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Abstract

4 : .

The development of murine gonads commences in both
males and females as indifferent appearing blastemata
around the IOth day of embryogenesis. Within the following
two days, the gonadal blastemata beeame heavily populated
with the primordial germ cells which migrate in from extra-
gonadal sites.

The process of gonadal sex differentiation is first
evident in males where the appearance ‘of sex eords marks
testicular histogenesis. Ovarian development, is largely
marked By the fact that female gonads do not resemble
testes and also by the early trénsfprmation of oogonia info
oocytes. )

It has been proposed by a number of inveetigators that
the absence of the primordial germ cells in the gonadal
blastemata during the indifferent stage of‘gonadogenesis
would reeult in the failure of sex corq differentiation to ,
take plaee within the gonadal soha. dfhep investigators have
proposed'that go;adal sex differentiatioh is not dependent
. upon the presence of germ cells w;thln the gonadal soma

Ta ;esolve this controversy ‘mice carrylng the alleles
Steel/Steel Dickie (Sl/Sld) were selected‘slnce the Steel
mutation is knmown' to seVerely affeet tﬁe primordiai germ
cell line prlor to its populatlng the gonadal rldges before

sex cord dlfferentlatlon.“ The experlment therefore is a

natural one not requirlng_chemlcal or phy31ca1 ablatlon of

¥
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the germ cell line at the time it is first histochemically
identifiable in sites far removed from the gonadal anlages.

Primordial germ cellé were ‘identified histoch?mically
by an azo dye technique in 27 day 9, 33 day 10, 33 day 11
and 21 day 12 embryos which were obtained from matings

between mature WC/ReJ-S1/+ females and CS7Bl/6J—Sld/+ males.

One fourth of the embryos were e

Zygous Sl/Sld

————

cted to carry the homo-
mutations Failure 6} the germ cell poﬁulation
to increase after 9 dagg gestation occirmred in 26% of the
embryos. These embryos were classifieé as the mutant 51/519
group. The primordial germ cells of th€ mutants, though Few
in number, were found to follow a ﬁormal migratory pattern
to the gonadal ridges. Gonadogenesis was studied in 227
fetuses of 12-18 days gestation and in animals from birth to
maturity. The genetic sex of fetuses was determined b} the
presence or abgence of sex chromatin in amnion cells. Prior
to day 14, genétypes were established as normal or mutant
according to the germ cell population present in one gonad
from each fetusT After day 14 the genotypes were determined
from rea(Hlogﬁ cell samples,‘the Sl/Sld’fetuses diSpléying the
maérocytic‘énemia charaéferistic of this mutation.

The ratio of mutant’males to ﬁutant-females was the
normal lzi, and the number of‘mutants identified was within
the expected 25% frequency. Despite a_padcityfof germ cells,
mutant gonads differentiated.acéording to théiﬁ"genétic sex.
Although mutant gonads are composed almost entireiy of somatic

_tissue they grow at the same rate as the somatic component of

R



normal gonads up to day 16 post coitus in males, and to the

day of birth in females: The overall pattern of growth was
similar to that seen in normals. The Mullerian and Wolffian
ducts as well as' the %g?ernal genitalia also developed according
to gonadal sex in the mutants. ‘ ' .

In those mutant gonads which contained few germ cells,
they grew and differentiated in the same manner as did those
of the normalts up to birth. By maturity, no mutant germ cells
were found to have differentiated beyond prophase of meiosis I.

It is concluded that gexual differentiation and gonado-
ggnesis can take place in the aﬁsence or at least in the mnear
absence of germ cells. The Steel mutation appears to act in
preventing the proliferation of the primordial germ celis and
their capacity to complete meiosis I of gametogenesié. The
mutation,; however, does not affect'the evolution of the germ
cells from their source nor the cabacity of the germ cells to

migrate to the gonadal blastemata.
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INTRODUCTION

H

Sexual differentiation of mammalian gonads is
characterized by the development of s&matic sex cbrdsv
within the gonadal blastema. TFor most mammal}an species
this event occurs during early organogenesis ih the
-embryonic phase of dévelopment."In male embryos, pr;mafy
~sex cords extend from the coelomic (germinal) epitheiium

to juét below the mesonephros where they anastomose to

form the rete testis. The brimary sex cords ‘then becoﬁé
separated from the c§elomic epifhelium by “the tunica
albuginea and are called éeminiferous cords, In females,

the primary sex cords are not prominent as in 'the males

and they develop into the rete ovarii whicﬁ is separated

from the cortex by the tunica albuginea. In the .female
gonad, the cortex develops secondary gex cords which contain
mostﬁéf the germ cells. In ovaries, the secondary (cortical)
sex cords appear té;fragment into isolated’pnkts whereas the
primary sex cords of testes will eveﬁtually form continuous
tubules. Prior to the establishment of the gonadal primordia
" the primérdial germ cells first gecome identifiable in
ﬁegionsﬂfar femovéd from the.site wheré gb:ingenesis wiil
_tafe place. Subsequently, the pfimordialhgermic;lls migrate

‘toward the gonadal blastemata and infiltrate them by the

time they are recognizable as gonadal ridgeéi Immediately

[
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Tollo@ing this event, the process of sexual differentiation
begins, first in male gonads and later in female gonads.
(Brambell, 1927; Torrey, 1944; Ohno, 1967; Peters, 1976).
Whether or not the germ cells are a principal factor in
the sexual differentiation of mammalian gonads and in the
subsequent development of the gonadal soma is the subject
of this thesis.

Based on histological oﬁserv&tions of human emb?yos,
Witschi (1948) concluded that the primordial germ cells (PGCs)
first arise in the yolk sac endoderm even before the appear-
ance of the gonadal anlage. This report marked the end of
a long debate as.to whether the PGCs arose extragonadally
or intrinsically within the coelomic epithelium covering the
gonadal anlage (sze Nieuwkoop; 1949; -and Witschi, 19&8;‘1956
for reviews). The concept that the PGCs originafe in the
covering coelomic epithelium of the gonads resulted in the
misnomer "germinal epé}helidm“ (Falin, 1969).

Everett (1943) and Wolff ar){Haffen, (1952) were first to

exberimentally°demonstrate the extragonadal origin of the
primcrdial gerﬁ cells. Both investigators found that in the
mouse,'removalé:f\the gonadalzridges prior to the time of
PGC infiit?ation res@}fed in "more or less sterile gonads"
when cultured either in vivo or in vitro.

The pripordial germ cells are readily identifiable
by selective histochgﬁicéilstaining fof the enzyme alka}ine

phosphatase in such mammalian species as mouse (Chiquoine,



1954), rat (McAlpine, 1955), calf (Ohno and Gropp, 1965) and
man (Baxter, 1950). The primordial germ cells have been re-
ported to be first identifiable in the mouse in the caudal
end of the primitive streak, allantoic bud and yolk sac
splanchnopleure (Chiquoine, 1954). Mintz and Russell (1957)
also reported the primordial germ cells to be first seen in
thqsé regions. Perhaps because of Witschi's (1l9u48) earlier
work on human embryos, these authors concluded that the PGCs
.originate in the yolk éac endoderm. 0Ozdzenski (1967) re- "
examined this question in the mouse using the azo-dye method
for alkaline phosphatase to identify PGCs. By examining ‘
emb;§os at earlier stages than previous authors, Ozdzenski
(1967) concluded that the PGCs of mice are first identifiable
in the allantoic mesoderm. PGCs were ﬂext identified in the
posterior end of the primitive streak and only later were
they seen in the yolk sac endoderm. Since the allantois is
partly a derivative of the primitive streak, he concluded
that the PGCs originate in the posterior end of this region.
From a study on the ultrastructure of the primordial
germ cells in mouse, Spiegelman and Bennett (1973) have re-
ported that some PGCs in the hindguf endoderm had the appear-
ance of splanchnic mesodermal cells. Recently Clark and
Eddy (1975) have concludéd froq,;hgir ultrastructural studies
of early mouse PGCs, that the germ cells appear not to be
endodermal in origin. Also, the fact that the PGCs of mice

are rich in alkaline phosphatase when first identifiable may



in itself indicate a differential response to a new tissue
environment (Kaplan, 1972, Clark and Eady, 1875). This might
then imply that the PGCs do not arise in situ in the yolk

sac endoderm, but rather the endoderm would represent a second-
ary site in which PGCs are. found.

The migration of the germ cells tc the gonadal ridges
has been well documented for the mouse, (Chiquoine, 195u4;
Mintz and Russell 1957; Zamboni & Merchant, 1973;) rat,
(McAlpine, 1955; Eddy, 1974; Merchant, 1975) rabbit, (Chretien,
1966) calf, (Jost and Prepin, 1966) man, (Witschi, 19u48;

McKay et al, 1953; Falin, 1959). The path of migration of
PGCs appears to be common to all thesé species. From their
site of origin in the posterior end of early somite embryos,
the germ cells migrate anteriorly through the wall of the
hind gut, then into the dorsal mesentery and laterally-around
the coelomic angles ifito the gonadal ridges.

Witschi (19u48) proposed that the PGCs reach the
gonadal primordia by ameboid activity since they possessed
processes reminiscent of pseudopodia. Subsequently, Blandau
‘et al (1963) reported \that mouse PGCs in vitro were in fact.
cap&ble of ameboid ac vity. At the ultrastructural level,
both Spiegelman and Bennett (1973) and Zamboni and Herchant
(1873) have reported that the PGCs of the mouse embryo possess
pseudppoas while in the gut region of the migration path.

. Fukﬁdu (1376) has also found that in man, pre-gonadai PGCs

\ :
possess pseudopods.



It is a characteristic of PGCs that during migration
many of these cells wander into sites considered to be ectopic
to the normal migratory pathway (Mintz and Russell, 1857).
Such sites include the placenta, umbilicus, tail bud, poster-
ior limb bud and base of the dorsal aorta (Chiquoine, 195u;
Mintz and Russell, 1957; Mintzz 1959; 1960; Falin, 1969;
Ozdzenski, 1969). In transplants of mouse hind gut contain-
ing PGCs into the anterior chamber of the eye Ozdzenski (1969)
observed that the. primordial germ cells failed to differenti-
ate and soon lost their alkaline phosphatase activity. Al-
though he concluded that the primordial germ cells cannot
survive in ectopic sites, it is well known that germ cells
normally lose their alkaline phosphatase even within the
gonads (Mintz, 1960). Thus it would seem that the fate of
ectopic germ cells is not yet known.

Witschi (1951) argued that the gonadal blastemata
actively attract migrating germgcells by producing a sub-
stance he termed "telepheron'. Similarily, Simon (1960) and
Dubois (1968) thought that a chemotactic attraction exists ‘.
between the.extragonadal PGCs and the gonadal primordia in
the chick embryo. Germ cells from the germinal crescent
have experimentally been shown to pass directly into genitdl
ridge tissue in the chick (Dubois, 1968; Rogulska, 1969):

By transplarnting mouse hind gut containing PGCs intraccelomic-
ally into early chick embryos, Rogulska et al (197I5 found

the murine PGCs to have enteréd the chick tissue in the region



of the genital ridge. Blandau et al (1966; and see Baker
1971) demonstrated, using cinematography, the ameboid activi-
ty of early mouse PGCs in vitro. When gonadal ridge tissue
was placed in the culture dishes, the PGCs migrated towards
it. It is generally agreed that PGCs are actively attracted
by the gonadal ridges but the nature of the attractant (tel-
epheron) is not known. ‘
2 Germ cell degeneration is a common feature of beth
immature and mature sex cells (Baker 1972; Roosen-Runge, 1973).
Among the mammals studied, massivé germinal cell loss has
been reported during fetal life (Beaumont and Mandl 1962,
1963; Chretien 1966; Baker 1963; Huckins and Clermont 1968) .
However, germ cell degeneration does not appear to any sig-
nificant degree until the time of cessation of mitoses in
the germ cell line. This event takes place after sexual
differentiation of the gonads h;s occurred. There are no
reports of excessive germ cell degeneration during the migra-
tion phase among the mammalian species studied, however,
some does occur (Mintz and Russell, 1957).

In mice of eleven days gestation bilateral elongate
coelomic swellings appear in the dorsal wall of the coelomic
cavity just lateral to the dorsal mesentery of the gut and
in close proximity, buf'ventro-mediai to the meégnephros.
These swellings are recognized as the early férmation of

the genital ridges (Rugﬁ, 1968). At this time some PGCs are

found in the newly forming gonadal ridge and in adjacent

-



areas (Mintz & Russell, 1957). It is cenzrally agreed that
these events mark the onset of gonadogenesis. One day later,
on day 12, the first signs of sexual differentiation are
apparent. The arrival of the germ cells and the appearance
of the genital ridge occur simultaneously. Almost immediately
after these events, the process of sexual differentiation of
the gonads takes place. The qﬁestion therefore arises as to ‘
whether or not the germ cells are an intrinsic requirement
for the differentiation of the somatic cells of the gonads
towards semual‘élfferentiation and growth.

It is known that in the amphibians (Bounoure et al.,
1954) and in the chick (Burns, 1971), gonadogenesis will
commence after selectively eliminating the germ cells by
either U.V. or X-irradiation prior to their populating the
gonadal blastema. Furthermore, sexual;diffeyentiation has
been found to take place in the experimentally produced
sterile gonads. In mammals, similar results haég been ob-
tained when gonadal ridges were excised and cultured in vitro’
prior to the PGCs populating the ridges and prior to the
onset of sexual differentiatiop (Wolff ad Haffen,1952 ;Asayama &
Furusawa, 1961). These latter investigators explanted
mouse gonadal ridges from as early as 10 days gestation and
found that sexual differentiation took place. Earlier,
Everett, (1943) who was first to experimenfally demonstrate
the extra-gonadal origin of mouse- PGCs, was unable to demon-

strate sexual differentiation to occur in pre-germinal gonadal



ridges cultured in vivo. The cultures of gonadal ridge gnd
adjacent mesonephros were allowed to grow for at least 14
days under adult kidney capsule. During this time, the
adjacent sex ducts differentiated but the gonadal tiséue
failed to do so. Everett concluded that since sex cords did .
not appear, the differentiation and growth of the gonads
was' dependent upon the presence of the primordial germ cells:
Strains of mice carrying mutant genes which result
in sterility have been investigated during the germ cell
migration phase to late gonadogenesis. In the case of the W/
W locus, a defect in the ability of the germ cells to pro-
liferate and migrate has been reported in embryos homozygous
for the mutation. (Coulombre & Russell, 1954; Mintz §nd
Russell, 1957; Mintz, 1959) Similarily, Bennett (1956) has
reported that mice homozygous for the gene, Steel (S1) are glso

-

sterile due to a failure in the germ cells to prolifera?e

and migrate to the gonadal ridges. Sexually differeﬁtia&ggiw
gonads have been reported to be present in these mutant mice
(Coulombre and Russell, 1954; Bennett, 1956).° In the case

of the Sl mutants the_gonads were found to be completely
agametic at 15 days gestation and at birth (Bennett, 1956).
Coulombre and Russell (1954) have reported some germ cells
to be present in the gonads of post partum mice although

feé in numbers. Some gonads were abserved to be entirely

agametic,
4

Merchant (1975) has experimentally tested the problem



of gbnadal sex differentiation in the agametic state in the
rat. He treated rat embryos while in utero by matzrnal
injections of busulphan (1,4- butanedial dimethanosulphanate),
which is known to selectively destroy PGCs, Hemsworth &
Jackson, 1963), at gestational stages prior to their pop-
ulating the gonadal ridges. By this method nearly agametic
and some entirely agametic gonads were produced. Busulphan

at dosages adequate to eliminate the germ line appears not

to cause any obvious fetal malformatggns (Hgﬁsworth & Jackson,
1963).

After examining treated gonads from 11 days to birth,
by light and electron‘microscopy, Merchant (1975) concluded’
that the presence o% germ cells are not a prerequisite for
the differentiation of sex cords. Both testes and ovaries
which lacked germ cells were found. The precocious appear-
ance of sex cords in treated embryos was indicative of test-
icular differentiation which is found in the normal state.
Qualitative data on the genetic sex of the fetuses, germ
cell numbers and gonadal sizes were not reported by Merchant,
but his evidence does indicate that mammalian gonadogenesis
is not germ cell dependent during the period of sexual diff-
erentiation.

In contrast to the concept of somatic tissue independ-
ence in gonadogenesis and sexual differentiation, Goodfellow
et al (1965), Ste;ard (1965) and Fechheimer et a% (19€3)

have propésed that not only is the presence of PGCs a determ-
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inant in sexual differentiation but also the genetic sex of
these c¢ells will direct the course of differentiation to
either the male or female line. In their studies on free-
martinism these authors concluded that the virilization of
freemartin ovaries is a result of male germ cells migrating
into these glands from the male co-twin via the placental
anastomosis. Although tﬁe circulatory migration of calf
PGCs between freemartins has not yet been adequately proven,
Ohno (1969) has histochemically demonstrated the presence
of a few cells identified as PGCs in the dorsdl mesenteric
blood vessel of a calf embryo. However, Jost (1970) studied
the gonads of- 35 freemartins from fhe time of sexual differ-
entiation of the gonads tgvyhe establishment of the genital
tract (days 44-110) and fgﬁéd that during this time none
of the ovaries had formed ovotestes. Ovotestes apparently
_ arise only later on in development. This evidence does
not favour a germ cell influence on the early development
of the gonads (Jost et al 1973). Although XX germ cells
have been’identified in the testes of neonatal bulls twinned
to a freemartin (Ohno et al 1&%2; Teplitz et al, 1867),
the converse of male germ cellé in freemartin gonads has
not been demonstrated. From observations in mouse (Tarkowski,
1970; McLaren, 1972; 1975) and mormoset (Hampton, 1973),
melotic germ cells resembling the female line have been
found in chimaeric male testes. However the funcfiongl

gamete of XX/XY chimaeras have been found to be of one class

1
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only, that of the phenotypic sex of the chimaera (McLaren,
1872). Only one exception has thus far been reported. Ford
et al.. (1975) have recently revealed that an XX/XY female
mouse chimaera formed by fusing AKR/J (albino) to CBA/H-T6
(agouti) gave birth to an XXY albino after mating with a
BALB/c (albino) male. The Y chromosome was identified as
that of the AKR type. Even should Ford's (1975) report
prove to be true and repeatable, it would not favour the
'concept of germ cell influence‘in the fetal gonad but rather
it would imply an oberbearing influenqg of the gonad on the
germ cells.

. Eaflier work on chimaeric mice (Tarkowski, 1970;
Mclaren, 1972) had indicated that there exists a certain
degree of germ cell independence during rfetal development.
These reports indicate that female line germ cells in test-
icular tissue are able to enter meiosis prenatally as in the
normal state, but around the time of birth or shortly after,

the presence of these germ cells is not apparent. It must,

however, be kept in mind that some of the somatic \tissye of
the testes is also XX and this in itself may be dem
of a somatic-germinal inte%depéndence rather than an
pendence (McLaren, 1972). )

Changes in gonadal volume have been measured in_chick
(Mittwoch et al, 1971), mouse (Jeaﬁi 1971; Jean and Berger,
1972; Mittwoch 1978), rat (Bedumont ‘and Mandl, 1962; 1963),
calf (Jost et al, 1973) and human (Mittwchad .Kirk..,1978. In all

\
'
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cases studféd, it 1s apparént that the gonads of the hetero-
gametic sex grow at a rate greater than that of tﬁe homogametic
sex. In mammals, it has been found that testicular growth
greatly exceeds ovarian growth from very early on‘in gonadal
development. Mittwoch'et al (1969) and Mittwoch (18713 1973)
explain the increased growth differential of mammalian testes
and dvian ovaries to be due td a higher mitotic rate of the h
ﬁeterogametic gonads which carry about 2% less chromosomal
material than their counterparts. (Mittwoch, 1970).

In two studies on the rat, the volume of germinal
tissue octupying the gonads has been calcﬁlated (Beaumont
and Mandl, 1962; 1963). These authors have shown that the
amount of somatic tissue of testes far exceeds that of
ovaries" as development proceeds in the fetal rat. The dif-
ference was obvipus even from 1l4.5 days post coitus which
is equivalent to a 13 day mouse embryo in devejopment.
Ovarian volume was found to increase more‘fapidly just prior
to birth whereas the testes followed a near logarithmic
growthrrate throughout fetal and neonatal 1ifé.

A substantialuvolume of fetal testes (rat,_Beaumont
and Mandl, 1963) and ovaries (calf, Erickson, 19663 rat,
Beaumont § Méndl, 19633 human, Baker, 1963) is occupied by
germ cells.  As the fetal gonads grow, the mean volume of
the germ cells increases. At the same time, the population
of germ cells alsoyincreases up to late stag%s of fetal

*

development (Beaumont and. Mandl, 1962; 1963; Chretien, 1966;



Baker, 1963) after whlch a steady decllne 1n the germ cell

3

populatlon takes place due to atresma (see- BAk%f’ 1972 for‘

review),

that found in their female smbllngs
tlon may be that the famale germ line entefs prophase of

meiogis I-falrly ea:ly in fetal life.

rats (Beaumont § Mandl,

*

,Beaumont and Mandl (1963) found that the germ

Recently BySkOy'<197ha

oell population of fetal male rats was always greater than

One p0551b1e explana-

1962) and mice (Peters, 1970),

‘phase I of meiosis are fairly well synchronized in both

’The(stages of pro- .

1975) has implied that the "

~

rete ovarii plays a significant role in controlling meiosjis-

&

and follicular cell formation in mice, cats and minks.

In -,

male)rats and mice, meiosis does not commence until afier

the flrst week past partum

(Nebel et al 1961).

In thé‘

<

mouse, Jean (1971) reported that the fetal ovary showed very

®

little growth Qurlng development and in factQ his measure-

ments showed a decline in volume .at the time of birth. Test-

icular growth greatly exceeded-ovéﬁian{growth.

3

"The volume

of germinal tissue andugerm cell.numbers were not calculated

in this study.

In a later study,.Jean -and.Berger (1972)

found that testicular growth oontinued Qp to 90 days.%ost

to atrophy.

for the ch&ck (Mlttwoch, et al 1971) wlth the left slde the'

-

_end of the flPSt year.

.

ot

partum after whlch their size, remalned constant untll the

After this time the tegtes appeared

A slgnlflcant~asymmetry in goﬁadai smze is reported

]

o
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Mittwoch et al (1975). In the chick in which tue female is the

left. Much variation in this bilateral asymmetry was

14

dominant one, but this was not the case in fetal fats
(Beaumont and Mandl, 1962, 1963) The number,of germ cells

in chick gonads has also been found to be asvmmetrical as
waﬁld.be expected with a large size discrepency (Satoh,197u5.
Size asymmetry has also been repérted in human ovgries by
heterogametic sex, the ovary exceeds testiéular size from

as early as 8 days of incubation (Mittwoch et al 1971).

McLaren (1963) noticed a pattern in mature female mice

whereby the right ovary produced more ovulations than the

evident but Qhen tested statistically the dif-ference was
not significant, thus suggestive that each ovary contains an
equivéleﬂ¥\nuﬁ5er of germ cells.

During gonadogenesis the secondary sexual character-
‘istics develop ‘in close proximity to the gonads. In mammals
the meSonephric duct (Wolffian duct) and a paramesonephric

duct (Mullerian duct) give rise to the male and female extra-

. gonadal sex organs respectively. The rudiments of the two

organ systems sppedr in both male and female embryos. The

mesonephric duct appears about the time of sexual differentia-
tion followed shortly after by the rudiment of the para-

- \
mesonephric system. In a sense the early fetus is bipotential

as to‘sex:(sée Fort, 1970). ' . -
In. a review of his own early work on sex duct dlffer—

A

entlatlon in rabblt Jost (1953) clearly eluczdated the fact
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that fetal testes support mesonephrlc ducts and 1nh1b1t the
paramesonephric ducts. In the female, there is a failure of
support for the mespﬁephric ducts to differentiate and a
differentiation of the paramesonephric system %hich is in-
dependent of ovarian influences. It is now generally aﬁ—
cepted that in the male, it is testosterone which supports
the differentiation of the mesonephric duct into the male
duct.system (Neurenn et al, 1970; Jost,1972§.1972b), and that
the paramesonéphric s&stem is inhibited also by a testicular
factor, the mullerian inhibiting factor (MIF). Although MIF
has yet to be identified, recent work by Blanchard and Josso (197y)
and Josso ( 1872a, ‘1972b,197%); and Picon (1970, 1971) has
shown that MIF is not species specific and that it is prob-
ably a product of the Sertoli cells.

Afterﬁ;endering fetal calf testes nearly agametic
by X—irradiatién Josso (1974) determined that these testes
were still cé%able of antimullerian actiQity which indicated
that the germ cells'are not the source of MIF. The nature
‘of MIF seems to’be that of a protelnaceous macromolecule

\

(Josso, 1971,1372a, 1972b,.197u)

P

The continuity of the germ cell line from the migrat-
ing gerﬁ cglls of the éarly embryo to tﬁe ﬁéture sex cells
of the adult has been; the subject 6f numerous observations
" and experimentations (see Mintz 1960 for review). There no
longer seems to be a controversy concerning this matter al-

though an occaSLOnal oplnlon favouring a "germinal® eplthallal

AN
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origin is reported (Shaepman-van Geuns, 1972). Through the
use of X-irradiation (Mintz, 1960; Beaumont 1962), autoradi-
ography (Borum, 1961, 1966; Kennelly and Foote, 1966; Peters
and Crone 18867 chkins and Clermont, 1968) and mutations

in mice which result in sterility due to a PGC defect (Mintz,
1957, 1960; Bennett 1956), the evidence that the early mi-
grating cells (PGCs) first seen extragonadally are the pro-
genitors of the adult sex cells is overwhelming.

If the early germ cell line is considered to be a
tissue, then it is one of only a few types of tissue which
functions during its early life history as independent
cellular units. Only well after these cells pcpulate the
’ gonads are they found intimately connected in nests by inter-
cellular bridges (Gondos, 19733 Fawcett, 1975). During
migration close asspociations between germinal and somatic
cells have been described by Zamboni and Merchant (1973),
but it is’ not known whether one cell type blays a dominant
role over the other type or if there is a mutual influence
betwéen the two cell lines. The process of induction by one
class of tiésﬁe to direct a further differention of another
tissue is well known (Davidson, 1969; Hamburgh, 1971). Sin;e
the early work of Spemann § Maﬁgold (1924) the role of in-
ductors in development has been accepted as a normal and
‘necessar9 part of organogenesis. Concerning the process of
gonadogenesis, one might question wﬁether the germ cells are

a factor in the process of sexual differentiation and gonadal
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growth. On the other hand, the converse could be the ques-
tion: what is the role of the somatic elements of the gonads
on subsequent germ cell differentiation? Undoubtedly, the
germinal and somatic cell lines influence each other since
ectopic germ cells do not inbuce the formation of a gonad

in the alien tissue they come to lie in. Nor do these ectopic
germ cells exhibit independent differentiation towards be- \
coming mature germ cells (Falin, 1969).

One methaﬂ;pf testing for the presence of tissue
specific interactions is &o remove one of the suspect cell
lines and then observe the subsequent developmental events
of the other tissue. In mammalian systems, it is difficult
to intervene in the process of embryocgenesis during the
time when the germ cells are populating the gonads and still
expect normal events to occur since the culture of mammalian
embryos at this time is techﬁi;ally difficult (Hsu, 1973).
X-irradiation (Mintz, 1960) and specific chemical inhibition
(Hemsworth & Jackson,1963; Merchant 1975) have been used in
mammals to ablate the early germ cell line. These methods
of course expose themselves to the somatic tissue as well and
therefore they may be said to be non—seiéctive in that fhey may
well be influencing the very tissue to be stydied.

The present study was initiated to investiga#e the
development o% murine gonads in the absence ofige;m cells.

A genetic mutation carried by mice which is known to affect

early germ cells was chosen to produce a mammalian model
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having agametic or nearly agametic gonads. The gen% Steel
(S§1), first described by Sarvella and Russell (1956), arose
spontaneously in an inbred strain of C3H mice at the Oak

Ridge National Laboratory, Oak Ridge, Tennessee. Steel has
also been reported to have arisen spontaneously in a colony

of wild mice from Peru (Wallace, 1971). The effects of

-

Steel in the homozygous state are pleiotropic in that complete

sterility, macrocytic anaemia and lack of hair pigmentation
results (Sarvella & Russell, 1956; Bennett, 1956; Mayer §
Green, 1968, Russell & Bernstein, 1966). To date, little
attention has been directed at the problem of the sterility
resulting from this mutation. Bennett (13856) studied the
germ cells in 8 to 9-1/2 day embryos and concluded that the
germ cells of mutants arise in numbers equal to that of the
nermals but they faji led to proliferate and migrate which
resulted in agametic gonads. This conclusion was based only
on the examination of some 1% and 15 day gonads which were
found not to contain germ cells. Similarly, male and female
gonads of newborn §£y§l pups dere found to be agametic.
Later, Yougglai and Chui (1973) incidentally reported in a
study on the hormone levels in mature Steel ma{gs that the
mature testes from Steel homozygotes were entirely lacking
germ cells. These reports served as the basis for choosing
the @utation Steel as a model for this study. )

Since S1/S1 has been found to drastically affect

viability from 16 days post coitus (Bennett, 1956), the less
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severe Steel/Steel dickie (Sl/Sld) comhination was developed

(Russell & Bernstein, 1966). Each of these genes has been
trapsferred to non-isogenic backgrounds to produce hybrid

vigor and to reduce nop—viability in offspring from hetero-
zygate matings (Russell and Bernstein, 1866).

Since there were no previous reports prior to the
present study concerning germ cells and 'gonadogenesis in

mice bearing the Sl/Sld

mutations, the first part of this
work was directed at the question of when and how many germ
cells were present when they first arose. Once thés was de-
termined the next step was to determine whether the mutant
germ cells proliferated and/or migrated towards the gonadal
anlage. This latter point of course was dependent upon de-
vising a means of identifying mutant embryos. If s1/s19
gonads proved to be agametic, then the status of sexual dif-
ferentiation of the gonads could be examined next. Once this

question was determined, the growth of s1/s19

gonads was
compared to that of the normals. These questions form the
basis of this study. Essentially it is a description of the.
morphological events resultigg from a mutation which is known

to.proauce sterility. Because the genetic effects of Sl/Sld

act on the early germ cell population, then mice carrying this
mutation serve as a tool to further understand the processes

involved in sexual differentiationgsand gonadogenesis.



" MATERIALS & METHODS

4

Mature virgin female mice of the strain WC/ReJ-Sl/+
were caged overnight with c57B1/6J-519/+ males. Both strains

were obtained from The Jackson Laboratories in Bar Harbor,

-

Maine. The presence of a vaginal plug at 0800 hours was con-
sidered to be day zero of gestation. Pregnant females were
sacrificed at exactly 9, 10, 11 and 12 days after finding a
vaginal plug. The pregnant females were sacrificed by
cervical dislocation and their uteri were exposed, the loca-
tion of the conceptuses and resorbing moles in the uteri was
recorded and the uteri were then removed and placed in cold
Hank's Balanced Salt solPtion (G1BCO).

Deciduomas (conceptuses) of nine davs gestation were
carefully dissected free from the uterus and immediately
fixed whole in cold 95% EtOH. Deciduomas of ten and eleven
days gestation were similarj)y dissected free from the uterus.
Each embryo was then exposed by cutting a slit in the yolk
sac and staged by counting the somite pairs. The placenta,
yolk sac and embryo Were.kept intac& and fivxed in cold 95%
EtOH. Ehbryos of twelve days gestation Qére dissected free
from placenta and yolk sac. Somite pairs were counted on
the 95% EtOH fixed embryos which were then decapitated to
reduce the amount cf material to be sectioned. All tissue
was kept in fixative at 10° C for 24 hours with one change

20

.
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of fresh 95% EtOH. The tissue was next dehydrated in two
one hour changes of cold 100% EtOH. TFollowing this, tissue
was cleared in two - one hour changes of benzene.

A low melting point (50-52°C) was used for
infiltration. Tissue was transferred to a mixture of one’
part 45°C M.P. paraffin and one part $6° M.P. paraplast
(Sherwood) and kept under high vaccuum for 20 minutes at
52°C. The tissue was next embedded in 56° paraplast and
immediately solidified on a cold plate.

Blocks were sectioned at 10um, mounted on albumin-
ized slides and allowed to dry overnight. Slides were de-
paraffinized in three 60 second changes of xylene and hydrated
in distilled water via one minute changes in 100%, 80%, 50%
and 40% acetone solutions.

Sections were stained for alkaline phosphatase based
on the azo-dye technique of Gomori (1851). Fast Red TR Salt
(Sigma) (250mg), and <€ -Napthyl phosphate sodium salt (Sigma)

(400mg), were added to 500ml fresh Tris buffer at pH 9.4 just

prior to staining. ast Red TR salt and °< -Napthyl phos-

phate sodium salt were stored in a dessicator at -20°C
when not being used. Afyer| 5 minutes mixing the solution was

fast filtered into st#ining|jars. Sections were allowed to

stain for 15 minutes thén returned to distilled water.

2

All slides were cove¥=Slipped with glycerine jelly ( 1 part
gelatin, 6 parts Hzo, 7 parts glycerine, 1 phengl cystal) as

. a mounting medium (Mintz, 1957).
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After staining, 9 day embryos were staged by counting
somite pairs from the serial sections. The location and
number of primerdial germ cells (PGCs) were determined by
examining every second section. The number of PGCs for each
of the 9, 10 and 11 day embryos was also determined by a
second independent observer without having prior knowledge .
of the first counts. Counting by both obs=2rvers commenced -
from the first section 'showing germ cells and then every
second section after that. In this way a standard starting
point was used by both observers. Any counts differing by
more than 5% were redone by both observers. When counts

were within this limit the first count was used in the analvsis.

‘Sexing
The genetic'sex of all fetuses of 12 days and older
was determined accoréing to the method of Vickers (1967).
The amnion was removed and spread flat on a clean glass slide
and stained with a few drops of 2% aceto-arcein (G1lBCO).
After staining for 15 minutes, the slides were cover-slipped
“E

and blotted to remove excess stain. The presence or absence
P R

of a sex chromatin body was scored for fifty randbmly selected

cells in each amnion at a magnification of 1000 x. The hist-
. b

w3

ological sex of 13 day fetuses and older were checked against
the chromatin sex scores. From birth on, the animals were
sexed by gross inspection of the distance between the anus

and urinary papilla and the size and position of the gonads.

-
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Fetal Size

Crown rump lengths of all 13 day fetuses and older
were measured under a Wild stereoscope fitted with a cali-
brated occular micrometer. ThHe fetuses were entirely covered
with Hank's Balanced Salt solution when measured. Crown rump
lengths and body weights were also measured for all animals

from birth onwards.

Volumetrx

\
Gonadal volumes were estimated according to the

methods of Beaumont and Mandl (1962,1963) Weibel et al. (1966)
and Mittwoch (1968). Depending upon the size of the gonad
to be measured, every 5th, 10th or 20th section was examined
urder a biﬁocuiar compound microscope (Wild) fitted with a
calibrated ocular disc with a grid etched onto it. The
grid consists of 11 x 11 equally spaced lines intersecting
at right angles to each other giving a total of 121 equally
spaced points of intersection. At a magnification of 100 x
the points are spaced from each other at a distdnce of 70n
aﬁd therefore each point represents an area of (7Qp)2 in the
field. Since the number of points superimposed on a section
is proportional to the area of that section (Weibel et al,
1966), then the volume of a sectioned organ can be estimated
(Mittwofh, 1969). TFor example, given a section thickness of
81 and by counting every 10th section, then the distance be-

{
tween Aections equals 80u. Therefore, by counting the number
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of points which are superi@posed on every 10th section, a
volume can be determined by‘the formula Vgu3) = (7Qp)2 X
80p x n where n is the total number of points scgred for a
gonad. The volumes of gonads of WCB6F

5s19/+) and si1/s19

1" +/+, (S1/+ or

of fspring were calculated for gestational

days 12 to birth.

The percentage of gonadal tissue occupied by germ
cells was estimates by the method of Chalkley (1943). 1In
this method sections of gonadal tissue were brought iﬂto
focus at a magnification of 600x or 1000x. The same grid
having 121 intersectisg points was superimposed within the
perimeter of a gonadal section. According to Chalkle& (19u3)
the number of points or "hits" which lie on a particular
cell type will reﬁﬁesent'the proportion of that cell type
in the tissue being examined., In this study "hits" were
scored as either germinal or somatic cells. Sections from
the beginning to the middle of each génad inspected were
scored. The grid was superimposed on sections so as to cover
an area from the perimeter to the center of the éectioq.

At least 500 hits were scored for each gonad measured and

the number of germinal hits was expressed as a percentage of

the total number of ‘hits. -

. )
By knowing the gonadal volume and the percentage of

somatic tissue, an estimate of the total volume occupied by
somatic tissue can be calculated (Beaumont and Mandl 1962,1963)
by simply multiplﬁing the total gonadal volume X the percent-

\

A
age of somatic tissue. In addition, the calculated volume of

-

4



germinal tissue has been used in estimating the number of
germ cells in developing testes énd ovaries.

In dividing the-gonadal volume occupied by germinal
tissue by the.qean germ cell volume of that gonad the total
number of germ cells can be derived. Sections from fetuses

of 13 days to birth were examined at a magnification of 1500x
and the maximum diameter of»germ cells waé measured by means
of a calibrated ocular micrometer having 100 divisions of
1.0u each. Germ cells were selected on an imaginary line
from the periphery of the section to the center. Only cells
showing a distinct nucleolus, or in the case of some stages
of prophase I of meiotic ococytes, a nucleus which identified

the stage of meiosis, were measured. Twenty germ cells were

measured in each of those gonads examined.’

Gonadogenesis .

Goﬁadogenesis was studied in 227 fetuses of 12-18 days
gestation. The genotype of da§ 12 and 13 fetuses was determ-
ined by removing one gonadal fidge or early gonad from each
fetus and process;ng the tissue for alkaline phosphatase
staining by the Gémori Azo-dye technique as described earlier.
Germ cells weré counted on every second section and’recorded.

The contralateral gonad was removed and fixed in aqueous

Bouin's fixative for 24 hours. After bleaching for three

¢ <

hours in three changes of 70% EtOH, the tissue was dehydrated -
in three one hour changes of 1, u4-Dioxdne (Fisher) and para-

/
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plast infiltrated (M.P. 56°C) in a vacuum oven for 40 minutes. ’
' Serial sections were cut at 8u (AO Spencer 820 microtome)
and stained with either hematoxylin (Harris) and eosin or
Mallory's Azan stain according to Pearse (1968).

Fetuses of 14 days and older can be genotyped accord-
ing to the method described by Chui & Loyer (19755), After -
the amnion was removed for sexing’and Crown-rump measures .
taken, each fetal-placental unit was rinsed in Isoton red
blood cell diluent (Coulter Electronics) to remcve any
maternal blood cells which may have adhered to the fetﬁs.

Fach fetus-was placed in a clean Falcon dish (35 x 10 mm),

and decapitated with @ridectomy scissors. The head, of each

fetus was then dropped into a vial containing Isoton and

allowed to bleed for a few minutes. The head and any small

pleces of tissue were removed from the vial which was then

shaken gently to suspend the red bloéd cells in the Isoton. ‘i

Within 30 miqutes of collection, the mean cell volume
of the red blood cells was analysed on a Coulter counter
Model B- (Coulter Electrgnics). The results of each analysis

~

were plotted on a Coulter channel analyser Model P64 and the
. o
results for each embryo within 'a litter were compared against

each other. ) .

‘After genotypes were defermine&, the gonads from
each fetus were removed. One gonad was fixed for alkaline
phosphatase staining while the éther was processed for HWE E

staining. Some gonéd§\were selected for staining with

Mallory's Azan stain.
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Neonates were iden&ified,as Mutaﬁt (Sl/Sld) or normal

(+#/+, S1/+ or 519/+) according to body and liver ﬁanor. By

one week after birth the genotype of each pup could be detérm—
ined according to coat color. - L

Mature WCB6F, - *+/+ and Sl/éld males and females were
obtained from the Jackson Laboratories. These énimalé‘were ’
sacrificed between 8 - 12 weeks of age. Thé gonads from -
these animals, é;B in some cases the entire feproductive“
tract of one side, were processed for ﬁisto}ogical e%aminétion:
Body weight, crown-rump length and gonadal measures were re-

¥

corded. Genotypes were determined according to coat color.

Photography

7
All photomicrographs were taken on a Wild M2-10u

microscope equipped for photomicrography. Kodak Panatomic X*
film (ASA 32) was used and prints were made on Kodabromide

F-3 paper. - v



RESULTS

.. Mice carrying the genes Sl/Sld

are sterile, therefore
matin

carried out between the fertile heterozygotes,
WC/ReJ - S1/+|x C57BL/6J - S19/+.

The resulting offspring

from such crds

could be any one of WCBBFl - /4, Sld/+,

S1/+ and Sl/Sld The combination of Sl/Sld is expected to

occur at a frequency of 25 percent.

In order to test the hypothesis that the Steel muta-

tlon in the homozygous condltlon affects elther germ cell
prollferatlon or a reduction in the gernm cell pOpulatlon
and an impairedd ability of these cells to migrate, three

litters of day 9 post coitus (p.c.) four day 10, four day 11

and three day 12 litters were obtained for histology The

number of implants and resorbing moles was recorded for

each litter (Table 1). The mean number of implanted embryos/

litter was 9:@0 while the mean number of viable embryos /
.littep‘was 8.14,

Although embryos were collected at one day intervals,
they were classified according to the number of somite pairs

in order to prevent the germ cell counts of developmentally
. \ . 1

retarded embryos from misleading the interpretation of the
results.



Table 1

29

The number of implants, resorbing moles and viable embryos
from litters of 9, 10, 11 and 12 days gestatdon

Day Litter No. No. Implants No. Resorbs No. Embryos
L R | L R Viable

9 1 3 7 0 1 9
9 2 4 5 0 2 7
g 3 5 y 0 0 g9
12 16 0 3 25
10 1 3 8 0 0 11
10 2 6 5 3 1 7
10 3 3 8 0 0 11
10 y 3 Y o5 1 ‘1 6
15 26 y 2 35
11 1 3 8 1 1 9
11 2 Y 7 0 0 11
11 7 3 y 3 2 1 y
11 "y 6 Y 1 0 g
17 22 4 2 33
112 1 3 6 2 1 6
12 2 Vi 1 0 0 8
12 3. 4 4 1 0 7
1Y 11 3 1 21
ToTALS| - 14 58 76 |11 8 114
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Only two of the 114 embryos of days € - 12 p.c. had
to be reassigned té another day. They occurred on day 10 and
had somite counts falling in the day 9 range (Table 2). The
final numbers of embryos assigned to each of the four days
examined were, 27 day 9, 33 day 10, 33 day 11 and 21 day 12.

The total number of PGCs counted for each of the
embryos of days 9 - 12 are presented in Tables 3, 4, 5 and 6.
If indeed the PGCs in mutant embryos were unable to
proliferate after their appearance around day 9 p.c., then it
was expected that 25% of the embryos of days 10, 11 and 12
would show a PGC population which was no greater than the
highest number of germ cells found in any day 9 embryo.

After all the PGC counts were completed, it was
found that 26.4% of all the 10, 11 and 12 day embryos con-
tained less “than 126 PGCs, the number 126 being the highest
P§€‘count found at 9 days. The 26.4% level was found to
be well within the expected 25% frequency (x? = 8.925,

0.96 > r > 0.98). |

A chi-square goodness of fit test showed that at 10
days, the number of embryos having 126 or less PGCs (11/33=
33.3%) does not differ significantly from the 25% expected
frequency (%% = 2.86, 0.5>P>0.1, 3 d.f.). Similarly at
11?da§s; 9/33 or 27.3% of the embryos have less than 126
PGCs‘and this number does not differ significantly from the
expected frequency of 25% (X2 + 5.077,.0.57’P)>0.1,v3 d.f.).

At 12 days 3/21 or 14.28% is also within an expected 25%
frequency (X°+0.988, 0.95P>0.5, 2 d.f.). -
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Table 2
Mean number of somite pairs and somite pair ranges
from embryos of 9, 10, 11 and 12 days gestation arranged
according to germ cell counts from 0-126 (presumed mutants)
and 127 and greater (presumed normals). PGCs = primordial

germ cells.

0 - 126 PGCs 127 PGCs +
Day |[No. Embryos | Mean |Range |No. Embryos | Mean |Range
9 25 12.8 9-16 0 ¢ 0
10 12 25.5 8-32 23 28.6 |24-33
11 9 40.8 }36-43 24 39.3 |35-42
12 3 52.7 ju46-53 18 50.8 ]39-57
Table 3

The number of germ cells scored from e@bryos of each

“of three litters of 9 days gestation and arragged in ascend-

ing order. '

Litter No. No. Embryos Germ Cells Nos.
1 .9 31,38.45,48,49,
, 69,79,96,126
2 9 23,52,78,79,79
80,85,94, 115
3 7 39,47,52,65,74,
93,106
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Table U4
The number of germ cells scored from embryos of each
of four litter: of 10 days gestation and arranged in ascend-

ing order. Asterisk (*) denotes 2 embryos with somite counts

equivalent to day 9.

Litter No. No. Embryos Germ Cell Nos.

1 11 16,44 ,49,69,133,137,1u2
169,173,231,266

2 7 90,97,104,189,260,275,371

3 11 53%,82,92,96,127,178,
196,218,219,239,272

n 6 84¥*,118,138,164,208,249

Table §

The number of germ cells scored from embryos of each
of four litters of 11 days gestation and arranged in ascend-

ing order.

Litter No. No. Embryos Germ Cell Nos.

1 9 52,162,305,521,601,618,69Q
923,1230 :

2 g 10,20,70,78,99,309,681,698

. | 829

3 Y 362 ,683,759,94)

Y 11 16 ,26,31,141,238,300,311,
323,419,578,1215
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Table 6

The number of germ cells scored from embryos of each

of three litters of 12 days gestation and arranged in ascend-

ing order.

Litter No. No. Embryos Germ Cell Nos.
I
| 1 6 103,144 ,871,1077 ,1u44 ,1552
2 8 0,815,962,103%,1154 ,1369,
1417,1500
3 7 50,191,1188,1661,1827,2213,
3417

Based on these data, embryos having a PGC count of

126 or less were considered to be the Sl/Sld mutants. The

d

litter mates would then be +/+, S1 /+, or S1/+ and will be

referred to as normals as a distinction between these geno-
. types couwld not be determined. The mean number of PGCs for
both normal and mutant embryos of days 9 - 12 are presented

¢in Table 7.
Table 7

Mean number of PGCs for day 9 embryos and day 10, 11

and 12 presumed normal and mutant embryos. S———"
Genofzge

Day otal Undetermined (No.) Normal (No.) Mutant (No.

g 27 69.6 (27) —-— - -- _——— -

10 33 -— -- -- 206.9 (22) 77.9 (11)

11 33 -— - - 576.5 (24) uy,7 (9)

12 21 -— - -- 1329.8 (18) 51.0 (3)

A

/-

! . -
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Using t criterion that embryos having 126 or less
germ cells at 10 days gestation and older are mutant, the
mean number of somite ;pairs counted for the presumed mutants
and normals was compared. Referring back to Table 2, it can
be seen that mutant embryos were developmentally equivalent
to the normals when judged by‘somite aging. As mentioned
previously, two embryos of 10 days gestation were analysed
with the day 9 group in order not to bias the results per-
taining to germ cell migration. Those two embryos also
presented as day 9 embryos with respect to their overall

state of organogenesis.

Germ Cell Migration

The first appearance of Fhe primordial germ cells
and their subsequent migration has been well documented for
the mouse (Chiquoine, 19543 Mintz and Russell, 1957; Mintz,
1957; Jeon & Xennedy, 1973; Spiegelman and Bennett, 1973;
Zamboni and Merchant, 1973). The primordial germ cells
(PGCs) are first obvious between 7.5 to 8.5 days of gestation
(Chiquoine, 19543 Ozdzenski, 1967). At this tiﬁe they are
found exclusively in the caudal end of the primitive streak,
allantoic miesoderm and yolk sac splanchnopleuce. On day 9
the PGCs are found primarily in the hind gut splanchnopleur'ei
although many occupy sites ecfopic to this region such as
the plaéenta, allantoic bud and the yolk sac and its forming
stalk. During this time, those germ cells in the gut are

almost exclusively located laterally and ventrally. -
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During thg tenth day the PGCs are found ventrally,
laterally and in the dorsal aspects of both gut endoderm gnd
mesoderm. (Figure 1) They also occupy the developing dorsal
mesentery, the coelomic angles and the newly forming gonadal
ridges. Most germ cells along the path of migration are
;Ound in the dorsal mesentery, its roét and the coelomic
gngles. Fewer germ cells are located in the gut at 10 days
than at 9 days. Some PGCs are found in ectopic sites such
as the skin ectoderm (caudal) and posterior limb buds.

On day 11 most germ cells are in the gonadal ridges
and the adjacent coelomic angles, mesenteric root and dorsal
mesentery. Some germ cells are still located in the gut and
ectopic sites.

By day 12 almost all the germ cells are in the gonadal
blastema (Figure 2). It is at this time that the migration
of the gefm cells is said to be completed. Few germ cells
are reported to be‘outsidé of the gonadal blastema by day
12 (Chiquoine, 1954; Mintz, 1957).

The number of PGCs reported by Chiquoine (195u5 range
from 100 - 150 at 8 days, 400 - 480 at 9 days, 900 - 1000 at
10 days, 1575 - 1625 at 11 days, and an estimated 2000 - 2500
at-12 days. Mintz has reported the following ranges: Day 8,
16 - 763 day 9, 149 - 379; day 10, 339 - 677; day 11, 863 -
4022 and day 12, 2582 - 5711. From prePiminary work for
this study in which normal Swiss Albino mouse embryos were
used, the ranges of germ cells fit a pattern similar tq those

of Chiquoine and Mintz (Table 8). -
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J

Figure 1. Primordial germ cells (arrow) stained r kaline
phosphatase in the gut endoderm of a 186 day embryo.
x 100.
Figure 2. Gonadal ridge of a 12 day fetus containing

primordial germ cells. x 100.
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Table 8
The range of mumbers of PGCs and the mean number in

normal Swiss Albino mouse embryos of gestational days 8-10.

Age No. Embryos PGC range Mean no. PGCs
8 3 S - . 25 13
8.5 3 62 - 96 74

9 22 178 - LQu 287

10 11 451 -1138 827

These data demonstrated the outstanding increase in

the germ cell population from one day to the next.

More

importantly, there is no overlap in the ranges of germ cell

numbers. The preliminary data also showed that 73% of the

germ cells at day 9 are located in the gut whereas less

than 3% are located there by day 10.

Bv day 10 almost 95%

of the germ cells were found in the dorsal mesentery,

coelomic angles and gonadal ridges.

was
was
low

the

If the germ cell defect in Sl/Sld

mutant embryos
one of proliferation and/or retarded migration then it
postulated that it'would reveal itself in the form of

germ cell numbers and a non-progressive effort to reach

gonadal ridges. If the s1/s19 germ cells were incapable
¢ — .

of proliferating, then throughout gestafion} no mutant

embryo was expected to have a germ cell population in excess

i

. of the highest number observed at 9 days géstation.

Once a criterion had been established for the identif- -



ication of the Sl/Sld embryos, the location of their.germ
cells was compared to that of the normals. At day 9 the
total number of germ cells counted for all 27 embryos ex-
amined ranged from 23(- 126 with a mean of 69.6. The per-
centage of PGCs in the gut ranged from 15 - 90% with a mean
of 56%. In all cases germ cells were found resident in the
gut region.

From day 10 to 12 all embryos having a germ cell
count of less than 126 were presumed to be the Sl/Sld mutants
and those with counts above 126 were considered to be the
normals. This latter group had from 10 - 138 PGCs located
in the gut with a mean of 45 or 22%. A mean of 108 (range
31 - 222) or 53% were found in the dorsal mesentery, the
mesenteric root,\coelomic angles and gonadal ridges. In the
mutants, from 1 - 44 were situated in the éut with a mean
of 29 or 33%. An average of 22 or 30% (range 7 - 48) were
in the dorsal mesentery, root, angles and ridges at this
time. ,

On day 11, a mean of 16 (range 3 -~ 33) or 3% of the
PGCs in normals are located in the gut while 83% or a mean
of 480 (range 43 - 1121) are in the mesentery, root, angles
and ridges. In the mutants a mean of 9 (range 0 - 22) or-
20% were found in the gut and a mean of 16 (range 1 - 55) or
20% were in the mesentery, root, angles and ridges.

On the 12th day less than 1% of the germ cells in

T

normals were found in the gut and only 4% in the mutants.

-
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Germ cells weTre found residing in the yolk sac, yolk sac stalk,

allantois and placenta in both normals and mutants from day .

9 through 11. Germ cells were also found. within the embryos
~- .
of days 9 - 12 in other sites ectopic to the migration path.

The mean numbers and their percentafe of the total PGCs are
presented in Table 9.

Occassionally germ cells were found tightly clustered
together in both normals and mutants (figure 3). These tight
clusters, or clumps, wére almost always situated in the allan-
toic mesoderm and placenta or in'the umbilicus of older em-

bryos.

Table 9
The mean number of PGCs and their percentage of the

total number of PGCs scored in the yolk sac and its stalk

+ plus allantois - placenta (extraembryonic) and ectopic sites

within the embryos of"days 9 - 12 p.c.

Day Extraembryonic =« Ectopic
Mean %$Total Mean $Total
9 12 17 15 21
10 Normal 36 17 28 13
Mutant 29 . 37 6 8
; 11 Normal 58 10 60 1
Mutant 19 42 <l {2
12 Normal - - ug Ly .
Mutant -~ -- <1 <1
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‘ Figure 3.
/s

-

The allantois ¢f a 10 day embryo containing
a clump of germ cells’. x 100.
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Py L)

Half of The mutanf embryos and one quarter of the
normals had some clumped germ cells; however these clumps
were of no value in ldentlfylng mutanté In only one
instance were germ cells found'clumped“iﬂ a site considered
to be the path of migration. - One 10 day embryo (mutant)
contalned a clump in the hind gut region. Ectoplc germ
cells within the embryo were found in bizzare sites such as
the metanephros, adjacent to the dorsai aorta and somltlc
region. Of those found in the posterior limb buds, most
. were in‘thq ectodern.

The mean number of‘&otal PGCs of the day 9 counts
(Fiéupes 4 and 5) ana the counts of the presumed mg%anéé”
of days 10, 11 and 12 do not differ significantly accoraing
to a one-way analysis of variance (F=2,09, P}Ofési. Howevér,
a dramatlc difference exists between the day 9 mean and the
me€ans of the day 10, Ll and 12 normal‘embryos, .the three .
’iatter rép%esenting a three-, elght~,‘and nlnetgeﬂ— fold
increase respectively. There wgé no significant redﬁetioh
in the total number of PGCs.of mutant embryos during the mi-
gratory pgriod between days 9 LJll of gestation. However, .
during this time,’adréauctionf}nlyﬁe:PCC.pgbulafion in the
region of thé gut (?igupé’ﬁ) is seen in both normal and -
mutanthembryos.n At tﬁ; same time, a great increase.ié seeri
in the reglon of the mesentery, mesenteric root coelomic
angles and gonadal rldges in normal embﬂyos (Flgure 7). When
compared to the normal embryos, these. same areas in mutant

- e -
' . P . s .
' ' N » N . T N .
\ . M ' N [ i ' \ PR
. TN . P
. R

. .
» . . . Y
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Figure 4.

-~

: The percent frequency of total primordial

germ .cell (P6C) counts as arranged on a

* logarithmic scale from embryos of 9, 10 and
11 days gestation. Using the number 126 as

a cut off point, it is seen that two pop-
ulatipns are evident on days 10 and 11.

>

\
Sy



PERCENT FREQUENCY

10

MY 10
N« 33

oy 1

gN" 33

d

0

T 1 {

1 2 4 8 16 32 6 .1‘26 127 256 "5‘12- 1021, 2048

" “J0TAL PGG COUNTS.

-



43

Figure 5. An increase in the mean number of primordial
germ cells (PGCs) is seen for days 9 through

.
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Figure 6.

A decreask in the mean number of primordial
germ cells (PGCs) from the gut endoderm in
both mutant and normal ‘embryos indicates an
exodus of germ cells from this region after,
day 9 of gestation. Error bars=standard
deviations.

9.



T

T8 5 F 0TS T T & F 85886648 &880 00 LI IR R U U RO R R R R
([ ENENENEEENERENNEENENI] ¢ & ® 06 6 00 0P 08 P 9:0 0 000 00 09 ¢ o

L3O DL DG N L R D
...00...............'...0’.'b...........~.'.'.'.'.

PAP PGP O PP G S O WP PSP AP Bt . PR O S G S O b O S P Sl ) Y

| | | i
Q Q o (=] N =)
0 <t ™M N .-

WHIAOANI LND NI s39d 40 HIGWNN NVIN

1

10
DAY



45

Figure 7.

-

An infiltration and proliferation of the
primordial germ cells (PGCs) into the
mesentery, mesenteric root, coelomic angles
and gonadal ridges of normal day 10 and 11
embryos. Mutant PGCs are in these same
locations on the same days. Error bars =
standard deviations. :
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embryos are aidso pépulated with PGCs (Figure 7).

The mean number of PGCs scored in the gonads of day

4

12 émbryos was 1138 for the normals and 51 for the mutants,
‘o - /

one of which contained no PGCs throughout the entire embryo.
The PGCs of mutants, although few in number, appear in the

same cations on the same days as do normal PGCs. Less

than 2% o the normal germ cells reached the gonadal ridges

by day 10, Yhereas over 70% populate the ridges after 11
'days. In mutynt embryos, 23% of the germ cells reached the
ridges by day 11 and an additional 12% were found in the
adjacent mesenteric root and coelomic angles.

Also, u4u% of the mutant germ cells were found in
sites ectopic to the normal migration path. The remaining
21% were found in the mesoderm surrounding the gut. Con-
sidering that there is nb‘apparent proliferation of mutant
PGCs, it would appear that their rate of m;%ration up t; 11
days is equivalent to the normals. In other words, at least
63% of the PGCs in the normal migration path will reach the
gonadal ridges.,

Two of the three mutant embryos of 12 days gestation
also support this view. In one case 88.3% of the germ cells -
were in the gonadal primordium or immediately adjacent to it.
In the second case 100% of the germ cells were either in the
gonads or immediately adjacent to them. One of the mutants
had no germ cells whatsoever (Figure 8). In the normals,
anywhere from 87.1% to 99,4% are found in the same regions.

- ' -

»
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Figure 8. A 12 déy gonadal ridge (arrow) from an embryo
‘identified as a mutant-because of a lack of

primordial germ cells. Compare to figure 2.
x 100, ’
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Ovarian Gonadogenesis (Day 12 - Birth)

~

The growth of normal and mutant ovaries was studied
in terms of gonadal volume, percent germinal tissue, germ

cell volume and, numbers of germ cells. The sex of all fetuses

-

omatin test of Vickers

LN .

On day 12 p.c., gonads are indigtinghWishable as to

studied was determined by thé se

(1967).

sex by histological criteria (Figures

/ .
ds/in male gonads is appar-

, whereas by

day 13 the development of sex ¢

ent in both normals and mutants {Figurys 11 and 12). TFrom
day ‘17 to 13 there-is a two-fold incye ée in ovarian voleme'
in the normals after which there is only a slight increase :
in the totel volume up to day 15. From day 15 - 18~the
ovarian volume remains quite constant (Table 10). By birth
thefevarian volume again shows e'drama?ic increase (Table iOH'
end Figure 13).

In Sl/Sld overies, an increase of approxlmately 1.5
fold is seen from day 12 to 13 puc. After'thls tlme the ﬁ
ovarian volumes remain constant up to blrth (Table 10). Only"
by day 14 is there a 31gn1f1cant difference (t= 3 1130; PL0. Ol)
between normal and mutant ovarles with respect to their
volumes; Thls 51gn1f1cant dlfference contlnues up to birth.

Ihe volume of the somatlc elements occupymng normal
}ovafies wasndeterminea by deductlng the calculated volume of

germinal tissue occupying these organs fPOm day 13 to birth.

_The resulting values were tested against the ovarlgn volumes

»
~
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Figure 10.

-

An indifferent gonad from a normal 12 day
fetus identified as a male by the sex

chromatin test. % u00. . K @

.

]

v

An 1nd1fferent gonad from a normal 12 day
fetus identified as. a female by the sex
chromatln test. X uao
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. Figure 11.

‘Figure 12.

L P
~

Sex cord.differentiation {arrow) seen in a
3 day genetlc male of normal genotype. -
Mallory Azan, x 100.

[

- .
. Y

‘Sex cord dlfferentlatlon (arrow) s¢en in a
13 day genetic male of Sl/Sl _gentotype.

Mallory Azan, X% lOD.
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obtained for mutant gcnadé,

Theré was no:significant difference between the vol-
ume of somatic tissue in normal ovaries from days 13 - 18
versus the mutanf ovaries which are greatér than 99% somatic
;iésue only. Only on the day of birth was‘the volumé of
somatic tissue in normal ovaries significantly greater than
that of the ‘mutants (t=5,2917, P0.001; Table 11 and Figure

N~

'13). It is at this time that follicular development becomes

f \
very apparent in normal ovaries. %}

1

Table 10

. - * N
Gonadal volumes from normal and mutant female

fetuses from day 12 of gestation till birth.

1 Mean Volﬁme (mm3 P 10'") '
véy Normal SD  [Mutant SD .. e P
12 | 79+ 6.00] 8 +16.97| u |2.20 |>.0
13 .| 180  +36.09] 151 +57.98| 5 | 0.8255[50.5
w | 178 +3s.12| 128+ 9.e1| 12 | 3.1130] .02
| 15 | 26u  +u1.78) 157  + 3.su| 6 | 3.u711)¢.02%
T16 | 285 +57.59| 152 28,6311 | 4:3233|<.01%
17 | 299 i3s.us| 158 43w.70| 4 |'5.0671|<.01%
‘18 |'208  +52.63| 186 +16.82| & | 4.5086|<.01%
Birth | 466 +78.07 1'"7:“6 _-!-_30‘. 60| 7 | 7.5821(¢ . 001%

* significant- difference
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Figure 13.

A graphic illustration of the growth of
normal ovaries (open c¢ircles), normal
ovaries minus the volume occupied by
germinal tissue (closed circles with dashed.
lines) and mutant ovaries (asterisks)

from days 12 to birth as plotted on a log
scale. Error bars=standard deviations.
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During days 13 - birth the pefbentagé of germinal
tissue occupying normai ovaries incrgasés steadily from
19.50% a% day 13 to 38.15% by day 16. After this time the
percent germinal tissue decreases to 28.10% by birt% (Table
12). ~The hedﬁ volume of the germ cells increases’steadily
from day 13 - birth. The calculated mean number of gérm
cells increases from 2655'1 726 on day 13 to a peak of
7861 + 1244 on day 15. After this time the population of

"germ cells steadily decreases to-3625 * 687 by bith (Table
13). \ | n

" The number of germ cells éncountered in mutant
ovaries were few. Germ cells were cdunted directly from
histosections of mutant ovaries and a summary of these counts
is presentea in Table 1W4. |

Table 11

A statistical comparison between the mean volume of
*somatic tissue in normal and mutant ovaries from 13 days (
gestation to birth, (SD = standard deviation, d.f., = degrees
. frgﬁﬂom, t = Student's t values, P = probability).

Mean

~ Day Normal $.D. | Mutant S.D.{'d.f. .t P
13 141 "+ 28,45 151 + 57.98 5§ 10.3224 | >0.5
14 130 + 2u.71 | 127 + 9.91f 12 [0.1858 | >0.5
16 - | 168 .+ 21.086 156 + 3.5 6 {0.7305 | >0.u4
16 151 + 39.23 153  + 28.63| 11 {0.1040 | >0.9
17 | 199 + 29.57 [ 158  + 38.70 H {1.5u50 | >90.1
18 193+ 31.14 | 186 4+ 16.82| .8 [0.4170 | >0.5
Birth | 334/ + 57.76 | *176 + 30.80) 7 {5.2717 [< 0.001%




normal ovaries from dav 13 of gestation to birth.

Table 12 -

54

Percent gonadal-tissue occupied by germ cells in

A

Day %Germinal Tissue

13 19.50

1y 2809

15 36.17

16 38.13

17 33.60

18 32.39
Birth 28.05

Table 13

The mean germ cell diameters, volumes and calculated

number of germ cells in normal ovaries fromday 13 of gestation
“to birth. (S.D. = Standard Deviation, GC =

germ cell).

R Calculated , Calculated
Day Meah GC diam. ) SD | Mean Vol (n”) SD | Mean #GCs SD .
13 12.28 + 1.52 969 + 4| 3,626 + 726
14 12.55 + 1.39 | 1035 + 51| 4,830 + 103%
15 13.24 + . 1.54 | 1215 + 59 [ 7,861 # 124y
16 13.68 + 0.98 | 1339 + 520 7,261 * 1640
17 14.16- + 0.97 | 1u88 + - '50]6,753 + 756
18 15. 24 + 1.95 | 1852 + 173 5,213 -+ 920,
Birth 19.02 + 3.20| 3606 + 624 3,625 + 607
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Table 14
A summary of the number of germ cell counts in

mutant ovaries for days 14, 16, 18 and birth:

Day No. Range Mean

) : ¢
14 6 22 - 116 60
186 8 47 -~ 260 127
18 5 17 - 1u0 89
gBiPth 3 0 - 5y 18
-

A comparison between the mean number of female gonad-
al germ cells of day 12 (41) and the mean number of germ
cells of day 14 and day 16 was made. An unpaired t-test
revealed that between day 12 to day 16 the number of germ

cells in the gonads increased significéntly (p<L0.05).

Testicular Gonadogenesis (Day 12 - Birth)

~ On day 12 p.¢. there is no significant difference
betweén the normal indifferent gonads and mutant gonads
(Table 15): Not until day 16 is the difference between -
normal testes and those of the mutants significant (t=s 6.6935,
P<0.01). This difference continues ‘to birth. In both noréai
- and mutant gonads fh; increase in volume is approxiéptely
two-fold from day -12 to i3, after this time, normal feétes

increase in size at a greater rate than the mutant testes

(fiéure 14). o~
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~
.

Figure 1Wu, A graphlc illustration of the gnowth of

normal testes (open circles), normal testes
mlnus the volume occupied by germinal
tissue (closed tircles with dashed lines)
and mutant testes (asterisks) from days
12 to birth as plotted on'a lag scale.

, Error bars = standard dev1atlons.
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The volumeiOQCupieg by germinal tissue in normal
testes was determined (Table 16). The percéntage of germinal
tissue Qas’found“to increase from 10.20% on day 13 tc\a-
maxiﬁum‘of.?bﬁ83% on day '15. After this £ime thé peﬁcen%
‘gefmi;ql tissﬁé steadily decreased to 5.67%. by birth.

" The volume of somatic tigsue occupying the gﬁtal’
testicular volume w&s estimated in the game manner as for
40varie5'(Table,l7).‘“Sématié volumes did not diffeér sig-

3 . a— d

nificanitly between normais and S1/81° ‘testes until day 16.
Th{; is the saﬁe day on which the total volume of,noﬁmaig /
becqﬁéé.sigqificéntly different frémlthht of mutaﬁts. On
day 18 no éigqificanx d;fference was found altﬁough’the P
value was- fourd to be just above'the 0.0§ lavel. |

BGerm- cell volumes were found to increase steadlly

+ from day 13 (633}: + 88) to blrth (19qbu + 239). The

calculatej mean mmbepcf gaw\cells was also round to increase

from day 13 (Bluz‘p ¢ 707) to a peak o 16 562/1 + 1307

on day 1%. The number of germ cells de reasedthenéafter to
91964p +-1658 by b1rth (Table 18). )
" Unlike the ovarles, the testes we e found to. cont1n~’

uafayélncrease in 51ze from day 12 onWards- Thls was charactm
> A

eﬂlstlc of Hgth mormals and mutants . The number of germ cells

Acounted dlrectly from bestlcular histosections from mutants

[

«

is presented in Table 19

-

—

A CompﬁrlsQP between the. mean number of male gonadal

e

—

germ”cells of dayi 12 (53) and the mean number of germ cells
3 ‘ ) P

‘ . N N -
- .

[
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Table 15
A compa§ison between the gonadal volumes from hormal
and mutant males aged 12 days gestation to birth., (d.f. =

degrees freedom, t= Student's t value, P = probability).

Mean Volume (mm® x 10°%) .

Day Normal SD Mutant ‘ SD d.f. t P

12 90 +  8.00 91 + 2.12| 3 0.2472 | >0.5
13 193 + 43.hy 183 + 27.84} 12 10.3857 [20.5
14 371 + 82.06 [ 31u + su.96f 10 [1.8625 [Do.1.
15 567 + 125.34 Y * 45.25) 5 [1.6834 |>0.1 i
16 1058 + 83.49 | 634 + 26,87| 5 [6.6935 |{0.01%
7 1699 i-120.u0 1129+ 155.68] 6 [5.7873 40:015“
18 1869 + 174.77'/~ 1417+ 90.47] 4 |3.9892 [( .02
Birth | 3148 + 567.69 2072+ 265;93, 6 | 3.4357 j 4 .02%

*Significant difference.

TaBle 16

~

Percent: germinal tissue occupying normal testes from

13 days gestation to birth. 4 . .
" Day ‘% Germinal Tissue -
13 10.30 : L
1 0 13.99 ‘ . o
. 15 ©20.83 S P -
: 16 ! o 17.11 P
5 17 12.08 o
‘ 18 » ' . 10.9'4 .\ e
e . Birth _ 5.67
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-

\'v‘

A statistical comparison between the mean volume

of somatic tissue in normal and mutant testes from 13 days

to birth (8D = standard deviation, d.f. degrees freedom,

18

W

t= Student's t values, P: probabilityj
3 ok

u Mean volume (mm~ % 10 )

Day "Normal sb Mutant SD d.f. t P

13 159 + 3u.87 183 + 27,84 14 [1.0857 [>0.2
14 311 + 60114 | 313 + 54.96[ 10 J0.0692 |>0.5
15 448 + 91.05 | 406 * 45.25] 5 ]0.5982 [>0:5
16 872 + 54.12 634 +26.87 5 15.7176 [<0.019
17 1492 +122.46 1129 +155.68| 6 [3.8879 [< 0.024

s ~1662 $190,9Y 1417 + 90.47| u |2.0087 |D>o.os| -
Birth | 3613 +456.77 2071 #265.03| .6 |3.5657 |< 0.02%
Table

Mean germ cell diameters, volume$ and number of

of .germ ‘cells in normal testes frop 13 déys]gestation t&"
birth (SD = standard .deviation, GCs germ cell).

Calculated

Calculatéd'

633

852"

991 -
1093
1299

1. 1803

e,

;o ﬁay a ﬁé&n‘ép diém (n) ' SD ‘Meaﬁ‘Vol (p?)

13 10.65 - +7 . 1:u7
14 11.76. & 1.22
15 4. 12.37 + 1.35
16 L12.78 - 4 1.4l
17 13,47 .+ 1,55
18 | - dw.s2 o+ 1,60

CBirth | 15048+ 1.68

1941 -,

[+ s 1+ 1+ 4471+ )+

+

"SD Mean' #6Cs .SD °
g88] 3,182 + 707 )
80[ 6,090 + 1348
72[11,915 + ‘263u |

. 91116,562 + 1307

265]|16,047 + 1137
60/12,752.+ .1193

239] 9,196 + "1658

*

rV
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" Segregation data

in Figure 23.

N T ., ’ . 60

Table 19

*

The mean number of germ cells and their range as

counted in mutant testes of days 14, 16, 18 and birth.
i

\I

/ Day - -'No. Range Mean ‘ . /
14 7 |1s - 67 | w2
16 2 {59,137 | 98 .
18 3 | 0 -198 | 85
Birth | 2 |23, 32 | 28

of day 14 and day 16 was made. An unpaired t-test showed

-

that between da} 12 to éay-lS, the difference in the, number

,of mutant germ cells increased significantly (p<£0,02). A.

germ cell in mitosis inva mutant lsfday testes can be seen
. ' LI

The homozygous w11d type (+/+) heterozygotes

[}

o

(ol/+ or §ﬁd/+ ) and homozygous mutants (Sl/Sl ) could be 1.
distinguished from days 14 to\l8‘?ost c01tus. The sngrega—
tion data of.2;;1i%ters"pepfesentipg lagifetuses«is presented .
in Table 20 For technical feésons, 49 fetuses from 5

t

11tters were c1a551f1ed as normal (Wlld type or heterozygous)

or mutant accordLng to the girm cell populatlon as observed

l

in hlstOSec+1ons of “the gonads (Table 21).

A total of 183 fetuses ranglng ‘in age from 1u to 18

days post c01tus were genotyped accordlng to the RBC method

. [ - ' ‘
* 7, N ; . . . . -~
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Table 20
{

fﬁ. éenotypes whiqh were determined accordihg to the mean size
‘ of the cells within the RBC population. .

Day. [No. Litters +/+ }SL/+ or s19/+| si/s1@ Total

| o % ? o @ :

- |1y " 2. 3] u- ool 3 6 . 22
115 A g oyl 7 I 0 1 .21
16 {8 |3 3 12 12 2 7 39
17, w3 w8 s 3t 3 26
RSk b, 3 7 3 3 5 5 . 26
TOTAL| 20 16 21| 34 28 13 . 22 134

Segregation data of five litters of 15, 16 and 17
Y day old fetuses genotyped as normal (+/+, S1/+ or s19/+) .
and mutant (Sl/Sld) according to gnnadal histology.

-

Day [No. Littebél-' ' Nor%al .":hufant h TQtalru'
1 : o7 . . e | o7 - . ? . -t
Y 1 2 3w “_;‘ ©o10
15 1. y e 1 9
) 16 ..14 5 3 0 1 s |.
o R L 1 U I 1
o ,".Iotai': .6 L] 23 16 |7 3 49

. Segregation data fepresenting the number of 14 to 18
. day -old fetuses classified as +/+, S1/+ or Sld/+, and s1/519

-~
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(134) or from gonadal histology (48). In the former method,
25% or 34 fetuses’wére eypected to bg s1/519. The numﬁer of
fetuses identified as Sl/Sld was fou&& t& be 35 (Table 2Q).
Of‘the us fetuses examined for mutants from the gonadal
histology, 12 were expected to have a germ cell defect. Ten

out of the 49 fetuses were classified as mutants (Table 21).
: A

Of the total of 183 fetuses examined 138 were classified as

normal (+/+, S1/+ or Sldii) and 45 were classified as mutants

d

(81/817). In both methods employed, the ratio of normals:

mutants was well within the expected 3:1 ratio (X2 = 0.016,

P>0.5). In the RBC methoad the ratioc of the (#/+): (S1/+

d

and Sld/+): 51/51% was also found to be well within the ex-

pected 1:2:1 ratio (X2 = 0.806, P).OJS).,
_Fetuses of 12 and 13 days were -genotyped as normal

. A .
or-mutant according to the number of germ cells present in

one gonad which was stained for alkaline phosfhatase, Téenty—
seven fetuses were obtained froﬁ"3 litters of 13 da&s of age.
CSix of these fetuses had germ cell counte ranging from 0 -*64
.(aslcounted from every 2nd seéfioh,)’:Tﬁé range gf the number

" of germ cells from onéaéonad of each of the remaining 20 B
fetuses'waé 522 to 1312, also COUnfed fro@ every 2nd section.
The ;atio of 20 normals té 6 muténté falls well within the
expectéda3:l r;tio‘(kz = 0.651,,?} 0.5). \Seventeén fetuses
,of 12 days- of age were thained.fpom 4 lifterg.'quve of  these
Ifgtusgs were found to have gefm cell numbers fanginé.from 0 -

38’in one gonadal ridge. The range of germ cells from one

T e

\ . - [ ‘ >,
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ridge of each of the remaining 13 fetuses was 684 - 782,
The ratio of 13 normals: 5 mutants also falls well within
an expected 3:1 ratio (X% = 0.074, P> 0.5). The total
number OE fetuses genotyped from litters ranging from 12
days to 18 daysuof age was 227. Of these, 171 were. classed
- as normal (+/+, and S1/+ or Sld/+) and 56 were classed as
mutant (Sl/Sld). . These numbers fit an expected 3:1 ratio

«

(x2 = 0.004, P>0.9).

Sex ratio data - '

2
The genetic sex of each fetus was determined acéé%%—
ing to the presence or absence of sex chromatin bodies in
thé cells of the amnion. ;Fetuses of 14 days of age and-
older were also sexed according to gonadal morphology and
histology. Of thé 227 ampioné recovened?f2 were accidentally

{

R _ e i
lost prior to staining, one from a 14t day +/+ male and one .

from a 16 dayWSl/+ or Sld/+ male. These 2 fetuses were sexed

according to gonadal histology. A summary of the results of

sexing is presented in Table 22. The total number of males
and females was well within the expected 1:1 ratio (X2 = 0.071y
P>0.5).. Of the Sﬁhmutants,rf7 mslés and 29 females were |
found. These numbers fall well‘w%thin’thé expecfed 1:1 ratio
(x2 = 0.991, P>»0.1) |

The,nﬁmber of gérm cells counted in the ;ef£ and
right gonads of théod;y if fetu;eé were compafed to determine .
whether or not an asymmétry of the ggfm éell popdlatiqn

existed. FEach fetus had been previously sexed‘accoféiﬁg to

7
-
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Table 22

The numbers of male and female fetuses in litters
from day 12 - 18 and the ratio of mutant males to females.

Mutants . *
Day Total Males TFemales umber Male Female
12 17 9 8 5 2 3
13 27 20 7 ) 5 1
14 32 15 .17 1y 7 7
15 30 18 12 4 2 2
16 48 22 - 26 . 10 2 8
\ . ‘%
17 47 26 21 7 L 3
18 - _26 1.1 | _1s 10 5. 5
Total | 227 |121' | 106 | 56 27 29

the method of ‘Vickers (1967). From Table 23 it is seen that

X

the mean number of germ cells in ‘the left and right gonads
of both females and males does not differ significantly,
nor is -there a significant difference between the mean

number’ of  germ cells/gonad of females versus males.

* Testicular Histogenesis

>

Testes from normal mice of 1% days gestation, when
stained for alkaline“phosphataéé (AP), show a positive re- ’

action for this enzyme in the surrounding coelomic (germinal)

epithelium. The underlyiﬂg tunica alghgiqea apéears to be

AP_negative. Some interstitial cells weré found to be slightly

AP positive. The basement membrane surrounding the seminif{.‘

»
P



Table 23
A statistical comparison between the germ cell
population in left and right gonads from 12 day female and
male fetuses and the total number of germ cells/gonad of

females versus males. (P = probability)

Mean No. Germ Cells

No. Gonads Female _ t value P

/ L R

12 1670 + 370 775 + u37 g.uug )0.5

Male

R

20 538'1‘175 627 + 217 1.017 )0.2

S
Total / Gona?
Male "Fe&ale )
32 722 + 390 _ 582 .+ 137 1.3u49 >0.2

¢

I3

erous cords were also found to be sllghtly AP positive,
whlle w1th1n the seminiferous cords the sustentacular cells
failed t% staln for alkaline phosphatase.s

The germ cells could still be identified by the

alkaline phosphatasé reactidn with Fast Red stain, but they

- appeared to stain less strongly than in earlier stages.: The -

goléi body of germ cells still showed a strongly positive .,
AP reaction in most germ cells déspite an overall weaker

stalnlng within these cells. Some AP p081t1ve cells (germ

~

cells) Were occas;onally seen extrag@nadally in the fOrmlng
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mesorchium and mesonephic regions. These cells appeared
\

cldmped and much smaller than gonadal ge\ cells.

Testes from the mutant S1/51° fei§$es alsoc show an
AP positive coelomic epithelium. The underlying tunica
albuginea contains some slightly AP positive ?ells but not
to the same extent as seen in the coelomic epithelium. A
"weak AP pd itive reaction is seen in some of thé& interstitial
cells. The basement membrane of the seminiferoué cords are
a;ka%ineiphosphatase positive but within the cords' there is
an alngzhfomplete lack_of ?n alkaline phosphatase\keaetion.
Seldom are AP positive cells (germ cells) seen withi>\the
cords. Those few germ cell; encountered show a weak AP\
reaction as is the case in the 'normal testes. At this stagé
mutant testes appear the same as do normal testes except
for the lack of germ cells (Figures 15 and 16 and compare to
figure 2). ‘

Normal 14 ?ay testes stained with H‘S E present with
a wellfdefined.pbélomic epifﬁgiium and tunica albuginea.
The seminiferous cords are very apparent as is a surrounding
basement membrane. Germ cells ére well defined by a coarsely
granular chromatin and a granular cytoplasm. The sustentacular
cells have a.finely éranqlar nucleoplasm and fairly clear
cytoplasm. The germ cells contain frgm xhree to five prominentr
nucleoli. Both germ cells and sustentacular cells are found
intérﬁingled within the cords Sut the ﬁ?jérity of the germ

cells are within the center of the cords. The basement mem- -

brane is lined principally with shstéhtaculén,cqlls although
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-

Figure 15. Testis from a normal 14 day male fetus &tdined
for alkaline phosphatase. Arrow indicates
germ cells within a sex cord. The germ cells
at this age stain more lightly than at 12 days.
Compare to figure 2. -

Figure 18. A testis from a 14 day mutant fetus stained
for,alkaline phosphatase. Germ cells are
absent from the sex cords. The tunica albuginea
is stain positive lying just beneath the coelomic
epithelium. x 100.
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some germ cells are also #found adjacent to it. Mi;dfic
fieures within the cords are common. A dense interstitial
tissue is present and an exteﬁsive vascularization is

[N

apparent at this time.

The tesges of 14 day mutants when stained with H §
E also show a éistinct coelomic epithelium and underlying
tunica albuginea. Seminiferous cord§ are no less apparent
than that seen in normal testes. Mitotic figurés are also
common within the cords which are occupied by sustentécular
~cells having a normal appearance. A distinct basement
membrane is also present around these agametic corés. Apart
_from the absence of germ cells, these testes appear histo-
logically the same as those of the normals (figurea 17 and 18).

Testes from normal fetuses of 1§ days gestation |
showed an AP reacfion similar to normal 14 day testes except
that the golgi body of germ cells Ifs seldom seen now. Almost
all of the germ cells were seen to be centrally located‘with—
in the seminiferous cords. The overall staining of the germ
cells for AP appears to\be,lighter than at 1% days. The
coelomic epithelium is still AP positive and the underlying

' -

ey
tunica albuginea still contains some AP positive cells. The

&

*

interstitial tissue is now AP negative. Mutant testes of 15
days show an AP reaction similar to the normals except for
the absence of germ cells. The seminiferous cords are as
well defined in ﬁutanté as in n&rmals"with a surrounding AP
positive basement membrane.

In H & E stained sections the germ cell population
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Figure 17.

Figure 18.

A section of the seminiferous cords of a 1lu
day normal teatis. Arrows indicate the germ

- cells within the cords. H and E, x 400.

A section of the seminiferous cords of a

14 day 31/51¢ testis. ‘Note that the cords
contain sustentacular cells only. H and E,
x 400,

« ol
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‘

in 15 day normals is more abundant within the seminiferous

ords. The cords themse ves appear to have a large dlameter
c s e cor 1 \\pp (\~¢/~ g r

T e e T NP R P e

than one day earlier.’ The germ cells almost exclu51ve1y
. occupy the ceﬁter of the cords.’ The coelom}c_eplthellum is
. very well defined and the tunica albuginea appear%.to be °
thidker. éome interstitial cellks now ého& a granular -
8051n0phlllc cytoplasm. The stroma within the cegter of the
testes is now less dense .and .mesenchymous in appearance.
"The H & E staifed testes of mutants have a similar
f appearance'to that of the normals except for an absence of
germ cells and émaller'diaméters of the seminifergus cords.
r "Where the few germ cells present are seen théy élsq éccupy

the center of the c#fds. Both mutant and normal germ cells

.

¥ show up as having a less coarsely'granular nué%eoblasm than
seen at 14 gays, and 2 -3 prominent nucleoliAare prégénf
(Figures 19 and 20). |

Normal 16 day éeétes stained"%ithfFast'Red'maintain
\ : .~ an AP positive tunlca proprla about the cords. The ¢ eiomic*

h eplthellum 1s now only llghtly stained while the tunica
albuginea has maintained its AP content. The germ cells are

' . evén less AP pogitibe‘fhan one day eqflier,‘they are~stilf&
centrally located and the golgi body is no iohger sééh .
according to the AP reaction. Mutant testes appeér the same
‘as the normals’ except for the lack of germ cells. In both :

mutants and normals, the sustentacular cells have taken on

. M: .. a 1lght Fast Red 'stain. — A
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Figure 19.

~
Figure 20.

High power view of a section of seminiferous
cord from-a 15 day normal testis. Note the
. abundance of germ cells. H and E, x 1000.

. -

High power view of a seminiferous ecord from
a 15 day mutant testes. Note the smallen

. size of the cord compared to that of the
normal testes. ,In this view only 2 germ
cells are present within the seminiferous
cord (arrows). H and E, x 1000.
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The normal testes of 16 days gestation when stained
with H ¢ E shows ,up as having larger cords with a single

layered supporting epithelium. Germ cells are abundant with-

.

in the centre of the cords. - <

The germ cell nuclei Appear even more finély granular

[y

than earlier and contain 2 - 3 prominent nucleoli. Onl§

rarely are germ cells seen adjacent to the basement membgpne.
. ' 3

Mitoses are still seen in some cells of the supporting

epithelium but rarely are they %een amoﬁg the centrally io-
"cated germ cells. The differentié ing Leydig cells are
more numefous than at 15 days and ther; also appears tébbe
more mesenchymous stromal cells.

In'mutanf testes of this age, the semimiferous cords
are smaller than in normals. The.supporting cells, are
aligned along the basemeh%,membrane.forming a distinct
epithelium as in the normals. Counts of the number of sup-
porting cells within éircﬁlar sectiong of the cords showed
that both normal and mutant cords éon{ained equivalent ‘
numbers of these cells (24 # 3.B'and.2L.7 + 2.8 respectively)
and the difference was imsignificant (t=0.507, P> 0.5). .
Early stéges of Leydig cell differéptiation is also apparent
in mutants. (Figures‘Zl and 22). In one mutant testis, a
cell reseﬁbling a germ cell in mitosis was encountered (Figure
23). . |

At 17 days, the normal germ cells are almost éntireiy

devoid of AP. Only the tunica albuginea and basement membrane

<

%
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of the seminiferous cords still show an AP positive reaction.
In the mutant, the supporting cells are still lightly stained
as they were one day earlier.

. The coelomic epithelium of 17 day normal testes now
consists of elghgated_spindle shaped cells and the cells of
the tunica albuginea appear loosely arranged and fibroblastic
in appearance. The Leydig cells appear to be more numerous
than at 16 days. The germ cells are still not in confact

. with the basement membrane.

The histology of the mutant testes. of 17 days re-
sembles tﬁat of the normals except for#the paucity of germ
cells. Where germ cells are seen there "are both dark and
lightly stained nucleated ones present as is also the case
in‘nprmals. Leydig cells are also-numerous. Mitotic figures N
among the supporting cells are seen in both normals and mutants.

The AP reaction in the 18 day normal and mutant h
testes is confined to the fuﬁiéa albuginea, the coelomic
epithelium now entirely lacking a:reaction. The basement
membrane of the cords is still AP positive in both types of
testes.

Apart from thg lack of germ éells,_both mutant and
normal 18 day testeS’gppear much the same when stained .with
H & E.” The Leydig cells now appear larger. Mitdtic figures
in the supporting ?pithe}ium are still present and the germ

‘cells are not as yet seeﬁ to be aligned along fhe basement
\

r’

membrane.

’
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Figure 21. High power view of the interstitial tissue
.. of a normal 1§ testis. Arrows indicate

early Leydig fcell ferentiation. H and E,
x 1000, . .

Figure 22. High power view of the interstitial tissue
of a mutant 16 day testis. Early Leydig
cell differentiation (arrows) is also
apparent in mutant testes. H and E, x 1000.

¥ v
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)

Figure 23. A single germ cell in mitosis (arrow) taken
from a mutant testis at day 16 of gestation.
H and E, x 1000.
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By birth the testes of normals and mutants appear
the same as at 18 days with regard to Fast Red staining for
alkaline phosphatase. H & E sections of normals show a
dramatic decrease in the germ cell population and an increase
in seminiferous cord size. Many germ céils in normals are
now seen in contact with the basement membrane. (Figure 2u)
Although degenerate germ cells were encountered at earlier
stages they now appear mrore numerous. The mutants appear
to differ only in their lack of germ cells. Where germ
cells Qere encountered in mutant testes, they also were
found in contact with the basement membrane of the seminif-

erous cord (Figure 2§5).

Ovarian Histogenesis

Normal ovaries of 1lu days gestation when stained
for alkaline phosphatase show that this enzyme is present
primarily in the germ cells. The germ célls stain strongly
for AP and the golgi body is still very prominent in some
of them. Germ cells are very nume;ous snd often fodnd lo-
cated in the coelomic epithelium. Most extend throughout
the whole gland and are féund in clusters or nests. In
both mutants and normals the coelomic epithelium is only
very slightly AP positive. Where germ qelis are present in
mutant ovaries they are usually found as small clusters (Fig-
ures 26 and 27). |

In normal H & E stained ovaries of 1% days, a dis-

tinct coelomic epithelium is present. The development of
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N\
LI
Figure 2u. Section of seminiferous cord from a normal
testis at birth. Note the germ cells to be
located on the baSement membrane {arrow).
H and E, x 1000.

. Figure 25. Section of seminiferous cord fpom a mutant
testis at birth. 'A single germ cell in the

-+ cord (arrow) is seen to lie on the basement
membrane. H and E, x 1600.
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Figure 26. A mutant ovary of 14 days stained for =~ ¢
' alkaline phosphatase. Two dark staining
germ cells are seen within the ovary. x 100,

»

. Figure 27. A normal ovary of 1lU days stained for alkaline
phosphatase. Note the large population of
dark staining germ cells. x 100.



B R e it S )
ot pe .

.

-

B e g

veloms

o



79

sex cords is apparent at this time within which nests of
germ cells are present. The ge;m cells have a coarse chroma-
. e

tin with 3 - 5 nucleoli in the nucleus. The cytoplasm
appears finely granular and distinct. Many germ cells are
in meiosis I prophase at ‘the 1ep%6teﬁe stage. 6ogonia are
still seen and there are aiéo some gigns of cell degeneration
within the cords. . . . . | e 2

A distinct coelomic epithelium is also present in
e mutant ovapies. Where germ cells are encountered they
ear normal and within a sex cord. There are no signs of
->mas ive germ cell degeneratioh (Figures 28 and 29).
The 15 day normal ovabiés do not differ markedly
from \those of 1u4 -days excgpt that ﬁost germ cells are now in

leptotiene and zygotene of meiosis. Few ‘oogonia are now pres-

they are located just under the coelomic epithelium.

within a\particular nest, Extensive germ cell degeneration
arent at this time.‘ Qhege germ cells are seen in
mutant gonads, they are also in eitper leptotene or zygotene
of meiosi%. | \

By‘day 16, the AP réaction appears to be less strong
in many germ cells of normal ovaries as‘compared to earlier .
days. Cro%s sections show that most of';;é germ cells are
coréically locafed. In H &€ E sections .it is seen that most

N germ cells |are now in zygotene ?f meiosis. Degenerate cells,

although present, are not abundant. Mutant ovaries are not

«
- «
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Figure 28.

Figure 29.

-

..

@

A section of normal ovary of 14 days showing
the presence of germ cells within the somatic
stroma. H and E, x u400.

M

The. histological appearance of an agametic
ovary of 14 days. Npte jthe complete absence

- off germ cells in, the_.gtroma. H and E, x 400.

[4
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markedly different except for lack of gerﬁ cells. Those few
seen are also in zygotene.

In normal ovaries of 17 days, numerous germ cells are
seen in a state of degeneration. The majority bf(normal
germ cells are in early pachxtene althoﬁgh some are still
seen %o be in zygotene. No oogonia were observed to be
present at this stage. Of the few germ cells seen in mutan¥
ovaries, they were in either zygotene or pachytene. (Figures
30 and 31).

Oocytes from normal 18 day ovaries were less AP

~

positive than earlier, particularly those in the medullary

gegion of‘the gonad. Most oocytes are located cortically.
The majority of oocytes 1wer‘e in pachytene while a fe: were
identif%ed as being in diplotene. Degenerating oocytes. were
quite numerous at this stage also. Where germ cells.were
seen in mutant ovaries they too had stained lightly for al-
kaline phosphatase, and were located in the-.cortex just be-
neath the coelomic epithelium.

At birth, the most significant change in ﬁorpal—
ovaries is seen in the growth of follicular cells. The oocytes
which were for the most part in nests prior t; this stage are
seen to be separated from each other by somatic cells. The -
majority of germ cells are inrdfplotene and numerous degener-
ate oocytes are présenf. In mutant ovaries little change is

:seen except for the presence,of a few germ cells which are

also in diplotene. These cells are also surrounded by early

’
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Figure 30, Pachytene oocyte (arrow) in a normal ovary
' of 17 days. H and E, x 1000.

Figure 31. = A single oocyte in a mutant ovary of 17 days
(arrow). Note the oocyte to also be in
.pachytene. H and E, x 1000.
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Figdre 32. The first stages of follicle formation

around oocytes in normal ovaries at birth.
H and E, x 1000.

—

Figure' 33. An oocyte in a mutant ovary also showing

early follicle formation. H and E, x 1000.

Oocytes are rare in mutant ovaries of this
age but where they are found, follicle
formation is apparent. )

-






stage follicular cells (Figures 32 and 33).

Crown Rump Lengths and Body Weights

—

The crcwn rump&iengths were measured in fetuses
aged 13 days to birth and are presented in Table 24. The
mean length of the mutants was consistently less than that
of normals on each day, but an unpaired t-test revealed a
significant difference only on day 17 and the day of birth.
The P value of day 18 although not significant is less than
that‘of day 13 to 16. The body weights of normals and
mutants at birth were also found to be significantly dif-
ferent (t=u4.88, P 0.001).

The mean body weights of normal males and females
were found to differ significantly only in the mature ani-
mals (Table 25). In the case of mutant males and female§fﬂ
no significant difference in mean body weight was detected
even at maturity (Table 286).

.It was also found that by the time of maturity, al-
though the normals still outweigh the mutants, the differ-
ence is not a significant oﬁe (t=1.88, PL0.05) although it
is close to the 0.05 level. Mutant females were also found
to differ less, regarding body weight, from normal counter-
parts at maturity although Ehe difference was stiil greater
than the P=0.05 level (t=3.56, P>0.05; also compare Tables

v

25 and 26).
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Table 24
The mean crown-rump lengths (mm) *+ the standard
deviations (S.D.) of normal and mutant fetuses of 13 days

old to birth. t=t value, P= probability, d.f.=degrees freedom.

Mean length (mm)

Day Normal + S.D. | Mutant + S.D.| d.f. t P

13 9.71 + 0.66 9.u8 + 0.33 1% [ 0.90 | > 0.2
14 11.22 + 0.62 10.91 + 0.68f 30 | 1.29 | > 0.2
15 13.44 + 0,97 13.03 + 1.200 19 | 0.83 | D>oO.u
16 15.30 + 0.80 15.06 + 0.77 36 | 0.72 | > 0.4
-17 18.13 + 0.93 16.85 + 1.33] 31 | 2.94% | < 0.01*
18 20,47 + 1.8Y 19.44 + 1.29] 22 | 1.46 | 20.1
Birth |28.86 + 0.85 26.40 + 0.96] 10 | u.68 | < 0.01%
*Significant difference

Table 25

The mean body weights (gms) of post natal normal
males and females at 1 week,. 3 weeks and maturity (8-12 weeks).
S.D.= standard deviation; t=t value; P=probability.

Mean Weight (gms)

Age Male + S.D. Female + S.D.}] d.f. t P‘

1 week | 4.00 0.27 3,72 0.26) 11 |1.86 |>0.2

3 weeks [12.01 3.81 9.25  2.37 8 |1.u3 >0.1
Mature |[24.03 1.99 19.29  3.40} 15 | 3.56 <0.01%
(8-12 wagks)

*Significant difference
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Table 26
e mean body weights (gms) of post natal mutant
‘males and females at 1 week, 3 weeks and maturity (8\: 12
weeks), S.D.= standard deviation; t=t value; Pz=probability.

Mean Weight (gms)

Age Male + S.D. Female *+ S.D. d.f. t P

1 week 2.13 0.66 2.11 0.u3 5 0.03 0.9
3 weeks 5.00 0.91 5.10% ---- - ~——- -——
Maturity 19.52 6.91 14,73 2.94 8 1.5 0.1
(8-12 wks) .
* One female only ~

Post natal Gonadal Volumes and Weights

The mean gonadal volume of one side only from 1 week,
3 week and mature (8 - 12 weeks) normal and mutant mice is

presented in Table 27. In both the normal and mutant males

AY
A

and females, a trend of continual growth of both testes and
ovaries 1is apparent. The degree of increase of normal testes
(from 1 week to maturity) is over 6 times greater than that
of the mutants whereas the normal ovaries increase only 1.3
times more than mutant ovaries. .

At maturity, the volume of mutant testes is only 7.8%
that of the normals and mutant testes weigh on1§ 9.3% that
of normals. The volume of mutant ovaries is only 10.5% that

of normals and they weigh only 12% as much as the normal

ovaries at maturity (Table 28).
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Table 27

§ . .

The mean gonadal (mm3 x 1077) vgiumet(one‘siQeuonly),
N € 0

from 1 week, 3 week and mature (8 - 12

mice. SD=standard deviation.

weeks) post natal
]

+

Volume {mm x 10™")
¥
Testes -Ovaries
Age Normal *+ SD Muytant + SD Normal + S’ {Mutant + "SD
l,\ ‘ . : -+ [ i
1-week [16242 + 1u486] 7509.+ 2527 | 1491 + 7ul.| 203 + 53
v & s - . - - -
3 weeks'[191460 + 12796| 14u5S5 +-4920 | 7uu8 + 256 | 306 *
~IMature [23286 ° + 53330|-32886 + 19700[11451 +2643 1201 +ikQe
*one value only ‘- -
Table 28 \ -~

[y

“mature (8-12 week) mice.

Mean gonadal weight (mg) * standard deviation (S.D.)

of normal and mutant testes and ovaries (one side only) from

Gonadal weight (mg)

Y

No. Normal + .SD |No. Mutant i¥~ SD
estes 13 S4.6 + 12.7 7 8.8° + L.}
Ovary ) 2.5 + 0.5 y 0.3 + 0.07

The Mature Gonads

1

">

The histologicél appearance of mutant testes from

mature animals (8 - 12 weeks) showed the seminiferous

tubules to consist of Sertoli cells only.

Dccasionally

spermatogonia were encountered as well as a few primary
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" spermatocytes s(Figures 34, 35 and 36). Mutant testes are

reminiscent of the Sertoli-cell only syndrome of humans
(Figure 37) - Secondary spermatocytes were.never encountered
in any‘mutaéf testes. The seminifeféus tubules were smaller
in mutants than in normals. Where germ cells were seen

they occurred in small clusters, seldom were germ cells seen
isolated singly. In one prepuberal/8 day specimen, a single
cell resembling a mitotic germ cell was observed (Figure 38).
The interstitial tissue of hutant testes contained abundant
Leydig cells as'do normal testés. Secondary spermatocytes

were never seen in mutant testes. Where germ cells were seen

they invariably rested“upon\the basement membrane of the

-
~

seminiferous tubules. The epididymsaxd vas deferens of mutants
appeared histologically normal but smaller than that seen
in normal males. .

Ovaries from mature mutant females were also smaller
than normal. Although in most cases a few primary oocytes
were present, follicular development was nevef seen to have
reached the Graffian follicle stage, nor Qere corpora lutea
ever encounteréd in mutaﬁt ovaries (Figures 39, 40 and 4l).
As in the males, the sex ducts appeared histologically normal
but smaller than the fallopian tubes and qteri from norméls.
Also, mutant ovaries were eﬁtirely encapsulated by an ovarian

bursa as are ovaries from normal mice.
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Figure 3u.

Figure 35.

»
>

Appearance of a section of normal fertile
seminiferous tubule from a mature male.

H and E, x 1000.

53

A section of steprile
from a mature mfmutant
epithelium is{absédnt
contain only 3ertgli
and E, x 1000.

seminiferous tubule
testis. A germinal
and the tubules
cells (arrow), H
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&

Figure 36. A section of mature mutant testis containing
a few germ cells. Upper arrow indicates

a primary spermatocyte, lower arrow shows a
spermatogonium. H and E, x 1000.

\ ‘ )
Figure 37. A section of human seminiferous cord taken
from a sterile patient having the Sertoli

cell ‘only syndrome. Note the' absence of a
germinal epithelium. H and E, x 400.
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Figure 38. A single germ cell in mitosis in an 8 day
post partum testis from &4 mutant male.
H and E, x 1000.

Figure 39. ~ The appearance of a normal ovary from a mature
female. Note the various stages of follicle
development. H and E, x 30.
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Figure u40.

Figure 41.

~

»,
/

A mutant ovary from a mature female. Note

the absence of germinal. tissue. The structure
near the center had a cystic appearance and
did not contain an oocyte, H and E, x 100.

An oocyte found in a primitive follicle, in
a mature mutant ovary. Mature follicles
were never encountered in these ovaries.

H and E, x 1000,






DISCUSSION

The role of the germ cells in sexual differentiation
during gonadogenesis is one of major importance in develop-
mental biology. In most vertebrates (Blackler, 1970; Burns,
19713 Baker, 1972; Hardisty, 1967; Swift, 1914) the primordial

<
germ cells can first-be identified in yolk sac by the early
somité stage. These cells then proliferate and migrate to
the gonadal anlage. There has been considerable interest as
well as controversy regarding the question as to whether the
_germ cells exerf a prerequisite influence on the gonadal
blastemata in tha differentiation of the sex cords ard the
growth of the gonadal soma. Similarly, the possible influence
of the.gonadal soma on the maturation of the germ cells is
also important and presently unresolved.

Adult mice carrying two mutant genes -at the Steel
(81) locus on linkage group IV are sterile due to_the abseﬁce
of germ cells. In fetuées of these mutant animals, the
differentiation and migra%ioh of the germ cell line is de-
fective prior to gonadogenesis (Bennett, 1956), and therefore
this single locus mufation in mouse provides a useful ex-

perimental model to study and investigate the interaction

between germ cells and gonadal blastemata during embryogenesis.

93



9y

Since the‘Sl/Sld alleles cause sterility in mice,
matings were carried out between the fertile WC/Red - S1/+
females and CS?Bl/GJ—Sld/+ males. The offspring from these

matings could be any one of WCB6F, - +/+, Sld/+, S1/+, or

1
Sl/Sld, each one of which is expected to occur at a fraquency

~N

of 25%. Identification of Sl/Sld embryos is possible as
early as day 10 of gestation by the small number of germ
cells present (McCoshen and McCallion, 13875). However, a
distinction between the */+, and heterozygous combinations
is not ﬁossible until day 13 of gestation at which time.
some degree of the macrocytic anemia characteristic of this
mutation is expressed in the heterozygtes (Chui and Russell,
1374%; Chui and Loyery 1975a ). The mature arimals are easily
ideﬁtified as Sl/Sld mutants by their white coat color
whereas the *+/+ wild type are black. Heterozygotes also
possess a black coat with a white spot eité%? on the head or
abdomén. Their tail and foot pads are lighiep qhﬁhithose of
the wild type. RO

Germ cell counts done on Swiss albino mouse embryos
of days 8 - 10 of gestation demonstrated that the germ cell
population increases steadily from one day to the next even
before the infiltration of the gonads by these cells (Table
8). Since Bennett (1956) reported that the $1/S1 mutation
prevehts the germ cells from proliferating and also retards
their ability to migrate, it was expected that the Sl/Sld

combination would also express itself in the same manner.

Thus, the -mutants would be ids?tifiable on the basis of low
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germ cell counts. Somite counts were done on all embryos in
order to avoid developmental}y retarded embryos from biasfgf
the results. There was no indication that any group of 0
embrybs was developmentally retarded (Table 2). Only 2 of
114 embryos examined were reclaséified to an earlier day due
to slow development. This indicated that during early
development, mutant embryos keep pace with the normals.

The germ cell counts from the day 9 Z12 embryos
showed that at 9 days gestation, mutant and normal embryos
cannot be distinguished by this criterion. Altﬁbﬂgh the
mutants cannot be iden%ified at this early stage, the germ

cell counts do show that the 51/519

mutation does not effect
the evolutich of the germ cells from their site of origin.
By day 9, the germ cells are already found in locations
which include the path of migration; i.e. the ventral aspect
of the hind gut. By day .10, among normal embryos, one would
expect to find that the mean number of germ cells had in-
creased significantly over that of one day earlier. The

same would be expected for days 11 and 12. From matings

between the S1/+ x Sld/+ animals, 25% were expected to be

$1/519 and thus express the mutation by having low germ cell
counts. In fact, an increase over the mean number of germ
cells from day 9 embryos was not expected since Bennett (1956)
reported myfant germ cells to be non-proliferative. There-

fore, the¢ number 126, the highest number of germ cells. found

at 9 days gestation, was chosen as a standard cut-off point.

. ' '
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Embryos having germ cell counts equal to or less than 126

from day 10 and after were considered to be the mutants. In
testing this assumption, it was indeed found that %rom days

10 - 12, 26.u4% of all the embryos did Bave germ cell counts

of 126 or less. " Two embryos of 12 days gestation had counts
of luu4 and lQldgespectively, the next lowest count was 815.
These 2 embryos were probably mutants, but they were not
treated as such in terms of the statisticé in order to test
the hypothesis that mutanf germ cells do not proliferate.
Howevé{, they were-included in a separate.analysis of variance

to test the mean number of germ cells from the total day 9 i

group and the presumed mutants of days 10, 11 and 12 which
included the two embryos haviqg germ cell c?unts of 1uu and’
131. The ANOVA test showed that there is n6 significant
difference among the means due to a "day effect" (0.10 )
P> 0.05). These data demonstrate that there is no recognizable
increase in the number of mutant germ cells from one day to
the next during the migratory phase of their development.
Between days 9 - 12 of gestation embryos were
genotyped as normal or mutant according to the number of germ
cells which were identified cytologically by their ability to
stain for alkaline phosphatase. Based on the absolute numbers

of germ cells it appears that the Sl/Sld

mutation severely
effects the capacity‘of mutant germ cells to proliferate.

4
However, the total number of germ cells depends upon prolifera-

tion and cell loss. The ﬁbssibility that mutant germ cells

A Y
v
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disappear at a rate comparable to proliferation is recognized,
but it is equally possible that those cells in mutants fail

to divide yet retain a viable integrity. Mintz and Russell
(1857) reported the presence of positively stained fragments
in the W/W embryos which they interpreted to be d;ad germ
cells. Ig this study, few stain-positive fragments were en-
countered in the mutants. Also, evidence from germ cell counts
from later stages of mutant gonads stained with H and E failed
to reveal any signs of excessive germ cell death (Tables 14
and 19). These data are interpreted as evidence that the
mutant germ cells are severely inhibited from dividing, yet
germ cells were found along the path of migratioﬁ. McCoshen
and McCallion (1975) reported earlier that the germ cells of
mutants between 9 - 11 days gestation, were indeed éapable of
migration. In fact the evidence indicated that there is no
obvious retardation of migration in mutant germ cells. By
extending this study to include day 12, it was found that
among the mutants, well over half o} the germ cells reach

the gonadal primordium. Considéring that the mutant germ
cells do not increase in number as do the normals, then a
lower number of germ cells along the migration path is not
indicative of retarded migration.. Mutant germ cells reach

the gonadél ridges at the same time as do those of the normals.
Furth?rmore, the percentage of ectopic germ cells améng the
mutants is not very different from that of the normals (Table

9). Figures 2 and 3 also indicate that the mutant germ cells

Ay
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not only migrate, but they appérently keep pace with the
migration process as seen in the normals. From these data
it is concluded that the Sl/Sld mutation does not inhibit
the migratory capacity of the primordial germ cells.

The initial localization of the germ cells in
extragonadal sites supports the work of other investigators
in that the germ cells do not arise from the gonadal epithelium
(Chiquoine, 1954; Mintz and Russell, 1957; Ozdenzski, 1967;

Spiegelman and Bennett, 1973; Jeon and Kemedy, 1973; Zamboni

and Merchant, 1973; Clark and Eddy, 1975). During the

subsgquent migration of the primordial germ cells, they are
invariably found in %he gut endoderm and the surrounding gut
mesoderm (Zamboni and Merchant, 1973).

From Figure 6 it is apparent that on day 9 the
majority'of the germ cells are located in .the gut endoderm.
Whether the germ cells randomly migrate into the gut tissue
or are attracted to it is not known, but the poss%bility
exists that ﬁhese cells must pass through the gut endoderm in
order to continue differentiation-and to successfully)reach
the gonads. The fate of ectopic germ cells is not known, but
there is no evidence that these cells ever differentiate
beyond the primitive state (Mintz and Russeli, 1957; Mintz,
1960; Falin, 1969). In addition, it appears thit from the
bizarre sites where ectopic germ cells are found, sucg as the
allantois, placenta, limb bud ectoderm and tail bud, it fs

improbable thdt they are ever in contact with the gut endoderm
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during their life history.

If the germ cells afe actively attracted té the
gonadal ridges as suggested;by Witschi (1948, 1951) and )
Qlandau et al (1§63), then one may question why ectopically‘

‘situateﬁ germ célls are not also attracted to the ridges.
From Figures 4 and 5 it can be seen that in,the mutants, the
mean number (9) of germ cells found in the gut endoderm at
day 10 corresponds closely to the number (10.3) found in the
gonadal ridges by day 11. From Table 9 it is also apparent
that the number of ectopic germ‘cells in the normal embryos
increases on1y~4 times between day, 8 to day 11 whereas the
total number of germ cells shows an increase of over 8 times
“auring the same’period (Table 7). Since the majority of germ
cells on day 9 are found in the gut endoderm (56%) then it
is quite possible that the gut endoderm serves as an inducing
agent for a germ ceil response to an attracting agent from
the gonadal ridges. The gut endoderm may also act in increasing
the capacity for germ cells to divide at a higher rate once
having contacted it. However, experimental evidence in support
of endodermal induction of the germ cells Es still lacking,
The presence of germ cells found existing ip tight

, ¥
clumps (figure 3) was found to be of no value in identifying

mutants. In the W mutation which shows the same pleiotropic
effects as Steel, Mintz and Russell (1957) also reported

cluﬁped germ cells. The signfificance of these cells is not

known but‘they"may represent aberrent or incomplete divisions

-

-
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of some germ cells. Clumps were found in half the mutants
and one quarter of the normals and the degree of clumping was

the same in both. The clumped cells were almost invariably

found in Ahe umRilical mesoderm or in the regicn of the allantois
Some authors hape speculated that the ectopic cells retain
their multipot ality and are responsible in producing
spontaneous teratomas (Stevens, 1967; Falin, 1969; Damjanov

and Solter, 1974). (

By day 12, the mean number of germ cei;s in the gonadal .
ridges of mutant embryos was approximately 45. In ?ne case
no germ cells were encountered. Despite the pauci{y of germ
cells, histological examination of day |3 normal aqd mutant
embryos which were genetipally sexed by the sex chromatin test
of Vickers (1967), showed that among the males, sex cord
differentiation was apparent in both cases (Figures 11 and 12).
Both normal and mutant female gonads retained an indifferent
appearance at tHis time. The histological appearance of the
mutant gonads corresponded to the genetic sex in all cases
from day 12 and thereafter (Table 22, Figures 11, 12, 28 = 33).
On no occasion was an ovotestes or sex reversed gonadal dif-
ferentiation encountered. These observations supp;rt the view
that the sexﬁal diffetrentiation of the somatic elements of the
gonads is not gérm cell dependeﬁt.ﬂ These\results also support
the same view Hélg by other 5uth6rs for the amphibia (Bounoure,
1950), chick (Willier, 1939; Simon, 1960.;":3.nd‘ see Burns, 1971)

and mamﬁals (Wolff and Haffen, 19523 Merchant, 1975). After

-
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reviewing the literature on the experimental results of germ
cell ablation in amphibians, Burns (1971) ¢oncluded that the
germ cells are not even required in the formation of the genital
ridge, the appearance of the ridge being conditioned by regional
influences.

In Merchant's (1975) recent report on rat gonadogenesis,
busulphan, which is known to spéciﬁically destroy primordial
germ cells (Hemsworth and Jackson, 1963) was used to ablate
these cells prior to gonadal ridge formation and germ cell in-
filtration. Merchant found that sexuai differentiation occurred
among either the male or female line in gonads having few
germ cells or no germ cells at all. In his study, Merchant
(1975) did not sex the fetuses nor was a QUantitét;ve~sFudy

. ¥ . .
of the gonads performed. However, his conclusion was that

®

the sexual differentiation of the gonads is not germ cell de-
pendent which further supports the findings in this investi-

gation. ‘
| .
‘ The model used in this study did not require chemical

ablation df the primordial germ cells, but rather they were
naturally prevented from proliferating after their initial

A

appearance due to the genetic affect of the Steel mutation}
Ali fetuses were genetically sexed from tﬂe'timé of sex cord
differentiation onwards thﬁs providing‘the'épportuﬁity‘to

compare the histological appearance of the gonads to the sex

of each fetus. In addition to the gonadal histology of

mutants, the results presented here are even more supportive

-

Ll
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;
of gonadal - differentiation in the agametic state since in all
casesuthe gonaés corresponded to their genetic sex. One
drgument which may be raised against these .conclusions is thaf
mutant gonads did contain a few germ cellé in m&st cases.
Thus it may be that only a few germ cells are required for
sex cord differentiation. This argument cannot be accepted
because if the germ cells were capable of such a strong
inducing.influence one would expect that in totally agametic
male gonads, they would have the appearance of indifferent
gonads and this was never encountered. Also, one would not
-expectya few germ cells to have an effect on the whole gland.
If the germ cells exerted even a regional effect, then a
number of ovotestes would be expected to develop and this. was
not the caif. ' The previously mentioned evidence from other
speciés does not support fﬁe view that the éerm cells induce
‘gonédal differentiation, nor do ectopically situated germ
cells ever induce gonadal tissue to develop even when in close

proximity to the -gonadal anlage. It is still reported in

{

fairiy mﬁdernfliterature that the germ cells induce gonadal
ridge formation and sexual differegtiation (see .Gier and
Marion,.1970; Hamilton, Boyd and Mossman, 1972). These views
appeaf to be based on the oider literature and ;robably are
repreéentgtive of the small amount of information which has
been generated from wprk on mamma;iaﬁ Species,ovér the past
many years (see Willis, 1962)5

The volumetric changes of the normal and mutant
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gonads were measured from day 12 of gestation to birth. The
total ovarian volumes from normal fetuses increased to day 15
after which it remained constant until day 18. By birth the
volume once again showed an increase. (Table 10 and Figure
13%. This pattern of increase in ovarian volume is similar
to that reported by Jean (1971) for Swiss fetal mouse ovaries
up to day 18. Jean (1971) further reports that ovaries from
neonates show a tendency to-:decrease in volume. His findings
are inconsistent with the volumes of ovaries reported in

this study for mice of 1 week, 3 weeks and maturity (Table

—

27) as , well as with the findings of Beaumont and Mandl (1962)
for the rat, where a continual inceease'is evident. Jean )
(1971) was unable to explain the decrease in the volume of
neonatal ovaries in his study. The volume of mutants ovaries,
which are. between 98 - 100% germ cell free, were found to
significantly differ in size from that of normal from day 14
and thereafter (Table 10 and Figure 133. When the calculated
percentage of germinal tissue (Table 12) was deducted from
normal ovaries, the volume of somatic 7issue of both normal
and mutant ovaries was found to be equivalent up to day 18.
The difference only became significan£ fP( 0.001) among the
neonates (Table 11). The increase in the dmount of somatic '
gonadal tissue of the normals is attributed to the neoformation
of follicular cells which are apparent at birth iFigures 32

and 33). , The formation of primitive follicles is also reported

to occur at birth in the mouse by Peters (1969) and Pederson

-4
.
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(19869).

From Table 12, it can be seen that the percent
germinal tissue increases stea&ily'to day 16 in ovaries after
which it declines. The calculated mean number of germ cells
(Table 13; was found to reach a maximum on day 15 after which
the number of germ cells declined until birth. From birth
to -0ld age.Jones and Krohn (1960) hpve'shown that the number
of germ cells in mouse ovaries follows the pattern of
continual decline characteristic of females. The mean germ
cell volume (Table 13) was found to steadily increase up to
birth. Aithough the number of germ cells declines after day
15 bost coitus, the relative volume of germinal tissue up
to birth does not. In rat ovaries Beaumont and Mandl (1962)
also found that even after the germ cell numbers began t6
decline, the mean oocyte volume continued to increase. How-
ever, by full term, the relative volume of germinai tissue
did show a deciine in the rat.

The growth of normal and mutant testes also paral-

- leled each other from day 12 and after (Table 15 and figuré
l4)., The volumetric difference was found to be significant

at the P< 0.0l level by day 16. Qhen the volume of germinal
tissue (Tablé 16) was deducted from the normal testes, the
volumé of somatic tissue in normals alss differed significantly
from that of t?e'mutanﬁs, but the growth of mutant testes con-
tinued even'up to maturity as did the normals. Eefal testicu-

lar growth was equivalent to that reported by Jean (1971),

. -
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and in both mutants and normals the testes grew at a dramatic-
ally greater rate than ovaries of the same ages. These
observations are in accord with the growth of testes in the
rat as reported by Beaumont and Mandl (1963) and Miitwoch‘ =
(1969, 1970) and Jean (1971) for the mouse. Part of the
difference in the volume of normal And mutant somatic tissue
may be explained by the difference in the crown rump size of
mutants and normals. This point will be treated in more
detail later.

The number of germ cells in normal males increased
to a peak by day 16 after which a decline is also consistent
with observations reported in the rat (Beaumont and Mandl,
1963; Huckins and Clermont, 1968;) and rabbit, (Chretien,
1967) in which quantitative measurements were done. The
number of germ ceils in mutant festes up to birth ranged from
0 - 198h The mean number of germ cells in normal males was
approximatély the same as that found in females up to day 13
‘(3626 and 3142 germ cells respectively) after which the
number of germ cells fouﬁd'in testes exceeded the female line
by almost 2 - 3 times (Tables 13 and 18). However, the
female germ cells begin to enter prophase of meiosis I on
day 13 and thus the number of oogonia available for further
- division becomes less. The mean si%e of spermatogonia also
increases in size at least up fo birth as was the case for
oégonia and oocytes during the same period. Both cogonia
and Qoéytes are larger than spermatoginié of the same age.

In the rat, Beaumont and Mandl (1962, 1963) observed similar
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size changes and discrepenc?es between males and females
during fetal development. The size of the germ cells of
mutant males and females also showed an increase during de-
velopment and appeared to keep pace with the normals.

From Tables 14 and 18 which lists the numbers of
germ cells counted from every second section in mutant ovaries
and testes it 6 is obvious-that the number of gonadal germ
cells has increased over the mean numbers found at day 12
(females = 53, and males = 41). The mean numbers of gonadal
germ cells in normal females and males at day 12 are 1186 and
1023 resPectively. In both mutants and normals the numbers
represen& the mean number of germ cells ?n both gonads,
whereas the.numbers in Tables 1Y and 19 are representative
of one gonad only, the other side having been processed
for alkaline phosphatase staining. Therefore, the means in
tables 14 and 19 may be doubled for comparison with the day
12 numbers. The same holds true for the numbers of normal
germ cells diéplayed in Tables 13 and 18.

When the number of mutant germ cells counted in the
da& 12 and day 14 gonads was subjected to an unpaired t-test,
the difference was not significant, but when compared to the
day 16 counts it was found that the difference is significagt
at the Pk 0.05 level for ovaries and P 0.02 level for testes.
These tests indicate that between day 12 and 16 there is some
increase in the number of gonadal germ cells in mutants after

which they apparently decline as do the normals. The degree
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of increase in the number of germ cells in mutants though

is 4.8 times for both sexes compared to 16.2 and 6.12 times
for normal males and females during the same period of time.
These data imply that in the mutants, once the germ cells
become resident in the gonadal anlage they are é§pable of
some degree of mitotic activity. In Figure 23, taken from

a mutant testis of day 16 of gestation, a large cell have the

Y

appearance of a spermatogonium is seen in mitosis.
) The gonads chosen for H § E staining and analysis

were from either the left or right side. From the day 12 @

data of germ cell counts it was found that the number of

germ cells in the left gonad did not differ étatistically

from that of the right (Table 23). A similar finding was

L

reported by Beaumont and Mandl (1962, 1963) and McLaren

(19€3). Also, the number of germ cells in female gonads
was not statistically different from that of males at day 12
(Table 23).

The histological changes of the normal testes from
day lg to birth éoincided well with the report of Sapsﬁerd
(1962) for the mouse and rat. The differentiationcf the somatic
elements of mutant testes corresponded in time and appearance
with the normals. Even the mean numbér of Sertoli cells in
ahcircular cross section of seminiferous cord was equivalent
in mutants and normals. Leydig cells were also present in
the ‘mutant testes (Figures 21 and 22). Testes stained for
alkaline phosphatase were also equivalent with respect to the

- _j 1 ‘ -
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location of the enzyme. Except for the lack of germ cells,

mutant gonads appeared histologically the same as e normals.

Normal germ cells lose their alkaline phosphatase by day 17
which corresponds to the time when the germ cell popuXYation
shows a decline. Those germ cells present in m nt testes
also show a loss of alkaline phosphatase. Alsc, the changes
in the appearance of mutant germ cells corresponds to that
seen in the normals (see Figures 19 and 20). By birth many
germ cells in normals are seen to lie on the basement membrane
of the seminiferous tubules. A few germ cells in mutant
testes were seen in this location also (Figures 24 and 25).
Nebel et al (1961) suggést that this is a prerequisite for
further differentiation of the spermatogonia. The alignment
of the spermatogonia on the basement membrané takes place

only after the temporary cessation in the mitotic activity of
the gonial cells in the fetal period (Peters, 1970). In this
study, germ cell proliferation was estimated to cease between
the mid-fifteenth to sixteenth days. This would place the

estimate at least one day later than the time reported by

‘Peters (1970). This discrepancy of one day may be due to a

strain difference and the techniques employed. However, the
two estimates are very close to each other.
The histogenesis of the ovaries also followed a

similar pattern of differentiation between mutants and normals

_except for a lack of germ cells in mutant ovaries. In the

female germ line, the oocytes retain their alkaline phosphatase
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for a longer time than do the spermatogonia. This observation
was also noted by Mintz (1960) for fetal mouse gonads.

The most interesting aspect of ovarian gonadogenesis
is the early transition of the oogon?a into oocytes. By day
13, early prophase of meiosis ] is seen in some germ cells.
Having entered Mmeiosis I, female germ cells are called primary
oocytes by birth (Brambell, 1927; Borum, 1961; Peters, 1970).
In this study, the germ cells of normal owaries followed the
schedule of meiosis I prophase as expected. From day 13 to
birth the stages of leptotene, :zygotene, pachytene and di-
plotene were each seen to predominate from one day to the next
according to the order reported by Borum (1961; 1966), Peters
et al (1962) and Peters (1970). Where germ cells were seen
in mutants, they too were seen to have entered meiosis in
synchrony with the normals (see Figures 30 and 31).

The germ cell population of both normal females and
males was found to decline after day 15 and 16 respectively
(Tables 13 and 18). This reduction in the germ cell population-
is in accord with descriptions reported for other species
(rat; Huckins and Clermont, 1968; Beaumont and Mandl, 1962,
1963; rabbit, Chretien, 1967; human, Baker, 1963; cow,
Ericksonz 1966; monkey, Baker, 1966; and guinea pig, Iannou,
1364).,

There is some evidence from the decrease in the mean
number of.germ cells found in mutant gonads, that the process

of germ cell atresia corresponds in time of énset to that



110

seen in the normals (Tables 1% and 19). In the ovary germ
cell atresia continues with advancing age (Jones and Krohn,
1¢59; Baker, 1963) whereas in the testes, the spermatogonia
regumé mitotic activity prepubertally and a massive repopu-
lation‘of the germ line occurs (Oakberg, 1956; Nebel et al.,
19€1; Dym anh Clermont, 1370). It is not szgf what causes
germ cell atresia but there is evidence tnat it is under
the control of the pituitary gland (Baker, 1972). Removal
cf the pituitary in'the mouse results in a decrease in the
rate of atresia of follicular oocytes (Jones and Krohn, 1961).
Atresia- may also be related to an elimination of genetically
abnormal germ cells (Hendersen and Edwards, 1968). Whatever
the role of germ cell atresia, it is a normal part of game-
togenesis among the vertebrates (Roosen-Runge, 1973).

It appears then that those factors which control
germ cell atresia, are operative in mutant gonads as well as

-~

the normals. From these histological observations, it is

apparent that the differentiation of the somatic elements of

mutant gonads takes place dgspfte a severe germ cell depletion.
The differentiation of mutant germ cells, seen to occur in
synchrony with the normals, is taken as meaning that the

Steel defect a}fects the ability of germ cells to divide,

but does not affect their capacity‘fgadifferentiate to meiotic
cells according to a fixed temporal schedule. The differen-

tiatiqon and growth of the somatic elements of the gonads appear

to be independent of a germ cell influence at least up to near

- -
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birth. At this time, the growth of follicular cells requires
the presence of germ(cells (Peters, 1969; Pedersen, 1969,
Short, 1972).

One function of fetal mutant gonads can be expressed
in terms of sex duct differentiation. This criterion is
really one of testicular function since it is well known that
Wolffian duct dirferentiation and Mullerian duct inhibition
is dependent on testicular hormones. In the agonadal state,
Mullerian duct differentiation and Wolffian duct regression
is the norm (Jost, 1953; 1970; Jost et al, 1973). The dif-~
ferentiation of the Wolffian ducts is tnstosterone dependent
(Jost, 19553 1970; Jost et al., 19733 Neaumann et al., '1970).
The inhibition of the Mullerian ducts results from an as
yet ynidentified substance, the Mullerian inhibiting factor
(MIF) (Josso, 19713 1972a3;1972b; Picon, 1971). In both
mutant males and females, the sex ducts differentiated ac-
cording to the gonadal sex. Gonadal sex also corresponded
to genetic sex in the mutant fetuses (Table 22). In no in-
stance was the state of sex duct differentiation seen to be
bisexual. These results indicate that mutant testes produce
tebtosterone’and MIF as do the normals. The timing of sex
duct differentiation in the mutants also corresponded to that
seen in normals. The external éenitalia differentiated
according to gonadal sex as well and in the mutant males the
testes descended normally.

The differentiation of the Wolffian ducts and cor-

-



responding inhibition of the Mullerian ducts in the male
mutants supports the findings of Josso (1974) in that the
gexm cells are not involved in the secretion of the Mullerian
tnhibiting hormone. Whereas Josso (1974) reduced the germ
cell population of human testicular f;agments to as low as
3% of controls by X—irfadiation, the testes of mutants in
this study contained only from 0 - 2% the normal germ cell
numbers.¢ The fact that Mullerian duct inhibition took place
in the mutant males strongly supports Josso's (1974) hypothesis
that the germ cells do not influence the development of the
male reproducgtive tract.

The growth of mutant gonads continued up to maturity

L

for both males and females (Tables 27 and 28) as was also

-

[ 4
evident in the normals. The volume of mutant gonads however,

~was only about one tenth thaﬁ‘of the normals. The weight of
the mature mutant ovaries was 12% of the normals and the
mutant testes weighed énly 7.8% of the normals (Table 28).
From the histological appearance.of the mutant testes it is
obvious that these organs are aspermatogenic (compare Figures
34 and 35). Examination of complete serial sections failed
to reveal any mature germ cells whatsoever. But, soﬁe sections
of sem{niférOUS tubules.dié contain large ceils charaéter}stic
of spermatogonial stem cells and primary spermatocytes. In
all cases, the germ cells were found lying;bn the basement
membrane where stem cells ani early sgermatocytés are normally

found (Figures 34 and 36). No secondary spermatocytes were
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ever encountered. This finding indicates that the Steel
mutation alsc prevents the completion of meiosis I. Whether
this effect is a primary or secondary one is not known. The
appearance of the mature mutant testes is also reminisceﬁt
of "the appearance of the Sertoli-cell-only syndrome of the
human (Figure 37). Leydig cells were also seen in mature
mutant testes. Recently, YounglLai and Chui (1973) ﬁave
reported that Steel testes produce significantly higher
levels of testosterone than their normal siblings.

Younglai and Chui (1973) also reported that the {
adult Steel testes were cdmpletely agametic. In this study,
spermatogonia and some immature spermatoéytes were evident.
There is also some evidence that some of the spermatogonia
are capable of mitosis during embryogenesis and early neo-
natal periods (Figures 23 and 38). This finding is coﬁsise
tent with tge evidence from fetal stages that some mutant
germ cells arey able to divide in the gonads. There is no
evidence that the -few spermatogonia are capable of adequate1§
populating the mature gonad, it is known that after X-
irradiation the éerminal epithelium loses most of the germ.
cell population save for the stem cells. The stem cells of’
the irradiated testes are then capable of restoring the
\gefminal epithelium to the ievel of spermiogenesis. {(Dym
-and Clermont, 1970). For‘some reason_in’the Steel mutant,
the few germ cells present are incapable of generating a
normal germinal epithelium.‘

A
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In the females, mature mutant ovaries were almost
all entirely agametic (Figures 39 and 80). In some cases,
ge;m cells were seen in primitive follicles (Figure 41).
Neve; were mature Graffian follicles seen. In fact, the
oocytes encountered appeared as diplotene cells. Again this
would seem to imply that the Steel mutation acts also on the

(;>%eiotic apparatus of the germ cells. Unlike the Steel testes,
reports on the endocrine function-of Steel mutant ovaries
has not appeared in the literature.

The crown rump lengths of mutant fetuses frém day
13 to birth were consistently less than that of normals
(Table 24). The difference however was significant only on
day 17 and birth. The 3iff€rence in body weight of normal
and mutant neonates was also found to differ significantly
(P<0.001). Chui and Loyer (1975a) found that the mean body
weight of mutant fetuses betwegn day 13 to 17 was only 10% -
less than that of their normal littermates. They also noted
that - the fétal brain weights did not differ between mutants
and normals Qf 17 day§ gestafion, whereas the liver weights
from fetuses of |13 to 17 days gestation were considerably
less. Probably ; goodly ‘portion of the difference in body
weight and crown rump lengths can be accounted for by the
smaller livers and gonadscf ﬁutanxs and their reduced number
of circulating erythrocytes. The overall rate gﬁd degree

-

of growth is however similar to the normals (chui and Loyer,

f

1975). It seems that'the,smaligr size of the mutants can be

-
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mostly accounted for by the defective organs rather than a
slower growth rate affecting the developmental rate @f the
gonads and liver. The fact that the sex cords differentiate
and germ cells of mutants differentiate on schedule also
supports this view.

The body weights of the post-natal normals fitted
the growth curve for mice as reported by Theiler (1972).

The mutants weighed less than normals through to maturity
although the difference was not as great by maturity. Thus
there seems to be a tendency for the mutants to catch up to
their normal counterparts'with time (%ables 25 and 26) at
least with respect to body weight.

It is not known whether the sterility of Steel
mutant mice results from an expression of the mutation with-
in.the germ cells, the tissues through which the germ cells
migrate and reside, or other factors. Evidence_ffom studies
on hematopoiesis and melanoblast development in Steel mutantg

'
would seem to favour a defective microenvironment. The

.

mutation Steel in the homozygous state is pleiotropic in that
steéilfty, macrocytic anemia and' lack of hair pigmentation
results (Sarvella and Russe#l, 1956; Bennett, 1956).

Chui and Russell (1974) have demonstrated that the
fetal erythropoiesis in mufaﬁts is defective at least as

early as day 13 of/ggg;;tion as evidenced byhsignificantly

fewer circulating erythrocytes than normal littermates.

Hepatic erythropoiesis at this time is also qg;ormal in that.

s
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the number of $ature erythroblasts containing hemoglobin is
much less in mutants than in normals. T yolk sac derived
erythrocytes appear to be affected littlzeLr not at all by
the mutation (Chui and Loyer,1975a). These cells proliferate
and mature while within the vasculature thus implying that

the $1/519

defecf is not expressed within the circulation
(Chui and Russedl}, '1974).

It has been demonstrated that irradiated normal
spleens. are able to support the proliferation of Sl/Sld
hemopoietic stem cells but the proliferation o£~normal stem
cells in Erradiated Sl/Sld spleens is inhibited (McCulloch
et al 1965). Alleviation of the aneAia in Sl/Sld animals is
possible by the transplaﬁfation of normal spleens from
isogenic mice (bernstein, 1870), whereas the transplartation
of 51/53° spleens to normal mice does not result in the
growth of spleen colonies (Altus et al, 1971).

The structure of erytﬂroid precursor cells from
fetal ‘mutant livers has been found to be‘thé same at the

-

ultrastructural level as that of cells from normél_littermates
(Chui and Russell, 19iu>. Also, the number of circu}ating
red -blood cells in mﬁtant fetuses i§ much less than in"normalé
duringkpﬁknatél deQelopment (Chui and Russell, 1974; Chui
and’Loyety 19755;Cole et él, lQ?ﬁ).f §OWever( the. relative
number ofiimmature‘hemopdietic precursor cells in mutant fetal

. [ ,
livers is ‘higher than in normals (Chui and Russell, 1974).

In the mature a&ult mutants, Chui and Loyer,(1975p)havé"found

-



T

e S

117

some ‘cells from mutant bone marrow which normally do not
respond to erythropoietin in vivo, do show a response in vitro.
Wolf (1974). has reported that the spleen stroma, which has
an erythrocytic proliferative function, is either lacking
or very weak in Sl/Sld mutants. The Sl/S,ld stem cells,
though, are caéable of coloniiing nermal irradiatéd spleens
(McCulloch et al, 1965). These data are strongly suggestive
of a microenvironmental deféct in the mutant stromal tissue
associated with erythfopoiesis. |
Results from studies ¢n the lack of hair pigmentation

in Steel mutants support the hypothe51s that the Steel defect
is a microenvironmental affect on the melanoblast populatlon‘
during development. By grafting normal End mutant embryonic
skin ectoderm with neural crest from which the melanoblgsts
are derived, it has been found that Sl/Sld melanocblasts mi-
gfate into normal skin ectoderm and form pigment, hut recip-
rocal grafting falls to form plgment (Mayer and Green, 1968;
Mayer, 1970, 1973, 1975) The Steel mutation was found to
block pigment production by melanoblasts\i? both the dermal
mesoﬁerm and epidermal ectoderm (Mayer, 1975). y

! It has been proposed by Mayer (1975) that the mechan-
ism of the Steel mutation is to‘prévent the migration of ,
melanoblasts into the mutant tissue environment. The melanbf
biasts themseIVes‘are capable of melénin'synthesis in tissue~

from normal embrypg (Mayer and Green, 1968' Mayer 1970; 1973).

AlthOugh the nature of the germ cell defect is not
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known, it is possible that it is of the same basic nature as .
that of tre erythropoietic and melanoblast systems. It is /’ﬁﬂau}
known from this study that Sl/Sld germ cells are capable of
migration and differentiation up to the primary oocyte and
spermatocyte level. There is also some evidence that once
the germ cells become resident in the gonads, they are capable
of some p?oliferation. However, save for deletiohs, no gene
mutation effects are absolute and this may explain why there
is some apparent proliferation' of mutant germ cells. .
The model used in this study has/been valuable iA ‘
demonstrating that sexual differentiation of embr?onic gohads
is possible in the agametic state. Thus the gonadal soma is
not dependent upon the presence of germ cells for sex cord
differentiatioh to follow according to the genetic sex of
the embryos. Also, the growth of the gonadal soma is nét
. , ‘
dependent uponj%he presence of germ-cells except in females
‘from birth onwards when follicle formation only takes place
about the oo;;tes.
Se# duct differentiation also follow; a normal
course of development in agametic fetuses. .The inhibifién
of the Mullerian duct system and the differentiation of the
Wolffian ducts is not infiuenced by the presence of germ cells.
-The gfthhwandidifférentiation of the germ cells - |
however, is dependent upon théir'residing in the gonadal soma.

o ' :
Extragonadal germ cells were not'seen to have differentiated .

.beyond the .primordial germ cell level. ’The more sfriking '

~ . -
. ~
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influence in the process of gonadogenesis appears to be in-

herent in the somatic tissue of the gonads except for the

genesis of follicle formation in the female line.
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