


























































































































































































































































































































































































































































































































































































































APPENDIX,
__-‘-—"

(Reprinted from Nature, Vol. 182, pp. 64 65, July 5, 1958)

Sexually Mature Individuals of
Xenopus laevis from the Transplantation
of Single Somatic Nuclei

A METHOD of testing the potentialities of nuclei
from embryonic cells has been described by Briggs
and King!. The method consists of transferring a
nucleus from an embryonic cell into an enucleated
and unfertilized egg of the same species. King and
Briggs?, who have performed their experiments on
Rana pipiens, found that normal tadpoles resulted
from eggs with transplanted nuclei in about 35
per cent of cases in which the nuclei were taken
from blastule, but in only about 6 per cent of
cages in which the nuclei were taken from late
gastrula endoderm ; they have not reported normal
development from nuclei of post-neurule or later
stages.

We have performed similar experiments on Xenopus
laevis. In this species we do not enucleate the eggs,
because the female pronucleus participates in the
development of only a very few of the transplanted
eggs ; these cases can be recognized by the use of a
nuclear marker?, and are excluded from our results.
The marker is introduced by taking donor nuclei
from a stock of mutant individuals having only one
nucleolus in all cells, as opposed to wild-type indi-
viduals in which all cells contain potentially two
nucleoli. Large series of observations and measure-
ments show no differences in the embryonic develop-
ment, viability, growth-rate, and fertility between
mutant individuals and their wild-type full sibs.
The host eggs are taken fromn the wild-type stock
and the female pronucleus introduces an additional
nucleolar organizer when it participates in develop-
ment. The origin of the nuclei in transplant-tadpoles
can be interpreted with certainty by knowing the
ploidy and number of nucleoli.

We have found that the great majority of normal
tadpoles resulting from transferred nuclei pass
through metamorphosis normally. The older frogs
appear to be sexually mature males and females ;
the rate of growth and sexual differentiation is similar
in transplant-embryos and controls. In order to test
the capacity of gametogenesis in transplant-indivi-
duals, we hope shortly to breed from these. Immature
oocytes were found in one transplant-frog which died
two months after inetamnorphosis.

As with Ranra pipiens, the proportion of normal
development obtainable from transferred nuclei



Table 1. METAMORPHOSED FROGS WHICH RESULTED FROM TRANS-
PLANTED N UCLEI

Donors ‘ Transplants
| Metamorphosed frogs
Germ- Total Percent- |
Stage layer transfers . Percent- | ageof |
No. age of normal
' total late
blastule
Mid and late | Ectoderm ‘ 565 |17 30 12
blastula Endoderm 159 12 75 16
Early Ectoderm 94 7 75 40
gastrula Endoderm 287 12 4-2 15
Late gastrula | Ectoderm 26 2 77 33
Endoderm 185 11 5-9 16-5
Neural folds | Ectoderm 9 [ ] Uoutofl
Mesoderm 325 4 1-2 6
Endoderm 137 7 51 14
Tail bud Endoderm 163 4 25 9
Muscular :
response Endoderm 287 1 0-35 3
Pre-hatching | Endoderm 357 0 0 0 out of
tadpoles 70
Total 2,594 } 77

decreages with increasing age of the donor embryo.
Xenopus laevis gives a smaller proportion of normal
development from blastula nuclei than Rana pipiens,
but on the other hand normal development can be
obtained from much later donor stages; a pre-
hatching tadpole (Nieuwkoop* stage 32, endoderm)
was the most advanced stage of donor from which a
normal individual was obtained, but this was acciden-
tally killed shortly before metamorphosis. We
have also a few frogs from nuclei which have been
transferred twice (serial transfers).

Table 1 gives the numbers of metamorphosed frogs
that have been obtained from different germ-layers
and developmental stages of donor embryos. When
transplanting endoderm nuclei from post-neurula
stages care has been taken to avoid using nuclei from
the region of the presumptive germ-cells.

When considering our results it is important to
appreciate that the normal development of eggs with
transferred nuclei may mean either that the nuclei
were undifferentiated and totipotent, or that they
were differentiated, but were able to return to a
totipotent state as a result of developing again in
the cytoplasm of an uncleaved egg.

Our results may be summarized as follows : (1) It
is possible to transplant nuclei without impairing
their ability to bring about normal development.
(2) Some nuclei are capable of giving normal develop-
ment very shortly before the organ of which they are
part becomes functional ; normal development was



obtained from presumptive somite nuclei nine hours
before the first muscular responses. (3) Normal
development results from nuclei of more advanced
donor stages in Xenopus than in Rana pipiens. (4) A
number of monozygotic frogs have been obtained
from single donors.

It may now become possible to breed from our
sexually mature individuals which have developed
from single somatic nuclei, and to test their genetic
qualities.

We gratefully acknowledge the technical assistance
of Miss A. Jewkes. This work has been made
possible by contributions from the British Empire
Cancer Campaign (M. F. and T. R. E.) and the
Medical Research Council (J. B. G.).

J. B. GurpoN
T. R. ELSDALE
M. FisCHBERG

Department of Zoology and
Comparative Anatomy,
University Museum,
: Oxford.
May 9.
! Briggs, R., and King, T. J., J. Ezp. Zool., 122, 485 (1953).
¢ King, T. J.,and Briggs, R., Cold Spring Harbor Symp., 21, 271 (1956).
3 Elsdale,)T. R., Fischberg, M., and Smith, 8., Ezp. Cell Res. (in the
press).

¢ Nieuwkoop, I>. D., and Faber, J., “Normal Table of Xenropus laevis™
(1956).
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Table 2

No. Per cent
Total transfers 905 100
Uncleaved 387 43
Cleaved normal and abnormal 518 57
Normal gastruls 193 21
Normal at hatching 89 10
Normal feeding tadpoles 61 7

small to relate the abnormalities of transplanted
embryos to the origin of the donor nucleus.

We have obtained normal tadpoles from eggs
injected with ectoderm and endoderm nuclei from
late gastrule. King and Briggs? obtained 10-12 mm.
tadpoles from nuclei of ectoderm, chorda-mesoderm,
and endoderm from late gastrule of Rana pipiens ;
but the majority of transplants from chorda-meso-
derm and endoderm gave embryos developing syn-
dromes of abnormalities specific for the origin of the
donor nucleus.

We are continuing the work along two main lines :
(a) to find the latest stages that provide donor
nuclei which give normal development when trans-
planted into unfertilized eggs; (b) to see if embryos
develop syndromes of abnormalities specific for the
origin of the donor nucleus.

This work has been made possible by contributions
from the British Empire Cancer Campaign (M. F.
and T. E.) and the Medical Research Couneil (J. B. G.).

M. FiscEBERG
J. B. Gurpon
T. R. ErspaLe
Department of Zoology and
Comparative Anatomy,
University Museum, Oxford.

! Briggs, R., and King, T. J., J. Ezp. Zool., 128, 485 (1953).
*King, T. J., and Briggs, R., Proc. Nal. Acad. Sci., 41, 321 (1955).

Printed in Great Britain by Fisher, Knight & Co., Ltd., St. Albans.



(Reprinted from Nature, Vol. 181, p. 424 only, February 8, 1958)

Nuclear Transplantation in Xenopus laevis

Briggs and King! have devised a technique with
which they were able to transplant nuclei from cells
of early embryos into unfertilized eggs of Rana
pipiens from which the female pronucleus had been
removed. In this way they could test the extent to
which a nucleus from embryos up to neurula stages
could produce normal development when transplanted
into an enucleated egg?. .

We have modified this technique to start similar
experiments on Xenopus laevis. We have not so far
removed the female pronucleus because it does not
usually participate in development. This useful fact
was discovered through the use of a nuclear marker,
vigible in interphase nuclei (Fischberg, M., Smith, S.,
and Elsdale, T., unpublished).

A survey of the number of chromosome sets present
in 70 normal and abnormal tadpoles gave the results
shown in Table 1. The tetraploid embryos are
usually due to the doubling of the diploid chromosome
number of the injected nucleus, and not to the
participation in development of the female pro-
nucleus?.

Table 1
No. Per cent
Diploids : 55 79
Tetraploids 12 17
Mosaics, ete. 3 4
Total analysed 70 100

Table 2 consists of the combined results from six
of our more successful experiments, and shows the
number of embryocs that appear normal at various
stages of development up to the feeding tadpole.
The donor nuclei came from embryos between late
blastula and late gastrula stages, and between these
limits the proportions of normal host embryos and
the types of host abnormalities at different stages
are similar ; these appear not to be dependent upon
the developmental stage of the donor nucleus and
the germ layer from which it derives. Table 2 is
heterogeneous, because it consists of the results from
twelve different categories of donor nuclei (four
temporal stages and three germ layers); we find
that the numbers in the individual eategories are toa
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NUCLEAR TRANSFER IN AMPHIBIA AND THE PROBLEM
OF THE POTENTIALITIES OF THE NUCLEI OF
DIFFERENTIATING TISSUES!

M. FISCHBERG, J. B. GURDON and T. R. ELSDALE
Embryological Laboratory, Department of Zoology and Comparative Anatomy, Oxford, England

Thus paper deals with the question of whether nuclear changes oceur
during the embryonie development of Amphibia. The slability and probable
nature of those changes which have been observed after nuclear transfer will
be discussed.

SINGLE, AS OPPOSED TO SERIAL, TRANSFERS OF EMBRYONIC
NUCLEI

King and Briggs [6] transferred single embryonic nuclei into unfertilized
cggs of Rana pipiens thal had previously been activated and enucleated. They
concluded from their brilliant experiments that many of the nuelei of late
gastrulae had undergone some kind of differentiation which restricted their
capacity lo promote normal development. Post-neurula embryos derived from
nuclei of different germ-layers showed different syndromes of abnormalities
(1, 6]. The frequency and severily of these abnormalities increased wilh
increasing developmenlal stage of the donors [1, 3].

We have adapted Briggs and King’s nuclear transfer technique, introducing
the following modifications: («) The eggs of Xenopus laevis were used instead
of those of R. pipiens; (b) the eggs were nol activated previous lo the injection
of the donor nucleus; (¢) the pro-nueleus of the recipient egg was not removed.

This last deviation from King and Briggs’ method needs some qualification.
A mulation that reduces the number of nucleoli in X. laevis has been discovered
in our laboratory [3]. Heterozygotes for this mutation only differ from normal
controls by containing one nucleolus in each nucleus instead of possessing
potentially two nucleoli in all cells. This mulation therefore supplics an ideal
nuclear marker visible in interphase nuclei. If unfertilized eggs from the two-
nucleolus strain ave injected with single diploid nuclei possessing one nucleo-
lus, the origin of the nuelei of the developing embryos can, even in the case
of fusion of cgg pronueleus with the transferred nucleus, be delermined with

! We wish to thank the British Empire Cancer Campaign (M. F. and T, R. E.), and the Med-
ical Research Council for financial help (J. B. G.).
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certainty. In our experiments with X. laepis we found that the egg pronucleus
only participales in development in about 1 per cent of the transfers. The
other 99 per cent of the transfer embryos possess nuclei derived from the
injeeted donor nucteus alone.

In Fig. 1 (@, b) an altempt has been made to summarize the resulls obtained
by Briggs and King [5, 6] from single transfers of endoderm nuclei in R. pi-
piens and to compare them with our experiments on endoderm nuelei of
X laevis. The curves representing King and Briggs’ material have been con-
strucled as exactly as possible with the help of their available published data,
and we wish to apologise for any minor inaccuracies.

Fig. 1a demonstrates how the proportion of recipient R. pipiens eggs, which
develop into blastulae, decreases as the developmental stage of the donor
embryo increases. The curve for recipient eggs which develop inlo apparently
normal larvace falls more or less parallel to the curve for the blastulac. No
metamorphosed frogs developed from these larvae. This is probably due to
the difficulties in raising R. pipiens to the adult stage.

By comparing our resulls with those of Briggs and King it may be seen
(Fig. 1a, b) that fewer of the nuclei of early donor stages of Xenopus lead Lo
the development of apparently normal blastulae, neurulae and larvae, but
more ol the nuclei of later donor stages lead to blastulae, neurulae, larvae
and even metamorphosed adult frogs than is the case for R. pipiens.

Donor nuclei from post-blastula stages of R. pipiens show a progressive
decline in their ability to promote normal developnient. A similar decline
in Nenopus only becomes apparent from the transfer of nuclei from posl-
neurula embryos and later stages.

These differences in the results are probably due to two factors, the first
technical, the second of greal importance to the question of nuclear differen-
liation. Iirst, many of our Nenopus eggs are of bad quality and do not develop
normally after fertilization. This is probably due to the keeping and rearing
of the frogs in laboratory conditions that can never quite replace the normal
environment. At the time the eggs are used as recipients, not all the bad ones
can be distinguished from the good ones.

Second, Xenopus develops three limes as fast as R. pipiens at the tempera-
tures used, and because nuclei in mitosis can probably not be transplanted
successfully, it is likely thal more transfers will fail for this reason in our ex-
periments than in those of Briggs and King. Here are lwo situalions leading lo
aborlive trausfers; both are likely to be more frequent in experiments on
Xenopus than in those on R. pipiens, and must be borne in mind when results
from the two species are compared. The low proportion of transplanl late

Experimental Cell Research, Suppl. 6
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blastulac of Xenopus lhat attain later embryonic slages is due, at least in part,
o a tendencey of the surface coal lo disintegrate, causing the death of the late
blastula or the early gastrula. Immalure eggs are particularly prone to this
disturbance, and different balches of eggs are exceedingly variable with re-
speet Lo it.
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Fig. 1.—Development of transplant-embryos of Xenopus laevis (dotted lines) and Rana pipiens
(continuous lines), from different donor stages. a, Percentages in terms of total transfers made;
b, Percentages in terms of all transplant-embryos which reached normatl late blastulae.

These reasons can explain the differences between the eurves for Xenopus
and Rana up to the point where the curves cross. The much belter develop-
ment of our recipient cggs.\\'hich received a nueleus from lale donor stages
can be interpreted on the assumption that nuclear differentiation in Xenopus
progresses less rapidly than in R. pipiens.

The dala on the survival of transplant embryvos of Xenopus show the same
fundamenlal trends as those for R. pipiens and can be inlerpreted according
to Briggs and King’s hypothesis of nuclear differentiation. Al present we have
no adequate observations to confirm Briggs and King's finding that the ab-
normalities of transplant embryos are as specifie to the origin of the donor
nucleus as these authors elaim.

SERIAL TRANSFER OF EMBRYONIC NUCLEI

Embrvonic nuclei from the same region of a single donor embryo, when
transplanted into recipient eggs, give rise to embryos exhibiting a considerable

Lxperimental Cell Research, Suppl. 6
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variation of morphological abnormalities. This variation is rather difficult
to interpret in the material so far demonstrated. It is desirable to find out if
this variation is the result of different degrees of injury to the nuclei during
transfer, or if it is the expression of natural heritable differences between the
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Fig. 2.—Serial transplantation of endoderm nuclei in Xenopus laevis; 1st (original), 2nd, and 4th
donors: late blastulae. 3rd donor: incipient exogastrula. Endoderm nuclei were used for all trans-
fers. Dotted areas in Figs. 2-6 represent exposed endoderm.

nuclei of the same donor region. King and Briggs [5] tried to solve this question
by transferring nuclei serially. They first transplanted endoderm nuclei of
a certain donor stage of R. pipiens into recipient eggs. When thesc reached the
blastula stage they transferred the nuclei from the animal pole region of one
of these embryos into other recipient eggs. Theyv were able to produce in
this way a clone of embryos containing nuclei derived from one original nu-
cleus of the initial donor. This is the meaning of the term ‘“‘clone’” henceforth.

Experimental Cell Research, Suppl. 6
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This procedure can be continued at will to produce third and fourth transfer
generations of the clone derived from a single nucleus of the original donor.

Briggs and King found that members of a clone were slrikingly similar,
and that clones differed markedly from one another in the developmental
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Fig. 3.— Serial transplafitation of endoderm nuclei in Xenopus laevis. 1st donor, incipient neurnla;
2nd donor, late blastula; 3rd donor, incipient exogastrula. Endoderm nuclei were used for all
transfers.

stages reached by their members. The particular characleristics of a clone
were maintained through a third and fourth transfer, Briggs and King con-
cluded from the results of their single and serial transfers that blastula nuclei
are tolipotenl and that post-gastrula nuclei had undergone highly stabilized
heritable changes.

The possibility that irreversible nuclear changes occur during development
being one of such outstanding interest, it was decided 1o perform similar
experiments on Nenopus.

The experiments are of lwo types, first, the production of parailel clones
(see Figs. 5 and 6). Two or more blastulae from the first transfer generation
are used to produce separale clones; the nuelei within rach clone stem from
a single nucleus of the original donor. Second, serial transfer through several

Experimental Cell Research, Suppl. 6
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generations as described above (see Figs. 2, 3, and 4). Only those embryos
thal developed beyond the late blastula slage arc represented in the figures,
except for Fig. 6, which includes arrested late blastulae,

|

Fig. 4.—Serial transplantation of endoderm
nuclei in Xenopus laevis; 1st donor, hatched
tadpole; 2nd donor, exogastrula. Endoderm
nuclei were used for all transfers.

Serial Transfer of Endoderm Nuclei

The initial donor nuclei of the first experiment were derived from endoderm
of a late blastula; the result is shown in the upper part of Fig. 2. this result
is typical for endoderm from early embrvonic stages. The second and fourth
generation donor nuclei were also taken from endodernm of a late blastula,
the third gencration from endoderm of an incipient exogastrula.

The variation in the second clone generation seems greater than the first
or third generations. The third generation shows a deterioration, possible
explanations for which will be dealt with later (p. 169).

Another series began with endoderm nuctei from a late gastrula. Three
parallel clones were made from members of the first transfer generation; two
of those donors were entering the neural plate stage, the third was an exogas-
trula. One of the clones from a neural plate stage was similar to the first
transfer generation which ranged from exogastrulac to metamorphosed frogs.
The other two clones showed a marked deterioration compared wilh the firsl
transfer generalion; the most advanced embryvos in the elones were, in the case
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of the early neural plate donor, an abnormal young larva, and in the case
of the exogaslrula, early postneural stages.
The third series is shown in Fig. 3. The initial donor was an embryo entering

T
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Fig. 5.—Serial and parallel transplantation of mesoderm nuclei in Xenopus laevis. 1st donor,

late gastrula (mesoderm nuclei). 2nd donors for parallel series, 3 late blastulae (animal hemisphere
nuclei).

€
s{0aoa

the neural plate stage. The results of this transfer range from an ﬁxogaslrula
to a nearly normal tadpole. The clone derived from the endoderm of a late
blastula is less variable and e¢cntres around abnormal gastrulae, some of
which have developed appreciable inductions. A further generation of this
clone derived from an incipient exogastrula is similar, but the range is greater.

The fourth series shown in Fig. 4 began with endoderm nuclei from a young
tadpole. The first generation consisted of exogastrulae; one of these was used
to produce a clone, the members of which exhibited an even more extreme
exogastrulation than the first transfer generation.

Serial Transfer of Chordamesoderm Nuclei

The initial donor of the first series shown in Fig. 5 was a late gastrula.
Parallel clones were derived from the animal hemisphere nuclei of three

Experimental Cell Research, Suppl. 6
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late blastulae from the first transfer gencration. The three clones are similar
one to another, but their similarily to the first transfer generation is uncer-
tain, due (o the small numbers in the lalter.

The second series (see IFig. 6) derives initially from somite mesoderm nuclei
from a neural fold embryo due to give muscular responses within nine hours.
The first generation shows the greatest possible variation, ranging from arres-
ted lale blastulae to metamorphosed frogs. Parallel clones from animal hemis-
phere nuclei from two late blastulae were produced. The right-hand clone
in Fig. 6 exhibils the same range as the first transfer generation, but it is to
be noted that, with the exception of one, all the embryos fall into two classes:
those arrested before or entering gastrulation, and those developing inlo nor-
mal or abnormal larvae. The second clone showed almosl no ability lo enter
gastrulation. Judged on the number of primaryv axes produced, these two
clones are significantly different from one another at the 1 per cent level.

Discussion

Some general comments on the resulls of serial transfer of endoderm and
mesoderm nuclei can be made.

The donor embrvos from whieh the clones derived can be considered as
a random sample of their own transfer-gencration that passed through the
blastula stage. The variation within a clone is usually less than that within
the initial transter generalion, and is limited by the range between the ar-
rested late blastula and the most advanced embryos. IFor this reason transfer
generations are most readily compared by their most advanced embryos, and
on this basis there are obvious, marked differences between the clones pro-
duced by serial transplantation. Similar large differences belween clones are
found in Briggs and King's data, bul here the variation within clones scems
to be much less than in Xenopus. In many cases their clones form a homo-
gencous group of embryos, narrowly eentred about a particular develop-
mental stage, the spectrum of less well-developed embryos of preceding stages
being sometimes absent and often fragmentary.

Part of the heterogeneity within a transfer generation, which distinguishes
the Xenopuas results from those on R. pipiens, may be due to the variable qual-
itv of the eggs. It has already been slated that some eggs from our frogs fail
to develop normally after fertilization. Gastrulation seems lo be an especially
critical stage for these embryvos and most die at this time. The most significant
effect of Lthis on our experiments is that a variable proportion of transfers will
fail to complele gastrulation normally, regardless of the nucleus introduced,
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due to inherent deficiencies in some of the recipient eggs. This will account
for at least a parl of the greater variability within Xenopus clones compared
to Rana, bul it would be quite unsound to account for all the transfers (hat
fail to gastrulate normally by this cause. Consider for example Fig. 6 where
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Fig. 6.—Serial and parallel transplantation of mesoderni nuclei in Xenopus laevis. 1st donor,
neural fold stage (mesodern nuclei). 2nd donors for parallel series, 2 late blastulae (animal
hemisphere nucleije

the two parallel clones represenl a random sample of recipient eggs from
the same ovulation.

The decline in the ability of transferred nuclei from progressively older
embryos to promote normal development could be due to damage during
transfer. Briggs and King have argued that the reduced variability within a
clone and the marked differences between clones and their stabilily on re-
peated (ransfer renders this possibility unlikely. 1f damage were invoked to
explain the resulls of serial transfer experiments, certainly rather special addi-
tional assumptions would be necessary. This is not Lo say, however, that nuclei
are not susceplible to injury during transplantation. 1 is notable from Briggs
and King’s material that clones never improved on repealed iransrer and some-
limes deterioraled, and this might be a measure of the incidence of damage.

Ezxperimentul Cell Research, Suppl. 6
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King and Briggs [5] claim thal embryvos derived from nuclei of the different
germ layers develop somewhat differently and display different syndromes of
abnormalities. A close examinalion of Xenopus transfers for such differences
has not been made but, if Briggs and King's claim is correel, further additional
assumptions would be necessary before a hypothesis of nuclear damage could
be accepted. Briggs and King have injected eytoplasm from embryonic nuclei
into fertilized eggs, and found that it has no effect on development. They have
rejected on theoretical grounds the possibility that a portion of the cvtoplasm
adhering closely to the lransferred nucleus might be responsible for their
resulls. The assumption that the treatment (o which the nuclei are subjected
during transplanlation causes heritable changes requires to be proven as
vigorously as any other hypothesis. Itis a limitation of the nuclear transplanta-
tion experiments so far performed that, although they demonstrate differences
in the potentialities of embryonic nuclei, they can shed no direct light on how
these differences originate. Considering all the evidence, it is our opinion at
the presenl time thatl the most plausible origin of these differences is King
and Briggs’ hypothesis of a natural, progressive, nuclear differentiation during
embryonie development, relaled in some way to the evloplasmic environ-
ment of the nuclei. This conclusion could also explain part of the variability
of members of those clones in Xenopus which derived from second and third
donors which had passed the blastula stage. In these donors additional nuclear
differentiation may have occurred. This hypothesis is supported by the experi-
ments of one of us (J. B. G.), deseribed in the next section, demonstrating
that specific eytoplasms can induce changes in the potentialilies of nuclei.

NUCLEAR TRANSFER BETWEEN SPECIES

Introduction

Homospecific translers (transfers within a species) have shown that nuclei
become differentiated. This is probably due to an effect of the different kinds
of evtoplasm in which the nuclei lie. It scemed that the fact that evioplasm
can change nuclei could be most clearly demonstrated by heterospecific
transfers (transfers between species); this would inerease the contrast between
nucleus and eytoplasm and so make any eflfect more easily seen.

Xenopus laevis and Rana temporaria proved lo be suitable animals for this
work; as has becn said above enucleation is not necessary in Xenoptis, but
it is required in Rana and has been carried out by a modification of Porler’s
technique. The technique has been found to be 96 per cent successful. The
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to represent the proportions of each kind of abnormality present in the direet
product of each single donor embryo. The numbers of each developmental
type are expressed as percentages of the total transfers done per histogram;
this total is represented by the extreme left block of each histogram. The

100171

Developmental

types 1 2 3 4 5 6 7 8 9 10

Number of
transfers 100 | 80 70 70 50 30 10 ] 1] 0
Total =100

123456782910

Fig. 8.—Example of way in which histograms are prepared. The percentage of embryos of each
developmental stage is included in the percentages for all stages to its left.

developmental types that have been used are shown at the bottom of Fig. 7,
and an example of the way in which histograms are calculated is shown in
Fig. 8.

Rana temporaria seems to be less suitable material for nuclear transplanta-
tion than Xenopus or R. pipiens; the poorer quality of development typical
for R. temporaria is seen from the homospecific transfers in the cxireme left-
hand column of Fig. 7.

Experiments

Proof that genuine heterospecific transfers have taken place

The Xenopus nuclear marker was found in Rana eggs which had been in-
jected with marked Xenopus nuclei. Those transplant-embryos resulting from
homospecific transfers which reach the blastula stage usually gastrulate, while
similar heterospecific transfers usually do not.

Effect of foreign cytoplasm upon nuclei

Rana nuclei transferred lo Xenopus cytoplasm and then back to Rqna cyto-
plasm (Fig. 7, 2nd column, 2nd row) do nol gastrulate—shown by the fact
that there is no black beyond the vertical line in the histogram; this line al
Stage 5 (see developmental types, Iig. 7) represents late blastulae; bul Rana
nuclei transferred to Rana cytoplasm (Fig. 7, 1st column, 1st row) do show
some gastrulation, since there is some black on the right-hand side of the verti-
cal black line.

This experiment shows that nuclei have been in some way affected by the
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synthesis seems necessary for gastrulation bul not eleavage, this diminished
nucleolar size is correlated with failure to gastrulate.

An analysis of the nature of this cytoplasmic effect upon foreign nuclei

Nuclei which had been transplanted into foreign evioplasm and then back
to their own (Ist “back-transfer”) were then transplanted serially for several
generations in their own kind of cyvtoplasm. As can be seen from Iig. 9,
these nuclei became capable of causing gastrulation with their own kind of
egg after about three or four of such translers. Fig. 9 (columns 1--3) shows
three of these experiments using original blastula donors, the results of which
have been added to make a summary series on the right of these figures. The
quality of development in the fourth, fifth, ete. “back-transfer” (Fig. 7,
column 2, row 5), appears not lo differ from the fourth homospecifie transfer
(Fig. 7, column 1, row 4). This shows that, whalever the nature of the effect
of foreign cvloplasm on nuelei, this effect could be removed, or was reversible.
This was again confirmed eytologically, since by the fourth “back-transfer”
nucleoli had increased to their normal size (Iig. 9, nucleolus-photograph,
4th row).

The result of leaving nuelei in foreign cyvtoplasm for longer or shorter
periods (number of nuclear divisions) has also been investigated. In Iig. 7,
drd and 4th columns, Rana nuclei have been left in Xenopus eytoplasm for
two and three blastula generations respectively, before being returned Lo their
own kind of evtoplasm. When these columns are compared with column 2,
when a Rana nucleus was left in Xenopus evtoplasm for only one blastula
generalion, it can be seen that no gastrulation has occurred in the 3rd and 4th
columns even after five or six “back-transfers”. This shows thal the cffect
of foreign cytoplasm is cumulative, becoming more pronounced the longer
a nucleus is left in foreign cvloplasm.

Lastly, the result of using different donor stages for these experiments has
been investigated. When nuelei from (ait bud Rana embryos are transplanted
homospecificly, the majority of the resulling blastulae do not gastrulate and,
as might then be expecled, no gastrulation took place after 4, 3 or 6 “back-
transfers™ in the heterospecific series (Fig. 7, 7th and 8th columns). Similarly,
late gastrula nuclei usually do gastrulate in homospecific transfers, and also
do so in heterospecific transfers again after aboul four “back-transfers”
(Fig. 7, 5th and 6th columns). These experiments confirm the results so far
obtained and give additional proof that the improvements of the fourth “*back-
ransfers™ are not simply a result of the parlicipation of the female pro-
nucleus.
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Conclusions

In these experimenls the possibility that techniecal damage can influence
the resulls can be excluded. This is because the technique has been the same
for all series (including the constant use of the same donor stage) so that any
change which occurred would apply equally to all series; but the conclusions
have only been drawn from a comparison of one series with another.

The only definite conclusions that can be drawn from these experiments
are that nuelei are affected when made to divide and svithesis in foreign cyto-
plasm. This effect seems o be cunmulative and eventually reversible, and has
also been confirmed cytologically by variations in the size of nucleoli.

There are various considerations from (hese experiments and from the
work of others that lead to the belief that this effect is not a loss bul a replace-
ment of certain parts of the nucleus by other parts specilic 1o the foreign cvto-
plasm. This effect would then be comparable to a kind of genetie transforma-
tion. This replacement-change is considered to he uite distinet from change
resulling {rom natural differentiation; both kinds of change have occurred
together as shown in Fig. 7, columns 7 and 8.

GENERAL DISCUSSION

The Potentialities of Embryonic Nuclei after Transfer

A transferred nuclefis giving rise to a normal fertile individual is tolipotent.
Between 80 and 100 adult or near adult Xenopas laevis have so far been pro-
duced by nuelear transfer. Their donors ranged fron blastula (o prehatching
stages [4], although ectodermal and mesodermal donors leading 1o adull
frogs were so far limited to pre-neurula stages. We can therefore confidently
claim that at least some of the somatic nuclei of these donor stages were still
lotipotent in respect of somatie differentiation. So far only one male deriving
from late blastula endoderm nucleus has been tested for its fertility. It gave
rise to normal offspring when mated (o a control female.

The results of single and serial transfer of nuelei of R. pipiens [5] and Xeno-
pus show clearly that many of the nuelei are, however, not able to give rise
to normal development after transfer. In R. pipiens the majorily, if not all,
of the nuclei of a blastula are tolipotent but their potentiality deelines drasli-
cally in later stages. The experiments in Xenopus are nol conclusive as o the
totipotency of all the blastula nuclei. Their polentialily after transfer only falls
significantly in post-neurula stages.
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The serial transfers demonstrate clearly the heterogencily of a nuelear
population from a particular region of a donor embryo in respect of develop-
mental ability.

The Probable Nature of the Loss in Potentiality of Nuclei after Transfer

Damage to some nuclei during transplantation cannot be denied, but it
is certain thal not all the nuclei suffered from it. Reasons have been given
(pp. 169 and 175) why all the cases of abnormal development should not
be interpreted in terms of damage. Our main conclusions are not invalidated
by the fact that damage may have occurred in some cases. It can therefore
be slated with confidence that natural progressive nuclear changes occur
during differentiation. These are heritable and relatively stable.

Our experiments are unable by their nature to locate the site within the
nucleus where these changes are produeed. The heritability and relative
stability of this nuclear differentiation suggest, of course, the chromosomes
as the site. The chromosomes arve, as far as we know, the only nuclear strue-
lures showing continuity through mitosis, all other parts of the nucleus being
neogenic. It is therefore most likely that the nuclear changes occur in the
chromosomes and, probably, at the level of genes.

More and more cases of irreversible nuelear changes induced by eyloplas-
mic factors have been brought lo our knowledge. They include examples
from Protozoa [2, 7], Ascaris and Gallmidges '8]. Moore demonslrated that
the cytoplasm of R. pipiens allered the nuelei of R. sylvatica and our paper
deals with the influence of Xenopus evtoplasm on R. temporaria nuclei (p. 172).
There is therefore no doubt that evioplasm can change nuclear qualitics.

The nuclei of an amphibian embrvo are derived by equational mitosis
from the original zygote nucleus and are, as demonstrated by Spemann and
also by King and Briggs [5] identical in carly developmental stages. At later
slages they are no longer identical. This ean only be a result of the regionally-
uncqual distribulion of the cvtoplasmic qualities.

ILis possible to think that the observed nuclear changes were brought about
in the following way: inilially identical nuclei reduplicate in cytoplasms of
different composition. They have identical requirements for this synthesis
but possibly not an idenlical supply of precursors. This might then lead
to some of the genes not being able to reduplicate at all, by being starved of
one or more necessary precursors. Other genes might synthesize a modified
structure by the incorporation of substances of a similar, but not identical,
kind. These genes will then be inactive or changed in their function.

The results so far obtained from homospecific translers, that is, transfers
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within a species, provide no evidence of improvemenl in these developmenlal
polentialities after repeated transfer into the cyvtoplasm of uncleaved eggs.
This rather points to an irreversible loss of capacity, perhaps due to gene
starvation. This evidence is, however, weak as nol enough generations of
lransfers have been carried oul.

The results obtained from heterospecific translers between Rana and Xeno-
pus show, however, clear evidence of an eventual reversal of the nuclear
change acquired while in the foreign evtoplasm. This phenomenon could be
interpreted as genetic transformation, similar to baclerial transformation,
and an eventual reversal of it.

Results from nuclear transfers indicate that relativelv stable, nuclear changes
occur; these changes are reversible in the case of heterospecifie transters. 1t
cannol, however, be decided whether, during natural differentiation, gene
starvalion or gene transformation or both of these types of change can take
place.

SUMMARY

1. The possibility that nuclear changes occur during embryvonic develop-
ment of amphibia has been invesligaled, using the technique of nueclear
transplantlation. -

2. Nuclei taken from pmgrvssivel}/nl(lor embryos, show a decline in their
ability to promote normal developnient when transplanted into unfertilised
eggs. The resulls from Xenopus transfers are compared with those of Briggs
and King, using Rana pipiens.

3. Clones derived initially from a single embryonic nucleus have been
produced by serial transplantation. The variation within a clone is limited.
Although the characteristics ol a clone are relalively stable over several trans-
fer generations, clones can differ strikingly one from another.

i. Serial transfers between Rana temporaria and Xenopus laevis have shown
that Rana nuclei are affected by Xenopus evtoplasm. This effect was shown to
be cumulalive but eventually reversible. The effect is believed to represent
a genelie transformation.

5. The results of these experiments demonstrating differences in the poten-
lialities of embryonic nuclei are discussed in relation to the technique.

6. It is considered at present that these differences can be most plausibly
atlributed to a natural, progressive differentiation of embryvonie nuclei in
response to l'egi(.)nal differences in the evtoplasmic environment.

7. The possible nature of these nuclear cvloplasmie inleraetions is dis-
cussed.
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