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INTRODUCTION

The desire for lmowledge of the origin of life and
of life itselfl led Aristotle to open the hen's egg hoping
that by getting eloser to life's origin, as he understood
it, he could detect its secrets. We would not expect to
find the origin of 1life in an egg today, but biologists
have continued to be fascinated by the transmission of 1life,
from the vital link carried by one nucleic acid to the
packeged life potential of an egg. This investigation was
undertaken in an ettempt to provide better understanding
of one step in the transmission of life, the origin of the

primordial germ-cells,



PART I
The Problem

Because of its availabllity and ease of study, the
chiock embryo's developmental morphology has probably
received more thorough sbudy than that of any other. How-
ever, despite excellent exhaustive work by many‘eompetant
investigators the origin of the gametes has remained
obscured by voluminous conflicting evidence. In order
better %o understand the historical perspectives of this
evidence and the problem as a whole, a brief description
of the primordial germwcells and their most widely accepted
life history will be given, followed by a historical pre-
sentation, and a discussion of the confllets and problems

as they exist now,

A, The primordiasl germe-cell
1. Morphology

The moet distinguishing characteristic of the
primordial germ-cells is their large size with a diameter
ranging from 1 to 22 microns. They are usually spherical
and early in their life contain a great deal of yolk copie
ously distributed throughout the cytoplasm in the form of
globules, By 2 days of age these globules seem to coalesce
inte 2 %o L large yolk spheres and are slowly absorbed by



L to 6 days. Another éarly prominent characteristic of
early stages is the pale centrosphere which may be 3 to 4
X 6 micerons in dismeter and 1s often located at the oppo-~
gite side from the nucleus. The Golgl apparatus is large
but of variable prominence while the mitochondria are not
significantly different from those of somatic cells, The
large spherical nucleus is very striking, with a diameter
of 8 to 10 microns before the early somite stage and a
dlameter of 10 to 12 micrones after this. Its clear vesice
ular charscter is easily spotted and the retioular chroma-
tin is often divided into two granular clumps, At the age
of the primordial germ-cella in this study, they are iden-
tifisble as being 3 to L times as large as the somatic
cells with diffuse cytoplasm containing a clear reticulated
nucleus which is about the same size as 2 whole somatle
sell, and with one or two large intranuclear chromatin

elumps (12,25,63) (Illus, 1 and 2).

2, Hatural history
When the chick embryo is 18 hours old, a primitive
head Told is present with estoderm, mesoderm and entoderm,

This is surrounded by an aree psllucide which has ectoderm

and entoderm with a small central area of mesoderm supple-

mented by scattered mesenchymal cells. Surrcunding the

ares pellucida is the srea opaca composed of ectoderm and

entoderm which 1s several cells thick {(LiD,76). At this
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‘time in a region anterior and lateral to the head fold and

marginal to the aresa pellucida, called the germinal crese

cent; the primordial germ-csells beglin to bud off of the

area opaca's entoderm into the space between it and the

sctoderm, where they wander with the few messnchymal cells

present (Illus. 1), By 33 hours of age the area opaca has

been extensively vascularized,; contalns many blood islanda,
and the cireulation with the embryo proper ls establlshed.
liow by the amoebold-like movement characteristic of many
primitive cells, the primordial germ-cells snter the capil-
laries and the circulation, which carries them throughout
the embryo. At the age of LS hours, when the embryo has
21 to 25 somltes, the primordial germ-cells begin to leave
the ciroulation and %o loealize in the splanchnic mesoderm
in the reglon of the future gonadal ridges. This completes
the most controversiasl phase in the development of the
primordial germw-cells (1h, 31,60).

At LE days of age the gonadal ridges are easily
recognized on the medial aspscts of the mesonephriec ridges
by their distinet columnar germinal epithelium which has
the primordial germ-cells scattered in it and the under-
lying stroma (Illus, 2)j however, in both sexes, which cane
not yet be differentieted, the left gonadal ridge is about
2 to § times larger than the right. The primery proliferw
ation of the germinal epithelium which csrriss many of the



primordial germ-cells deep into the strome occurs at 6%
days. Another 1/2 day of development in the mele allows
these migrating cells to be recognized as sexual cords
which are the precursors of the seminiferous tubules; they
remain dlsorganized in the femele. From the 8 to 1l days
the primordiel germ~cells of female's left gonadal ridge
only underge rapid mitosis with & secondary proliferation
of the germinal epithelium on the ninth day which resolves
as the follicles of the stroms, while the primordisl germe
cells have become recognizable as the definitive cogonia,
and the right gonadal ridge etrophies. The sexuel cords
of the male ecntinue to organize until the 13th to the 15th
day when their primordiel germ-cells also underge rapid
mitosis and evolve as spermatidse, This second phase in
the evolution of gametes from the germinal epithelium has
generally been agreed upon, exsept for the role played by

the primordial germe-cells (60).

B, Prior research
1. Observational

As observation is the cornerstone of scilence,
similarly observations have contributed most to our knowl-
edge of the primordisl germ-cellsj therefore, we will dise
cuss the findings of observations before progressing into
expsrimental results. It is unfortunate for this review

that almost all of the earliest observations on the
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primordial gerwm=cell have been published in Germsn. Howe
ever; there were signlficant conbtributions by Freneh invess
tigators around the turn of the century, In 1886 Laulanie
noted the early gonads of the chick embryo appearsd to be
bisexual, or at least their destined sex could not be
determined (39). Prenant followed in 1889 with a complete
study of the young chiek embryot's gonads, deseribing thelr
evolution from the germinal ridge and reporting primordial
germecells located in the very early mesenchyme (53).
Hoffmann ralsed the gquestion of the possible extrawenbry«
onle orlgin of the primordial germecells by reporting their
presence in many locations in the 23 somite embryo and not
being able to find intermediate stages in the gonadal
areas, in 1893. Therefore, they must have an 8Xogenous
origin (32).

In 1904 d'Hollender stated that he could see the
precursors to the gemetes arising from the local germinal
epithelium and the controversy was crystallized for
posterity (33).

Supporting the exogenous theory of origin in 1913
were Firket's original concepts of amoeboid movement by
the primordial germ-cells and a dual ovigin of the gametes.
He believed that many of the primordial germscells degene
erate while others form gametes and a parallel group of

gemetes 1s formed from some of the indistinguishable
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germinal epithelial cells (17). He also noted in 191l that
the left gonadal ridge invariably had more primordial garm-
cells than fh@ right and postulated a chemotactic differs
ential (18).

Swift, in three comprehensive articles in 191l, 1918
and 1916, presented his execellent study of the primordial
gorm-calls, which in detail traced them from an orizin in
the germinal erescent to the definitive gametes., Observing
the left side to have more then the right, he too supporied
chemotaxis but did not believe the germinal eplthelium cone
tributed te the formation of gemetes (63,6l,6%). Defretin
in 192l supported Swift's findings (7). Woodger in 1925
felt that the Golgi apparatus, a criterion employed by
Swift, was not suffieciently distinct to use as a marker in
tracing the primordial germ-cell.(75).

In 1926 Richards, Hulples and Goldsmith said that
there was "not the slightest doubt™ that the primordisl
germ-cells alone formed the gametess, while the germinal
epithelium formed the supporting elements of the follicle
(57). Goldsmith reiterated this opinion in 1928 with one
of the best morphologicesl dﬁeeripfians of the primordial
germ-cells (25),

The posribility of another site of origin for the
primordial germ-cells was raised by Matesumoto in 1932 when

he reportedly saw them at the posterior margin of the



blastoderm in the primitive streak (45). ILater Rawles
supported this questlon in 1936 by reporting primordial
germ-cells present in a graft from the nodal reglon taken
before the primordial germ-cells should have migreted (Si).

Witsehl in 1935 thought that the primordial germe
cells were svenly distributed bebtween right and left gonads
until the third day; then on the fourth they started
nigrating to the left, becauss of an “attraction". He also
falled to see any germinal cortex st any time in the right
ovary (74},

But the last of the good deseriptive studies, that
by Essenberg and Garwacki in 1938, coneluded that the
primordial germ-cells were of endogencus origin., Their
basis for this decision was the finding of pregamete
"sex-cells" in the reglon of the germinal epithelium before
the clreulation wae established, which would meke these new
cells the %true primordial germ-cells, while they believe
the clessieal primordisl germ-cells degenerate and are

funetionlese (12).

2. Experimental

Such divergent interpretations by observers of
approximetely the same material would natursally leed
investlgators toward an experiment designed to settle this
intriguing question. The first experiment directed toward

this end, by Ragen in 1916, was ¢lassicel and perhaps



should have been definitive. He found that by exeluing

the germinal crescent he created sterile gonads, which
86111 developed interstitial cells, However, he was unable
to draw any conclusions from similar "sterile" embryos to
which he transplanted germlnal crescents. Despite appar-
ently thorough work he was unable to maintain an operated
embryo beyond 21 days and doubted if his germinal erescent
transplants took (55),

A problem and analogy which was to continually recur
is the origin of the new or transformed gametes in mature
chickens which undergo spontansous true reverssl of sex,
Pearl and Boring first raised this question in 1918 and
thought the new seminiferous tHubules of prior hens appeared
to arise from development of the old second proliferation
"sex cords™ of the ovary (50), Benoit concurred with their
findings in 1923 (3) and again in 192l Gatenby (24) and
Pell (15) independently looked to sex reversal in aduli
chiekens for a clue, They both felt that in metamnorphasing
hens the new male gametes were derived from the peritoneal
cells covering the gonads and that this supporis the
germinal crescent theory of origin, but cell rests of
exogenous primordisl germecells seem just as likely.

Beeking clues from the possible hormonal or induce
tive influences of developing gonads upon each other and

thelr developing primordial germ-cells, Greenwood in 192%
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and Williler in 1927 grafted gonads into chorioeallentoic
‘membrenes, Using differentiated gonads grafted into hosts
greater than 7 days old, Greenwood concluded no interaction
occurred (20), and Willier concurred from his findings upon
grefting 4 to éeday old gonads into "indifferent stage”
embryes (68), In 1926 Willler was unable %o reach any cone
clusions regerding the interaction of 19=hour old area
pellucida grafts onto 9=hour old chieks becauss of the
great post-operative deformity in the gonadal reglon
present after 9 days growth (57).

Brode in 1928 (A) and Domm in 1929 (8) opined that
retentlion of the primordial germwcells in the right gonad
was necessary for 1t to be fertlle after removal of the
left. Destruction of the germinel crescent by Benolt in
1930 with ultraviolet light withoubt subsequent appearance
of the primordlal germecells in the badly deformed gonads
led him to conelude he had destroyed the primordial germe
cells in the germinal crescent (l); however, the probae
bility of endegenous primordial germ-cells erising from
the germinal epithelium of such apparently aberrant gonads
and embryos as remained may be just as unlikely.

By grafting 2 whole blastoderm onto another embryo's
choriowallantolc membrane and finding a sterile parasite
developing, Willler concluded in 1931 that sxogenous

primordial germecells are necessary (69)., An interssting
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observatlon by Domm in the same year was that the left
ovary of the hatehed female chiok was capable of forming
& testls 1f the cortex alene is deatroyed, & finding which,
he thought, supported en endogencus origin of the gametes
{(9)s but again primordial germ-cells cell rests cannot bs
ruled out,

' m Willier performed & series of chorio-allantoilc
grafting experiments in 1933 and stated that the primordial
germecells remaining in the germinal crescent failed to
differentiate but merely continued to multiply, while those
in contact with coelomic epithelium not only differentiatad,
but also Induced gonedsl formation. He also noted that
there was great varlabilisy in therviability and sterility
of gonadal grafts, with both viabllity snd fertility in-
ereaging with inereased morphological differentiation at
the time of transplant, but neither could be counted on
et any age {70,71). 1In 1937 he reported 2 great desl of
difficulty iﬁ obtaining viable transplents, but noted that
all sterile tranaplanted gonads wers male, while transe
planted primordial germecells seemed to be capable of
developing into either sex (72).

A rather confusing papsr by RZasenberg in 1937
reports his attempt to destroy the primordial zerm-cells
by 600 roentgens of total embryo irradiation. At 3 days

of age this dose was lethal to 96% and in thoss sectioned
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immediately post irradiation no migrating primordial germe
cells were present. The chicks which managed to survive
to six days of age with normel appesring gonads had pri-
mordial germ-cells present, while those with abnormal
appearing gonads did not have primordiasl germ-cells present,
By tenuous reasoning this led him to conclude that the priw
mordial germecells were of endogenous ovrigin (1l1).

In 1938 Hooker and Cunningham used the retroe
peritoneal regeneration of testes in castrated cocks to
support the postulete of two sites of origin of gametes
in fowl, the exogenous primordial germe-cells and the
germinal (coelomic) eplbhelium (34).

In a rather detalled and convineing paper in 1939,
Essenberg and 8vejda reported the destruction of the Zol-
minel creseent with the persistence of the appearance of
primordial germ-cells in the gonads. They also noted the
usual high operative mortality: the hatching of only 6
of 77 eggs merely opsned, 3 of Sl with a small germinal
crescent inelsion only, and none in which any operative
procedure took place (13).

The last experimental attempt to elucidate the higw
Gory of the primordisl germw-cells, which is not nearly as
enlightening as the first, is Willier's 1950 transplentes
fion of the pregonadal and gonadal areas before and alfter

the primordial germ-cells should have arrived. Of his 86



choriowallantele grafts only 10 took, all of which were
sberile testez. Desplte this he concluded that the prie

mordial germ-cells are sexually bi-potential (73),

€. Preesent status

Although the preceding brief resume' of the research
upon the primordial germ~cells may have left the reader
with an opinion about their probable life history, it was
designed to create confusion because this 1s exactly whare‘
& perusal of the original articles would lead one, Kvie
dence of the confusion reigning among the prineipal
workers in this field is the 50 divergent articles pube
lishéd by 37 of them and reviewed above., Hach aspeaﬁ of
every major question raised has excellent evidence to
support it. Moreover many of them are slso supported by
reports in which the investigator is c¢clearly bissed and
drawing significant conclusions from tenuous evidence,
subjective interpretetions, or no data, The crucial probe
lems evolving from these antithesie are obvious, but we
will briefly formulste them together with & summary of

the principal evidence.

1. Origin of the true primordisl germ-cell
The fundamental guestion is the origin of the germ
eella, or where do the true primordial germ-cells come

fromy, and its natural resolution from the above data is
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into two possible answers: either endogenous or eX0genous.,

&, Endogenous

The tﬁ@ary of endogenous origin is based u?@ﬁ obsere
vations of primordisl germ-cells in the pre-gonadal region
before the circulation is established (12), and the chrone-
ological observations of germinal epitheliasl cells (33)
forming gametes, The non~observational bases of support
are the experiments of gonadal regeneration from SDPpaAT-
ently undifferentiated peritoneal cells (9,15,2l), the
experimental destruction of the germinal creseent with
persistence of the primordiel germ-cells and the questione

able interpretations of x-ray destruction experiments (13}, (11).

b. Ixogenous

The evidence for an exogenous origin of the pri-
mordisl germecells divides itself into three groups.
Firat,}th&r@ ls the evidenee whieh indicates the primordial
germ=cells aravnat endogenous, This consists of the lack
of cbserved evolution of gametes from endogenous cells,
with the primordisl germecells suddenly appeering as iden~-
tifisble cells {32,53). It is also contributed to by the
growth of sterile embryos from echorloe-allantole grafts of
blastoderms (569).

Second, the svidence which indicates the gzerminal

crescent as the source of the primordial germecells is
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based primerily upon the obsservations of cells, morpho-
logiecally similar to the primordial germecells of thsvv
gonads, in the gerﬁinai crescent (7,25,57,63,6L,65), This
is supported by the experiments in which ateriia gonads
are found after destruction of the germinal crescent;
although the embryonic deformity is great enough to meke
any interpretations guestioneble {(l,55). Experiments which
indicate that transplanted germinal crescent primordial
germ-cells are capable of inducing fertile gonad formetion
from coelonic epithelium lend further support {70,71).

Lastly are the observations of the primordial germe
cells at sites other than the germinal crescent of the
pre-gonaled region prior to the establishment of the cire

culation (45,54),

¢, Dual

Of course a compromise cbservation of the primordial
germ-cells arising both endogenously and exogenously is
worth eonsidering {(17). But, for the interest of those who
prefer counting te reading end evaluating, snd laying odds
from the number of proponents of the two me jor alternatives,

the exogenous theory wins by a margin of 12 to 8.

2. Role of the "elasslcael" primordial gernecell
The second fundemental guestion incorporates and
expends upon the first: what is the role of the "classie

cal" exogenous primordial gernecells?
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&+ Becomes definitive gamete
This too has numerocus proponents of sseveral

theories, but the most massive evidence seems to have been
acoerued in favor of their bessoming the definitive gametes,
This is supported by observational ehronological studies
of embryes (7,25,57,63,6L,65) and experimental work of two
types. The first 1s destruction of the germinal ocrescent
with the resultant sterile gonads, which often are badly
deformed (l,55). The second is the destruction of bthe left
gonad before the primordial germ-cells have migrated, which
results in the formation of & fertile right gonad, while if
this is done after they have migrated the remaining gonad
is sterile (3,6,8),

b. Induce gonadal formation

Another major theory for the role played by the
"olassical" primordial germ-cells is that they are vital
for induction of gonadal formation but do not haeome'
gametes themselves, This is arrived at observationally by
reasoning that they arrive at the gonads presumably for a
burpose but are not seen to differentiste directly inte
gametes, Experimentally it is supported by the induction
of gonads from pregonadal coelomic epithelium following pre-
gonadal region destruction, and the induction of gonads
from shorio-allantoie transplanted coelomic epithelium by

trensplanted primordial germ-cells of the germinal



17
erescent (70,71). Of course the experimental evidence from

these two maejor theses can support each other,

¢. Pluripotent stem cell

A third theory, not wholly incompatible with the
first, is that the "elassicel™ primordial germ-ecells are
no more than pluripotential stem cells which can differen-
tiate into many specialized cells depending upon industion
around them, and do differentiate into gametes in the
gonads., This may be in pert supported by the evidence
that grafts of gonads and primordial germ=cells of the
grea pellucida have no inducing effect upon each other as
they each differentiate independently (28,67,68); however,
it is also claimed that the primordiasl germ~cells from the
&res pellucida will not differentiate without contecting

coelomie epithelium or gonads (70,71), which would indi-

cate an induction factor requiring close proximity,

d. PFunctionless

Of course the fourth theory, that the "glassical®
primordial germ-eells are functionless and degenerate, ig
supported by the observations of the same group which
proposes an endogenous origin of the primordial germe
cells (12,33)., This theory completes the sphere of ideas,
evidence and pseudo-evidence gurrounding the primordial

germwcells and gives some idea of the difficulty prior
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Investigators have had in achieving decisive and objective
results regarding them.



-PART II
Initial Investigations

The information presented in the initial section of
this thesis should leave the reader with some idea of the
relatively simple alternative pathwaye proposed for the
primordial germ-cells and, with some reflection, he can
design one or more experimental procedures which might shed
light on the matter. However, the many frustrated attempts
by competent inrésttgutarm, and the conflicting opinions
derived from them shaﬁld serve as an omen of the technical
diffieulties encountered in charting the course of the

elusive primordial germ-csll.

A. Transplants of whole chicks for propagation
1. Hypothesis

Without the benefit of the great deal of detailed
Imowledge gathared by prior investigators, summarised
above, and with only a hazy idea of the postulated natural
history of the primordial germ-cells, three and one-half
years ago the initial investigations in this series were
undertaken. Testing the initial hypothesis required the
meturation and reproduction of a chick which had been
grefted inte the developing membrane of another variety,
thereby replacing the original embryo before the circulation
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of elther was established and the primerdial germ=-cells
- had migrated. Thus, if the germinal crescent theory of the
origin of the primordiasl germecells were true, the progeny
of the transplunted embryos would have been of the host
egg variety rather than of the grafted chick species.
Sterile gonads would have indicated either failure of the
primordial germecells to migrate or fallure of the gonads

to develop due to operative stress.

2. Data

For testing of the above hypothesis 197 6gEs were
observed or operated on between 11/20/58 and 5/30/59 at
approximetely 30 to 45 hours of incubated age (Table 1).
The great variation in age was due to varied developmental
rate in‘the'ﬂanvaaticnwdrart incubator used. Eighty-nine
of the egge were morphologlcally matured between the early
headfold and the 18 somite stages; in these an attempt was
made to prepare them as either a host or a donor. Only 11
transplants were jndged satisfactory for incubation. Of

these, five had some further development of the area opace

and the remaining six had ne further development,
Seven control embryos had a small ineision mede on

one slde between the area pellucidea and the arsa opacs,

Two showed very slight further development and the remaine

ing five did not progress beyond ths stage of operation,
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3. Discussion

Thivgraatoat eingle detrimental factor seemed to Dbe
the immediate widening of any inoisfon in the vitelline
membrane and the underlying embryonic membranes because of
the internal pressure of the yolk aphere, An attempt was
made to reduce this factor by initial aspiration of 1 to
2 o¢ of yolk, but this gap still occurred, preventing
apposition of the donor embryo with host membranes. Even
with the inelusion of the largest possible area of the
donor's area pellucida, and with destruction of the minimal
amount of hosts'! tissues using sither glass needles or
elsctrocautery, this difficulty could not be overcome.

Other investigetions employing less radical proe
cedures at similar ages have not hatched any chicks (41,
42,106, 61), although Martinoviteh and Pavlovie have
répertad hatching five e¢hicks, one living over 60 days,
after trensplanting only the forebrain reglon (LlL). The
detalls of their precise technique are enlarged upon in &
report by Martinovitch (L43) and do not significantly daiffer
from my teechnique. After hypophysectomy in 691 similarliy
aged embryos, Fugo successfully had 162 chick embryes
survive for at least 12 days -=- but none hatched {22)., 1In
the light of these reports and wmy experience, it seemed

frultleses to continue following this course,
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By Transplants of primordial germ-cells for propegation
1. Hypothesis

The next attempted procedure, from 6/23/60 to

9/12/60, and one far less radical, was the transplanting
of the germinal crescent area with its presumed primordial
germ-cells of one variasty into the undestroyed germinal
crescent area of another wvariety) l.e., Black Barred Rock
and Rhode Island Red, This time the host chick would be
required to mature and propagate, and the only positive
result required from this experiment would be the produce
tion of one offspring of the donor variety, which would
indicate the primordial germecells had become gemetes.
Reproduecing the host variety would be meaningless, but 4P
the postulated hypothesis of the germinal crescent origin
of the primordial germecells were true and enough progeny
from chickens containing some of these transplanted cells

gould be produced the donor variety should show up.

2, Dabta

Therefore, using drawn glass needles as scalpels
and drawn glass tubes as pipettes, (with an 0.D. of less
than 0.5 mm at the tlp) the germinal crescent areas of
either Black Barved Rock or Rhode Island Red chick
embryos in the same developmental stages as previously
used, (from the early headfold %o no visible bsating

heart) were aspirated and transplanted inte the germinal
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crescent asrsuss of esimilarly developed esmbryos of the other
variety. ﬁbouh L4L/5 of the transplants were Judged to have
been placed below the vitelline membrane and above the

embryo's aree pellucida ectoderm, while the remainder were

Inadvertently placed within the yolk mass, balow~the gore
minal crescent (Table 1). 37L eggs were used for 197
operations to produce 91 transplants suitable for incuba-
tion of which 45 showed no or only slight development, L6
developed %o greater than 3 days of age, and 30 lived to

6 days or longer, but none lived longer than 12 days., In
17 eggs merely opened without operation, 3 had slight
development, 7 had significant development, and 7 lived
longer than é days. The ports in these eggs were sealed
with Scoteh Tape which sllowed thelr development and death
to be accurately observed so the embryo could be preserved
within 1/2 day of death,

In an attempt to isolate for correction the major
cause of this posteoperative mort&lity; 22 bacterial cul-
tures were taken from dead embryos. Fourteen plates from
embryos which lived through the third day were negative
while 6 had baotsrial growth, and of two plates taken from
6 dayeold dead embryos, one was positive end one was nega=
tive for bacterlial growth. This was not judged to be suf-
fielent evidence of contaminatlon, considering the fate of

unentered eggs containing dead embryos at incubation
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temperatures and the welleinown transmission of bacterie

in chicken eggs.

3., Discussion |

Although the erucial factor would seem to be damage
to the embryonic membrane and indeed other investigators
report survival is apparéntly correlated with demage, with-
out citing figures (22,41), and maturation of chick embryo
wound healing mechanlsm occours only after the tenth incu~
bated day (66)3 thils is not supported by data frem Tablaé
2 and 3 in whioch the transplante made during this and sube
sequent experiments did not have a significantly greater
survival of the embryos which escaped rupture of fh@ir
area pellucida by the operation. Neither was thers a
significantly greater asurvival due to experience in Tables
L and § which compare this experimental group with 1attér
groups; although, greater experience would secem %o result
in less damage from mechanical factors and more speed with
concurrent less exposure to drying of the embryonic meme
branes, whlch has been lmplicated in mortality (62).

Fortunately in November of 1960, when it became
clear %that any experiment demanding both operation upon
the embrye at sueh an early age, and then maturstion of
the chicken, fequirad econsiderably more technical ability
than had been demonatrated, another approach presented

itﬁ@lfo
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€. Tracing of primordial geruwcells with the sex-chromatin
mass

1, Hypothesis

As the sixz day survival time, which was being
regularly achieved, would be sufficient to determine the
fate of trnnaplénted primardiél germ-cells if they could
be adequately ldentified, the next triel was an attempt to
use the sex-chromatin mass as & marker, Since Grsham and
Barr first noted the significence of the femals sex=
chromatin mass es & oytological sex differentisl (26), 1t
has been exténaivaly'invasbigateé with several staining
procedures (58), In chickens Kosin and Ishizaki used
Harris' hematoxylin stain to demonstrate thet the Barre
body occurred about 10 times more frequently in females
than males, despite the fact that the distribution of the
me.jor sex ethromosomes is, in birds, different from that of
mammals (38). In all Aves, the male has two Z's and the
female only one Z (60), This eytological sex differential
was present as early as two days of embryonic age (36).
The Peulgen squash method used by Chno, Keplan and Xinosita
confirmed these reports (L7).

The hypothesls is that in approximately 1/2 of the
trangplante the donor primordial germ-cells should be of
the opposite sex frowm the host and that this can be
determined anytime after 3 days of embryonic age., All
eytologlical gex differentlating is done on a statistical
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basis, by determining the percent of sex-chromatin mass
positive cells in msles and females with the sexes falling
into different population curves., First the two normal
curves for percents of primordisl germecells with sex-
chromatin masses in male and female controls would have to
be determined. Then an snalysis would be made of embryos
containing transplanted primordiasl germ-cells. Presuming
that the germinal crescent Sheory of origin of these pri-
mordial germ~cells ls true these experimental embryos
should fall into the two normeal distribution curves, but
with a scabtering of a signifiecant number of embrvos be-
tween them &8s a result of the opposite sexed transplanted
primordial germe-cells. Failure of this to occur would
indicate sither that the transplents failed to take or
that the primordial germescells do not originete in the

germinal oreseent,

2. Data

In anticipation of successfully developing a satise-
factory method for differentlating the sex-chromatin
magses of the primordial germecells in histological seew
tions, 108 eggs were used to obtain 22 sontrol embryos and
to perform 59 operations whieh produced 286 incubatable
transplante, of which 20 were fixed at the required four
days of age or greater while 8 showed little or no further

development after operation (Table l). This work was for
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naught.

3. Discussion

Obviously this experiment required the use of a
staln which would allow rapid sereening of large numbers
of primordial germe-cells for aﬁaessmént of the presente or
absence of the sex-chrometin mass. It would alsc have to
be consistantly p&oduetiv& in & large number of histologiw
cai sectione; however, almost all of the sex~chromatin mass
stalning techniques have been developed for smear or squash
preparations, which are more easily differentisted., The
sex chromatin mase is DNA, similar to other hetercchromatie
massés invth@ sell nuelsi, and 1its viaibility in most DNA
stalning methods is siéply dependent upon the slower dedif-
ferentiation of a larger mass, but this mass differential
is mueh less significant for destaining in histological
sectlons than in single c¢ell thiclness preperations.
Therefore, the sex-chromatin mass is proportionately more
difficult to demonstrate consistently,

After reviewing the techniques of several sex=
chromatin mass stains {1,2,27) anc unsuscessfully attempting
to adapt the thionin stain (37) to control embryo sections,
the Blebrich scarlet~fast green stain was selected for
investigation (29). This steln could be readily used to
sex human buccal, mouse vaginal, and chlek bucecal end

cloacal smears; however, extensive work could not adept
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Illustrations 10 and 11 demonsivated a type of
gilver granule reduction occurring over single and groups
of blood cells which was finally called artifectual, This
decision was based upon several things. Two significant
factors were the spobty ocourrence of this phenomena upon
a slide, but always affecting «ll of the blood sells where
it affectsd any, and lts belng acconmpanied by & yellow tint
of the £ilm, which may have Indicated chemlical changes,
Thase ailver granules wers smaller then the typlcal radio-
graphic greanules and accoupanled by an unnatural light
refraction when slightly out of focus a&bove them, iadicatw
ing possible physicel changes in the gelatin layer over
them, |

| Illustrations 12 and 13 demonstrete whole sections
for orientetion to the following materiel.

After only 22 deys exposure embryo No, 6~20«E had a
high baeckground of silver reduction on all of the slides
and 1t was darkly stalned; howaver, there is little ques-
tion but that the cells in illustration 1l are well tagged.
These are a kidney tubular cell and an adjacent stromel
gell. 'The tagging is cerbainly equivecal, if even worth
noting, in the spinsl cord neuron of illustration 15,
While the probable random tagging in the gonad of 1lluse
tration 16 can only be cslled artifactuasl afber evaluating

the background of the surrounding aree mieroscoplecally,
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A good stain and a low background after 47 days
exposure malke bthe small conecentraticn of reduced silver
granules over the nucleus of the possible primordial germe
gell in the gonad of embryo Ho., T«26~J (Illus. 17) possibly
of significance.

Dmbryo Jo, 8=9«4 has a probable primordial germecell
in illustration 1B, bub the tagging is not significant,
The dlssocliation from a nueleus of the very likely looking
group of silver grenules in the gonad of illustration 19
removes 1t from probable btagging to artifact; this group,
also, falls upon & line of redused granules probably caused
by static electricity. On all slides the gut moeosa of
this embryo showed slightly greater tagging than the sur-
rounding stroma; however thia could not be econvineingly
illustrated (Illus. 20).

Two adjacent cells seen at low power (Illus, 21)
in the gonadal ridge of embryo No. 8«9=D require scareful
mioroscople evaluation., The ecell in i1llustration 22 is
probably a2 primordial germwcell and the tegging appears
inereased; howaver, it is less likely that the poorly
visualized cell in illustration 23 could be identified
with certainty as a primordial germecell anﬁlthe tagzing
appears more artifactual, The pgut mucosa throughout this
embryo's sectione was well tagged (Illus, 2k to 26),

Embryo No., 8-9«-G is signifieent for having two
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it with any degree of reliability for sex-chromatin iden-
tification to histologicel sections of man, mouse or
chicken. This atain also was to be dropped, this time in
favor of trying Harris' hemstoxylin, when a supposedly much
superior method of tegging the transplanted primordisl

germ-cells was conceived.



PART III

Studies of the fate of transplanted germinal crescent
cells tagged with tritiated thymidine
A, Thaaky
1. 7Tracing a primordisl germ-cell

The final phase of this series, attempting to dise
cover the origin of the primordiel germe-cell, was started
in the spring of 1961, The plan of following marked cells
which was the basis for using the inadequately identifi-
able sex~chromatin maas still appeared feasible, providing
sultable marked cells or & sultable marker for cells could
be found, Success of this plan is dependent upon then
finding the marked transplanted serminel crescent cells in
the gonads as recognizable primordial germ-cells or as
gametes at later stages.

Embryologiats long have followed marked cells using
inert materials which were later phagocytized by the cell,
éiffuaed into it, or marksd 1ts membrans; however, this
work was done primarily with groups of ecells whish remained
intact and in part held thelr marker by mass actlon. A
marker for single migrating cells would have to bs a
permanent one which would not diffuse into surrounding

medlia or be lost in transient.
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2. Choice of tritiated thymidine
Tritiated thymidine seemed to fulfill the stated
requirements. Thymidine, a deoxyriboside, 1s inecorporated
into, and comprises ebout 22% of developing DNA of mitosing
O\\
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\
Ho—cH, O M £OH

y oy X HC=C—CH,
H H

OH H

Thymidine

cells, with little sidetraekiﬁg to other products and withw
out readily re-ontering the metabolic pool {146, 19,20,21,
23,56). Tritium has a half life of 12% years and emits a
Beta particle of very low cnergy, 0.010 milli<electrone
volts, whieh only travels an average distante of 1 micron
and a maximum distance of 6 microns in air. The combina=-
tlon of these attributes in tritiasted thymidine (H3TDN)
produces a stable marker for the nueclel of cells incubated
in the proper concentrations (10,23,35,48). While improved
autoradiographlic techniques allow acourate localization of
these tagmed cells with the strippingefilm methed (51,52,
56,59).

With these considerations in mind 1t wes postulated
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that developing germinal crescent cells could be tagged
with tritisted thymidine by injections of the proper dosage
into the yolk prior to incubation., These cells then could
be transplanted inte the germinal crescent areas of "eold"
embryos at the latest possible age prior to the establishe
ment of the eirculation. If the primordial germ-cells were
in the transplents they could be detected in the gonads by
using the stripping-film teshnique for autoradiography.

B. Mabterials and methods
1, Tagging with tritiated thymidine

Under the supervision of Mr., John Brook tritiated
thymldine obtained from Schwarz Bio-Researeh, Ine. with an
activity of 1.88 counts per millemole was evaluated for
the proper dose which would tag embryonic cells after
intra-yolk injection. After injecting and autoradiograph-
ing embryos with doaagds from 0.008 to 25 mierocuries per
egg it was determined that 5 microocuries per egg gave
satisfactory tagging without visibly mutating or injuring
the embryc, As & volume of 0.1 milliliter could easily be
injeeted into the yolk without damage or overflow of albu-
men, and this volume could be ascurately measured with a
tuberculin syringe, & concentration of S0 microocuries per
mililiter of tritiated thymidine wes adopted.

Preliminary trials led to the consclusion that intra-

yolk injeetions could always be made without direct obser-
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vation by drilling a one milimeter hole with & diamond
stylus in the shell at a point on the broad end where a
line tangential to the surface would form a li5° angle with
the longitudinal axis of the egg. With the broad end of
the egg up for several minutes and cleansed with 709
ethanol, this hole was drilled. A 27 gauge needle was
inserted perpendicular to the surface with the tip at the
longitudinal axis and the injection was made, After copi-
ous rinsing with 704 ethanol a Scoteh Tape patoh was placed
over the hole and the egg was incubated,

Tha ineubator was one of the weaker links in the
experimental design. It was & eonveotion current type,
with an open pan of water for humidity control. ‘The
thermometer was in the roof, when it registered the optimal
37.5%C, the incubating shelf temperature might be as high
as 40°C, This was the major cause of veriability of

embryonic development compared to standard incubation age,

2. Transplanting

After 30 to 4O hours of incubation the "hot" and
"sold" oggs were opened., The eggs were cleansed with 70%
ethanol and sterlle lnstruments were used, but no other
speclal sterile techniques were employed. An ampule saw
was wsed %o cut a 1 x 1 centimeter hole in the shell
toward the broad end, just above the equator. A glass

nsedle was pushed through the egg's membranse toward the
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broad pole to rupture the air pocket there and to ailov the
albumin and yolk %o drop away from the port. Then the mem~
brane was removed. The embryos were inapected and those
having daﬁalep&& to between the head fold and %the beating
heart (16-20 somites) stages were operated upon, As much
metohing of donor and host development as possible was
attempted for transplants; although, as length of embryonie
exposure with oconsegquential drying was kept to & minimum
dissimilar development was often ignored sc as not to have
an egg open very long. Using fine drawn glass nesedles to
incise the vitelline membrane, & micropipet with an end
outside diameter of less than 0.5 milimeter, end just have
ing been coated on the inside with the egg's fluid albumin,
wag inserted over the germinal ¢rescent {Illus. 1) and this
tlesue was aspirated. The c¢ell and yolk mass thus obtained
amounted to between 0.02 to 0,06 mililiters, This was
immediately transported to the prepared host and injected
through an incision in the vitellin membrane, In about
65% of the eggs the injection was made above the area
pellucida while the remainder were made beneath it., It was
thought that cells between the area pellucida and the

vitelline membrane would be in better position for taking,
but it was noted that those under the area pellucida

floated up sgainst it. The host egg was then sealed with

Seoteh Taps and incubeted port down., A smear was made of
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the remalining area pelluecida cells of the donor, using the

same aspiration technique.

3. Pixing, sectioning, and mounting

After threa days of ineubation the viable embryos
were fixed in 10% glacial acetic aeid in absolute alochol,
Piceric acid and similar fixatives are counterindicated as
they may chemically reduce the stripping-film (51). The
smbryos wers then dehydrated and embedded through standard
procedures. As it had been estimated that a resolving
power of 2 mierons eould be ashieved (52,56) and the aver-
age distance the tritium-emitted beta particle travels is
only l.mieram, sections of 5 mierons were prepared., Thin-
ner sections were technically feasible with the equipment
avalilable, Those sections containing the gonadal ridges
were mounted on slides prepared with an albumin-ether solu-
tion and were then heat ssabilized at 569C,

ke Stripping and developing

The prepared slides were stripped with Kodak AR~10
film. Although the standard stripping technliques are well
lmown (Appendix, I), there are several important details
whieh experience indicates need emphasia, The first is
the importance of room humidity, which can easily be con-
trolled in most dark rooms by a ruhning hot water tap, If
the humidity is low, the gelatin film tends to curl and
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become unmanegeable as well as to produse & considerable
anount of sbatlc electricity when belng stripped from the
gless plates. Too high humidity results in moist, weak
film which stlcks to the instruments and to itself and
tears easily., The floating film strips must be sllowed to
expand maximally before application to the slides for the
closest wrinkle-free approximation., The filmed slides,
while being exposed, must be theroughly dried for optimal
a&hérenca; this is easily eccomplished by placing dry Casoy
eryatals in each slide box. If the film is maximally
expanded before application, overlaps around three edges
of the slide, and is absolutely dried during exposure, it
should net separate from or move on the slide during
development or staining.

Kodak D«19 developer and Kodak Fixer were used for
the standard developing technique {Appendix, II). In this
process 1t is essential that the slides be gently treated
and the wet time be of minimal duration to prevent loosenw
ing of the film on the slides., These alides werse exposed
for varying times from 15 t¢ 112 days.

5, Staining

Various methods of staining, prior to and after
filming autoradiographs, have been used (51,52), inecluding
the post development Gemei stain technique used in the
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Division of Experimental Medicine hsrs.# Hone of thesse
methods seemed to offer the combination of contrast,
simplicity, speed and reliability that was desired., After
& brief encounter with Lrlich's hematoxylin, and a few
random stains used in various labs, Harris! hematoxylin
wae adopted which gave extreme clarity of differentiation
and was easy to use (Appendix, 11I).

One relatively lmportant innovation in technique
was taking the slides directly from the post development
rinse to the stein, This bypassed a major ceuse of sepé~
ration of the film from the slide, by leaving out one

dehydration and rehydration procedure.

6. Photographing

An interesting technicue was developed for the
illustrations of the results for this paper. All of the
illustrations of tegged cells are from double exposure
negatives. This was necessary because the cell in ques-
tion would be in foous at one focal plane and the reduced
silver granules above it would be out of foeus at a higher
focal plane at this high magnification, approximately 970
times. Using an AO Spencer, MHodel 635, Photomicrographic
Camers 35um with the 97x oil immersion objective and a

Pheotovolt meter, lNodel E0l-M, reading of 20 x 100 Kodak

%P@raanal instruetion by Mr. John Brook.
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High Contrast Copy film, tungsten ASE index equals 32,
would be exposed to the fooused cell for one~fifth second,
then after refocusing on the silver granules 1t would be
exposed for one-half second. This procedure was derived
from an ehpariaal gerles of trials varying one factor st
a time. A standard 1:3 dilution development technique
maé»employed with Kodek MisrodoleX developer (Appendix,
11).

C. Results
1. Controls and general
a, Controls

At the appropriate age thﬁee_nnrmal embryvos and
three embryos ra#aiving untegged germinal eresecent cells
were sectioned, filmed, exposed, developed, snd stained,
Two additionel controls were obtained from 10 embryos
whieh veceived an injection of yolk only from tagged
embryos., These controls did not have any significant
tagging artifacts.

Smears of the grea pellucide cells were made from
elght donor embryos, all of which showed tagging; although
quite verlable in density (Illus. 3 to 7). One tagped
chick was seetioned at 5% days of age and a single section
was applied as & control to the slides of 15 embrycs. All

of the sectlons were well tagzed (Illus. 8 and 9.
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b. Operations

The 28 gonadal regions prepared on slides and enu=
merated In Table € are the products of applylng the methods
above to 240 eggs, 1/2 of waich were injected with tritie
ated thymidine, Operating on 196 of the eggs produced 88
satisfactory transplants for incubatlon. Thirty-four of
these lived lees than L deys and 54 lived longer than 3
days {Table 1).

¢, Effect of experience

A aﬁntiahiaal analysis of Table 1 demonstrates an
intereating interaction of experience, with its possible
beneficial effects, and tritiated thymidiha, with its pos«
sible harmful effects, upon early mortality. As was men-
tioned previously, the overall effecta of experience and
trauma are not significant; however, Table 7 indicates the
noneparanetriec stetistically significant effect of exper-
ience upon increased survival in embryos in which the aresa
pellucida had been perforated, but presumably with less
damage due to experience., In this group the injected
tritiated thymidine would have maximum dispersion within
the yolk and minimum detrimental effect. Table 8§ on the
other hand shows even & decreased survival, but not sige
niflecant, for the laat subwgroup whilch did not have the

area pellucida perforated. Here the effect of the triti-

ated thymidine confined between the vitalline membrane
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and the sctoderm would be maximun; however, could experiw
ence luprove upon sssentlally no damage to the living
enbryo from the start? The Fetest of Table 9 indicates
that the difference between these two groups is highly
slgnificant. Although this may be due to the offect of
the tritiated thymldine 1t is wmore likely due to the [ach
that no signifloant improvement could be made in the group

whers the area pellucids was not injured, while much lesa

damage occurred with perforation of the area pellucida in

the last series and was gignificant in ineressing the

embryos?! survival time.

2. Description and evaluation of findings

Hine of these 28 embryos have increased tagging of
one or more cells, 4 great desl of time was involved in
carefully examining at high magnification 203 slldes from
all of these embryos before satisfactory rigid standards
for significant tagging were established., In this section
an atbempt will be made to judge only the validity of
inara&sad auto&a&iagrapﬁia tagging over the nuslgus of a
cell or group of eells; an analysis of the causes other
then artifactual will be left for the discussion. It
should be emphasized that a declsion regarding tagging
end the nature of the cslls can only be made with the
mierossope and the illustrations are merely that, 1lluse

trations.
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probable taggad primordial germ-cells. The flrst occurs in
the root of the mesentary whila the second is at the germ-
inal -pithaliam (I1lus, 27 to 29). The gub éf this embryo
is also well tagged {Iilua. 30 to 3bL).

ﬁnqusatiénable tagging is demonstrated in embrye
No. 8=0«H by two adjacent sections containing parts of the
same endothelial cell of the aorta (Illus. 35 and 36). A
well tagged vell is also present in the perisspinal cord
membrane of illustration 37. Two artifacts whioch should be
seen to appreciate their similarity to tagging are illiustra-
ted in 38 and 39. In this embryoc tagging is also present
in the ventral plate of the spinal cord (Illus. Lo te 42),
the nobochord (Illus. 43 to 46), the yolk sec membranes
{(I1lus. L7 to 49) and the gut (Illus. 50 and 51).

Embrye Ho. O8-9~J has several interesting coniribu-
tions. Among these &re two blood cells, one of which
(Illus. 52) appears to have & weil tagged rucleus while the
other (Ifllus. 53) has cytoplasmic tagging. Another aortie
endothelisl cell is present in illustration 5i whieh, ocone
gidering the low baokground, may be tagged. The spinal
cord (illus. 55) and notoshord (Illus. 56 and 57) ave
tagged. Illustrations 58 and 59 demomstrate the gut open=
ing up into the yolk sac, while lllustratlons 60 to 66 show
tagged yolk sac wembrenss and gub.

A questionably srtifactually tagged vascular
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endothelial cell 13 present in a gonadal cessel of embryo
Nos 8w9«L (Illus. 67). This may be signlficant tagging
considering the low background.,

Bmbryo No. 9-6-K was only 3% days old when fixed;
therefore, any transplanted primordial germecells should
be essily recognizable and probebly not present in the
gerninal eplthelium. The dark stain of illustration 68
makes interpretation difficuls but the sllver reduction
over a cell of the germinal epithelium appears to be
artifactual,

Illustration 69 i1s included merely for interest,

It is the star resulting from an atomlc nucleus dlslim
tegrating after being bombarded by a sub-atomic particle
from outer space presumably,

Illustrations 70 to 72 are of various dlviding cells
and primordial germwcells in embryes from L} to Si days
old., This, it will be remembered, is at an age when the

primordial germecells supposedly do not multiply.

D. Discussion
i. Primordisl germw~cells

This experiment was designed to avold the necessity
of subjective decisions due to amblguous material, whieh
resulted in the different interpretations of prior nisto=
logical and experimental studles with consequential cone

fllets. However, the srucial factor which the result of
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this experiment depends upon is the vallidity of the taggling
of the three primopdial germe-cells cited in the results
{Illus, 22,27 and 29). Deaspite the most honest attempt et
objectivity, subjective factors influence this declision.

The brimordisl germecells in cuestlon do not exhibit
the heavy tagging seen In some of the smears or S@ations of
known taggmed cells; however, a close serutiny of the his-
tologlcal sections of lmown tagred cells will digclose many
cells, which have as little or less btagging present., It
must be remembered that the three primordial germe-cells
noted have enough of thelr nucleus present to make them
~didentiflable as primordlal germ-cells, thelr average
nucleayr diameter is about § to 10 microns, the histologi~
cal sections are 5 microns thick and the average distance
& tritium beta particle travels in tissue is less than 1
miecron, The combination of these factors means that any
recognizable primordial germecells would have & great deal
of ites tagged DHA too far from the film for reduction to
occur, This factor would also help explain why only two
of the much smaller recognizable blond cells were weil
tagged; although many more nust have been transplanted.

Although the primordial germ-cells are not supposed
to divide prior to six days of age, illustrations 70 to 72
demonstrate primordial germecells in mitosis et L to 5%

days of age; therefore, these primordial germecells may
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have divided, which would lower their silver reduction
potentlal,

The numbsr of tagged primordlel germw~cells trangw
planted in this experiment to the emoryoes from whilch secs
tions were examined can not be estimaied nor can the number
which survived and found their way into the c¢irculation.
wmears tsken by ldentical methods indicabte that the more
phological damage to the c¢ells trensplanited in this manner
was not greai; howesver, few of the meny ltagged hemapoietie
cells transplanted seemed to produce recognizable progeny.
Of course, divisional reduction of tagging must be cone
sidered, but mature fully tagged blood cells were also
transported. The importance of finding so few of these
innumerable transplanted blood cells is that it makes the
gignificance of finding three tagged primordial germ-cells
much greater, if not conclusive evidence of thelr origin
as transplanted cells of the germinal crescent. The pose
8ibility of their origin ag host germinal creecent cells
receiving a high dose of transplanted tritiated thymidine

should be slso consldered,.

2, Single cells
&, Blood cells

The presence of only two tagged blood cells is dis~
oussed abovej; however, the nature of the tagging of these

two cells deserves discusslon. The bagging of the cell
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in 1llustration 52 1s seen to be entirely over the nucleus
when examined with the oil-immersion lens. This would be
expected 1n a transplanted red or white blood cell. Howe
ever, the tagging of the eell in illustration 53 is entirely
over hhé eytoplasn., Thia raises an interesting question,
particularly since this phenomenon was observed in several
other simllar cells to & less marked extent. Is this
phagoeitized DNA from disintegrated cells?

b. Tissue cells

The questionable or probable artifactually tagged
single cells &u,nat warrant further discussion, but the
unquestionably tagged single cells create an exciting
problem. ‘Diﬁ Preely cireulating undifferentiated extra~
embryonic cells become differentisted by induatiﬁh?

The kidney tubular gcell shown in illustration 14 is
the most striking example. This is & highly specialiszed
cell, yet tubular cells are known to regenerate after
destruction in various conditions which a?parently do not
leave any viable tubular cells, if the organism cen be
kept alive., Here we have the presence of an integrated
tubular cell adjacent to an undifferentiated stromal cell.
The probability that these two cells are twin daughter
cells from an undifferentiated transplanted cell is almost
overpowering. Is it possible that at the immediats post-
mitotie phase a cell cen be induced to become highly
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specialized? Or can a specialized cell produse an undif-
ferentiated cell?

Another example is the peri-spinal cord membrane
eell in illustration 37. This ecell is presumably a fibro-
blasty although, it may be a tissue macrophage, which would
explain the silver granules over the cytoplasm, As a
fibroblast or meaorophage it would actually be in a rather
direct line from sny circulating multipotentisl cells in
an embryo.

The aortic endothellial cells (Illus. 35,36 and 54)
are similar exanplaa of relatively primitive cells which
oould be differentiated from transplanted circulating stem
e¢ells. In all of these tagged coells the possibility of
host origin, with en unusual high uptake of tritiated
thymidine cen not be ruled out; elthough 1t is extremely
unlikely.

3. Organs

The tagging pf whole organs such &s gui, yolk sac,
spinal cord ln& notochord indicates sslective localisation
of either transplanted stem cells or free tritiated

thymidine,

a., Out and yolkesac¢
The inorsased tegging in the gut of 5 embryos
(I}»luﬂ. 20’2&- to 26, SQ to 3&; 50 and 51, 61 to 5&) assoclated



L8
with the increased yolk sae tagging of two of these (Illus,
b7 to 49,60) and the demonstration of gut mucosa opening
through the yolk stalk into the yolk sa¢ in illustrations
8 and $9, leads to the sonclusion that free tritiated
thymidine could be concentrated in the volk sac and have
its greatest effect upon adjaeéﬁt sells, As the gut
-mucogal cells seem o have the greatest coneentration of
tagging the possiblility of thelir functioning as sctive
transport cells, with concurrent increased exposure to
intra 1umina1 tritiated thymidine, even at this early age
is relsed,

b, Spinal cord and notochord

The alleged increased tagging in the notochord and
spinal cord are thornier problems. PFirst, it should be
noted that not all portions of the spinal cord show
increased tagging, indeed it was found only in the wventral
and to a less ramnrkéble extent in the dorsal plate
(Illus. LO to L42,5%), Careful evaluation of these regions
indleates that the cell density here 1s not enough greater
than the other portions of the spinel cord to explain the
Increased tagging density. Second, prior to the fourth
day the elements of the spinal cord have about an equal
growth rate, while our free tritiated thymidine conecentrae
tion would be greatest on the third day and after that it
would be rapldly depleted by multiplying cells; therefore,
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cells formed on aboub the third to fourth days would have
meximunm tagging. After the fourth day the ventral (floor)
and dorsal (roof) plates of the spinal cord do not growj
however, rapid multipliscation and growth otecurs in the
pasel and aler plates (460, Romanoff, pp. 282-302), These
newly formed cells would have decreased tritiated thymldine
concentration with each division, while the stalk rool and
floor cells would appear tc have inereased tagging. This
type of phenomena would be expected %o ocecur in any organ
whiech has ineressed mitotic aetivity during the periocd of
high tritiated thymidine concentration and then remains
relatively quiescent or proceeds to more speciallized dif.
ferentiation while the rest of the embryonic cells con-
tinue to multiply. And thls exeoct situation occurs in the
notochord, which has its greatest mitotic activity around
72 hours, then proceeds te rapid differentiation (Illus,
L3 to 46,56 and 57) (60, Romanoff, pp. 924~928). of
course, once this cause of inereased tagging is eat&bliah@d‘
its possible application to the other tagged cells dis-
cussed above must be considered, Indeed primordial germ-
gells or any single cells arising during this period and
then remaining mitotically inactive would be expected to
have relatively aignificant tagging. However, this would
not apply to the yolk seac or gut which sontinue to
ectively multiply (60, Romanoff, pp. 105041960, and L33=

439).
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k. Coneclusions and oriticisms

. 9pitiated thymidine has been used satisfactorily for
trasing transplented cells in an embryo. By this methed
it has been confirmed that the primordial germ-cells of the
6 day-old embryo are derived from the germinal erescent.
The probablilitvy that eirculating pluripotential stem cells
become highly differentiated cells, through embryonic induc-
tion, is demonstrated.

The possibility of the gut mucoss, as early as L
days old, being involved in active transport of yolk sae
contents is raised. The phenomena of different tegging
density due to relatively different growth rates ls demon-
strated in the ventral and dorsel plates of the epinal cord
and in the notoochord and yolk sac mﬁmbr%na.

This experiment would have besn more meaningful if,
et 10 to 12 days of embryonic age, differentiated pro=
gametes could have been demonsirated to have been trans-
planted.,

Although the guality of radicautographs obtained
for this study compare quite favorably with others derived
by the stripping film technique, 1t is now apparent that
the newly improved emulsion technique is mueh superior
for deteoting bagged cells, particularly in histological
sections, and its use would undoubtedly produce more alig-

nificant information,
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E, Summary

The history and morphology of the primordial gefm~
cell of the chlck embryo as conceived by prior researchers
is presented along with the problems whieh remain unan-
swered,

A briel deseription of three futile attempts by this
investigator to eslucidate the fate of the primordial germe-
cells is presented: (1) whole embryo transplants produce
ing viable progeny, (2) primordisl germ-cell transplants
produeing viable progeny, and (3) primordial germ-cell
trangplants belng traced by their sex-chrometin messes.

Studies with transplanted cells tagged with triti.
ated thymidine demonatrate (1) the germinal crescent ori=-
gin of the primordial gorm-cell and (2) the high degree of
differentiation possible by circulating stem cells,

Pree transplanted tritilﬁad thymidine dynamically
demonstrates (1) higher apraura to yolk sac metabolites
by gut mucosa due to active transport and (2) the differ-
ential growth rate of specific regions (e.g., ventrel and
dorsal spinal cord plates, notochord and yolk sac mem-
brane) .

The necessity of further investigations using

lmproved technigques is stressed.



Tllustration 1

Diagrem of smbryos at head-proevss and J-somite stages,

and pleture of primordlal germecells Irom Willier (72),
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Fig.1 Map showing distribution of the primordial germ cells in a head-process

blastoderm. X 29.
Fig.2 Map showing distribution of the primordial germ eells in a 3-somite

blastoderm. X 27.

Fig.3 TPhotograph of primordial germ cells situated between the ectoderm
and entoderm of a 3-somite hlastoderm. X 1500,



Illuatration 2

CGamera-lucida figures from Reagan (55) depicting pri-
mordial germ cells beneath germinal epithelium in 90
hour old embryc. ¢, epth. - germinal epithelium,

Mst. « mesentery, Pr, 0, « primitive ova {primordial

germ-cell),
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Illustration 3

Radioautograph of smesr of tagged cells taken from
embryo &e2liel, Oil-immersion. All of the smearas wers
made {rom tagiped cells sollected in exactly the same

manner as cells were gathered for transplanting,
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Tllustration b

Radicautograph of smear of tagged cells taken from
‘embryo 6-28.7, Highedry,






Tilustration ©

Radicesutograph of smesr of tagzged celle taken from
embryo 5=20-7, Oll-imaersion.






Illustration 6

Radioautograph of smear of tagged cells taken from
embryo 6-28-.4, High-dry,
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Illustration 7

Radiozutograph of smear of tagmed oslls taken from
embryn 628k, 2ile-izmmersion.
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Tillustration B

Raddocautopreph of tagged blood cells in a histoleoglionl
section from an embryo (7-26) incubated for & days with
5 microcuries of tritiated thymidine., Oil-immersion.
All histological sections are S microns thick.

% o






Illustration 9

Radloautograph of tagged kidney c¢ells in a hiastological
seotion from an embrye (7-20) incubated for & deys with

5 mlorccuries of tritlated thymidine, Oileimmersion.






Illustration 10

Radioautograph with artifectual (chemical?) peduction

over blood ¢ells in a messnteric artery of ambrye H=12-J,
Cil-immersion. {(16-6),






Illustration 11

Radicautograph with ar¢ifectual (cheuical?) raduction
over blood cells in the liver of subryo Gwiled., Oile

immersion, (16«6},
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iLliustration 12

Representative whole embryo Be9-A to demonstrate spinal
cord, notoohord, amorta, kidneys, gonedal ridges, mesene
tary and gut. Compare %o illustration i3. Secanning-
power., (3-B-8),



notochord




Illustration 13

Gonadal ridge reglon of embryo [~S~A. See previous

iliustration 12, Low-power, (3-Bf),






Lllustravion 1b

hadiouutogreph with well tagued transplanted sells in
the kiduey of embrye 6-20-E, Oileimmersion, {l=C~3,
left kidney).
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Illustration 15

Radioautograph with probable artifactual tagging over
neuron ln spilnal cord of enmbryo 6-20«E, Oil-immersion.

{6=C=10; left superior spinal cord).
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Iilustration 16

Aadiocautograph with probeble artifectusl redustion over
gonad of eabryo 6-28-5, Ollefmmersion, (A=-B=9, right

gonad) ,






Illustration 17

Radioautograph with possible tagging of possible prie-
mordial germmcell of embryo 7T-26-J., Olleimmersion.
(1”’3—31 left gﬂnﬂd}.






Illustration 18

fAadloautograph with probable primordial germe-cell in
gonad of embryo 8-9-A with probable insignificant
tagging, Oil~immersion., (2«0«12, right gonad),






Illustration 19

Rediosutograph with artifactusl reduction over gonad of
smbryo Be9«A., Olleimmersion., (L-C=6, right gonad),
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Illustration 20

Radioautograph with moderate tagging of gut mucosa of
embryo Be9=i, Olleimmersion., (3-C-8),
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Illustration 21

Folded gonadel ridge and mesentary of embryo B«9-D for
loealization of sells in 4llustrations 22 end 23.
Highedry., (2-A=11, right gonad),
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Illuatration 22

Radioautograph with tagged primordiel germ-cell in
gonadal ridge of embryo 8-9«D, See 1llustrations 21
and 23, Oil-immersion, {(2-A~11, right gonad),






Illustration 23

Redicautograph with probable ertifsetual tagging over
questionable eall in gonadal ridge of embryo S«9.0,
See illustrations 21 and 22. Ofl-lmmersion. (2-A-ll,
right gonad),
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Illustration 2,

Aadloautogreph with tagged gut mucosa of embryo 8.9-D,
Oiieimmersion. {(2«A=1l),
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Illustration 25

Rediocautograph with tagged gut muscsa of embrys 8-9-D.
Oll-immersion. {(2«Celi).






Iliustration 26

Redloantograph with tagged gut mucosa of embryo 8e9-D,
01l-immersion. (liBell),
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Illustration 27

Radicautograph with tagged primordial germ-sell in base
of mesentary of embrys 8-9-C. Oil-immersion, {1-CuTy
base of mesentary),
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Illustration 28

Seotion of embrys 8-9«0 for loesliszation of primordial

germ-cell in illustration 29, High-power. (3eie3,
left gonad),
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Illustration 29

Radlosubograph with tagged primordlsl germesell in
gonadel ridge of enbryo Be9.3, See illustration 28.
Oileimmersion. (3-A-3, left gonad),
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Illustration 30

fiadioantograph with tagged gut mucosa of embryo B-9«G,
O0fl=lmmersion. (L4=A~11),

&
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Illustration 31

Radloautograph with tagged gut mucosa of embryo B-9-0G,
0ll-immersion, (SeC=-1l),



82




Illustration 32

Radicautsgraph with tagged gut mucosa of enbryo G=9«G,
0ll-immersion. (3«isl),






Illustration 33

fadioautograph with tagged gut mucosa of embryo Be9-G,
Oiiwimmersion, (2-A«l),
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Lliustration 34

Radiocautograph with Sagged gut mucosa of embryo 890,
Oll-immorsion. ({(1-C=7),






Illustration 35

Radicautograph with tagged aorte endothelial cell

{eella?) in series with illustrstion 36. Oii-immersion,
{2"5"@‘} ]






Illustration 356

ﬁadiagﬁtagrnph with tagged aorta endothelisl ecesll

(0ells?) in series with illustration 35. Oil~immersion,
{2"3"?}0






Illustration 37

fledioautogreph with tagged ecell in peri-gpinal sord
membranes of embrye 8-9-H, Oil-fmmersion. (SeA-lk,
to left of spinel cord),






Illustration 38

Radioautograph with artifact over germinal epithelial

¢8ll of embryo B-9~H, Oil-immersion., (10«2, right
gonad) .






Illustration 39

Radloantograph with artifact over germinal epithelial

cell of embryo 8-9«H. Oll-immersion. (1=C=12, left
gonad),
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Illustration LO

Radiosutograph with tegged ventral plate of spinal cord
of embryo 09-H, Oileimmersion, {(3=Cel),
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Illustration 41

Hadlosubograph with tagged ventral plate of spinel cord

of embryo OeG=il. Oileimmersion, (LeB=9),
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Ililustration L2

Rediocautograph with tagged ventral plate of spinal cord
of embryo B~9-H, Oll-imuersion. (S=Cwb),
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Ilivastration 43

Aadicautograph with tagged notochord cells of embrys
fe9el, Cli-immersion, (i-Ae12),
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Illustration 4l

Radicautograph with tagsed noteschord sells of anbryc
8-9-H, Oli«immersion. (Z2ei-7).






Illustration 45

fadloautograph with tagged notoshord sslls of sadbryo
3“?"3. Gil"ifmﬂz‘ﬂiﬂn‘ (l{"ﬂ&“ll} *

-






Illustration Lé

Hadioautograph with tagged notashord oells of embryo
8«9-H, O0il-immersion, (S«C=6),
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Illustration 47

fadioautograph with tagged yolk sac cells of embryo
a“'?"ﬂi’ Qil‘*mr‘imd (l"‘l"h} .
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Tllustration L8

Radiosutograph with tagged yolk sac cells of enbryo
3-9-1'1’ - Qil‘ lll.l’aim e ( l“ﬁ“'g } *
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Illustration 49

Radiosutograph with tagged yolk sac cells of embryo
Gw9wH, Olleimmersion, (2«A-8).






Tllustration 52

Radicautograph with tagged gut micose of enbryo ded-i,
Oll-immersion, (1l~A-7).
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Illustration 51

Radloautograph with tagged gut mucosa of embryo 8-9.H,
Oil-immersion, (2-B=7).
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Iliustration 62

Radionutogrepn with tagged blood cell in icrta of embiryo
3“9’3. Oil-lmmersion. ( leCel ) .






£llustration 53

Radioautograph with tagged blood cell in coelomic oavity
of enbryo 8+9-J, Oil-immersion., (Lw-A-2, by right gonad).






Illnstration Si

Radiocautograph with possible tagged aorte endothelisl
¢ell of embryo 8«9«J, Oilelmmersion, (2-A~7).






Iilustration 5%

Radlosutograph with tagmed ventral plate of spinal cord
of embryo 8«9=J. Oll~immersion. (S«Beb),






Illustration 56

Radiocautograph with tegged notochord cells of embryo
8“'?"3. Qil‘“!‘idﬂ& (3-» B-lg} &






Illustration 57

Radloautograph with tagged notochord cells of embryo
B«9«d, Oll-immeraion. (L-B=l).

10
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Iilustration 58

Section of emdbryo O-9-J showing, together with illustra-
tion 59, the opening of the avulsed gut into the yolk
sa¢, Oil-immersion, (5‘5“7) »



yolk sac
guf mucosa
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Tilustretion 59

Bection of embryo Be%-J ghowing, together with 1llustrae
tion S8, the avvlsed gut cpened into the yolk sac, Oile

immersion. (L=Ce2)}.
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Illustration 60

Radicautograph with tagged yolk sac ¢ells of smbryo
Om9«d, Oil-immersion. (2«B=6).






Illustration 61

Radicautograph with tagged gut mucosa of embryo S-9«J,
Oll-immersion, {l-A-8),.
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Illustration 62

Radiocautograph with tagged gut mucosa of embryo 8-9-J.
Oileimmersion. (2-8-.10).
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Illustration 63

- Radloaubograph with tagged gut mucosa of embryo §-9.J,
Oileimmersion, (L-B-8).
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Iliustration 64

Redioautograph with tagged gut mucosa of embryo Be9=gJ,
Oil-immersion. (5-B«7).






Illustration 65

Radiocautograph with tangential plane of tagged gut mucosa
and non-tagged strome of embryc 8-9-J. Oil-immersion.
(5‘&‘2) L

&4
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Illustration 66

Aadicautograph with tagged gut mucosa of embryo 8-9-J,
0il-irmersion, (6-A=3),






Illustration 67

Rediocautograph with possible tagged vasoular endothelial
eell of embryo 8e9L, Oll-immersion. (2-C=1, right

gonad) .

1
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Illustration &8

Radioautograph with probable artifactuzl tagging over
call (eells?) in conelomle spithelium of embryo 9-6-K,
Oil-immersion. (4«C-10, left coslomic epithelium}.

11






Tllustration 69

Radloaubograph with star track. Oil-immersion., (8-9-H,

2.0l over mesentary by aorta).
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Yllustration 70

Mitosing primordial germ~cell {(?7) in germinal epithelium
of embryo B«9«I, Oll-immersion. (l-A-5, left geraminsl
epithelium),
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Ililuvetbretion 71

Four mitesing eells ineluding & primordiel germecell (7)
4n gonadal ridge of embryo 6-5-P. Highepower, (1lLe12,
right gonad).
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Illuatration 72

Hitosing primordlal germwcell in gonadal ridge of
enorye G=9-F, Ollelmmersion. (l-A-15, right gonad),
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TABIR 2
EFFECT OF PERFORATION OF THE AREA PELLUCIDA ON 3ROUP A

Chi~square test (non-paremetric).

survive less survive greater
than i deys than 3 days
above ares }
Eellucfau 29 36 &5
below area
gcllunIEE* 10 6 16
39 L2 81

chi-square « 81 (29x6 - mx;s!ﬁ 2 0,755
X x xz

Chi-square is not significant, lyling between 60 and 70%.

TABLE 3
BFPECT OF PERPORATION OF THE AREA PELLUCIDA AND TRITIATED
THYMIDINE ON ALL GROUPS

Chi-aquars test (non-paremetric).

survive leas survive greater
than &} days than 3 days
above area
golluniﬁi“ 56 68 izl
below area
pellucide 15 27 L2
i 985 166

shi-squars = 16& ;5%1 - 18x68)2 = 1,040
x X7l x9

Chi-square is not significant, lying between 60 and 70%.
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TABLE b
EFFECT OF EXPERIENCE ON GROUPE A AND B
Chi-square test (noneparemetric).

survive less -urvivo‘grﬂut-r

then 4 days than 3 days
Group A L5 L6 91
Group B 8 20 a8
53 66 119

chi-square s 119 gggﬁga - 6;&6!2 é 3.790
74 X 0 X 23 X

Chi-square is not significant, lying between 90 and 95%,

TABLE 5
EFFECT OF EXPERIENCE AND TRITIATRD THYMIDINE
ON GROUPS A AND ©

Chi-squere test (non-paremetric).

survive less survive greater
than L dsye than 3 daye
Group A 45 L6 91
Group C | 3 Sh a8
79 100 179

ont-aquere = 179 (iSsh = ak6)? & 2.1,
9 x x 79 x 100

Chi~gquare is not aignitléant, lying between 80 and 90%,
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TABLE 7
EFFECT OF EXFERIENCE AND TRITIATED THYMIDINE
UPON PERPORATION OF THE AREA PELLUCIDA

Chie-square test (non-paremetria).
survive leass survive gresater

than I} days than 3 days
Group A 10 6
Group C g 21
18 27

cshi-gguare 2 &% (10x2]1 - 556!2 z £,080
z 3 x

128

16
26

Chiesquare is significent, lying between 99.5 and 99.9%.

TABLE 8
EPPECT OP EXPERIENCE AND TRITIATED THYMIDINE
WITHOUT PERFORATION OF THE AREA FELLUCIDA

Chi-square test (non«paremstric),

survive less survive areater
than i daya than 3 days
Group A 29 36
Group B 25 30
-8 66

chi-square = 120 gag;:a - 25526)3 2 0,910
x X x

65
55
120

Chissquare iz not signifiocant, lying between 5 and 10%,



TABLE 9

EFPECT OF EXPERIENCE UPON PERFORATION
OF THE ARFA PELLUCIDA

degrees of freedom » _L2
120

P-test valus equivalent to 2.21 is significant,
greater than 99.95%,
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APPENDIX

Thie ia a laboratory guide for the autoradiographio
stripping technique developed for this oxp.r&mnnt. To-
gether with the suggestions coantained in the text it
should prove a generally satizfactory technique comparable
to, 1f not superior to, other stripping techniques as
almost precise resclution ean be obtained,

I « Ptripping

Hodak aubtoradiographic stripping plates AR-10 are
used. These have a sensitive emulsion layer S microns
thick on 2 10 micron gelatin backing mounted on & 5 x 7
inech glase plate with the sensitive surface up.

1) Float strips of film, sensitive surface down,
on clean water at 26° to 309 C. These strips
are out ffmm the plate in sizes approximately
equal to the slides to bs sovered,

2) After the film hes been maximelly expanded by
bydration {about 2 minutes) slip the slide
with the specimen up vnder the film and 1if:
it from the water, covering the entire slide
except the clear end, and allowing the film
to drape around the other three edges,

3} Allow the slide to atand and drain dry in a
forced draft at room temperature.
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k) Place the dry slide in a 1light tight slide box
containing a sack or compartment of deseested
Caﬁﬁh,
5} ©Store in e dark container in & cool location
for the required exposurs time, in this
instance 15 to 112 deys,.

I1 - Developing

Kodak D19 developer and Kodak Aclid Pixer are used
with satisfactory resulis, while a weak (less than 1)
acetlc acid stop bath 1s used. It is most satisfactory
to use & slide carrier and standard staining dishes for
development and staining of large numbers of slides, All
solutions for developing are at 18 degrees Centigrade.

6é) Plece the dry exposed slides in & slide carrier

and develop for & minutes,

7) Rinse in stop bath.

8) Pix for 8§ %o 10 minutes,

9} VWask in celd running water for 5 minubes, go

dirvectly to staining,

III « B8taining

Harris hematoxilin was prepared by the follewing
method, from Gurr, "Methods of Analyticsl Histology and
filsto~Chemistry™, page 3071

Haemotoxylin 104 in absolute alechol g ml
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HMerouric oxide 0.25 gm
Potash alum 10% agueous 100 ml
Olselal acetic acld b ml

"Mix the haemoboxylin and alum solution; heab to boiling

point; then add the mercuric oxide and when ths solution

turns deep purple turn off the heat; then ecol and add the

acetlsc acid.™ (30)

1)

11)

12)

13)

1)
15)

Plaes the wet slidee in the Harrylic!' Heenow
toxylin for 10 ainutes {tlme mus® bo titrated
for most effective stain).

Rinse in 504 ethanol,

Rinse in running celd water until dye ne
longer solors water,

Carefully wipe soft excess film from backs
of slldes,

Alleow to atand-dry.

Cover slips are not neceseary dbut mey be
edded vith a gultable media, either after

drying or after dehydrating to xylene,
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