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THE PRIMORDIAL GERM CELLS OF THE GOAT FETUS 

Genetic manipulation of culnired primordial germ cells (PGCs) is an established step 

in the creation of transgenic mice. With a view to adapting the mouse technology to 

livestock, PGCs of fetd goats between days 24 and 49 of gestation are studied. Goat PGCs 

were identined by allialine phosphatase (AP) activity, reactivity with embryonic monoclonal 

antibody 1 (EMA-1) and an antibody to stage-specifïc embryonic antigen-l (SSEA-1). M e r  

day 36 AP activity ceased to be a diable marker of PGCs because other gonadal celis also 

becorne positive. Migration of the goat PGCs and colonization of the gonads was found to 

follow the mouse pattern. Crown nimp Length (CRL), eye, ear, iimb, and hair foliîcle 

development were monitored to establish extemal features for denning stages of PGC 

development . 
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INTRODUCTION 

The primordial germ cells (PGCs) in mammds are a population of embryonic celis 

which are detemiined by the end of gastnilation to give rise to the gametes, that is the celis 

that will form the egg or spenn (Everett, 1943; Chiquoine, 1954). The obvious importance 

of this population of celis is that the genetic constitution of the offiring is derived fiom the 

fusion of the haploid gametes. Thus, any changes to the nuclei of PGCs wiU affect the 

organism's descendants, theoreticaiiy for ever. Genetic changes in the PGCs (mutations) are 

the footfds of evolution; they are the ability of an organism, which has flourished in its 

environment, to pass 'superior' genes on to another generation. Manipulation of the genes 

of PGCs could be key to human ability to control the genetics of domestic mammals. 

Humans have been genetically altering plants and animals since crops and livestock were 

fïrst domesticated and cultivated through selection of naturai mutations. Animals with 

selected characteristics which more suited the requirements of people were allowed to 

produce subsequent generations. Modem biotechnologies seek to direct mutation and to 

decrease the time before one can take advantage of genetic changes fiom many generations 

to just two. The most successful method in mice is to introduce genetically altered ceus into 

the population of PGCs in the hope that one will subsequently participate in fertilization 

(Stevens, 1970; Evans and K a h a n ,  198 1 ; Martin, 198 1; Matsui et al., 1992; Resnick, 

1992). 

There are several means by which PGCs have been distinguished fiom the 

surrounding ceiis in mice. The most obvious, but by no means the simplest, is by basic 

morphology. PGCs have been identifïed with no more than a light microscope and a non- 

specinc stain (Everett, 1943; Chiquoine, 1954). More accurate results were made possible 
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by immuno1ogical techniques with polyclonal and monoclonal antibodies (for review see 

Stern et al., 1978). New genetic techniques have enabled investigators to look for specinc 

messenger RNA signais in PGCs (for review see Schder et al., 1991). None of these 

rnethods absolutely defines murine PGCs throughout a i i  stages of embryonic development, 

but by combining techniques, amigratory pathway for PGCs during embryonic development 

has been established (Snow, 1981; Ginsburg et al., 1990; Godin et al., 1990). Confirmation 

of the identity of PGCs in mice came fiom mutant mice in which migration of PGCs and 

colonization ofthe gonads does not occur (Manova and Bachvarova, 199 1 ; Kitamura et al., 

1993; Pesce et al., 1997; Loveland and Schlatt, 1997). 

The shidy of the mouse has also led to the discovery that certain populations of 

embryonic ceils can be cultured under specific conditions which allows them to maintain 

a pluripotent state as stem cells, including the ability to contribute to the germ line (Stevens, 

1970; Evans and Kaufinan, 198 1; Martin, 198 1; Matsui et al., 1992; Resnick et al., 1992). 

These are the cultured stem ceils which have been genetically altered, reintroduced into 

blastocysts, colonized the gonad and produced gametes carrying the genetic alteration. Such 

ceil Iines were originally derived nom testicular teratornas (embryonal carcinoma (EC) cells 

(Stevens, 1970)), then fiom the celis fiom the d e r  ce11 mass (KM) of blastocysts 

(embryonic stem (ES) cells (Evans and Kaufinitll, 1981; Martin, 1981)). and fiaily fiom 

PGC (embryonic germ (EG) cells (Matsui et al., 1992; Resnick et al., 1992)). Each source 

of cells has advantages and disadvantages, but ai i  share an important difficulty: the only 

marner of proving that the cells cultured are indeed stem ceus is to produce chimeric 

oEspring . 



My interest in biotechnology led me to undertake this study of the basic biology of 

PGCs in the goat It is part of a broder program aimed at using these ceus for genetic 

modification in vitro so that they might be used to introduce new, usefùl genes into goats by 

making chimeras or by nuclear transplantation. To add to our meagre knowledge of goat 

PGCs, 1 have conducted a comparative review of the literature on the subject across several 

mammalian species, but with emphasis on the laboratory mouse. m e r  selecting what 

seemed E e l y  to be useful methods of identifying PGCs in the goat, 1 have used these 

histological "markers"to trace where the cells can be found in the embryos and fetuses of 

goats slaughtered at known times &et mating. 1 discuss my fïndings in relation to others' 

investigations on different species for the benefit of füture investigations into stem ceii 

technology. 

To mruamize the use of the relatively rare senes of goat embryos and fetuses of 

known age, I have also taken the opportunity to trace morphological changes that might be 

of use in estimating the age of matenal collected at unlaiown intervals after mating, at the 

abattoir for example. 



REVIEW OF LITERATURE 

Tramgenesis in Mammals 

Transgenenesis in mammals has been defhed as the transfer of fhctionai genes to 

produce inheritable traits in subsequent generations using genetic manipulation (Seamark, 

1994). There are three approaches to accomplish this: pronuclear injection (PN), nuclear 

transfer (NT), and stem ceii culture- All re- the s a e d  manipulation of cells or embryos 

in culture as weu as difficult surgical and micro-surgical procedures. Transgenic livestock 

organisms are of interest for reasons that range fkom improved yield or disease resistance, 

to the use of animais as "bioreactors" and models for human disease research (Leichtammer 

et al. , 1990; Wallcer et al., 1992; Chemy et al., 1994; Seamark, 1994; Wheeler, 1994). Of 

extreme importance to the stem celi approach for creating transgenic anirnals is the ability 

to culture a population of pluripotent cells fiom one embryo and to reintroduce them into 

another embryo. 

Culture ofplUnpotent embryonic cells was first accomplished in the mouse (Stevens, 

1970; Evans and Kaufman, 198 1; Martin, 198 1; Matsui et al., 1992; Resnick et al., 1992) as 

described more M y  in the next section. Analogous methods have since been appiied to 

several other species including cattle (Talbot et al., 1995; Garry et ai. 1996; S tice et al., 1996; 

Strelchenko, 1996), pig (Piedrahita et al., 1990; Anderson et al., 1994; Onishi et al., 1994; 

Wheeler, 1994) and sheep (Handyside et ai., 1987; Tsuchiya et ai., 1994; Campbell et al., 

1 W6), with varying degrees of success. A major advantage of pluripotent cells is that gene 

insertion can be precisely targeted by homologous recombination via viral vectors, 

lipofection, or electroporatioa Two disadvantages of pluripotent ceii Lines, however, are that 
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they have been found to accumulate mutations and that the XX h e s  are unstable (Chemy 

et al., 1 994). Once cultured ceUs have been geneticdy dtered they must be introduced into 

a host embryo, either Dy m a h g  chimeras or by nuclear transfer (Seamadc, 1994). 

Transgenic techniques for livestock are not without their problems: ail involve embryonic 

microsurgery and culture. Seamark (1994) reports that small changes in the embryonic 

environment may affect the organism's development and subsequently the adult organism. 

Developmentai aberrations noted after early embryo culture incIude reduced viabiiity, 

ïncreased birth weight, size, and sigaiscmtïy more stillbirths (Garry et al., 199 1; Walker et 

al., 1992). Early techaical difnculties included 1ow rates of incorporation of the transgene 

and embryo suMval (pronuclear injection and nuclear transfer respectively), the low 

percentage of germline chimeras (from cultures of stem cells), Limits in DNA capacity and 

disease concems when viral vectors are used (Seamark, 1994). The longer gestation times 

and relative scarcity of embryos in domestic species adds greatiy to the cost of such projects 

(Leichthammer et al, 1990; Waker et al, 19%; Seamark, 1994; Mullins and Mullins, 1996). 

Yet, the advantages of bringing even one g e d u i e  chimera successfully into a breeding 

scheme are a powerful incentive to overcome these diff?cdties. 

Stem Ce11 Systems of the Mouse 

A totipotent stem ce11 is most simply defined as a cell which has both proMerative 

properties and an ability to differentiate into al1 cells of an organism (Momson et al., 1997). 

Cleavage stage blastomeres and the K M  ceils of the mammalian embryo are totipotent 

(Kelly, 1977). Single blastomeres fiom embryos up to the 8 t e U  stage will form a complete 

embryo (Kelly, 1977), and K M  cells w u  contribute to a l i  tissues of an organism to form 
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chimeric modae and blastocysts when combined with other cells (Gardner and Rossant, 

1979; Rossant and Vijh, 1980)- These experiments suggest that the phenotype of an embryo 

and the genetics of its offspring could be changed through incorporation of a small 

population of transgenic, totipotent stem cells. The ability to culture totipotent cells was a 

major step in this direction. The first cultured totipotent ceils successfully used in chimera 

formation were embryonal carcinoma celis (Stevens, 1970; Stem et al., 1978; Bradley et al., 

1984; Hanoka et al., 1991)- EC cell iines were developed fkom stem ceUs found in the 

turnour mass of teratocarcinornas. In culture, EC cells were seen to mimic the early 

dinerentiation of embryos in vivo, forming structures called embryoid bodies, which 

eventualIy contahed representatives of the three germ layers (Stem et al., 1978; Bradley et 

al., 1984; Hanoka et al., 199 1, Doetschman et al., 1985)- The final proof of a totipotent stem 

ce11 is the production of offspring fiom one ofthe cuitured cells. Some low passage EC cell 

lines, after reintroduction into blastocysts, have contributed to ail tissue types of the offspring 

(Hanoka et al., 199 1; Bradley et al., 1984). Unfortunately, however, being derived from 

malignant tumours (Stem et al., 1978; Hanoka et al., 1991), these cells cause a hi& 

fiequency of tumour formation both pre- and post-natally Pradley et al., 1984). This, 

together with the Low rate of germline chimera formation, Led researchers to search for other 

sources of pluripotent stem cells. 

Embryonic Stem (ES) celis are now the most commonly used ceils in mouse 

transgenics and have become avaluable resource for studies of mouse development. Mouse 

ES ceii lines are derived from the culture of ICM cells fiom approximately 3.5 days post 

coitum (dpc) (Evans and Kaufinan, 1981; Martin, 1981; Kniil et al., 1998; Longo et al., 

1997; Morrison et al., 1997). ES cells produce germhe chimeras at a much higher 
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fkequency than do EC cell hes ,  and also circumvent the tumom problem (Bradley et al., 

1984). The culture ofstem cens provides researchers suflicient ceUs and t h e  to specEcaUy 

target genes through homologous recombination and has resuited in an increasingly large 

number of mice with specific gene dimptiom (%.nock-out" mice). The use of ES ceUs is 

not without problems: the integration into the germline may be higher than that of EC celis 

but it is stÏll Iower than would be ideal for an industrial procedure, especidy if it is to be 

applied to species with a small litter size (Seamark, 1994). Continuai passage of the cells 

leads to genetic changes resuiting in diminished pluripotency and germ celi chimensm of the 

gonad. Therefore one must continuaiiy derive ES celi lines fiom a primary source. Further, 

there are only two strains of mouse fiom which researchers have k e n  able to derive ES 

cultures, suggesting a special genetic requirement for culture of ICM celis. 

Mouse ES cell cultures require the cytokine, leukemia inhibithg factor (LIF). LIF 

previously had been associated with maintainhg hemopoietic progenitor celis in an 

unmerentiated state (Gendall et al., 1997), although it induces differentiation of other ce11 

types (Boeuf et al., 1997; Gendall et al., 1997). Many of its chernical properties, tissue 

expression patterns, and effects are known ( Gearing, 1993; Nichols et al., 1996; Chambers 

et al., 1997). In the mouse, blastocysts do not implant in mothers which have no LIF 

expression (Gendd et al., 1997). The LIF signal is tnmsduced by gp130 in ES celis and 

leads to elevated CAMP (Gendall et al., 1997; Starr et al, 1997). LIF commonly is supplied 

through feeder cells or in the medium. Recently, however, an ES celi iine has been 

developed through transfection that produces its own supply of the cytokine (Gendall et al., 

1997)- 



The last naturdly occurring population of cells thought likely to be totipotent in 

rnammals are the PGCs. Mouse embryonic germ (EG) ceIis were developed by the culture 

of PGCs from explants of 8.5 dpc dorsal mesentery and fetal gonads at 12.5 dpc. Culture 

conditions are sirnilar to those for ES ceils . The few modifications are discussed below- 

EG cells colonize the gerrnline after insertion into blastocysts at a rate comparable to that 

achieved with mouse ES cells, but surprisingly with no signincant improvement (Matsui et 

al., 1992; Resnick et al., 1992; Kitmura et al., 1993; Labosky et al., 1994; Stewart et al., 

1994; Capel et al., 1996; Mclaren and Southee, 1997; Tada et al., 1997). 

Two spontaneous mouse mutations led to the identification of a ligand and receptor 

critical to germ ce11 colonization of the genital ridges. It was found that this same system is 

critical for maintaining germ cells in an undifferentiated state during the initial stages of 

culture (Resnick et ai., 1992; Matsui et al., 1992; Kitmura et al., 1993 ). The mutations are 

dominant white spotting and steel (st). Homozygotes for both mutations have normal 

PGC numbers at 8.5 dpc, but less than 2% of the normal PGC population by 12.5 dpc 

(Loveland and Schlatt, 1997). The mutants have no detectable PGCs fiom day 14 on and are 

sterile as adults. Other symptoms include anemia and white patches of hair. W was found 

to encode a ligand (stem cell factor (SCF), c-kit Ligand or mast ceil factor (MCF)) and st, the 

SCF receptor (or c-kit) ( Smith and Hooper, 1987; Manova andBachvarova, 1991 ; Kitamma 

et al., 1993; Lammie et al., 1994; Loveland and Schlatt, 1997; Pesce et al., 1997). PGCs 

express the c-kit receptor (Pesce et al., 1997), and the ligand is detected as early as 7 dpc in 

the surrounding tissue (Loveland and Schlatt, 1997). SCF is found in two forms due to 

variant post-transcriptional mRNA splicing &oveland and Schlatt, 1997; Pesce et al., 1997). 

Both are initially membraae-bound, but one fonn bas an area susceptible to proteases which, 
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when cleaved, releases a soluble Iigand. The membrane-bound and the soluble molecules 

may have different roles, but both are active and involved in the adhesion of PGCs to the 

surromding ceUs in viîro and in vivo (Pesce et al., 1997). Even though the feeder ceils used 

for EG culture have membrane-bound SCF, augmentation ofthe medium with soluble SCF 

significantly increases the Mespan of PGCs in culture ( Matsui et al., 1992; Loveland and 

Schlatt, 1997), but does not appear to affect ceIi proliferation (Greenwood et al., 1996). 

Injection of an antibody that specificdy intemipts c-kit/SCF binding r e d t s  in increased 

apoptosis of spermatogonia and spermatocytes (Loveland and Schlatt, 1997). 

Basic fibroblast growth factor (bFGF) is usefûl in establishing EG cultures. The 

growth factor famiy contains 14 members and has 4 known receptoa (Funalcoshi et al., 

1993; Crossley and Martin, 1995; Lamb et ai., 1996; C b a  et al., 1997; Wilder et al., 1997). 

This group of genes is believed to be responsible for many developmental features associated 

with patterning (Wilder et al., 1997). The mechanism of the bFGF effect on PGCs is 

unlmown. As with ES cell culture, L E  is used to increase proliferation and to maintain EG 

cells in an undifferentiated state (Matsui et al., 1992; Boeufet ai. 1997; Gendaii et al., 1997). 

Stem Cells of Livestock 

Thcre have been many attempts to tcaasfer mouse stem ce11 technology to iivestock 

mammals. Researchers have had success in generating ES-like celi lines in other species, 

including rat (Iannaccone et ai., 1994; Brenin et ai., 1997), rabbit (Graves and Moreadith, 

1993; Schoojans et al., 1996; Viebahn et al., 1998), chicken (Etches et al., 1996), cow 

(Talbot et al., 1995; Gamy et al.1996; Stice et al., 1996; Strelchenko, 1996), pig (Piedrahita 

et al., 1990; Anderson et al., 1994; Onishi et al., 1994; Wheeler, 1994) and sheep (Handyside 
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et al., 1 987; Tsuchiya et al., 1994; Campbell et al., 1996). One difficulty is the identification 

of stem ceUs in cdture- Cherny et ai. (1994) put forth a list of five cnteria which they felt 

must be met by prospective ES and EG cell Iines: dehed morphology in culture, specific 

characteristics in culture, presence of specinc markers, broad Werentiation capacity in vitro, 

and formation of embryonic chimeras. Of the five, the finai cnterion is the most difEicult and 

expensive to meet. If a cnterion of germline chimera generation were included, then, to my 

knowledge, no research with domestic mammals has yet duplicated the stem celi system of 

mouse. The problem of transfer of mouse technology is confomded by the question of 

whether cultured PGC morphology, media requirements and marker expression in different 

species will be the same (Piedrahita et al,, 1990; Talbot et ai 1995). However, PGCs, in 

culture, fiom alI species do share some morphological similarities (Talbot et al., 1995), such 

as  a high nucleus to cytoplasmic ratio- 

Bovine studies have focused primarily on developing ES-like Iines fiom dissociated 

epiblasts (Talbot et ai., 1995; Garry et al., 1996; Stice et al., 1996), although Strelchenko 

(1 996) has denved cultures fiam bovine PGCs. Bovine epiblast ceiis appear to be extremely 

sensitive to physical dissociation or -sin dissociation (Taibot et al., 1995; Strelchenko, 

1 996). Concerm were raised as to how effective mouse fibroblast ceiis were as feeders for 

the bovine epiblast Iayer. Molecules (most notably LW) released by the mouse feeder layer, 

may not be recognized by bovine ceUs (Talbot et ai., 1995), but no bovine cells were able to 

maintain bovine ES-Iike ceIIs in culture. Aikaline phosphatase (AP) is a reliable marker of 

mouse ES cells in culture. AP activity in bovine cultures of ES-like ceiis was very Iow 

(Talbot et ai., 1995) suggesting either that AP is not a reliable marker of bovine ES ceiis, or 

that the epiblast ceiis were differentiating in culture. 
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Development of porcine stem ceii technology has the additionai importance that the 

pig is Mmunologicaily and physiologically very similar to humans and denvation of stem 

cells may facilitate research hto human diseases and create new opportunities for 

xenotransplantation (Seamark 1994; Wheeler, 1994). Isolation of ICM celis fiom pigs to 

derive ES lines has a few special technicai difficulties such as penetration of an extremely 

tough trophectoderm (Onishi et al., 1994). Cultured lines consistently have had some, but 

not ali characteristics of murine ES cens (Piedrahitta et al., 1990). Despite these problems 

chuneric pigs have been produced; however, as yet none have been proven to be germline 

chimeras (Anderson et al., 1994; Onishi et al., 1994; Wheeier et al., 1 994). There has been 

better success with PGC-derived cell lines in pigs. Shim et al. (1997) were able to keep an 

EG cell line for 29 passages and Piedrahita et. al. (1998) has demonstrated plurïpotency of 

porcine EG cells in culture and has produced chimeric fetuses. The testes of two fetuses 

were shown to be chimeric, but it could not be determined whether this was germ celi or 

somatic ceIl chimerism. 

Utilizhg traditional methods for isolation and culture of mouse ES cells yielded poor 

results in sheep (Handyside et al., 1987; Piedrahita et al., 1990). However, immunosurgery 

and the addition of insulin appeared to increase the number of ES-like cells cultured and the 

number of passages that could be accomplished (Tsuchiya et al., 1994). Nuclear transfer 

from ES-like cells that were established fiom the embryonic disc of a day 9 embryo and were 

maintained for 25 passages resulted in Live offspring (Campbell et al., 1996). The ability to 

produce a germline chimera was not explored. A problem in the transfer of mouse EG cell 

technology is that little is known of the biology of PGCs in domestic mammals. It is, 

therefore, dinicuit to accmtely measure changes due to culture. 
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Nuclear T r a d e r  in Livestock 

Recent highly publicized studies have vauited nuclear transfer (NT) to the forefiont 

of transgenesis ( W ï ï u t  et al., 1997; Heyman et al., 1998; Robl, 1999). The advantages of 

NT are centred around the fact that EIT embryos derive 100% of their nuclear genetic 

information nom the donor nucleus, thus eliminating the costly procedures, both financial 

and in time wasted, of taking non-germline chimeras to tem. NT has, in addition, been 

successful in two important livestock animals, sheep (Wihut et al., 1997) and cattle (Lavoir 

et al., 1997; Kato et al., 1998; Weils et al, 1999). With the advances in ceii fusion and 

activiation through electricai and/or c h e d  means (Heyman et al., 1998; Robl, 1999), there 

has been increased survival of ernbryos (Kato et al., 1998). 

Nuclear transfer consists of three main steps; enucleation of the recipient oocyte, 

fusion of a nucleated ceiI with the enucleated oocyte, and activation of the fusion product 

(Robl, 1999). Of primary concem is the synchronization of the donor nucleus to the 

recipient enucleated oocyte which is in the metaphase II stage of meiosis (Wells et al., 1999). 

This has been accomplished by serum starvation ofceus in culture ( W î u t  et al., 1997; Kato 

et al., 1998; Wells et al., 1999). Proper activation and timing is accomplished via an in vitro 

combination of electrical and chernical treatments (Wilmut et al., 1997). New techniques 

have centered around the "reprogramrning"of the donor nucleus prîor to its introduction into 

the recipient cell (Weils et al., 1999). This is done by ttaasferring the nucleus temporarily 

into a metaphase-arrested oocyte so that factors present in the cytoplasm may prepare the 

nucleus for the recipient cell. 

Germ cells, including PGCs have had a role in these str~dies. Heyman et al. (1998) 

report that three different laboratories have been studying the potential of germ ceU nuclei 
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for use in NT. The studies have shown the germ ceil nudei can support embryonic 

development to the blastocyst stage of development, and, very recently the birth of acaif has 

been reported (Zakhartchenko, 1999)- There is dso evidence that nuclei h m  cultured cells 

can be used in NT dlowing the advantages ofgene targetïng and homologous recornbination 

to be incorporated into the procedure (Heyman et al., 1998). 

The very recent development of NT as a viable means of transgenesis has raised 

severd doubts as to the necessity of stem celi systems. The stem ceil systems of the mouse 

have proven themselves invaluable to transgenesis, but the Limited success of these 

techniques in animals other than the mouse, the high cost ofraising non-transgenic auimds 

to term, and the evidence that NT is bctional in larger mammals, may cause the early 

extinction of stem cell technology. However, if stem ceils h e s  are developed for domestic 

animals and eff~ciency of targetïng gonads improves, then stem ce11 technology may become 

the less invasive and less costly method to produce transgenic offiring. 

Primordial Germ Ceils 

It was demonstrated quite early by surgical transplantation that PGCs arise 

extragonadally in mice (Everett, 1943; Eddy, 1984). The earliest that PGCs are detected as 

a separate population is 7 dpc @ahne1 and Eddy, 1986; Yoshinaga et al., 199 1). At this tirne 

they are in the extraembryonic mesoderm at the base of the aliantois or associated with 

prospective huidgut endodemi and, in mice, they are distinguished by high AP activity (Eddy 

et al., 1981; Stinnakre et al., 1981; Eddy, 1984; Yoshinaga et al., 1991; Ginsburg et al., 

1990). Recent evidence suggests that this PGC population is derived fiom primary ectoderm 

during early gastnilation (Snow, 198 1; Yoshinaga et al., 1991). 
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PGC Migration 

Extragonadal development of PGCs implies that the ceils must migrate into the 

gonadal region. Migration is not unique to the PGCs. There is, for example, extensive 

migration of neural crest celis to form various parts of the peripheral nervous system as well 

as non-nervous structures such as facial cartilage and pigment cells of the s k i .  (Van Doren 

and Lehmann, 1997). Ffiench-Constant (199 1) distinguishes four components of embryonic 

ce11 migration: the timing of the start, development of motile mechanisms, guidance of the 

cells to the target and termination of movement in the desired area. In the mouse, PGCs have 

been followed through their migration, and there have been several studies of the cellular and 

extracellular control of this migration. There are three proposed mechanisms for control of 

the migratory phase (Godin et al., 1990; Godin and Wylie, 1991). Chemokinesis which 

increases the rate of motïiity of cells, haptomk which is an increase of the adhesion of the 

leading lamella to the substrats, and chernotaxis which directs migration by acting in a dose- 

dependent manner on the cellular mechanisms associated with arnoeboid motion . 

In mammals the base of the allantois is the beguming of the known migratory 

pathway for PGCs. Cultures of 7.5 dpc mouse embryos had no PGCs when the area 

contaùung the base of the allantois and the caudal end of the primitive streak was removed 

(Snow, 1981; Eddy, 1984). Removal of endoderm nom 6.5 dpc mouse embryos did not 

prevent the formation of PGCs (Hahnel and Eddy, 1985). The base of the allantois is also 

the area in which PGCs are first detected by alkaline phosphatase activity and the antibodies 

EMA-1 and SSEA-1, although another site of early detection is in association with endoderm 

(Heath, 1978a; Eddy et al., 198 1; Buehr and McLaren, 1993; Downs and Hamann, 1997). 

Mouse PGCs number between ten and one hundred when in this area. By the end of 
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gastnilation, PGCs are associated with prospective hindgut endoderm and are swept inward 

with the invagination of the hindgut. This nrst phase of migration is called the passive 

phase as the cells are not generating any characteristics of motion (Heath, 1978a; Ffkench- 

Constant 199 1). Cells cultured fiom this early phase display no abiliity to migrate on feeder 

ceils for 24 hours in culture, at which time still only halfof the PGCs displayed any motiiity 

(Godin et al., 1990; Fhnch-Constant et al., 1991). 

It has been demonstcated that PGCs show a high afnnity for fibronectin when 

associated with the hindgut, and that this affinity decreases as embryogenesis proceeds 

(Fujimoto et al., 1985; Ffiench-Constant et al., 199 1). Fibronectin is found in other areas 

where dramatic morphogenic movements occur during development such as during 

gastrulation and eye development in the chick, and during early mouse embryogenesis 

(Fujimoto et al., 1985). It is thus believed that fibronectin receptors on PGCs have a role 

in the transfer of the cells fiom the passive to the active migratory phases. Three possible 

roles for fibronectin receptors have been put forth: to bind PGCs to surrounding somatic cells 

during gastrulation, to directly stimulate migration dong a given path, or to allow active 

migration to occur by a loss of affinity for fibronectin. Fibronectin mRNA has been 

localized at the area of physical contact between mesenteric cells and the migrating PGCs 

and, more precisely, to the d a c e  of the leading pseudopodia of the PGCs. Fibronectin 

levels increase just before the migration occurs and drop at 1 1.5 dpc coincicihg with the end 

of the PGC migratory phase (Fujimoto et al., 1985). Ffiench-Constant et al. (1 99 l), 

however, found that fibronectin has no affect on the rate of movement of the PGCs in 

culture, but that an optimal concentration of fibronectin promoted cell proliferation. 



At 9.5 dpc in mice, the PGCs begin to develop the ultrastructure associated with 

locomotion. They then enter into the active phase of migration which takes them through 

the dorsal mesentery to the genital ridges (Chiquoine, 1954; Heath, 1 W8a; Ffiench-Constant 

et al., 1991). Characteristics of Locomotion include: organeiles clustered to one side of the 

nucleus, development of pseudopodia (Eddy et al., 198 l), lameliîpodia, fïlopodia (Donovan 

et al., 1986; Fhnch-Constant et al., 1991; Van Doren and Lehmann, 1997), urïods and 

retraction fibres (Donovan et al., 1986). The migratory movement of individual PGCs of 

Xenopus has been descnid  as cyclical fiom the extension of a filopodium, through the 

cytoplasmic stceaming movement of the yoiky cytoplasm into the fïlopodium and finally to 

a retraction of the traihg portion of the celi (Wylie et al., 1979). The filopodium has 

associated submembranous micronlaments and migration resembles amoeboid motion 

(Heath, 1978a). In culture, mouse PGCs migrate fiom the explant beyond the spreading of 

the somatic cells (Ffiench-Constant et al., 1991). The PGC population numbers 

approximately 350 cells as it leaves the hindgut to travel through the dorsal mesentery, 

around the dorsal aspect of the coelomic cavity and into the genital ridges which are forming 

dong the medial aspect of the mesonephros Weath, 1978a; Stinnalcle et al., 198 1; Fazel et 

al., 1990; Ginsburg et al., 1990; Godin and Wyiie, 1991; Cooke et al., 1993; MacGregor et 

al., 1 995; Haifter et al., 1996; Anstrorn and Tucker, 1996). B y 12.5 dpc in mice the majority 

of PGCs are found in the genital ndge and number twenty to twenty-five thousand cells. 

The guidance mechanisms of the PGCs to the genitai ridges are unknown, but several 

studies have addressed this issue (Stinnakre et al., 198 1; Fazei et al., 1990; Godin and Wylie, 

199 1 ; Cooke et al., 1993; MacGregor et al., 1995; Hallter et al., 1996; Anstrom and Tucker, 

1996; Van Doren and Lehmann, 1997). Shce there is more than one phase to the migratory 
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penod of the PGCs, one wodd expect the controIs of migration to be multiple and complex 

(Fazel et al., 1990). Only a s m d  number of molecules that are known to characterize PGCs 

recognize PGCs during the migratory phase and thus may be associated with a motility or 

guidance mechanism (Stinnakre et al., 198 1; Fazel et al., 1990; MacGregor et al., 1995). A 

primary marker of mouse PGCs is AP, in particdix the tissue-non-specific WAP) isoyme. 

Yet PGCs appear to arrive nomaily in the genital ridges in mice with nuü mutations of the 

TNAP isozyme. This suggests that TNAP has no part in the migration of mouse PGCs, or 

is part of a redundant system (MacGregor et al., 1995). The Forssman's antigen is a 

glycolipid not found on PGCs before or after migration (Stinnakre et al., 198 1). Fazel et ai. 

(1 990) have suggested that it may augment hormone binding and celi-to-substrate adhesion, 

on the assumption that migration enta& in part, an interaction between an interstitiai 

element and a cell surface complex carbohydrate. ûther sinface glycoconjugates have been 

observed to be present oniy during this migratory phase and, similarly, may have a role in 

chernotropic recognition during migration. 

hterspecies grafting of the genital ridge bas proved the existence of a common 

difisible attnictant(s) (Kuwana et ai., 1986). These investigators grafted mouse PGCs into 

chi& embryos (coelomic cavity) and showed invasion of the chick gonad by mouse PGCs, 

thus suggestùig that the chick genital ridge releases an attractant recognized by the 

rnammaiian PGC. It was also observed that a ciiffusible molecule(s) fkom mouse genital 

ridges promotes proliferation and increases survivai in cdhue (Godin et al., 1990; Goclinand 

Wylie, 1991;Cooke et al., 1993). One factor that has k e n  found to have such a role in 

culture is transfomiing growth factor beta one (TGFB,) (Godin et al., 1990; Godin and Wylie, 

1 99 1). TGFR, directs cellular migration via a concentration gradient in culture but, at higher 
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concentrations, also inhibits proliferation. This factor is known to inctease fibronectin and 

fibronectin receptor mRNA levels in some cells which, as already discussed, may assist in 

ceil adhesion during migration. However, since there is less TGFD, in a 10.5 dpc mouse 

genital ridge than in the surrounding tissue, there may be a TGF13,-Like molecule or other 

factors involved. 

Changes drning migration are not limited to the PGCs. In some species sunoundhg 

somatic tissue has also been found to be dtered as migration occurs (Wyüe et al., 1979; 

HaLiter et al., 1996; Anstrorn and Tucker, 1996; Van Doren and Lehmann, 1997). The 

coelomic cells of Xenopus hevis exhibit a dramatic shape change in the path of migrating 

PGCs (Wylie et al., 1979). The coelomic cells have increased numbea of actin filament 

bundles and adopt a polar shape onentated dong the direction of the PGC pathway. These 

changes are only detected when a PGC is in close proximity. The coelomic cells revert to 

their original morphology d e r  the PGC has passed. 

In chicken a factor found to be involved in the migration of PGCs is Tenascin-C 

(Anstrorn and Tucker, 1996). Avian PGC migration diEers from the process in mammals 

as the PGCs initiate migration fiom the cranid extraembryonic mesoderm, enter the vascular 

system and are conveyed passively to the gemiinal ridge where they leave the vascular 

system and migrate into the gonad (Petitte et al., 1997). Tenascin-C is a large glycoprotein 

found in the extraceliular matrix and is ofien hvolved in epithelial-mesenchymal 

interactions. It is also believed to have a role in neural crest cell migration as it lines the 

route taken by this population of cefls. When in vitro substrates are coated with Tenascin-C, 

neural crest cells migrate across them. Immunohistochemistry reveals that the extravascular 

PGC pathway in chicken also is lined by Tenascin-C. Tenascin-C is believed to allow 
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migrating ceiis to detach from the sutroundhg substrats by interfiering with fibronectin 

bonds. In chicken, there is also a celi surface antigen, recognized by the monoclonal 

antibody HNK-1, present on bot. migrahg neural crest ceUs and PGCs (Anstrom and 

Tucker, 1996). It is possible that this molecde is part of a ce11 d a c e  component utilized 

by PGCs during migration. 

Studies in the rat and chick have revealed a common surface protein on migratory 

PGCs (Haifter et ai., 1996). This ovimucin-like protein (OLP) has an expression pattern 

similar to that of SSEA-1, but molecules which block the SSEA-1 antigen do not compete 

with antibody binding to OLP. Mucins are a subclass of proteins that are involved in tissue 

lubrication as weil as reguiating ceWsubstratum binding. The latter feature may be an 

important factor in PGC migration. Like Tenascin-C, ovimucin (in the presence of sialic 

acid) counteracts the adhesive action of fibronectin. Adjusting the ratio of these three 

elements may be a means of regulating the migration of PGCs. 

Genetic studies designed to identify migratory factors are not practical in mammais 

as they require study of numerous mutated animals in search of one factor which affects PGC 

migration. In Drosophila however, a mutant was isolated in which expression of a critical 

gene in the somatic tissue is missing, redting in sterility (Van Doren and Lehmann, 1997; 

Zhang et al., 1997). The mutant is caüed Wunen ( w n ) ,  and the af3ected gene is believed to 

guide the PGCs by a system of repulsion. Expression of wun is found in dl areas of the 

hindgut of Drosophila except where the PGCs eventually colonize. It is hypothesized that 

ceiis expressing wun release a diffusible or ceil surface factor which either destabilizes 

pseudopodia (Van Doren and Lehmann, 1997), or interferes with surface receptors of PGCs, 

preventing attachment in areas outside the migratory pathway (Zhang et al., 1997). This 

19 



molecule may compte with, or completely ovemde, other positive migratory factors <Van 

Doren and Lehmann, 1997). There are homologous genes identified in chicken and rnouse 

that fiuiction in neuronal development. Yet wun in these species is thought to be different, 

since in Drospophila, wun mutants develop a nomial neriral system. Other homologues for 

wun may be isoiated in the near fiiture fiom mice, and their roles tested in a mammalian 

system, 

PGC Markers 1 - Morphological 

The PGCs of mammais were first distinguished morphologicaliy by light microscopy 

(Everett, 1943; Chiquoine, 1954; Heath, 1978a) and Iater with the electron microscope 

(Eddy, 1984). In general mouse PGCs contrast with the somatic cells around them by their 

large, round appearance with large nuclei and distinct nucleoli (Everett, 1943 ; Chiquoine 

1 954; Heath, 1 W8a; Eddy, 1984; ULlman et al., 1997). There are few organelles with the 

exception of fiee ribosomes and perinuclear mitochondria organized in rods or chains. 

Further observations of PGCs of different stages of development, £iom gastruiation to 

gonadogenesis, revealed morphologicd changes of these celis as they develop. PGCs have 

pseudopodia and fiiopodia (Wylie et al., 1979; Eddy, 1984) associated with cellular 

migration. There is also an increase in the number of cytoplasmic vesicles as the gonad 

matures. In particular there is an increase in the amount of endoplasmic reticulum and a 

more developed golgi apparatus (Heath, 1978a). In addition in fernales, cells observed just 

prior to birth were found in clumps linked together with cytoplasmic bridges and connected 

to somatic celis via interdigîtating membranes, focal tight junctions a d o r  gap junctions. 

In suspension, the PGCs of mice are distinguished fiom somatic cells by the propensity of 
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the plasma membrane to bleb giving the celis a very rough appearance. All of the early work 

i d e n m g  PGCs was based on morphological featues which distinguished PGCs fkom 

surroundhg somatic cells (Everett, 1943; Chiquoine, 1954). A primary factor for visual 

identification of PGCs is the large size (approximately 13 microns) (Everett, 1943; 

Chiquoine, 1954; Heath, 1978a; Leichthammer et al., 1990). This criterion elirninates PGCs 

which have not been sectioned to reveal their greatest diameter, and is also complicated by 

the observed s w e b g  of somatic cells (Everett, 1943). Nuclear morphology and even the 

basophilie nature of the cytoplasm of migrating PGCs and their for toluidine blue 

(Chiquoine, 1954) due to the numerous fiee ribosomes (Heath, 1978a) di require subjective 

interpretation by the researcher. Couple this with the time allotted to the training of 

personnel and the long hours examining histological sections and it is obvious that a simple, 

more accurate method needed to be explored. 

The electron dense 'nuage' is considered a reliable marker for rat, gerbil and avian 

germ cells, but not for those of the mouse. It has been observed to appear sporadically 

durhg the development of the mouse (Heath, 1978a; Soderstrom, 198 1; Eddy, 1984). In rats 

it closely resembles the chromatid body of late spermatids and the two structures are 

observed to attach to one another during step 7-8 of spermatogenesis (Soderstrom, 198 1). 

The nuage is descnbed in mouse PGCs as a granulas or fibrous organelle which is found 

sporadically afnliated with mitochondna or nuclear membranes between 9 and 13 dpc 

(Heath, 1 978a; Eddy, 1 984; Merchant-Larios et al., 1 985). The developmental hc t ion  of 

the nuage is not known, although it has been proposed that, during spennatogenesis, it may 

be a reserve of long-lived RNA molecules to control the differentiation of spermatids after 

endogenous transcription has halted (Sijderstrijrn, 198 1). 
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PGC Markers II - Alkaiine Phosphatase Activity 

High AP activity is aiso a characteristic ofthe PGC eady in embryonic development 

in many species (Chiquoine, 1954; Mintz and Ilimensee, 1975; Heath, 1978a; Mintz, 1979; 

Eddy et al., 198 1; Hahnel et al., 1990; Lavoir et al., 1994; MacGregor et ai., 1995). Aikaiine 

phosphatases are a smaii family of enzymes which have as yet unknown h c t i o n  (MiU6n et 

ai., 1980; Millin et al., 1982; Hahnel et ai., 1990). The isoforrn expressed by the PGCs of 

mice is tissue-non-specifk allraline phosphatase (TNAP) (Hahnef et al., 1990). Using a 

transgenic mouse in which the enzyme D gaiactosidase (LacZ) replaced the coding portion 

of the TNAP gene, MacGregor et al. (1995) found the following embryonic tissues to be 

positive at some h e  during development: the paraxial rnesoderm, neuroectodenn, interstial 

epithelium, spinal cord, developing skeletal system, placenta and intestine, as well as the 

PGCs (Tarn et al., 1994). However, since none of the other ce11 types are in the immediate 

vicinity of the PGCs, AP remains a good identifier for mouse PGCs. AP activity would thus 

appear to be a good marker in the mouse. Unfortunately, in cattle there are reports of 

somatic cells in the dinerentiating gonad which are positive for AP activity, making it a less 

definitive marker of post migratory PGCs in this species (Lavoir et al., 1994). 

PGC Markers IiI - Antibodies 

A nurnber of antisera and monoclonal antibodies which react with a variety of ceii 

surface proteins and carbohydrates have been found to bind to mouse PGCs (Kohler and 

Milstein, 1 976; Heath, 1 W8a; Cooke et al., 1993). The f h t  of these was the anti-F9 senun, 

which resulted fiom inoculation of rabbits with mouse embryonal carcinoma (EC) cells. 

The F9 antiserum labels the blastorneres of cfeavage stage embryos and the K M  of 
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blastocysts (Jacob, 1977; Eddy et ai., 1981). No binduig of the antisenun was detected at 

10 dpc. LabeIling was detected at 13 dpc and was confhed to PGCs in the gonad. Germ 

cells continued to bind the antiserum throughout fetal development as did spermatogenic 

cells in the adult testis (Eddy et al., 1981; Eddy, 1984). 

A second antiserum reactive with mouse PGCs (PG-1) resulted fiom inoculation of 

rabbits with PGCs extracted from 13.5 dpc mouse fetwes. PG-1 labels PGCs fiom 10.5 to 

14.5 dpc when expression is lost in the female gonad (Heath, 1978b; Donovan et ai., 1986; 

Cooke et al., 1993), however male germ cells continue to be Iabelled through to 16.5 dpc. 

Cells of the adult male germlùie, including sperm, are positive, as are cultured EC cells. 

The diffIcuity with polyclonal antisera is that they contain a number of antibodies 

which may recognize numerous different molecules (Kohler and Milstein 1976; Eddy et al., 

198 1 ; Eddy, 1984). Monoclonal antibodies circumvent this problem since they are purified 

from secretions of cloned celis producing antibody to a single deteminant (for review see 

Kohler and Milstein, 1976). One of the fïrst monoclonal antibodies to be associated with 

PGCs was the mti-Forssman's antiiody, MU2225 (Stem et al., 1978; Stinnakre et ai., 198 1; 

Willison et al., 1982; Eddy et ai., 198 1; Eddy, 1984). It was derived from rats inoculated 

with mouse splenocytes (Stem et al., 1978). The antibody recognizes a non-reducing 

disaccharide GaINAc(a1-3)GaiNAc which is present on the ceiis of adult mouse bone 

marrow, spleen, brain, kidney and testes as well as EC cells. In embryos it labels ge&e 

cells nom 10.5 to 14.5 dpc (Willison et al. 1982; Donovan et al., 1986; Cooke et al., 1993). 

After day 15, M l/22.25 binds to other ceiis of the testis (Sertoli and Leydig or interstitial 

cells) destroying its usefulness as a specinc marker of PGCs. 



TG-1, a mouse monoclonal auti-myeloid ceIi antibody, was developed through the 

fusion of myeloma ceiis with spleen celis fiom mice immunized with the glycoprotein 

fraction of mouse thymocyte membranes (Beverley et al., 1980). Originally developed to 

identi& haematopoietic progenitor cells, it was observed to label mouse PGCs fiom 9.5 to 

15.5 dpc when the signal is Iost (Donovan et al., 1986; Cooke et al., 1993). 

Four monoclonal antibodies that bind to mouse PGCs resulted fkom inoculation of 

mice with mouse EC cells. Each bind to a specinc variation offucosylated polylactosarnine 

antigens. Embryonic monoclonal antibody (EMA) -1 and EMA -6 were developed through 

inoculation of mice with nulli SCCI EC celis @ahne1 and Eddy, 1986). Aithough these 

monoclonal antibodies are not completely specific for PGCs in 8.5-14.5 dpc mouse embryos, 

the few somatic tissues with which they react are spatially distant fiom the PGCs (Hahue1 

and Eddy, 1986). EMA-1 also binds to fiee surfaces of embryonic ectoderm and epithelial 

cells of hindgut, otic vesicle, branchial arches and mesonephric ducts as weli as cleavage 

stage embryos and blastocysts @ahne1 and Eddy, 1986). EMA-6 also recognizes embryonic 

ectoderm, the Luminal s d a c e  of hindgut endodermal celis, and preimplantation embryos. 

EMA-1 reacts with PGCs nom 8.5 dpc through 13.5 dpc of male murine development. 

EMA-6 reacts with early PGCs (8.5 dpc), but the signal is lost at 10.5 dpc. EMA-1 has been 

successfulIy used to identify chick ES ceiis (Etches et al., 1996; Pain et al., 1996). 

A monoclonal antibody against stage-specific e m b o c  e n -  (SSEA-1) resulted 

fiom i m m a t i o n  of mice with mouse F9 EC cells (Soiter and Knowles, 1978). The 

expression pattern of SSEA-1 in the embryonic mouse is very similar to that of EMA-1 

(Donovan et al., 1986; Cooke et al., 1993), except that reaction with PGCs is f h t  detected 

at 9.5 dpc and persists longer (14.5 dpc) in the male embryo. It has been proposed that 
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SSEA- 1 increases the stability of cell-to-ceil adhesion in 8- to 16-ceil mouse embryos (Wood 

et al., 1992). SSEA-1 is widely used as a marker for undifferentiated mouse ES and EC ceus 

in culture and has been used to identify such ceiis in pig (Wianny et al., 1997) and chicken 

(Etches et ai., 1996; Pain et al., 1996). 

SSEA-3 is another antigen that has been used to make a monoclonal antibody that 

recognizes a fucose-containing ceil surface glycoprotein on mouse PGCs (Shevinsky et al., 

1982). The SSEA-3 monoclonal antÏ'body is synthesized by a myebma fiom a rat that was 

inoculated with mouse embryos at the 4- to 8-ceii stage. In adult mice the antibody detects 

oocytes, Uflfertilized eggs, and kidney tubules (Shevinsky et ai., 1982). In embryonic mice 

it reacts briefly with PGCs fiom 12.5 to 13.5 dpc (Donovan et al., 1986; Cooke et al., 1993). 

Monoclonal antibody 4C9 aiso resulted fiom mice inocdated with F9 EC cells 

(Yoshinaga et ai., 199 1). Of interest is that the SSEA-1 antigen (Le3 has been found to be 

on the same molecule as the 4C9 antigen (embryoglycan) and the expression pattern of 4C9 

overlaps with SSEA-1 and EMA-1. However, in contrast to EMA-1,4C9 reacts with the 

ICM (Hahnel and Eddy, 1987; Yoshinaga et al., 199 1). In peri- and postimplantation mouse 

embryos 4C9 was observed to react with only the microvilli on the surface of visceral 

endoderm ceiis, while SSEA-1 reacts with the entire cell surface of these ceils. The antigen 

4C9 is expressed on mouse PGCs nom 7.5 to 13 -5 dpc. There is a ciifference in the staining 

of the cytoplasmic grandes, and a ciifference in the timing of the disappearance of 4C9 

antigen between male and female embryos. 4C9 is one of the newest antibodies available 

for staining PGCs and may prove to be one of the most informative markers. 



PGC Markers IV - Transcription Factors 

Other molecules that may be indicative of PGC determination or differentiation are 

the transcription factors. Two such factors were identified by in situ hybridization and by 

polymerase chah reaction as king unique to PGCs at certain penods of development These 

are OCT-4 and the moue vasa-like homologue. 

OCT-4 is part of the POU family of transcription factors which includes the Pif genes 

in mice and the zinc gene in nematodes (reviewed by Scholer et al., 1989a; Scholer et al., 

1990). The Oct family owes its name to the octamer of DNA to which the protein binds. 

ATGCAAAT is the OCT-4 octamer, other family members bind to variations of this 

sequence. The OCT octamer is present in enhancer and promoter regions of diverse genes, 

suggesting that this family has the ability for wide-scale modifications of gene expression. 

The OCT f d y  has wide variation in tissue- and stage-specificity of expression in 

mice. OCT-1 is found in every tissue and stage throughout gestation to adult Me (Scholer 

et al., 1989a; Scholer et ai., 1989b; Pahnien et al., 1994). OCT-4 is expressed by blastomeres 

and the ICM of prehplantation embryos, by epiblast prior to gastnilation, and by ectoderm 

and PGCs after gastrulation (Scholer et al., 1989; Scholer et al., 1990; Scholer et al., 1991; 

Yeom et al., 1991; Paknieri et al.,1994; Yeom et al., 1996). It is expressed by mature 

oocytes in adult tissue, and by EC, ES and EG cells. Also of interest is the expression of 

OCT-5, which is transcribed fiom the same gene as 0CT4 but is differentially spliced and 

is not PGC-specifïc (Scholer et al., 1989a). The Oct-6 transcription factor appears to be 

found only in cultured stem cells, as there is no tissue, fetal or ad&, in which expression has 

been detected as yet (Wang and Shultz, 1996). Similar to OCT-5,OCT-6 is a splice variant 

of OCT-4 (Scholer et al., 1989b). 
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In the mouse, the mature oocyte contains mRNA for OCT-4. The ernbryonic 

expression of OCT4 commences at the 4-celi stage. This makes OCT-4 the earliest known 

transcription factor transcribed firom the embryonic genome, and has led some to suggest that 

the OCT4 gene is a 'master gene' which regulates or controls other developmental genes 

(Scholer et al., 1 99 1). The expression pattern of OCT-4 during murine development is weil 

documented. Using a transgenic mouse with Bgaiactosidase replacing the coding portion 

of the 0CT4 gene, and with the oocyte level of f3-galactosidase as a reference, SchhaIer et 

aL(1989a) found that the mRNA levels of 0CT4 sharply dropped after fertüization, 

presumably due to the depletion of matemal RNA supply. Its level begins to increase at the 

4-ce11 stage, continues to increase at the 8-cell stage, and sucpasses oocyte levels at the 16- 

ce11 stage. At the hatched blastocyst stage the cells which have dserentiated into 

trophoblast cells have lost expression of the OCT-4 gene while its tmnscnption in the ICM 

increases. After implantation only the embryonic ectoderm and, transiently, the 

neuroectoderm are positive. When cells fiom these layers are ectopicaiiy implanted into 

nude mice they differentiate into several different celi types indicating that a degree of 

pIuripotency still rernains. OCT-4 transcription is undetectable in aU cells of 8-day mouse 

embryos except the PGCs. OCT-4 expression is an accurate method of identifjing the PGC 

population by 7 dpc, but is no more revealing than traditional alkaline phosphatase 

expression in mice, as neither method gives any indication of a separate population of PGCs 

prior to this stage of development. In addition, OCT4 is expressed in ES and EG ce11 

cultures but not &er merentiation is induced (tenarod et al., 1989; Scholer et al, 1989a; 

Scholeret al. 1989b; Kraft et al., 1996; Wang and Shultz, 19%). This leads to the belief that 

OCT-4 may be a marker for cells that are totipotent. 



In the mouse, the PGCs express OCT-4 between days 7.5 and 12.5 of gestation, 

which is when PGCs have been coliected to estabïish EG cell cultures. OCT-4 expression 

is thus an excellent marker for isolathg PGCs and monitoring EG ceU cultures (Scheler, 

199 1). If OCT-4 has a homologous b c t i o n  and sequence in other species, then it could 

be used to determine the most opportune time at which to attempt culture of PGCs nom 

other mammals, in other words when most of the PGC population is st i l l  totipotent in mice, 

it has been observed that the culture conditions and the time of harvest are crucial to the 

development of a sustained EG ceLi Line (Cooke et ai., 1993). DiffTculties of dennuig the 

optimal time for harvest in species other than mouse may be partly due to dissimiiar 

gestation thes ,  PGC migration times, and times at which proliferation ceases, male PGCs 

become quiescent and female PGCs enter meiosis (Risse, 1983). 

The Drosophila gene vasa has been extensively studied (Linder et al., 1989; Abe and 

Noce, 1997; Olsen et ai., 1997). It was found that vasa initiates or controls two separate 

cascade systems: one învolved with abdomen formation via the distribution of the nanos 

gene product, and the other regulating formation of pole cek,  the insect germ ce11 (Fujiwara 

et al., 1994; Komiya et al., 1994; Komiya and Tanigawa, 1995). 

The vasa gene shares consewed regions with elF-#A, a common eukaryotic &A 

spli-hg element with ATP-binding and ATPase activity (Linder et al., 1989; Peelman et al., 

1995). Among the conserved amho acid sequences, an aspartic acid-glutamic acid-alanine- 

aspartic acid @-E-A-D) region was used to ident* other similar transcription factors and 

posttlanscnptional splicers. This family has been cailed the DEAD box genes (Linder et al., 

1989). The search for others in this gene family led to the discovery of numerous genes 

sharing this sequence in every organism investigated (Wassarman and Steitz, 1991). 
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Currently, DEAD box genes are known to exist in bacteria, yeast (Wassarman and Steitz, 

199 11, nies, rats, Xenopus (Komiyaand Tanigawa, 1995), mouse (Fujiwara et al., 1994; Abe 

and Noce, 1997), pigs, humans (Peelman et ai., 1995), and zebrafish (Linder et al., 1989; 

Olsen et al., 1997; Wassannan and Steitz, 1991). 

The expression pattern has been established for the mouse homologue of vasa. 

Transcripts have k e n  detected in the fetal female gonds at 12.5 and 16.5 dpc, and in the 

male gonad at l1.5,125, 14.5, and 16.5 dpc and in the adult testis. Vasa expression is not 

found in EG or ES celis nor in any other adult tissue tested other than the testis. This 

suggests that vasa is a marker of a more diffientiated PGC than is OCT4. m e  fiinction of 

vasa in mice is unknown, but it is believed to have a role in spermatogenesis, RNA splicing 

and ce11 growth (Fujiwara et al., 1994). In support of this idea, the offspring of rats lacking 

matemal expression of vasa have genn cell and abdominal defects (Komiya and Tanigawa, 

1995). 

Systems for Aging Embryos and Fetuses 

Aristotle used the chick embryo in his heralded embryological studies. These were 

the fist  embryological studies and the beginning of what has made chick embryology one 

of the most extensively characterized (Hamburger and Hamilton, 195 1). Avian embryology 

has benefited fiom extrauterine development, and researchers such as Hamburger and 

Hamilton (1 95 1) and Butler and Juurlink (1 987), have provided detailed staging charts which 

rely on extemai and histological morphologies. Staging systems are invaluable because they 

focus observation and develop a set of criteria involving specifk morphologicai features 

(externai and internal) as they form. As a resulf confhing and ofien irrelevant notation are 
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avoided. As in chicken, development in mammals is often divided into three stages: early 

development up to the formation of the three germ layers, the embryonic period where the 

main systems and organs develop, and the fetal stage of rapid growth but littie change in 

form which ends with the birth of the organism (Butter and Juuriink, 1987; Oaahilly and 

Müller, 1996). Beyond this specific events may m e r ,  preventing direct application of 

chick staging to marnmals. A good staging system needs large numbers of embryos of 

known age accompanied by fidi anatomical and histological categorization. makes 

staging of most mamrnals an expensive proposition. Theiler (1972) has provided an atlas 

which stages mouse embryos dong these lines @adinan, 1992). There is a Carnegie system 

of 46 stages (OYRahilly and Muer, 1996) which was developed through studies of human 

fetuses. It is interesting that studies of caprine embryology are far behind other livestock 

species (Evans and Sack, 1973), although worldwide the goat is the most common livestock 

animal, used to provide both meat and milk products (Osuagwah and Aire 1986; Osuagwah 

and Aire, 1991). Goat development is particularly poorly documented prior to day 50 of 

gestation. This includes germ ce11 migration, colonization of the genital ridges, and sexual 

dserentiation. A few studies have documented crown nimp length, skeletal 

measurements(0suagwuh and Aire, 1 Wl), and intemal organ development (Osuagwuh and 

Aire, 1978) but from goat fetuses not younger than 60 days of gestation. Other methodology 

has dso been explored including ultrasonography (Doizé et ai., 1997) and extemal 

rneasurements such as CRL and limb appearance (Evans and Sack, 1973; Osuagwuh and 

Aire, 1986; Sivachelvan et al., 1996; Gall et al., 1994; Doizé et al., 1997) for a few fetuses 

prior to 50 dpc, but not, to my knowledge, before day 35. 



Since studies ofdevelopment ofthe goat are incomplete, it was necessary to adopt 

a strategy for staging the fetuses used in this study- Fetai age in this study primarily was 

based on time after f i s t  mating, and we concentnited on extemal feanires which would be 

useful for seiecting embryos for gem cell cultures. Many factors, environmental and genetic, 

may cause variation in developrnent between embryo collections tiom Merent sources and 

even within litters. Environmental stresses affect in utero development the greatest, whüe 

interspecific genetic variation has a significant role. Ideally, an average would be established 

fiom a large number of embryos resulting fiom a large number of matings. Financial 

concems made this impossible, but this study wiü add to the iiterature that c m  eventuaily 

be used to form a staging system. 



RATIONALE 

Studies in the mouse have demonstrated the potential of EG celi lines in the 

generation of transgenic animais. Transfer of this technology to Livestock animais is the next 

logical step. Advances in stem cell technology have been made in chickens, cows, pigs and 

sheep, but little research has focused on goats. The goat is one of the most important 

domesticated animais outside of North America and its smaller size, lack of seasonaiity of 

some strahs, short time of gestation, and efficient m i k  production suits the needs of a 

transgenic program which uses the marnmary gland as a "bioreactor". 

In order to isolate goat PGCs for culture, it is necessary to ensure that their migratory 

pathway is the same as in mice, and it is necessary to determine the timing of migration. To 

investigate this, a series of embryos of known ages were analysed for the presence and 

position of PGCs. In other species, identification of PGCs is commonly based on specific 

"marker" molecules. Expression of these markers by cultured PGCs is also one of the 

requirements for identification of tnie mouse EG ceU lines (Seamark, 1994). This project 

will evaluate three such marken in sections of goat embryos and fetmes: AP activity, and 

binding of the antibodies for mouse EMA-1 and SSEA-1. They were compared for their 

ability to distinguish PGCs in sections of fked fetal goat tissue and for their usefulness in 

following goat PGCs through purification and culture. 

The necessity of harvesting various ages of goat embryos and fetuses provides the 

opportunity to examine and correlate extemal morphology with gestational age. Few studies 

have investigated goat development, and there are large gaps in our knowledge of the 

embryonic penod. This study correlates extemal features with PGC location and 
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differentïation. Our observations of morphologicd features will d o w  fetuses that are 

coilected fiom sources such as slaughterhouses, where the date of conception is UtZkIlown, 

to have their age estimated and allow data to be incorporated with data nom goats of known 

ages. 



MATERIALS ANID METHODS 

Estrus Synchronization and Matïng 

Female goats were sychronized with progestagen impregnated sponges (Veramix) 

for 9 days. On day 8 the female goats were injected intramuscularly 0 with 125 pg of the 

prostaglandin F2a d o g u e  cloprostenol (Estnunate). On the af'ternoon of day 10, sponges 

were removed and animals injected IM with 400 N pregnant mare senun gonadotropin 

(PMSG or eCG). On day 1 1 the goats were placed with a male for 2 days. The first day the 

male was introduced was considered day O for fetal age. 

Tissue Collection and Preparation 

Goat fetuses were obtained from fernales slaughtered at specined times pst-rnating. 

The reproductive tracts were collected fiom the abattoir at the time of slaughter and embryos 

were removed, photographed and measured. The CRL was defïned in this study as the 

longest measurement possible, without stretching or straightening the embryo. Pnor to 

fixation of embryos 77, 109, 13% 13b, 53% 114% 114b, 118a, and 118b, one gonad was 

dissected for culture work unrelated to this thesis. The anterior portion of each embryo, as 

weli as hindlimbs from embryos older than &y 36, were removed and placed in 4% 

paraformaldehyde ovemight and then stored in 70% ethanol at 4OC for characterization of 

morphological features. The posterior portion of each embryo, which contains the genital 

ridges or gonads, was fixed either in 4% paraf'ormaldehyde or in Bouin's fixative for 8 hours 

(if younger than 36 days), or 12-16 hours (if36 days or older). Fixed tissues were kept in 
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70% ethanol at 4OC whiie awaiting processing for histologicai examination. Embryos for 

histology were dehydrated through an ethanol series into xylene, then par& embedded 

using an automated processor except for specimens 13% 126, and 118a which were 

embedded by hand. A few embryos were flash fiozen in Iiquid nitrogen after fixation in 4% 

pdormaldehyde, equilibration in 15% and then 30% sucrose solutions and immersion in 

OC?. Frozen tissues were stored at -80°C until they were sectioned on a fÏeezing 

microtome. 

Table 1 includes ages, CRL and identification numbers of ai l  the goats £iom timed 

matings used in this study. Table 1 also iists the disposition of each embryo for histology, 

and some morphological features that were assessed in each age group. External features 

monitored were CRL, development of the eye, ear, limbs, and presence of facial hair 

follicles. Eye features used were appearance of a lens placode, pigment, eyelid formation, 

and presence of hair follicles. Ear features were otic placode and pinnae. Developmental 

stages of iimbs were as foilows: iimb swelling, iimb bud, paddle, hand/foot plate, fingedtoe 

rays, e h o w h e e  joint, aod hoof formation. Swelling is defined as the £kt appearance of 

limb growth. A limb bud is a featureiess extension of  the swelling. A paddle is the first 

asymmetric growth of the limb and the forelirnb/hindlimb foot plate shows the appearance 

of a distinct, rounded end to the lixnb, on which forelimb/hindlimb digit rays are soon 

observed. Elbow/knee joint and hoof formation are the final feahues to appear as the limb 

develops. Once these are present the limb only increases in size. Two other goats used in 

this thesis were obtahed fiom MUgrove Slaughterhouse. They had CRLs of  40 mm, and 

130 mm. Both were fked with 4% pdormaldehyde and paraffin embedded as described 

above. Goat testes were obtained fkom one adult male at slaughter. The testes were sliced 



into approximately lcm cubes which were immediately &ced ui either 4% pdormddehyde 

or Bouin's solution, and processed for cryopreservation or parafEn sections as described 

above. 

SLide Preparation 

Pard5.n embedded tissue was serïally sectioned (7-10 pm thick) with a microtome 

(Spencer) and every 25th-50th section was mounted on Supdost+ slides (Fisher ScientSc) 

and baked at 37 OC on a slidewarmer (Fisher ScientSc) ovemight. The remaining sections 

were stored as ribbons gently pressed onto paper in boxes with lids to protect them fiom 

damage. Sections that were immediately mounted on slides were stahed with haematoxylin 

and eosin (following the protocol described below) (Garvey, 1991) and observed under a 

light microscope to determine which sections contained the gonad or genital ridge and dorsal 

mesentery. Sections in the appropriate area were removed nom the storage boxes and 

mounted as above for AP activity and immunochemistry. 

Haematoxylin and Eosin Staining 

Slides were dewaxed in two xylene washes for 5 and 2 minutes, rehydrated in an 

ethanol series ( twice in 100% for 2 minutes, once in 95% for 3 minutes, and once in 70% 

for 3 minutes), and rinsed in distilled water for one minute. They were stained in 

haematoxylin for 45-50 seconds, rinsed in running tap water for 5 minutes and briefly in 

distilled water. The slides were counterstained in O. f % Eosin in 70% ethanol for 90 seconds 

before being dehydrated in an ethanol series (reverse of hydration above) cleared in two 

xylene washes for 2 minutes each and mounted with Pennouot, 
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TABLE 1. Identification numbers, gestational ages and crown nimp length (CRL) of all goat 
fetuses used in this study. 

forelimb bud 
present 

Age(dpc) 

24 optic vesicle 
present 

forehb 
paddles 
present 

Fetus no. 

24a 

rectanguiar 
ring of eye 
pigment 
present 

hand plate 

CRL 
(mm) 

NA 

thickened ring 
of eye 
pigment 

Sex 

- 

culture 

distal webbing 
between 
finger rays 
and carpus 
present 

rounded eye 
with hair 
follicles 
present 



Age(dpc) 1 Fe- no. 1 CRL 

proramd 
' webbing 
between digits 

main features 
(joints, 
hooves) of 
forelimb 
present 

eyelids shut k-L 

-- - -  

culture 

2,  Cryopreserva tti on. 
NA, not analysed. Y- has been sectioned. 



Immunohistochemistry 

Sections were stained imrnunohistochemicaify according to Hahnel and Eddy (1 986). 

Both primary antibodies (EMA-1 and SSEA-1) are monocIonal mouse IgM class antibodies. 

Their binding was detected by an indirect method using a biotui-conjugated goat anti-mouse 

IgM secondary antibody and an avidin/biotin/peroxidase detection system (Vectastain ABC 

Elite kit). Mouse kidney sections fixed in 4% paraformaldehyde were used as a positive 

control for the AP activity assay and both antibodies. The mouse kidney and 24 day goat 

embryos were used to optimize the primary and secondary antibody concentrations. The 

monoclonal antibodies were purchased as tissue culture supernatantS. They were tested neat 

and at the dilutions of 111, 1/10, 11100, 14500, and 1/1OOO in blocking solution. Secondary 

antibody dilutions tested were 1/100, 1/500,1/1000,1/2000. The dilutions of 111 and 1/2000 

were observed to be optimal for the primary and secondary antibody respectively on both 

tissue types, and subsequently were used on ali fetal goat tissue. Sections were 

counterstained with 0,1% eosin in 70% ethanol since the combination of the dark brown 

peroxidase stain against a iight red eosin counterstain was thought to provide the best 

contrast. 

Slides were dewaxed in three SIidebrite washes for 10, 3, and 3 minutes, and 

rehydrated in ethanol (twice each for 3 minutes in 100% and in 95% ethanol, and once in 

70% ethanol). After a 5 minute wash in distilled water, the sliaes were incubated in 0.3% 

hydrogen peroxide in PBS for 30 minutes. Of paramount importance for the antibody work 

was the removal of endogenous peroxidase activity by incubation in hydrogen peroxide. The 

red blood ceiis of the embryonic goat have a high peroxidase activity and rounded shape 

which can give rnisleading resuits if the dorsal aorta was ruptured prior to embedding. 
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Treatment with 0.3% hydrogen peroxïde in PBS for 30 minutes was found to be SUffi.cient 

to completely remove this activity. The slides were rïnsed in PBS and blocked for 20 

minutes in 1% goat serum. Primary antiidy, secondary antibody and the "ABC" reagent 

were introduced separately for 30 minutes each at 4OC with a five minute wash in lx PBS 

between each treatment A coloured precipitate was produced at the site of antibody binding 

by immersion for 10 minutes in 3-3' diaminobenzadine @AB) solution (Vectastain DAB 

kit). The slides were briefly rinsed in distilled water, counterstained with 0.1% eosin in 

ethanol. They were then dehydrated in 95% and then 100% ethanol for two minutes each, 

and cleared for two minutes in xlyene and mounted with Permount- Frozen sections were 

treated identically Save for the dewaxing and dehydration steps. 

Alkaline Phosphatase Activity 

Staining for Al? activity used a nitro blue tetrazolium/5-bromo-4-chioro-3-indolyl 

phosphate (NBTIBCIP) detection system (Boehringer Mannheim). Slides were dewaxed and 

rehydrated through ethanol as above, equilibrated twice in Tris buffer (pH 9.5) (Appendix 

2) for 3 minutes, and developed in the same b e e r  with 0.02% NBT/BCIP solution for 5-1 5 

minutes. Slides were counterstained with 0.1% methylgreen in water for 2-4 seconds, 

washed three times with Tris b a e r  for 2 minutes each, and mounted with Aquapolymount. 

Photomicroscopy 

For low magnification images, the glas  microscope siides were scanned directly into 

a cornputer (Polaroid SprintScan 35). At higher magnifications, the slides were 

photographed with a digital camera (Digital Instruments hc. Spotcam) attached to a 
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compound Light microscope (Leica). Morphological features were photographed using a 

camera on a copy stand or on a dissecting microscope. AU images were processed through 

CorelDraw 7 and printed with an Epson 850 p ~ t e r  onto photoquality i d j e t  paper. 

The cornparison of AP activity and monoclonal antibody staining redts was done 

by creating a composite series of high magnincation images fiom adjacent serial sections. 

The images were overlapped and aiigned. Individuai, positive ceiis found in the 

immunohistochemically stained section were circled. Those of the circIed ceils that also 

exhibited AP activity in the adjacent section were marked with a sqme- AU image 

manipulation was done with CorelDraw 7. Sigma Plot 4.00 was used for analyses of the 

C R ,  data. 



RESULTS 

Morphologicai Analysis of Goat Fetuses 

On day 24 of gestation the goat fetuses 24% 24b and 24c had optic cups and lenses, 

but there was no pigmentation of the eyes. The forelimbs were developed to the paddle 

stage, while hinnlimbs were at the swelling stage (data not shown). Unfortunately the CRL 

data were not recorcied. 

There was very Littie morphologicd variance among the six embryos harvested at day 

27 (126,128a, 128b, 129,130,131). The CRLs were ail lOmm Figure 1). All the fetuses 

had forelimb paddles (Figure 2), but 126 had a developed hindlimb paddle while the rest 

were stili at the swelling stage. The main differences among these fetuses were the amount 

of pigment around the eye and the extent of ear development. Embryos 130 and 128a had 

light eye pigmentation (Figure 3) while the rest had more prominent colouration. Those 

same two embryos showed no evidence ofear formation while the rest had faintly observable 

otic placodes. 

The eight day 30 fetuses (71 la, 71 lb, 7 1 lc, 71 ld, 90% 40% 40b, 40c) had CRLs 

between 12 and 15 mm Figure 1). They were very similar to the 27 day fetuses in 

appearance except that a hand plate was now visible on the forelimbs (Figure 2) and di 

hindlimbs had progressed to the paddle stage. AU eight fetuses had a thickened ring of eye 

pigment (Figure 3) and lacked pinnae development. 

The three &y 3 5 embryos (3, Sa, Sb) had CRLs ranging fiom 21 to 24 mm, while two 

36 day embryos (77,109) had CRLs of 25-26 mm (Figure 1). Eyes of aU five had a 



Figure 1 : Relationship between the crown rurnp Lengths and the age of goat fetuses 
recovered d e r  timed matings ( H . 9 7 ) .  



Gestational Age (days) 



Figure 2: Representative photographs of entire goat fetuses and of the forelimbs 
foiiowing recovery at various intervals after timed matings. 

(A) Entire day 27 fetus (fetus128a). 
@) Forelimb padde of a day 27 fetus (fetus 1 l8a). 
(C) Entire day 30 goat fetus (fetus4Oc). 
(D) Forelimb of a day 30 goat fetus (fetus40c) displaying the hand plate. 
(E) Entire day 36 fetus (fetw log). 
) Forelimb of a day 36 fetus (fetus 109) with extensive webbing. 
(G) Entire day 4 1 fetus (fetus l3a). 
(H) Forelimb of a day 41 fetus (fehisl3a). The top forelimb was damaged 
during dissection, but the hoof is di intact. 
O Entire day 49 fetus (fetus 11 sa). 
(J) Forelimbs of a day 49 fetus (fetus 1 l8a) displaying the greatest separation 
of the hoof digits. 

Black scale bars are al1 2 mm, red is Imm. 





Figure 3 : The development of the eye of goat fetuses recovered at various intervais 
afler timed matings. 

(A) The head of a day 27 fetus(fetusl28a). 
(B) The eye of a day 27 fetus(fetusl28a). Of ali the day 27 fetuses coilected 
128a had the iightest eye pigmentation . 
(C) A day 30 goat fetus (fetus40c)- 
(D) The eye of a day 30 goat fetus (fetus4Oc). 
(E) The head of a day 36 fetus (fetus 109). 
O Eye ofa day 36 fehis (fetus 1 Og), note the beginning of the appearance of 
the foliicles. 
(G) The head of a day 41 fetus (fetus 13 a). 
(H) The eye of a day 4 1 fetus (fetus 1 fa), displaying the beginning of eyelid 
formation. 
O The head of a day 49 fetus (fetus 1 18a). 
(J) The eye of a day 49 fetus (fetus 1 18a), displaying the closed eyelid and 
extensive number of foilïcles. 

Black scale bar represents 2 mm, red I mm and blue represents 10mm. 





Figure 4: Morphologicai features of a goat fetus o f  unknown age and cornparison with 
those of  fetuses of known ages. 

(A) Entire fetus, note the pigmented eye and the lack of ossification of the 
rib cage. 
(B) Eye of 4lday fetus (1 3a). 
(C) Eye of  the goat pictmed in (A), note the extension of  the eyelid beyond 
that o f  the ring of pigment. 
(D) The eye of a 49d goat (1 18a). 
(E) Forelimb of a 41 day goat fetus (13a). 
(F) Forelimb of the goat fetus pictured in (A). 
(G) Forelimb of the 49 day goat fetu (1 18a). 

Ail scale bars represent 2 mm. 





thick ring of pigmentation and were surrounded by hai. foilicies, but there was no evidence 

of eyelids (Figure 3)- Ear pinnae were visible, triangulat in shape and just covered the 

auditory meatus. Distal webbing was present between the digits of the forelimb and an 

elbow was cleariy visible Figure 2). The h d  iimbs had digit rays with no carpus joint 

visible. The mouth had a moveable lower jaw and the tongue was protniding siîghtly. There 

were no haïr follicles visible on the m d e .  

At 41 days ofgestation (13a,13b, 53% 53b, 6a, 6b, 7% 8a, 8b), CRL varied fiom 34- 

36mm (Figure 1). The eyelids were beginning to form across the eye and covered the 

thickened ring of pigmented ceiis (Figure 3). Hair foilïcles were observed around the muzzle 

as well as the eyes, and the ear pinnae bulged fiom the head and pointed towards the nose. 

Tongues protruded fiom mouths, and the b b s  had ail joints present and the hooves were 

splayed apart (Figure 2). 

nie greatest variance in CRL was seen among the nine 49 day fetuses (1 14% 1 14b, 

1 18% 1 18b, 2% 2b, 14a,14b, l)(Figure 1). They ranged fiom 53 to 63 mm withtwins usually 

the same, but one pair were 56mm (1 18a) and 53- (1 18b). By day 49 their sex could be 

identified without dissection because of development of extemal genitalia Skeletal 

structures were visible through the skin and the mouth was shut. The eyelids were shut with 

pigmented follicles on the upper and lower perimeter of the eye (Figure 3)- Pinnae had 

increased in size and the tips were pointed outwards at approximately a sixty degree angle. 

The foreiimbs appeared to be M y  developed, with separated hooves and secondary toes 

(Figure 2). The hind limbs were similar except that the hooves were not as developed as 

those on the forelimbs. 



The 40mm CRI, goat fetus obtained fiom the slaughterhouse presented an 

opportunity to use the Merent morphologicaI features to estimate the age of the fetus. From 

the CRL this was estimated to be 42- 43 days (Figure 1). This estimate was also supported 

by the morphological development ofthe eye and the forelirnb (Figure 4). Both feahires had 

developed beyond what was observed in the 41-day fetuses, but had not attained the level of 

development observed in the 49-day fetuses. 

Histology of Fetal Tissue 

AU three day 24 fetuses were sectioned and displayed a thickenedcoelmic epithelium 

on the media1 side of the mesonephros wbich is the first sign of genitai ridges (Figure 5). 

When sections were examined histochemicdy for AP activity (Figure 6) and 

irnmunohistochemically with EMA-1 (Figure 7) and SSEA-1, putative PGCs were observed 

dong the migration route through the dorsal mesentery and developing genital ridges. AU 

three techniques gave similar results. EMA-1 and SSEA-1 dso stained the dorsal 

epithelium and the notochord while AP activity was detected on the luminal d a c e  of the 

mesonephric tubules and other more distant tissues. None of these had any effect on 

distinguishing PGCs in the AP-negative mesenteric tissue. The AP activity appeared to be 

concentrated in the periphery of the ceii, giving a clear outline of cells which were sectioned 

through the middle. Evidence of active motility was observed in the form of pseudopodia 

Figure 7)- 

Three 27 day fetuses examined histologically showed somewhat more thickening of 

the area between the mesonephros and coelomic epithelium in the genital ridge area 



Figure 5: Transverse section of goat fetus 24b on day 24 of gestation, stained with 
haematoxylin and eosin. 

(A) whole fetus, black scaie bar represents 1 .O mm. 
(B) medium magnincation of genitaf ridge area (gr), blue scale barrepresents 
0.1 mm, 
(C) high magnincation of genitai ridge area, scale bar represents O. 1 mm. 

Abbreviations: nt, neural tube, m, mesonephros, gr, genital ndge, dm, dorsal 
mesentery. 





Figure 6: Transverse section of goat fetus 24b on day 24 of gestation histochemically 
stained for aikaiine phosphatase activity. 

(A) whole fetus, black scale bar represents 1 .O mm. 
) medium magnincation, primordial gemi ceiis stained in the genital 
ndges (gr), as well as in the dorsal mesentery (dm), blue scale bar represents 
0.1 mm. 
(C) high magnification, scale bar represents 0.1 mm. 

Abbreviations: nt, neural tube, m, mesonephros, gr, genital ridge, dm, dorsal 
mesentery. 





Figure 7: Transverse section of goat fetus 24b on day 24 ofgestation 
irnm~11ohistochemicaily stained using the antibody agahst SSEA-1. 

(A) entire fetus, black scale bar represents 1 mm. 
(B) medium magoincation, the primordial germ cells are darkly stained in 
the genital ndges (gr). Blue scde bar is 0.1 mm. 
(C) high magnification. Scale bar represents 0.1 mm 
@) image magnification through computer image manipulation, note the 
predomiaant pseudopodium (ps) supporthg the theory that the primordial 
germ celis are activeiy migrating at this stage of development Red scale bar 
is 0.05 mm. 

Abbreviations: nt, neural tube, m, mesonephros, gr, genitai ridge, dm, dorsal 
mesentery. 





Figure 8: Transverse section of  goat fetus 126 on day 27 of gestation, stained with 
haematoxyh and eosin. 

(A) whole fetus, black scaie bar represents 1 .O mm. Due to the angle of 
sectioning only one genital ridge (gr) c m  be observed. The gut of the fetus 
was removed during dissection. 
(B) medium magnification, note the swehg  of the genital ridge (gr), blue 
scale bar represents 0.1 mm. 
(C) high maguification, scaie bar represents O. lmm. 

Abbreviations: nt, neural tube, m, mesonephros, dm, dorsal mesentery, gr, 
genital ridge. 





Figure 9: Transverse section of goat fetus 126 on day 27 of gestation histochemicaliy 
stained for alkaline phosphatase activity. 

(A) whole fehis, black scale bar represents 1 .O mm. 
(B) medium magrdication, note the primordial germ celIs stained in the 
genitaï ridge (gr), as well as in the fragment of dorsal mesentery (dm) which 
was not removed with the gut. Blue scale bar represents 0.1 mm. 
(C) high mapification, scale bar represents 0.1 mm. 

Abbreviations: nt, neural tube, m, mesonephros, dm, dorsal mesentery, gr, 
genitai ridge. 





Figure 10: Transverse section of goat fetus 126 on day 27 of gestation 
immunohistochemicaily stained using the antibody against EMA-1 

(A) entire fehis, black scale bar represents 1 mm. 
(B) medium magnification, blue scale bar is O. 1 mm. The primordial germ 
cells are visible proximal to the dorsal mesentery (dm). 
(C) high magnification. Scaie bar represents 0.1 mm. 

Abbreviations: nt, neuml tube, m, mesonephros, gr, genital rïdge, dm, dorsal 
mesentery. 





(Figure 8). Putative PGCs were again observed within the dorsal mesentery as weIl as the 

genital ridge (Figures 9 and 10). However, there seemed to be more PGCs in the genitai 

ridge at this age than at 24 days. Again, EMA-1, SSEA-1 and AP activity aii were efficient 

for marking the PGCs, with staining of other tissues as above in the 24 day embryos. 

At 35 and 36 dpc, there was an obvious gonad (Figure 11). EMA-1 and SSEA-1 

(Figure 13) both identifïed a population of ceils mostly in the gonads that are likely to be 

PGCs. AP activity (Figure 12) identined a Iarger nurnber of cens in the gonads than either 

antibody. Sorne of the additional AP-positive cells were identined as endothelid. Only an 

occasionai ceil was seen in the mesentery or dorsal body waiI. Sex of the three day 35 

embryos was determined through polymerase chah reaction anaiysis by Carol Wasnidge. 

When AP activity or antibody-staîned sections of male and female gonads were compared 

it was apparent that the PGCs in the females were mostly grouped arouod the perimeter of 

the gonad (Figure 12), while in the mde the celis were evenly distributed throughout the 

gonad (data not shown). In the femaies, a few groups of 2-5 AP positive ceUs were observed 

to be in tight clusters in the gonad perimeter. In Figure 14, celis histochemicaiiy stained for 

AP activity and immunohistochemically stained against EMA- 1 are compared in adjacent 

sections. EMA-1 labelied fewer cells than AP activity. There are ceiis which are positive 

for AP activity that appear to be PGCs but are not stained with EMA-1. This difference is 

likely due to the necessity of using 4% paraformaldehyde as the fixative for the 

immunohistochemistry (see below and Figures 18 and 19). AP activity camot be 

demonstrated in Bouins fmed tissue, and paraformaldehyde is not the ideal fixative for 

irnmunohistochemistry with EMA-1 or SSEA-1. 



The gonads of the 5 day 41 fetuses sectioned also contained ceils that were strongly 

positive for AP activity, reacted with both EMA-1 and SSEA-1, and are iïkely to be germ 

cells (Figures 17, 1 8 and 19). This is the nrst age at which there was a clear distinction 

between testis and ovary with H&E stainuig. There was seminiferous tubule formation and 

a distinct tunica in the male (Figures 15 and 16). Sections of female gonads prepared since 

completion of this thesis have a simple cuboidd epithelium and no tubules (data not shown). 

In the males (fetus numbers 13a ,53a and 53b) stained for AP activity (Figure 17), the 

interstitial cells of the developing testes stained darkly, clearly delineating the unstained 

Sertoli cell precursors which form the tubules. Within the tubules were individuai ceils 

positive for AP activity. These ceils are of the correct size and position to be male germ 

cells. The AP activîty of interstitial and vasculogenic cells would obscure any germ cells 

that were not in the tubules (Figure 15). EMA-1 and SSEA-1 were seen to react only with 

the presumptive germ ceils evenly scattered throughout the male gonad (Figure 18). This 

is particularly evident in cornparisons of adjacent sections reacted for AP activity and with 

EMA-1 (Figure 15). Figure 19 is a section fkom embryo 53b which has been fixed in 

Bouin's solution. Cornparison with Figure 18 indicates that 4% pdormaldehyde is not the 

ideal fixative for immunohistochemical staining with EMA- 1 (or SSEA-1, data not shown). 

Therefore, quantitative cornparison between celis identined by AP activity and the antibodies 

was not possible. 

With the increased size of the fetuses at 49 days of gestation we were able to separate 

dorsal body wall with the mesonephros, metanephos, and gonad for analysis. There was 

an increasingly organized appearance to the testes (Figure 24), with its tubules and the 

tunica, which was not observed in the ovary (Figure 20). There was an abundance of 
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strongly AP-positive preswnptive PGCs in the periphery of the o v q  (Figure 21), often in 

srnaIl clumps of approximately 2 to 4 stained cens, andafew strongiy AP-positive individual 

ceils in the interior of the ovary. Immunohistochemicai staining with either EMA-lor 

S SEA- 1 produced a pattern similar to that of the AP activity with greater numbers ofpositive 

cells in the organ periphery. But, as with sections fiom day 36 and day 41 embryos, there 

were fewer cells identified by EMA-lor SSEA-1 than by AP activity (Figure 22) in 

parafomaldehyde fked fetuses. This is demonstrated in adjacent sections of ovary that 

were stained for EMA-1 antigen and AP activity (Figure 23)- 

The day 49 male gonad analysed was similar to a day 4 1 gonad (Figures 16-1 8 and 

24-26). The AP activity was still high in interstitial cens and some endothelid cells are 

positive in blood vessels in the tunica (Figure 25). Individual positive cells within the 

seminiferous tubules were assumed to be gonocytes. Support for this judgement came fiom 

staining with EMA-1 md SSEA-1. Both antibodies labelled a similar population of ceIls 

dispersed evedy throughout the gonad and apparently mostly within the seminiferous 

tubules ( Figure 26). Very infiequently a cell was found in the tunica that was EMA-1 or 

SSEA-1 positive. It is dficult to do an accurate cornparison between adjacent sections 

reacted for AP activity and EMA-1 or SSEA-1 antigen since the AP activity of interstitial 

ceils was intense and individual cells could not be resolved. However, AP activity delineated 

the seminiferous tubules, and EMA-1 positive celis in the adjacent section mostly feu within 

the tubule areas. 



Figure 1 1 : Transverse section of a female goat fetus (77) on day 36 of gestation, stained 
with haematoxylin and eosin. 

(A) whole fetus, black scale bar represents 1 .O mm. The gonad (g) cannot be 
visibly merentiated between testis and ovary at this age of development. 
One gonad was dissected out for culture work. 
(B) medium magnifïcation, blue scale bar represents 0.1 mm. 
(C) high magnification, scaie bar represents O. lmm. 

Abbreviations: nt, neural tube, m, mesonephros, g, gonad. 





Figure 12: Transverse section of a female goat fetus (77) on day 36 of gestation 
histochemicdy stained for alkaline phosphatase activity. 

(A) whole fetus, black scale bar represents 1 .O mm. Note the abundance of 
darkly stained cells around the penphery of the gonad. This is the first age 
of the series observed where the non-primordial gerxn cell specinc staining 
for alkaline phosphatase activity is apparent. The other gonad was removed 
for cuiture work.. 
(B) medium magnification, blue scaie bar represents 0.1 mm. 
(C) high rnagnincation, scale bar represents 0.1 mm. 

Abbreviations: nt, neural tube, m, mesonephros, g, gonad, pgc, primordial 
germ ceil. 





Figure 13 : Transverse section of r female goat fetus (77) on day 36 of gestation 
immunohistochemically stained using the antibody against EMA-1. 

(A) entire fetus. The primordial germ cells are lightly stained in the core and 
periphery of the gonad. The other gonad was removed for culture work. 
Black scale bar represents 1 mm. 
(B) medium magnifkation. Blue scde bar is 0.1 mm. 
(C) high magnification. Scale bar represents 0.1 mm. 

Abbreviations: nt, neural tube, m, mesonephros, g, gonad, pgc, primordial 
germ cell. 





Figure 14: Adjacent sections of a gonad fiom a female goat fetw (77) on day 36 of 
gestation. One section immunohistochemically stained for detection of 
EMA-1, the other histochemically stained for AP activity. 

(A) section immunohistochemicaliy stained for detection of EMA-1. 
(B) section histochemicaily stained for AP activity. 

Ceils stained in (A) are circled in both sections. Circled ceUs with a square 
around them are thought to be the same ceiis stained in (B). 

Scale bars represent 0.2 mm 

Figure 15: Adjacent sections of a male gonad fiom goat fetus 13a on day 41 of 
gestation. One section immunohistochemicaily stained for detection of 
EMA-1, the other histochemically stained for AP activity. 

(A) section immunohistochemically stained for detection of EMA-1. 
(B) section histochemicdy stained for AP activity. 

Cells stained in (A) are circled in both sections. Circled cells with a square 
around them are thought to be the same ceiis stained in (B). 

Scale bars represent 0.2 mm 





Figure 16: Transverse section of a male goat fetus 13a on day 4 1 of gestation, stained 
with haematoxylin and eosin, 

(A) whole fetus. The testis (t) c m  be clearly identified by the tubde 
formation and the presence of the tunica One gonad was dissected out for 
culture work. Black scale bar represents 1 .O mm. 
(J3) medium magnification, blue scale bar represents 0.1 mm. 
(C) high magnification, scale bar represents O. 1 mm. 

Abbreviaîions: nt, neural tube, m, mesonephros, mn, metanephros, tu, tunica, 
st, seminiferous tubule, t, testis. 





Figure 17: Transverse section of a male goat fetus 13a on day 41 of gestation, 
histochernically stained for alkaline phosphatase actïvity. 

(A) whole fetus, black scaie bar represents 1.0 mm. Note the dark staining 
of the interstitial ceils of the testis (t) obscuring any primordial germ ceils 
which may be present there. One gonad was dissected out for culture work. 

(B) medium magnification, blue scale bar represents O. 1 mm. 
(C) high magnincation, scale bar represents 0.1 mm. 

Abbreviations: nt, neural tube, m, mesonephros, mn, metanephos, tu, tunica, 
st, seminiferous tubule, pgc, primordial germ cell, t, testis. 





Figure 18: Transverse section of a male goat fetus 13a on day 41 of gestation, 
immunohistochemicaiiy stained using the antibody against EMA-1 . 

(A) entire fetus. The primordial germ ceils are stained in the core of the testis 
(t). The other gonad was removed for culture work. Black scale bar 
represents 1 mm. 
(B) medium magnification. Blue scale bar is 0.1 mm. 
(C) high magnification. Scale bar represents 0.1 mm. 

Abbreviations: nt, neural tube, m, mesonephos, mn, metanephros? tu, tunica, 
pgc, primordial germ celi, t, testis. 





Figure 19: Transverse section of goat fetus 53b on day 41 of gestation, 
immunohistochernicaUy stained using the antibody against EMA-1. 

(A) entire fetus. The smaiier shape ofthe embryo, when compared to Figures 
10- 12, is an artifact of fixation as aii the images of the day 4 1 fetuses are of 
similar magnincation. Bouins kative unmasks the EMA-1 antigen more 
favourably than does 4% pataformaldehyde, causing the primordial germ 
cells to stain more darkly and distinctly. The other gonad was removed for 
culture work. Black scale bar represents 1 mm. 
(B) medium magnification. Blue scaie bar is 0.1 mm. 
(C) high magnification. Scale bar represents 0.1 mm. 

Abbreviations: nt, neural tube, m, mesonephros, mn, metanephros, tu, Nnica, 
pgc, primordial germ c d ,  t, testis. 





S Iaughterhousederived Material 

A. Fetus with 40mm CRL 

A fetus with a CRL of 40 mm, obtained nom a slaughterhouse, provided the 

opportunity to test whether the morphologicd cnteria would predict gonadal morphology 

and subsequent position of PGCs. Gonadal size and the histology of the mesonephros and 

metanephros were similar to that of the 41 day fetus (Figure 16). AP activity of the testis 

was again hi@y concentrated in the interstitial cells as weil as the cells Ï n  the trniica with 

few cells in the tubules staining positively (Figure 30). hunohistochemicaiiy stained 

sections revealed a dispersed pattern of PGCs throughout the core of the testes (Figure 3 1). 

B. Fetus with 130 mm CRL 

There were no fetuses fkorn timed matings in this study before day 24 or after day 49 

of gestation, but a female fetus with a CRL of 130 mm was coiiected from the 

slaughterhouse. It was estimated to be between 60 and 70 days of gestation using published 

data (Evans and Sack, 1973; Osuagwuh and Aire, 1991). There was Little reaction to the 

EMA- 1 antibody in its ovaries (Figure 28), with binding of EMA-l codhed to subcellular 

grandar bodies. There was no AP activity detected in the ovaries. 

C. Addt Testis 

The adult testis was similar to the day 60-70 ovary in that there was little reactivity 

with EMA-I and it was limited to a subcellular structure that appeared to be a large golgi 

complexes in the Sertoli ceiis (Figure 29). There was no AP activity detected in the tubules, 

but the interstitial cells were stiiI strongly positive. 



Figure 20: Transverse section of a female goat fetus (1 14a) on day 49 of gestation, 
stained with haematoxylin and eosin. 

(A) The large fetal size necessitated extensive dissection for processing and 
embedding. One ovary (O) was removed for culture. Black scale bar 
represents 1.0 mm. 
(B) medium magnification, blue scale bar represents 0.1 mm. 
(C) high magnincation, blue scale bar represents O. lmm. 

Abbreviations: m, mesonephros, ce, cuboidai epitheliurn, O, ovary. 





Figure 21 : Transverse section of a fernale goat fetus (1 14a) on day 49 of gestation, 
histochemically stained for alkaline phosphatase activity. 

(A) tissue lefi after dissection, black scde bar represents 1.0 mm. Note the 
clumping of darkly stained cells at the periphery of the ovary (O). One 
ovary was removed for culture. 
(B) medium magnincation, blue scale bar represents 0.1 mm. 
(C) hi& magnification, scale bar represents 0.1 mm. 

Abbreviations: m, mesonephros, ce, cuboidal epithelium, pgc, primordial 
germ ceil, O, ovary. 





Figure 22: Transverse section of a female goat fetus (1 14a) on day 49 of gestation, 
immunohistochemically stained using the antibody agaiost EMA-1. 

(A) tissue remaining after dissection, black scale bar represents 1 mm. The 
majority of primordial germ ceils are stained in the medula of the ovary (O). 

(B) medium magniftcation, bhe scale bar is 0.1 mm. 
(C) high magnification, blue scde bar represents 0.1 mm. 

Abbreviations: m, mesonephros, ce, cuboidal epithelium, pgc, primordial 
genn ceil, O, ovary. 





Figure 23: Adjacent sections of a female gonad fiom goat fetus 114a on day 49 of 
gestation. One section immunohistochemicaiiy stained for detection of 
EMA-1, the other histochemicdy stained for AP activity. 

(A) section immunohistochemically stained for detection of EMA-1. 
(B) section histochemicaily stained for AP activity. 

Stained ceils are circled in (A) and circled ceUs with a square around them 
are thought to be the same ceiis stained in (B). Note the large number of cens 
which are positive for alkaline phosphatase but do not react with the anti- 
EMA-1 antibody. 

Scale bar represents 0.0 lm. 





Figure 24: Transverse section of a male goat f e u  (1 18a) on day 49 of gestation, stained 
with haematoxylin and eosin. 

(A) The large fetal size necessitated extensive dissection for processing and 
embedding, black scale bar represents 1.0 mm. The testis (t) can be clearly 
identified by the tubule formation and the presence of the hmica. One gonad 
was removed for culture. 
(B) medium magnification, blue scale bar represents 0.1 mm. 
(C) high magnincation, scale bar represents O. lmm. 

Abbreviatiom: rn, mesonephros, mn, metanephros, tu, tunica, st seminiferou 
tubule, t, testis. 





Figure 25: Transverse section of a male goat fetus (118a) on day 49 of gestation, 
histochemically staïned for alkaline phosphatase activity. 

(A) tissue left afler dissection, black scale bar represents 1.0 mm. 
(B) medium magnincation, biue scale bar represents 0.1 mm. 
(C) high magnincation, scale bar represents 0.1 mm. Note the dark staining 
of the interstitial ceUs of the testis (t) obscuring any primordial germ ceils 
which may be present there. The ceiis lining the vascular system of the 
tunica are also positive. One gonad was dissected out for culture work. 

Abbreviations: m, mesonephros, mn, metanephros, tu, hiaica, st seminiferous 
tubule, pgc, primordial germ ceil, v, vaxuiar tissue, t, testis. 





Figure 26: Transverse section of a male goat fetus (1 18a) on day 49 of gestation, 
immmohistochemicaUy stained using the antibody against EMA-1. 

(A) tissue remaining after dissection, the primordial germ cells are stained 
throughout the testis (t). The large fetal size necessitated extensive dissection 
for processing and embedding. Black scale bar represents 1 mm. 
(B) medium magnification. Blue scale bar is 0-1 mm. 
(C) high magnification. Scale bar represents 0.1 mm. 

Abbreviations: m, mesonephros, mn, metanephros, tu, tunica, st seminiferous 
tubule, pgc, primordial germ cell, t, testis. 





Figure 27: Adjacent sections of a male gonad fiom goat fetus 118a on day 49 of 
gestation. One section immunohistochemicaiiy stained for detection of 
EMA- 1, the other histochemically stained for AP activity. 

(A) section immunohistochemically stained for detection of EMA-1. 
(B) section histochernicaily stained for AP activity. 

Cells stained in (A) are circled in both sections. Circled celis with a square 
around them are thought to be the same cells stained by both methods. Note 
the large number of cells which are positive for all<aline phosphatase but do 
not react with the anti-EMA-1 antibody, as well as the vascular (v) cells in 
the tunica which also have aikaline phosphatase activity. 

Scale bar represents 0.0 lmm. 





Figure 28 : Transverse section of the ovary fkom a goat fetus with a gestational age of 
60-70 days, immunohistochemicaily stained using the antibody against 
EMA- 1. 

(A) low magnification. 
(B) high magnincation. Note that the positive reaction is on intracellular 
grandes. 

Blue scale bar represents 0.1 mm. 





Figure 29: Transverse section of an adult goat testis, imrnunohistochemically stained 
using the antibody against EMA-1- 

(A) low magnincation. 
(B) hi& magnification. Note the positive areas are confined to subcellular 
granuiar structures which are srnalier than the ceii nuclei (n). 

Blue scale bar represents 0.1 mm. 





Figure 30: Transverse section of a male goat fetus with a CRL of 40 mm, 
histochemically stained for allraline phosphatase activity. 

(A) whole fetus, black scale bar represents 1 .O mm. Note the dark stabhg 
of the interstitial ceiIs of the testis obscuring any primordial germ cells which 
may be present there. 
(B) medium magnincation, blue scale bar represents 0.1 mm. 
(C) high magnincation, scale bar represents O. 1 mm. 

Abbreviations: nt, neurai tube, m, mesonephros, mn, metanephros, t, testis, 
pgc, primordial germ cell. 





Figure 31: Transverse section of a male goat fetus with a CRL of 40 mm, 
immunohistochemically stained for EMA-1. 

(A) entire fetus, black scaie bar represents 1 mm. The primordial germ cells 
are stained in the throughout the testes. The other gonad was removed for 
culture work. 
@) medium magnincation. Blue scale bar is 0.1 mm. 
(C) high mapnincation. Scale bar represents 0.1 mm. The section is 7- 10 
microns thick and the tissue was fixed with 4% paraformddehyde and 
counterstained with Eosin. 

Abbreviations: nt, neural tube, m, mesonephros, mn, metanephros, t, te&, 
pgc, primordial germ ce11 





DISCUSSION 

Of principle importance to this investigation is the identification of the PGCs. The 

evidence that the ceus stauied for AP activity and with EMA-1 and SSEA-1 were in fact 

PGCs is as foilows. Between days 24 and 27 of gestation, they are a population of cells on 

the known route of PGC migration, and in appropnate numbers, f?om studies in other 

mammals. They also exhibit migratory characteristics (pseudopodia) (Chiquoine, 1954; 

Heath, 1978a; Eddy, 1984 ). As the gonad develops (day 3 5 and 3 6) these ceils concentrate 

in the gonadal primordia. Finaiiy, this population occupies appropriate spaces in male and 

female gonads of &y 41 and day 49 fetuses. The methodology used is static and does not 

prove that we are obser-g a single migrating and expanding population of cells. However, 

it is the most likey explanation for these observations- 

The migratory pathway of the goat PGCs appears consistent with that found in other 

mammals and simila. to that observed in amphibians and insects (Eddy, 1984). A common 

factor in PGCs fiom all species is an active migration stage in which cells develop structures 

associated with amoeboid motion. The Drosophila melanogaster pole cells VGCs) loosely 

attach to the midgut rudiment, passively migrate with the midgut during gastnilation, and 

then actively migrate to the lateral mesoderm where the gonad is destined to form (Eddy, 

1984; Van Doren and Lehmann, 1997; Zhang et al., 1997). SimilarIy, the ampbibian PGCs 

move to the dorsal endoderm during the larval stage and then actively migrate through the 

dorsal mesentery and colonize the genital ridge (Blackler and Fischberg, 1961; Blackler, 

1965; Blackler and Gecking, L972a; Blackler and Gecking; 1 97îb; Eddy, 1984). This study 

did not d o w  a complete profiie of aU periods of development, but the ages observed gave 
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results expected for mammds. The earliest embryos collected (day 24 and day 27) seem to 

have the rnajority of the PGCs in the dorsal mesentery, with a smail number of cells in the 

forming genitai ridge. The genitai ridge is represented by a slight thickening ofepithelium 

on the medial aspect of the mesonephros. The cells of the early (day 24 and day 27) 

embryos have visible pseudopodia as M e r  evidence that they are actively migrating 

through the mesenteric tissue (Godin et al., 1990; Godin and Wylie, 199 1). The PGCs then 

concentrate in the gonad as it develops (day 36). In the testes, germ cells disperse throughout 

the gonadal interstitiun and appear to be mody within seminiferous tubules (day 41 and 

49), while in the ovary they remah at the periphery (day 49), and appear to f o m  miail 

clusters of germ celis. 

Three markers that have been used for distinguishing the PGCs in mice and for 

evaluating differentiation in culture are AP activity and the antibodies EMA-1 and SSEA-1 

(Hahnel and Eddy, 1986). If we are correct in our assumption that the population of cells 

stained with these markers are genn ceus, then the markers will also be useful in the isolation 

and culture of goat PGCs. However, of interest is the AP activity not associated with germ 

cells in goat gonads. This was f3st seen at day 36 of gestation. While germ cells also 

appeared positive for AP activity, isolation and detection in culture would be compiicated 

by the non-PGC specinc activity. Both EMA-1 and SSEA-1 appear to be specinc for PGCs, 

and thus will be the more reliable markers. AP activity is the more commonly used marker 

in mice and it has k e n  extensively used in adapting mouse technology to other domestic 

species. But, in mice, none of the surrouuding tissues are positive during the period that 

PGCs are positive. 



One factor important to establishing primary cultures of PGCs is locating sufncient 

concentrations of PGCs in discrete and easily dissected regions. In addition, research with 

mice has indicated that earlier stage PGCs are more likely to proliferate inculture (Buehr and 

McLaren, 1993; Cooke et ai., 1993). In the mouse, PGCs have been successfully cultured 

fkom 8.5 to 12.5 dpc. These are PGCs in a proliferative phase, expressing AP activity and 

EMA-1 and SSEA-1 antigens. In generd, it is more practical to coliect fiom the post- 

migratory time period since there are more PGCs in a s d e r  area At 1 1.5 dpc the majority 

of the PGCs are in the gonads and by 12.5 dpc sex can be determined by gonadal anatomy 

(Godin et al., 1990; Godin and Wylie, 199 1). In this study of goat PGC, migration ends by 

day 35 and sex c m  be readily determined by day 41. Whether day 36 to 49 goat PGCs are 

in a state which favours culture and reintroduction into the germline is unkllown, but they 

do express AP activity and react with EMA-1 and SSEA-1. Germ ceus from day 60-70 goat 

ovaries and adult testis do not express these markers that are associated with pluripotency 

in mice. These studies suggest that it is reasonable to attempt to culture EG cells fiom goats 

between the above rnentioned ages. 

The most commonly used extemal indicator of developmental age is the crown- 

rump length (CRL). We have combined this measmement with the identification of external 

morphological featws such as development of the eye, ear and limb. It is particularly 

diEcuit to measure very early embryos @rior to day 25 in goat) because they are small and 

there are dramatic changes in overali shape during this period (Osuagwuh and Aire, 199 1). 

The growth of early embryos is süght when measured on a daily basis, and the opportunity 

for slight errors to cause major ciifferences is great. The CRL can only be used to discern 

stages that are associated with large clifferences in length. It has also been noted in the case 
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of the goat that the CRL is not an accurate measure of gestational age d e r  100 days of 

development (Osuagwuh and Aire, 1986). There are several areas of inaccuracy inherent in 

the measurement and application of CRL, such as breed size variation, developmentd lags 

due to maternal trama, and subjective definitions (e.g. definitions of "crown" and "rump") 

putler and Juuriink, 1987). In this study, however, the CRUage cornparison (Figure 1) 

yielded usable results between day 27 and 49 with animals h m  multiple sources and various 

breeds (Toggenberg, Nubiau, Samen, Alpine and varÏous crosses were represented m this 

study). This suggests that the data presented here wiii d o w  the approxhate ages of 

embryos with unknown conception dates and backgrounds to be estimated. 

Several morphological features are commonly used by researchers to create a series 

of feahues associated with specinc ages. Somite number initially is very usefid, but 

engenders a subjective definition of a " M y "  developed somite (Hamburger and Hamilton, 

195 1). In the early embryo, somite number grows quickly to a level which is impossible to 

detect accurately without serial sections of the entire embryo (Evans and Sack, 1973 ; Butler 

and JuurIink, 1987; Kaufiilan, 1991). 

Other features which may be used in the future hclude ear and hindIimb 

development. The ear is not very usem until pinnae form and even then it is very difncult 

to photograph in manner that displays the entire s ie ,  since pinnae fold over early in 

development. The Iunb development pattern is valuable as it presents a similar pattern 

between species during the time period examiaed in this study and extends across a long time 

fiame. The hindlimb is delayed when compared to the forelimb. and would be a usefiil 

marker for fetuses older than 49 days. The forelimb and eye development are the preferred 

indices for the stages which encompass PGC migration and colonization of the gonds. It 
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is difEcult to put these features on a linear scde, but they are good supplements to CRL and 

may compensate for variations due to breed or matemal health. It is only through the 

combination of ai l  extemai and microscopic features that embryos of specinc age can be 

regimented into defined stages to enable researchers to make an accurate cornparison of 

embryo coliections. Practical applications of an extensive morphological staging system 

would include use of embryos collected fiom slaughterhouses, where there is no information 

on mating date, breed or general health of the dam. 

There are stiIl many questions that remain unanswered. It would be interesting to 

determine when PGCs can first be detected by the histochemical and immunohistochemical 

methods described here. It would be iotnguing to examine the later stages in detail to 

determine when AP/EMA-USSEA-1 activity ceases in the goat. The ages of goats needed 

for these studies would also provide a more complete compilation of extemal morphological 

features. And, of course, study of the Merentiative state and potential of goat PGCs in 

culture will be important. Once goat EG ceii lines are established, techniques such as nuclear 

transfer and site specific transgenesis couid be applied to bring the goat to the forefiont of 

biotechnology in domesticated species. 

This study is the f h t  step in establishg goat EG celi lines. The next step wodd be 

to apply techniques developed in the mouse for genetically m o w i n g  these cells and 

reintroducing them hto the germ line (Handyside, 1987; Leichthammer et al., 1990; 

Piedrahita et al., 1990; Anderson et ai, 1994; Chemy et al., 1994; Onishi et al, 1994; 

Tsuchiya et al., 1994; Talbot, 1995; Campbeii et al. 1996; Stice et al., 1996; Strelchenko, 

1996; Shün et ai., 1997). While mouse is an excelient model system, it lacks the practical 

applications that exist for transgenic domestic livestock (Seamark, 1994; Wheeler, 1994). 
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Some applications are increased milk production levels, changes in milk content, and 

adaptations to diverse and changing conditions of farmIauds a m s s  the planet This study 

has increased our knowledge of goat development, and in particdar PGCs, has evaluated 

three PGC markers and indicated reasonabie times for the recovery of PGCs for culture. 

These are fkst steps towards produchg transgenic goats via a stem cell technology. 
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APPENDIX 1 

............................ Aquapolymount Polysciences, Warrington, PA,USA. 
...................................... DAI3 kit Vector Laboratorïes, CA, USA. 

Equine chorïonic gonadotrophin (eCG) ....................... Ayerst, Guelph ONT 
EMA- 1 Antibody ............... Developmental Studies Hybridoma Bank LA, USA 

................................ Eosin Fisher Diagnostics, Pittsburgh, PA, USA.. 
.............................. Ethanol Fisher Diagnostics, Pittsburgh, PA, USA. 

............................ Estrumate Schering Canada Inc. Pointe-Claire, QUE 
.............. gonadotropin releasing hormone (GnRH; Factrel) Ayersf Guelph ONT 

........... Follicle stimuiatîng hormone (FSH, FolItropin) Vetrephann, London, ONT 
................................... Goat S e m  Vector Laboratories, CA, USA. 

.......................................................... H,O, Safeguard 
.......................... Haematoxylin Fisher Diagnostics, Pittsburgh, PA, USA. 

.................... Magnesium Phosphate Fisher Diagnostics, Pittsburgh, PA, USA 
......................... Methyl Green Sigma Chernical Co. St. Louis, MO, USA. 

............................ Mouse anti Goat IgM Vector Laboratones, CA, USA. 
Nitro Blue Tetrazolium Chloride 
/5-Bromo-4-chloro-3 -indo yl- 

......... phosphate 4-touidine blue(BBT/BCIP) Boehringer Mannheim, Montreal, QU. 
..................................................... OCT Sakura CA, USA 

...................... Paraformaldehyde Sigma Chemical Co. St. Louis, MO, USA 
............................. Permount Fisher Diagnostics, Pittsburgh, PA, USA. 

............ Potassium Phosphate (KH2P0,) Fisher Diagnostics, Pittsbwgh, PA, USA. 
................ Potassium Chloride (KCl) Fisher Diagnostics, Pittsburgh, PA, USA. 

Progesterone .............. Phmacia  and Upjohn Animal Health, Orangeville ONT 
.................................. Slidebrite S&S Co. of Georgia Inc., GE, USA 

........ Sodium Phosphate (Na2HP04-7H20) Fisher Diagnostics, Pittsburgh, PA, USA. 
....................... Sodium Chloride (NaCI) JT Baker Chernical Co. NY, USA 

SSEA-1 Antibody ............... Deveiopmental Studies Hybridoma Bank IA, USA 
Tris ........................................... Gibco/BRL,Bwlington,ONT. 

................ Vectastain ABC Elite Kit (standard) Vector Laboratones, CA, USA. 
Veramix ................. .Pharmacia and Upjohn Animal Health, Orangede ONT 

............................... Xylene Fisher Diagnostics, Pittsburgh, PA, USA. 



APPENDIX n 

PREPARATION OF MATERIALS USED 

137 mM NaCl 
2.7 mM KCL 
4.3 rnM Na2HP0,-7-0 
1.4 mM -PO, 

The pH was adjusted to 7.4 - 7.6 

Tris B&r for AP activity detection 

0.1 M Tris 
0.05 M MgC12 
0.1 MNaC1 

The pH was adjusted to 9.5 

8g pardormddehyde 
200ml2x PBS 




