. 1987).

In two marsupial species that have been studied, the
Tammar wallaby and the Virginia oppossum, it has been shown
that the development of the scrotal rudiments, processus
vaginalis and gubernaculum are not under the control of
gonadal hormones as in eutherian mammals (Renfree and
Short, 1988). Not only do some of these features appear
before testis cord formation but also, X0 wallabies develop
a scrotum and gubernaculum in spite of the presence of
ovaries and XXY males develop mammary glands and a pouch
(Sharman et al. 1970). Therefore, it is possible that the
development of these accessory structures is regulated by
the X-autosome ratio.

2.iv. Growth-related sexual differentiation

Differences between males and females in stature,
muscle development and a variety of other phenotypic
features may be regarded as facets of sexual
differentiation but these are largely controlled by the
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gonadal hormones. However, differences in growth can also
be detected in embryonic and fetal life before gonadal sex
differentiation and, therefore, before hormone production
begins. XY morulae of the CDl mouse strain form a
blastocoel cavity at a significantly earlier stage than XX
embryos (Tsunoda et al. 1985) and XY mouse fetuses, removed
at 8.5 days pc, have significantly more somites and are at
a later stage of maturity than their XX littermates (Seller
and Perkins-Cole, 1987). This trend is also observable in
11.5 day pc rat fetuses where the body weight and total
protein content of XY fetuses is significantly higher than
XX siblings. However, there is no evidence for a difference
in the rate of growth since the incorporation of
tritiated-thymidine per unit body mass is equivalent in
males and females (Scott and Holson, 1977). XP0O fetuses
(i.e. carrying a paternally derived X but no maternal sex
chromosome) at 10.5 days pc have been shown to be very
delayed in relation to both XX and XY siblings (Burgoyne et
al., 1983) but mouse fetuses with an X™0 genotype are ahead
of their XX sisters and at an equivalent developmental
stage to their XY brothers (Thornhill and Burgoyne,
unpublished). This demonstrates that the observed
difference in developmental maturity between XX and XY
fetuses is due to a retarding effect of the paternally
imprinted X chromosome.

There is evidence that the XX/XY growth difference
in early embryos of the CDl mouse strain is caused by the
action of the Y chromosome but embryos carrying an RIII Y
chromosome have no detectable advantage over their XX
littermates (Burgoyne, unpublished).
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Fig.2. Diagram of sections through mouse gonads showing the
development of the testis and ovary from the indifferent
genital ridge between 11.5 days pc and 2 days pp. Mt,
mesonephric tubules; wd, Wolffian duct; md, Mullerian duct;
tc, testis cord; p, Tl-prospermatogonia; et, epididymal
tubules; it, interstitial tissue; ta, tunica albuginea. Cr,
connecting rete; og, oogonia; ir, intraovarian rete; oc,
oocytes. At 14.5 days pc, AMH production begins in the
testis and some germ cells have entered meiosis in the
ovary. At 17.5 days pc, testosterone production reaches a
peak in the testis, stabilizing the Wolffian duct: the
Mullerian duct has degenerated. In the ovary, atresia of
pachytene oocytes has begun and the Wolffian duct is
degenerating. At 2 days pp the germ cells resume mitosis in
the testis and in the ovary, folliculogenesis is under way.
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3. THE GENETICS OF SEX DETERMINATION

The human X and Y chromosomes were first described
by Painter (1923) and at that time, it was thought that sex
was determined by the X-autosome ratio, as it is in
Drosophila (Bridges, 1916). It was not until aneuploids
were found that mammalian sex determination was shown to be

regulated by the Y chromosome. XXY mammals develop testes
(Jacobs and Strong, 1959) and XO mammals develop ovaries
(Ford et al. 1959; Welshons and Russell, 1959). These
results clearly demonstrate that, in individuals carrying a
functional Y chromosome, the gonad develops as a testis and
in its absence an ovary develops, regardless of the number
of X chromosomes.

3.i. Sex determination in chimeras and mosaics

The mechanism of sex determination is concerned with
how the Y chromosome diverts the cell lineages of the
indifferent fetal gonad into the testicular developmental
pathway. Some clues to the understanding of this mechanism
may be found in the study of opposite sex chimeras
(Tarkowski, 1961). Initial work gave conflicting results
concerning the sex ratio of chimeric mice (Tarkowski, 1961;
Mintz, 1965) but this was resolved when it was shown that
the mouse strain combination affects the relative
proportions of cells contributing to the animal (Mullen and
Whitten, 1971). In unbalanced combinations (i.e. where one
component tends to dominate the other), the sex ratio is
approximately 50:50, but in balanced combinations the sex
ratio is skewed towards males. Data from unkaryotyped
chimeras made with balanced strain combinations show
approximately 60% males and 40% females (Mullen and
Whitten, 1971). If these figures are corrected by removing
the expected proportion of chimeras made with embryos of
the same genotypic sex, the ratio changes to 707% male: 307
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female. This figure fits well with the sex ratio of
karyotyped XX{->XY chimeras combined from several studies
(Mystkowska and Tarkowski, 1968; 1970; Milet et al. 1972;
Ford et al. 1974; McLaren, 1975; Gearhart and
Oster-Granite, 1981; reviewed in McLaren, 1984a) of 71%
male: 7% hermaphrodite: 22%7 female. Mullen and Whitten
(1971) found only 2 hermaphrodites in a total of 308
chimeras (1.3% of the assumed XX{->XY chimeras) but it is
admitted that not all the mice were examined internally.
These findings indicate that the influence of the Y
chromosome in testicular differentiation may exceed its
numerical representation in the cells of the chimera.

This conclusion is supported by evidence from
spontaneously produced sex chromosome mosaics. The Y
chromosome of the BALB/cWt inbred mouse strain has a
tendency to non-disjoin during mitosis creating mosaic mice
with an XO0/XY/XYY or XO0/XY karyotype (Eicher et al. 1980).
BALB/cWt hermaphrodites, found at 14.5-15.5 days pc have a
mean X0 cell contribution to somatic tissues of
approximately 64% ranging from one mouse with 97.8% XO
cells and 95% ovarian tissue, to another with 33% X0 cells
and 2.5% ovarian tissue (Eicher et al. 1980). A clear
correlation exists between the proportion of X0 cells and
the amount of ovarian tissue found in these fetal gonads
but again the mean is skewed towards testicular
differentiation. An interesting facet of the ovotestes
found in these hermaphrodites is the tendency of the
testicular tissue to occupy the central and caudal regions
of the gonad and the ovarian tissue, the cranial or bipolar
regions (Whitten et al. 1979). A similar distribution of
tissues is found in fetal XX<->XY chimeras (Bradbury,
1987). A survey of adult males produced from a CXBH x
BALB/cWt cross revealed that males with bilateral testes
may contain up to 80% X0 cells (Levy and Burgoyne, 1986;
Palmer et al. 1990). In these males, the mean testis weight
is inversely proportional to the percentage of X0 cells



-28 -

found in the bone marrow. Although the level of non-
disjunction of the Y chromosome in CXBH/BALB/cWt F{ mice is
generally higher than that found in the pure BALB/c Wt
stock (Whitten et al. 1991), the proportion of adult
CXBH/BALB/cWt F; hermaphrodites (Levy and Burgoyne, 1986 -
3.8%; Palmer et al. 1990 - 3.9%) is much lower than the
proportion of fetal BALB/cWt hermaphrodites (Eicher et al.
1980 - 14%). This information, together with the
correlation of the proportion of X0 cells with testis
weight, suggests that fetal ovotestes with a significant
amount of testicular tissue resolve into small testes
through regression of the ovarian component. Similar
conclusions have been drawn from the study of fetal XX<{->XY
chimeras (Bradbury, 1987).

The fact that lateral hermaphrodites (i.e. a testis
on one side and an ovary on the other) are frequently found
in opposite sex chimeras and sex chromosome mosaics
indicates that the effect of the Y chromosome in the testis
determining process is locally restricted. A summary of the
numerical data suggests that a threshold of Y-bearing cells
must be present in the genital ridge for a testis to form
in adult 1life and that this threshold is probably between
20% and 30%. Presumably, if the proportion of XY cells
falls below this threshold, an ovotestis persists into
adult life or the gonad resolves into an ovary. Adult
females of the genotype T(X;16)/XSxr? (see section 3.iv)
frequently have oocyte-depleted ovaries and haemorrhagic
follicles which may indicate the existence of small amounts
of testicular tissue in fetal life.

3.ii. Non-heritable XX sex reversal

With the knowledge that there is a quantitative
requirement for Y-bearing cells if the genital ridge is to
develop as a testis, it is tempting to think in terms of a
diffusible testicular morphogen encoded or regulated by a
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gene on the Y chromosome. Evidence for a diffusible
testicular morphogen was originally thought to exist in the
bovine freemartin condition. A freemartin is a
genotypically female calf that develops as a twin with a
bull calf and is born with sterile or masculinised gonads,
abnormal internal ducts and, in very extreme cases,
abnormal external genitalia (Lillie, 1917; 1923; Chapin,
1917). It was shown that freemartinism is caused by fusion
of the chorionic placentae of male and female co-twins,
allowing transfer of a blood borne masculinizing agent
through vascular anastomoses (Lillie, 1916; 1917). The
majority of freemartins have small ovaries with immature
ovigerous cords but a small proportion develop germ cell
depleted testis cords (Chapin, 1917). When the development
of freemartins was examined in utero, it was found that the
first observable effects occurred between 45 and 55 days pc
with the degeneration of the upper Mullerian ducts, the
cessation of ovarian growth and the prevention of germ cell
proliferation (Jost et al. 1972; Jost et al. 1975). This
coincides with the time at which regression of the
Mullerian ducts occurs in the male co-twin. The first signs
of testis cord formation in freemartins may be seen at 93
days pc, approximately 50 days after testis cords form in
the bull fetus (Jost et al. 1975). This suggests that the
formation of testis cords in the freemartin is not
synchronously induced by a diffusible testicular morphogen,
rather, it is a secondary event that follows impairment of
ovarian development.

The coincidence of the involution of the Mullerian
ducts with the first detectable signs of freemartinism
suggests that the factor responsible is AMH. In support of
this conclusion, it was shown that similar levels of AMH
can be detected in the serum of freemartins and their
co-twins (Vigier et al. 1982). Furthermore, the freemartin
gonad can be simulated by adding AMH to the medium in which
fetal rat ovaries are cultured (Vigier et al. 1987). After
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5 days in culture, some testis cords may be found and at 10
days testis cords resembling those found in 14 or 15 day pc
male gonads may be seen, except they have few germ cells
and some of the germ cells are in meiotic prophase. XX
mice, transgenic for the AMH gene, also show similar
effects of germ cell depletion and some postnatal
masculinization of the gonads but again this is secondary:
in fetal life, the gonads follow the ovarian pathway of
development (Behringer et al. 1990). On these grounds, AMH
is unlikely to be a primary testicular morphogen.
Freemartins do not occur naturally in rodents but a
similar effect can be induced experimentally by
co-culturing or co-grafting male and female fetal gonads.
Fetal ovaries grafted with fetal testes under the kidney
capsule of adult hosts show the familiar pattern of germ
cell loss and the formation of testis cords (Macintyre,
1956; Macintyre et al. 1960). Turner and Asakawa (1964)
claimed to have found sex-reversed XX germ cells entering
spermatogenesis in such co-grafts but these must have
originated from XY cells since it is now known that XX germ
cells in a testicular environment do not survive beyond the
Tl-prospermatogonial stage (Cattanach et al. 1971; West,
1982). The factor responsible for masculinization of the
fetal ovaries is diffusible because the same result is
obtainable in mice when the heterosexual gonad transplants
are separated by a semi-permeable membrane (Ozdzenski et
al. 1976) but it acts very locally (at least in rats) since
separation of the fetal gonads by more than 8 mm abolishes
the inhibition and transformation of the fetal ovaries
(Macintyre et al. 1960). In a study of the early stages of
heterosexual co-grafts in mice, it was found that after 6
days, the fetal ovary shows severe oocyte depletion and the
only sign of masculinization is the formation of a tunica
albuginea around the regressing ovary, but after 10 days,
there is evidence of sterile tubules (Burgoyne et al.
1986a). 14.5 day pc rat ovaries, cultured in vitro with
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17.5 day pc rat testes (the time of peak AMH production)
show a sharp fall in the number of germ cells after 3 days.
After 4 days, cells with typical Sertoli cell morphology
are found and after 7 to 10 days, the ovarian remnants have
formed Sertoli cell cords which express
immunohistochemically identifiable AMH (Charpentier and
Magre, 1990). Because the fetal testis is known to secrete
AMH and exactly the same effects described above can be
achieved in culture by adding purified AMH to the medium
(Vigier et al. 1987) it is likely that AMH is the
diffusible factor that causes the loss of oocytes and,
indirectly, the subsequent formation of Sertoli cells in
ovaries co-grafted or co-cultured with fetal testes.

Sertoli cell cords may also form from ovarian tissue
in circumstances where AMH is not present. When fetal
ovaries are grafted into various sites in adult animals, a
certain proportion show masculinization. Examples include
the grafting of fetal rat ovaries into the kidneys (Buyse,
1935) or under the skin (Moore and Price, 1942) of adult
rats, Murine fetal ovaries grafted under the kidney capsule
of adult male and female hosts will also form cords
composed of cells with the typical Sertoli cell morphology
surrounded by putative myoid cells. The grafts also secrete
testosterone, indicating the existence of Leydig cells
(Taketo et al. 1984b; Taketo-Hosotani et al. 1985). In
mice, a variety of parameters affect the frequency of
ovarian grafts that develop Sertoli cell cords, including
the levels of testosterone or 17B-estradiol in the host
circulation and the age of the fetus from which the graft
tissue is removed (Taketo and Merchant-Larios, 1986;
Taketo-Hosotani and Sinclair-Thompson, 1987)., Fetal ovaries
grafted with the mesonephros attached show a higher
frequency of masculinization in the kidneys of male hosts
than in female hosts (Taketo and Merchant-Larios, 1986) but
if the mesonephros is removed, the frequency of

masculinization increases and the sex of the host becomes
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irrelevant (Taketo-Hosotani and Sinclair-Thompson, 1987).
Encapsulation of the ovarian tissue in a semi-permeable
membrane prior to grafting prevents masculinization except
where the membrane is broken (Taketo-Hosotani, 1987)
indicating that a diffusible macromolecule produced by the
host or contact with host cells stimulates testis cord
formation. However, because transformation of fetal ovaries
into testis-like structures will occur readily in adult
female hosts, the factor responsible cannot be Y-linked and
the relevance of these findings to the normal process of
sex determination is, therefore, limited.

The same is true of the Sertoli cell cords or
"tubular adenomas" that form in ageing or hypophysectomized
rat ovaries (Engle, 1946; Crumeyrolle-Arias and Aschein,
1981; Crumeyrolle-Arias et al. 1986). Under normal
circumstances of oocyte loss due to ovulation, the follicle
cells luteinize under the control of pituitary hormones. It
is possible that in the absence of stimuli from germ cells
and pituitary hormones, some follicle cells become unstable
and form Sertoli cells, This hypothesis is supported by
grafting studies in mice (Hashimoto et al. 1990). Ovaries
of 12.5 day pc fetuses were disaggregated and the germ
cells removed; then the remaining somatic tissue was
grafted into an adult female. These grafts developed the
familiar sterile testis cords. Control ovaries, which were
disaggregated, then transplanted with the germ cells
intact, developed normal ovaries. If this form of
experimental sex reversal is simply a consequence of oocyte
loss, then the factors that affect the frequency of
transformation of ovaries into testes only gives
information about the ablity of oocytes to survive under
these varying conditions. However, this work does indicate
that the development of the Sertoli, myoid and Leydig cell
phenotypes does not directly require genes on the Y
chromosome. Furthermore, since all three cell types can
develop in these ectopic conditions, inductive interactions
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must take place between these testicular lineages.

In view of the lack of evidence for a diffusible
testicular morphogen, an alternative explanation may be
entertained: the Y-linked testis determining gene may act
cell-autonomously within one of the gonadal cell lineages.
If this is the case, then the germ cell lineage can be
excluded as a potential candidate because testes develop in
XY mice homozygous for the white spotting mutation - W
which lose their germ cells prior to sex determination
(Mintz and Russell, 1957). In an examination of the post
natal testes of XX<{->XY chimeras, it was found that amongst
the somatic cell lineages of the testes, Leydig cells and
cells of the tunica albuginea can be either XX or XY. The
Sertoli cells however, were predominantly, or perhaps
exclusively XY (Singh et al. 1987; Burgoyne et al. 1988a).
On the basis of these findings, it was proposed that the
function of Tdy is to trigger the differentiation of
Sertoli cells from the supporting cell lineage in a
cell-autonomous fashion. The differentiation of the other
testicular cell lineages could then be regulated by the
Sertoli cells without further involvement of the Y
chromosome (Burgoyne et al. 1988a; Burgoyne, 1988).

3.iii. Heritable XY sex reversal

When the testis determining process fails in XY
individuals, ovarian development occurs. Thus testis
determination can be viewed as the diversion of the gonadal
cell lineages away from the "default"” female pathway and
into the male pathway by the action of the Y chromosome
(for reviews see Eicher and Washburn, 1986; Eicher, 1988;
Burgoyne, 1988, McLaren, 1991). XY sex reversal can be
caused by a failure of the Y-linked primary testis
determining gene - TIdy, as in the Tdy-negative, XY female
mice produced by Lovell-Badge and Robertson (1990).
However, there are examples of heritable XY sex reversal
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where the mutation shows incomplete penetrance.
The Poschiavinus Y chromosome (YFOS) is derived from
wild M.m.domesticus mice trapped in Switzerland. When this

Y chromosome is repeatedly backcrossed onto the C57BL/6
inbred strain, all of the XY fetuses develop ovaries or
ovotestes (Eicher et al. 1982). Breeding studies suggest
that this XY sex reversal is caused by a failure of
interaction between the Poschiavinus Y chromosome and an
autosomal recessive allele (Tda-1) present in the C57BL/6
genome (Eicher and Washburn, 1983). The ovotestes that form
in fetal life show a spectrum of ratios of testicular to
ovarian tissue and, like opposite sex chimeras and mosaics,
the testicular tissue is predominantly found in the
equatorial region of the gonad (Nagamine et al. 1987a)
suggesting that similar cellular events are occurring. Some
of the ovotestes resolve into small testes in adult life
through regression of the ovarian component.

Nagamine et al. (1987b) found that F; XY fetuses,
produced by crossing C57BL/6 males with a M.m.domesticus-

derived Y chromosome to females of the inbred strains AKR,
BALB/c and C3H, also showed "aberrant testicular
differentiation" but Eicher and Washburn (1986) found no
evidence of abnormalities in XY F; adults produced by
mating C57BL/6-YFO5S males to females of the strains DBA,
BALB/c or C58, and used this as evidence that C57BL/6 has a
variant Tda-1 allele. The autosomal gene - Tda-1 has
escaped attempts at mapping but another gene - Tda-2,
involved in the sex reversal that occurs in XY progeny of
C57BL/6-YF05 pales crossed with New Zealand Black (NZB)
females, has been mapped to chromosome 12 (Eicher, 1988).
A similar sort of incompletely penetrant XY sex
reversal occurs in C57BL/6 mice heterozygous for the
hairpin tail mutation - EFP (a deletion in chromosome 17
that includes the brachyury gene - T: see Bennett, 1975;
Herrmann et al. 1990) and carrying the AKR Y chromosome
which is, like the Poschiavinus Y, M.m.domesticus-derived
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(Washburn and Eicher, 1983). An overlapping deletion at the
T locus - T°Tl also causes XY sex reversal when combined
with the AKR Y chromosome on a C57BL/6 background but in
this case, the effect is much stronger so that all XY
fetuses heterozygous for Iprl develop only ovarian tissue
(Washburn and Eicher, 1989). Again, this effect is due to a

1ol por PP causes

failure of interaction because neither
XY sex reversal when combined with the C57BL/6 Y chromosome
and the AKR Y chromosome does not cause sex reversal
without the addition of the T alleles (Washburn and Eicher,
1989), although there is some evidence of "abnormalities”
of testicular differentiation in C57BL/6 XYAKR fetuses
(Nagamine et al. 1987b) that Washburn and Eicher (1989)
interpret as delayed cord formation. Washburn and Eicher
proposed that the T locus contains a gene (Ias - T-
associated sex reversal) which is deleted in these T
mutants and the C57BL/6 Tas allele, in a hemizygous state,
interacts improperly with the AKR Y. When this was tested
by crossing C3H/C57BL/6 F; females to C57BL/6-YAKR EPP/+
males, 50%7 of the offspring that were hemizygous for the
C3H Tas allele also showed XY sex reversal (Washburn et al.
1990). This means that other genes in the C57BL/6 genome,
possibly Tda-1 and Tda-2, also interact in some way with

this process.
3.iv. Heritable XX sex reversal

Unlike inherited XY sex reversal which results from
a loss or failure of gene function, most of the heritable
forms of XX sex reversal result from a gain of Y chromosome
sequences. Sxr (renamed Sxr2) is a mutation with an
autosomal dominant inheritance pattern which causes XX and
X0 mice to develop as sterile males (Cattanach et al.
1971). Sex reversed XX males were shown to contain Y-
derived DNA sequences (Jones and Singh, 1981) and in situ

hybridization and cytogenetic analysis revealed that XYSxr?@
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carrier males possess an altered Y chromosome (Singh and
Jones, 1982; Evans et al. 1982). The conclusion was reached
that the §§£3 fragment is transmitted via a Y chromosome
that has an extra copy of the sex determining region distal
to the pairing and exchange region of the Y, so that §§£E
may be transferred onto the X during male meiosis
(Burgoyne, 1982; Eicher, 1982; Hansmann, 1982),

The Sxr2 fragment clearly contains Tdy but it also
contains Hya: the gene that encodes or regulates expression
of the minor histocompatibility antigen - H-Y (Bennett et
al. 1977; Simpson et al. 1981) that is responsible for the
rejection of male skin when grafted onto females (Eichwald
and Silmser, 1955). Hya was widely believed to be Idy
(Wachtel et _al. 1975) until a variant of Sxr2 was found -
sxr®
(McLaren et _al. 1984). Adult XXSxr2? males lack germ cells
because they degenerate around the time of birth (Cattanach
et al. 1971) due to the double X dosage (West, 1982), but
in fetal life, the majority of Xxgggi germ cells enter the

which is still male determining but does not carry Hya

prospermatogonial pathway (McLaren, 198l). Some XXSxr?2
fetuses develop ovotestes (Mittwoch and Buehr, 1973) in
which a proportion of the germ cells enter meiosis
precociously as in the female (McLaren, 1981). The oocytes
that are occasionally found in the testes of prepuberal
XXSxr? males are presumably derived from these fetal
meiotic germ cells (McLaren, 1980). Oocytes have not been
observed in the testes of X0Sxr2 males (McLaren, 1981),
suggesting that their presence in XX§§£3 males is due to a
proportion of cells within the gonad failing to express Tdy
because of spreading of inactivation into the Sxr region.
The number of cells with an inactivated XSxr2 can be
enhanced by mating an XYSxr? father to a mother carrying
the X/autosome translocation - T(X;16)H (Lyon et al. 1964).
In the T(X;16)H/XSxr? offspring, cells that inactivate the
T(X;16) die and inactivation of the Sxr? region is
sufficient in the surviving cells to form fertile females,
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sterile males and hermaphrodites (McLaren and Monk, 1982;
Cattanach et al. 1982), Hermaphrodites of this genotype
show a complete range of ovotesticular morphology from
testes containing oocytes, through severely abnormal
mixtures of testicular and ovarian tissue, to ovaries with
polyovular and haemorrhagic follicles (Ward et al. 1988).
This is presumably due to variation in the numbers of cells
in the gonad which have the Sxr2 region inactivated. This
situation is akin to chimeras and mosaics that have varying
mixtures of Y-bearing and non-Y-bearing cells.
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4, THE MAMMALIAN Y CHROMOSOME

The mammalian sex chromosomes are thought to have
evolved from a homologous pair of chromosomes (see Ohno,
1969). In some species of reptiles, the sex chromosomes
maintain many of the same alleles, but in mammals the Y
chromosome is much reduced, both in relative size and in
the number of functional genes that it contains. Dosage
compensation by X-inactivation in XX females means
theoretically that the only gene that it is necessary for
the Y to carry is Tdy. However, recent evidence suggests
that the Y may carry homologues of X-linked genes that are
not inactivated in the female in order to preserve
equivalent dosage between the sexes. The Y chromosome may
also serve as a repository for genes with male specific
functions that are harmful or unnecessary for the female to
carry. The human and mouse Y chromosomes have been studied
the most and are described here.

4.1i. Repetitive sequences on the human Y chromosome

The human Y can be divided into a heterochromatic
and a euchromatic region. The heterochromatic region, which
binds the flourescent dye quinacrine, occupies most of the
long arm up to the telomere. The length of the human Y is
highly variable and this is entirely due to variation in
the extent of the heterochromatic region (Bobrow et al.
1971). Southern blots of DNA digested with Hae III reveal
that this region contains two repeat units - DYZ1l and DYZ2
(McKay et al. 1978; Cooke et al. 1983). DYZ1l is a 3564 base
pair (bp) fragment containing 713 varying pentanucleotide
repeats based on a TTCCA motif (Nakahori et al. 1986).
DYZ2, which is approximately 2.1 kbp also consists of
pentanucleotide repeats but unlike DYZ1l, this fragment has
autosomal homologues (Prosser et al. 1986).

The euchromatic region can be subdivided into the
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euchromatic region of the long arm, the pericentric region
and the pseudoautosomal and Y-unique regions of the short
arm., It is clear that a great deal of the euchromatic
region is also composed of repetitive sequences. One of
these, the alphoid repeat, is present in the centromeric
region of all human chromosomes. The Y chromosome alphoid
DNA is composed of tandomly repeating units approximately
5.7 kbp in length which are made up of 170 bp subunits
(Wolfe et al. 1985). These repeats form a single block of
540 kbp that is adjacent to another block of 400 kbp of
unknown simple-sequence DNA (Tyler-Smith, 1987). Other non-
Y-specific repeats include a considerable number of 2.4 kbp
sequences that contain a region with 60% homology to the
Alu repeat unit: the major human family of short
interspersed elements (SINEs) (Smith et al. 1987). The Y
also contains long interspersed elements (LINEs) that have
the characteristics of retroposons but these appear to be
present at the same frequency as throughout the rest of the
genome (Smith et al. 1987).

4.ii. Genes on the human Y chromosome other than TDF

The long-arm euchromatic region contains at least
one spermatogenesis gene. This is based on 9 azoospermic
patients who have deletions of the heterochromatic and
parts of the euchromatic region and 6 infertile patients
with Yq;autosome translocations (Tiepolo and Zuffardi,
1976; Davis, 1981). This fertility factor (AZF) has been
localized by deletion mapping to interval 6 (according to
the deletion map of the human Y, Vergnaud et al. 1986, see
fig 3) on Yq (Andersson et al. 1988). By the same type of
analysis the gene - HY, which encodes or regulates the
production of the H-Y antigen, has been localized to
intervals 4B to 7 (Simpson et al. 1987) which places it
outside the sex determining region (interval 1 of the short
arm, Vergnaud et al. 1986) thus supporting evidence from
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the mouse that HY is not the sex determinant.

Two male patients with deletions in Yq show reduced
tooth dimensions in comparison with their relatives. Tooth
size is thought to be a good measure of overall growth and
it is suggested that Yqll contains a gene (GCY) that
affects stature (Alvesalo and de la Chapelle, 1981).
Molecular genetic studies have demonstrated the existence
of a homologue of the X-linked KALIG-1 gene which is
associated with Kallmann's syndrome at Yqll.21 (Franco et
al. 1991). A homologue of the X-linked steroid sulphatase
gene (STS) resides in deletion interval 6, but it is not
transcribed (a pseudogene) and contains several additionms,
base sustitutions and deletions in comparison with the
functional X copy. It is unlikely to have arisen through
retroposition because it contains introns (Yen et al.
1988). STS-X is just proximal to the pseudoautosomal
boundary but interestingly, it is not dosage compensated.
This situation is paralleled by the amelogenin gene (AMG)
which is slightly more centromeric but close to STS-X. The
Y homologue - AMGL (amelogenin-like) is also near to to
STS-Y in a more centromeric position (Lau et al. 1989).
Expression studies have not been conducted so far but there
is a high degree of conservation between the X and Y copies
suggesting that AMGL may be functional (Nakahori et al.
1991). Lau et al. (1989) suggested that AMGL may be a
candidate for GCY. The positions of these genes in humans
and in a variety of related species provides evidence for a
pericentric inversion of the Y chromosome which occured
after the radiation of the old world monkeys and the higher
primates.

In humans, the pseudoautosomal region is located at
the distal tips of the short arms of the X and Y
chromosomes. The existence of a homologous region shared by
the X and Y which takes part in meiotic pairing and
recombination, was proposed by Koller and Darlington
(1934). The first gene to be cloned and characterised from
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within the human X/Y pseudoautosomal region is MIC2
(Darling et al. 1986) which codes for the E2 antigen (Gelin
et al., 1989) recognized by the 12E7 antibody. The level of
expression of the E2 protein on the surface of red blood
cells is affected by a second pseudoautosomal allele - XGR
(Tippett et al. 1986; Goodfellow et al. 1987). A third gene
localized to the pseudoautosomal region - GM-R, codes for
the granulocyte-macrophage colony stimulating factor
(GM-CSF) which is implicated in some forms of acute myeloid
leukaemia (Gough et al. 1990). Apart from these
characterized functional genes, several anonymous DNA
sequences map to this region. Of these, DXYS14 is the most
distal and has a recombination frequency with respect to
sex of virtually 50%, confirming the view that there is an
obligatory exchange between the X and Y during male meiosis
(Rouyer et al. 1986; Weissenbach et al. 1987).

In an attempt to elucidate the nature of the
boundary between the psedoautosomal region and the
Y-specific region of the short arm, flanking markers were
isolated (Pritchard et al. 1987), the intervening 110 kbp
of DNA was cloned and sequences were isolated which span
the X and Y pseudoautosomal boundaries. When the sequence
of these clones were compared, it was found that the
pseudoautosomal region of the Y ended abruptly with the
insertion of an Alu repeat at exactly the point the
sequences diverge (Ellis et al. 1989). However, for a
further 225 bp there is 77% homology between the X and Y
indicating the existence of an ancestral, more proximally
located boundary.

Apart from the testis determining gene - TDF, the
Y-specific region of the short arm also contains TSPY
(testis specific protein): a gene that encodes a mRNA
species found in adult testis (Arnemann et al. 1987). ZFY,
initially a candidate for TDF also maps to this region and
nearby, in interval 1A1B, is RPS4Y which appears to encode
an isoform of ribosomal protein S4 (Fisher et al. 1990).

























































































































































































































































































































































