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abnormalities of development than many organic and inorganic solutions which
they also tested. Since then Moore (unpublished), also using Rana, has found
that fewer abnormalities resulted from the use of Barth’s X-solution, which
mainly differs from Niu and Twitty saline in containing 14 times as much NaCl.

In Text-fig. 1 the three columns on the left compare the effects of different
disaggregating solutions on the same kind of donor cells. In this case there is
very little difference between calcium- and magnesium-free Barth, Barth-versene,
and Niu and Twitty-versene; in other experiments there is usually no difference
between Barth- and Niu and Twitty-versene solutions, though more severe
abnormalities are found after using Ca- and Mg-free Barth solution which has
a weaker disaggregating effect than versene. Thus inadequate disaggregation
seems to result in nuclear damage. This may be due to the fact that cells in-
sufficiently disaggregated by chemical means tend to be separated mechanically
when being transferred to the standard saline solution; this may result in damage
to the cell wall, which then fails to protect the nucleus from the saline solution.
King & Briggs (1955) have found that donor cells are less damaged if disaggre-
gated chemically than if dissected apart with needles. The conclusion from this
experiment is that the nuclei of donor cells are more likely to be damaged after
insufficient dissociation than by any direct effects of versene.

To test whether disaggregation by even the best method was nevertheless
harmful, donor cells were left for varying periods of time in Barth-versene. Cells
that were kept for longer times in versene were left for correspondingly shorter
times in the standard solution; thus the total time for which cells were in any
saline solution was constant. The two columns on the right of Text-fig. 1 show
that there is no pronounced difference in results if the donor cells are left for
twice as long as is necessary in versene solution. These tests have been carried
out on blastula cells the nuclei of which are relatively well protected by cyto-
plasm. Endoderm nuclei from hatched tadpoles have also been transplanted
after exposure to versene solution for varying periods of time. Donor cells
disaggregated for 20 minutes and 35 minutes gave equally good results, which
were better than those obtained from cells disaggregated for only 10 minutes.
It is apparent that versene in the strength used does not damage nuclei of intact
cells even if they are exposed to it for double the normal time.

These results mean that care should be taken to disaggregate donor cells
thoroughly before transplanting their nuclei, and that exposure of cells to ver-
sene for longer than the usual 10-15 minutes is not harmful.

The treatment of donor cells in the injection pipette

At this stage in the technique there are two ways in which the donor nuclei
may be damaged. They may either be physically broken or distorted when being
sucked up into the micropipette, or they may be chemically harmed by exposure
to the saline solution. Each kind of damage is likely to be increased the more
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the donor cell is distorted when sucked into the pipette. Two kinds of experiment
have been carried out to investigate this source of damage.

The first experiment involved transplanting animal and vegetal cells from
blastula donor embryos. Cells from these regions differ considerably in size,
though their nuclei are of approximately the same volume. Both kinds of cells
were distorted to the same extent, by sucking them into pipettes of different sizes;
thus animal cell nuclei were protected by a thinner layer of cytoplasm, and so
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TEXT-FIG. 2. Transplantations were made from undifferentiated nuclei of small

animal and large vegetal cells of a blastula donor. A blastula transplant-embryo

from each of these groups served as a donor for two serial clones, in each of
which transplantations from animal and vegetal cells are shown separately.

were more likely to be exposed to the solution; animal cell nuclei were also
pushed more out of shape than the vegetal nuclei. If transplanted nuclei are
affected by either of these factors, embryos derived from animal cell nuclei
should develop more abnormally than those derived from vegetal nuclei.

In Text-fig. 2 this test has, in effect, been carried out 3 times; the fact that two
of the blastula donor embryos happen to have been derived from the first by
nuclear transplantation does not affect the present conclusions. Though some
abnormal embryos are present in each transplantation group, it can be seen
that there is no consistent difference in the proportion of abnormalities derived
from animal or vegetal donor nuclei. This shows that the smaller amount of cyto-
plasmic protection possessed by animal hemisphere nuclei does not expose them
to technical damage. The chief importance of this result concerns the interpreta-
tion of experiments in which nuclei are taken from much later donor stages. The
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endoderm cells of hatched prefeeding tadpoles, though slightly smaller than
blastula ectoderm cells, have a similar ratio of nucleus to cell volume. This
means that differences in the result of transplanting endoderm nuclei from early
and late stages cannot be due to the smaller size of the cells rendering them more
susceptible to technical damage.
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TEXT-FIG. 3A. Cells from an early gastrula donor,
disaggregated by Barth-versene, have been trans-
planted into recipient eggs of one frog. The dis-
tortion of donor cells on being sucked into the
pipette was varied, but in all other respects the
technique and materials were the same for the four
groups, in each of which 36 transplantations were
made; only transplant-embryos which cleaved
regularly are shown.

In the second experiment different sized pipettes were used for donor cells of
the same size and kind as each other; the donor cells were therefore distorted by
the pipette to different degrees. Four categories of distortion have been recog-
nized (Text-fig. 3). The ratio between the diameter and length of the cell inside
the pipette was about 2:3 for ‘very little distorted’ cells, about 1:2 for ‘little
distorted’ cells, about 1:3 for ‘moderate distortion’, and 1:4 or 5 for ‘much
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distortion’. In cells which were very little distorted the cell wall was often not
broken and no development took place; in much distorted cells the cytoplasm
was much dispersed so that nuclei may have come into direct contact with the

saline solution.
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Text-FiG. 38, Similar to Text-fig. 3a in all respects

except that eggs were obtained from a different

recipient frog and that only 12 transplantations
were made in each group.

Text-fig. 3 shows two experiments of this kind. Within each, exactly the same
number of transplantations were carried out for each group. These diagrams,
however, show only those embryos that became regular late blastulae. Since the
cause of abnormal cleavage after transplantation is very uncertain, eggs which
cleaved irregularly have been omitted from the diagrams; but they became, in
fact, more frequent as the distortion of the donor cell decreased. The most
obvious result, equally clear in each experiment, is that the proportion of trans-
planted eggs which cleave normally varies directly according to the amount of
distortion of the donor cell. The abnormalities in each group should be con-
sidered as a proportion of the number of embryos shown. Rather surprisingly,
embryos derived from ‘very little distorted’ donor cells develop very abnormally.
Among the other three groups the proportion of abnormal embryos and the
severity of abnormalities slightly increases with increase in distortion.

These experiments clearly show that to obtain the best results, donor cells
should be distorted to a small or moderate degree, forming in the pipette a
cylinder of length 2--3 times its diameter. If cells are distorted too little, the cell
wall is often not broken properly and this results in much abnormal cleavage,
though for no obvious reason the few regular late blastulae that occur also
develop very abnormally. If donor cells are distorted too much, the abnormali-
ties increase a little; this is presumably because the nuclei are exposed to the
saline solution, as strong distortion causes the cell cytoplasm to be mixed with
the saline solution.

When interpreting nuclear transplantation experiments it is very important
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to remember that the amount of distortion of the donor cell is by no means the
only factor that decides what proportion of transplanted eggs will cleave nor-
mally. In practice it is very difficult to distort each donor cell to exactly the same
extent, so that up to 20 per cent. of variation in the percentage of normal cleav-
age will probably not convey information about the quality of donor nuclei. On
the other hand, nuclei from late donor stages give conspicuously fewer normal
late blastulae than those from early stages, even though both kinds of cells are
distorted to a very similar extent (Gurdon, 19605).

RECIPIENT EGGS

Technical treatment of recipient eggs

The treatment to which recipient eggs are subjected during transplantation
consists of: ultraviolet (UV) irradiation, penetration by a micropipette, and the
deposition near their centres of a nucleus, some donor cell cytoplasm, and a
small amount of saline solution. In addition, the eggs remain unsupported by
a fluid medium during these operations. These factors will be discussed in turn.

The main purpose of UV treatment is to kill the egg nucleus, but it also
renders the egg more easily penetrable to a micropipette by dissolving some of
the jelly and weakening the vitelline membrane. The UV treatment of uncleaved
Xenopus eggs is the subject of another publication (Gurdon, 1960a). Several
experiments are described, none of which give any reason to believe that the UV
irradiation of the animal hemisphere damages the egg cytoplasm. The clearest
evidence was given by an experiment in which fertilized eggs were irradiated for
different lengths of time. As the UV Kkills the egg pronucleus, fertilized irradiated
eggs develop as androgenetic haploids, which are never entirely normal. How-
ever, in this experiment no change in the proportion of abnormal embryos was
obtained, even though the UV dose was considerably more than that normally
used for transplantation experiments.

The donor cell cytoplasm, which is never more than one 10,000th of the egg
by volume, has been found to have no effect on development when injected
(without a nucleus) into a fertilized egg. The remaining three factors (the pene-
tration by a pipette, injection of saline solution, and lack of support by fluid)
were first tested with fertilized eggs. Eggs were treated in three ways: (a) UV-
irradiated only, (b) UV-irradiated and penetrated by a pipette, but with no fluid
injected, and (c) UV-irradiated, penetrated by a pipette, and a little Barth saline
solution (but no nucleus) injected as for transplantation experiments. In each
case the eggs were left unsupported by fluid for the usual amount of time, i.e.
5-10 minutes. In this experiment again all embryos were haploid, and therefore
none were entirely normal. The results varied considerably from the eggs of one
frog to those of another; for this reason a typical experiment cannot be shown.
There is a general tendency for most abnormalities to be derived from eggs
which were irradiated and injected with saline solution (c), and for eggs which
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had been irradiated only (a) to develop most normally. These differences may be
due to some extent to haploid embryos being able to recover less well from
injection with solution than diploids. By whatever means haploid Xenopus are
obtained, some develop more abnormally than others (Gurdon, 1960a). It is
unlikely that the poor developmental capacity of haploids can account for all the
differences between eggs irradiated only (a), and eggs irradiated and injected (c).
Since the difference between the three kinds of treatment is not apparent with
some eggs but pronounced with others, it seems clear that the ability to withstand
the transplantation treatment depends on egg quality. This matter is discussed
further in the next section. As it is unfortunately not possible to obtain diploid
development from fertilized eggs treated for transplantation, further tests were
carried out on unfertilized eggs with transplanted nuclei. The amount of saline
solution injected into the eggs was varied from about the same volume as the
donor cell to 2 or 3 times this amount. This had no effect on the proportion of
abnormalities among the results. The time for which eggs remained unsupported
by fluid could be increased to at least 20 minutes (which is double the usual
time) without having any effects, so long as the surface of the eggs did not
become dry.

®
PRE-CONTRACTION CONTRACTED POST-CONTRACTION
C.SIMINS C,IISMINS C. 30 TINS
T
T.EXT-FIG: 4. Fertilized eges, UV-irradiated at
' different intervals after laying, were all treated
as for nucle-ar traqsplantation.; .they were
é per}etrated ‘thh a pipette and injected with
) saline solution (but no nucleus). All embryos
IN AN 2N . were haploid in the left and central groups,
—_— but diploid in the right-hand group.

The eggs of Xenopus often undergo a contraction of the area of animal pole
pigment and at the same time the consistency of the eggs seems to become stiffer
(Gurdon, 1960a). The duration and time of onset of this contracted state varies
from the eggs of one ovulation to those of another; in each egg it usually starts
10-20 minutes after laying and lasts for about 10 minutes. Text-fig. 4 shows the
result of irradiating fertilized eggs and injecting them with saline solution (but
no nucleus) at different times after laying. The eggs treated before contraction
have all become arrested as late blastulae, but those in the contracted state have
developed as well as haploids usually do. In those treated after the contracted
state, the egg nucleus has had time to sink below the surface and so is protected
from the UV; these have therefore become diploid and all are normal. It seems
that there is associated with this contraction an increased resistance to technical
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interference such as penetration by a pipette (Text-fig. 4). It is not clear whether
this contraction of Xenopus eggs is comparable to the activation of Rana pipiens
eggs (Briggs & King, 1953). The present author has also found (Gurdon, 1960a)
that experimental manipulations, such as enucleation with a needle, result in
developmental abnormalities if carried out on eggs immediately after they have
been laid, but can be much less harmful if carried out about 15 minutes after lay-
ing. This applies to both fertilized and unfertilized eggs. For this reason recipient
eggs are used for nuclear transplantation about 15 minutes after laying, when
they are usually in the contracted state.

The above tests have shown that there is no reason to believe that the usual
treatment of good recipient eggs, during transplantation, in any way reduces
their capacity to develop normally. Though this seems to apply to the eggs of
most ovulations there may be some exceptions, since the quality of eggs varies
(see next section).

Innate variation in the quality of recipient eggs

There seems to be a considerable discrepancy in the results obtained from
recipient eggs of different female frogs, in spite of using the same donor cells.
This was tested by transplanting nuclei from a single donor embryo into groups
of eggs from two frogs laying at the same time. The results of these experiments
are shown in Text-fig. 5. In these diagrams there are two groups of embryos
under each donor. The left-hand group comes from the eggs of one frog, and the
right-hand group from those of another. In each case a very marked difference
between the two groups of embryos can be seen, which must show a difference in
egg quality since there was no other variable in these experiments. The poor eggs
differ from the good ones not only in the greater proportion of developmental
abnormalities, but also in the smaller number of regular late blastulae obtained
(especially Text-fig. 5¢). This difference in the quality of eggs persists whatever
donor stage is used (compare Text-fig. 5 B, ¢). The eggs of one female are usually
of the same quality throughout one ovulation, though there is a tendency for the
last eggs laid to give worse results, presumably because some eggs are immature.
One female may lay good eggs at one ovulation but bad ones at the next, and it
has not been found that certain females can be relied upon to give good or bad
eggs every time they lay.

Many attempts have been made to improve the quality of eggs, as for instance
by varying the diet, but so far none have been successful. Frogs recently im-
ported from the wild do not always give much better eggs than ones bred in our
laboratory. Eggs are obtained from each female by injection of gonadotropic
hormone at 2- to 3-month intervals.

This variation in the results obtained from the eggs of different females is
rather surprising in view of the fact that naturally fertilized eggs from hormone-
injected frogs nearly always develop very well; usually over 90 per cent. of such
fertilized eggs develop into normally feeding tadpoles. It is possible that the
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TEXT-FIG. 5. These experiments, in which there was no variation in technique, show how transplant-

embryo development may vary according to the quality of recipient eggs. In each figure the eggs of two

recipient frogs have been used and nuclei from each donor embryo have been transplanted into the eggs

of both frogs. The figures are set out according to the order in which the transplantations were made,

i.e. nuclei from the donor on the left were transplanted first and from the donor on the right of each
figure last : only transplant-embryos which cleaved regularly are shown.

TEXT-FIG. SA. About 30 transplantations were made from early, middle, and late gastrula donors into the
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injection of a nucleus brings about development in some eggs which, owing to
poor quality, would not have been fertilized or which would not have developed
normally if they had been fertilized. It is found on the average that a higher per-
centage of eggs cleave regularly after transplantation than after fertilization. On
the other hand, it may be that eggs can develop quite normally when fertilized,
but are nevertheless very variable in their ability to withstand experimental
manipulations. In either case the cause of variation is egg quality. This observa-
tion does not apply only to nuclear transplantation experiments, since it is known
that embryos derived from the eggs of different frogs are also very variable in
their ability to heal after tissue grafting.

No way has yet been found of distinguishing recently laid eggs which will
develop well after nuclear transplantation from those which will not. It was
mentioned above that recipient eggs are not usually used for transplantation
until they have undergone certain changes recognized by contraction of the area
of animal hemisphere pigment. While the selection of contracted eggs gives
fewer abnormalities (Text-fig. 4), it is not found that all contracted eggs give
equally good results. It is quite possible for the eggs of one frog to cleave well,
and even to gastrulate well, but later to suffer from many more abnormalities
than those of another frog. The quality of eggs is therefore judged entirely by
the proportion of normal tadpoles obtained from them. This means it is neces-
sary to start and end all experiments with a control series—that is, with donor
nuclei the developmental potentialities of which are already known. Only if
these control transplantations develop well can attention be paid to the results
obtained from other donor nuclei.

DISCUSSION AND CONCLUSIONS

There are four main factors which determine the way in which embryos from
transplanted nuclei develop: these are the technical treatment and innate quali-
ties of donor nuclei and recipient eggs. The majority of the experiments carried
out have consisted of nuclear transplantations, since this is the most direct way
of investigating these factors.

The technical treatment of donor nuclei can be carried out in such a way that
it is harmless. To achieve this cells should be thoroughly disaggregated by
exposure to versene for 10-20 minutes according to the stage of the donor
embryo. When sucked up into a pipette donor cells should be distorted so that
their length is 2-3 times their diameter. In practice, small variations within this

cggs of each frog. The eggs of both frogs gave abnormal transplant-embryos but the ratio of abnormal
to normal embryos was appreciably greater for female A than for female B.

TexT-FIG. 5B. About 25 transplantations were made from a gastrula, serial blastula, and neural folds,
donor to the eggs of each frog. Female C gave consistently worse results than female D.
TeXT-FIG. 5c. About 30 transplantations were made from a blastula, hatched tadpole, and gastrula

donor into the eggs of each frog. Female F gave exceptionally good and consistent results, while the eggs
of female E gave very poor results, and appear to have deteriorated in quality during the experiment.
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range of cell distortion are unavoidable; these do not affect the further develop-
ment of blastula transplant-embryos, but may account for up to 20 per cent. of
variation in the number of total transplantations which form regular blastulae.

The effects of the technical treatment and innate qualities of recipient eggs will
be discussed together since it is difficult to distinguish between them. The innate
quality of eggs is often responsible for variation in transplant-embryo develop-
ment. It was shown that undifferentiated donor nuclei, when transplanted under
the same conditions, can give rise to very different results according to the
female’s eggs into which they were transplanted. These different results may
either be due to variation in the innate developmental capacity of eggs, or to
variation in their capacity to withstand, or recover from, the experimental mani-
pulations to which they are subjected. In either case the cause of variable results
is egg quality. A considerable reduction in abnormalities was obtained by using
recipient eggs in the contracted state, but in spite of this the eggs of some frogs
gave much better results than those of others. Unfortunately no way has yet
been found of improving egg quality, thereby eradicating this source of abnor-
malities, or of recognizing the quality of eggs other than by the development to
which they give rise. This makes it necessary to carry out a control series of
transplantations using early-stage donor nuclei, the developmental potentialities
of which are already known. If the recipient eggs are of good quality these
control transplantations will develop as expected, and attention can be paid to
the results of the experiment; if the controls develop very abnormally, the whole
experiment must be discarded. Thus technical treatment or innate quality of
recipient eggs will not affect the conclusions if these are restricted to experi-
ments in which egg quality proved to be good.

The innate qualities of donor nuclei were kept constant; this was done by using
nuclei from early donor stages which are believed to be undifferentiated as
shown in the experiment described below. One of the main uses of nuclear trans-
plantation is to test the innate qualities of different kinds of nuclei; experiments
of this kind, which are described elsewhere (Gurdon, 19605), can only be done
when the effects of other factors have been excluded.

The effects of all four factors which influence transplant-embryo development
have now been considered; a standard technique has been developed by which
experiments can be carried out and analysed in such a way that the only variable
factor is the innate quality of donor nuclei. This is demonstrated by the follow-
ing experiment in which early gastrula endoderm nuclei were used as donors.
Fourteen nuclei were transplanted; 3 did not cleave but the remaining 11 all
cleaved normally. These 11 regular late blastulae all formed completely normal
feeding tadpoles, which would almost certainly have metamorphosed as usual if
they had not been fixed. These results give good reasons for believing that the
endoderm cell nuclei of blastulae and early gastrulae are all totipotent, or
capable of giving normal transplant-embryo development. It shows that if all
conditions are perfect (most especially the quality of recipient eggs), every un-
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differentiated nucleus which initiates cleavage will bring about normal develop-
ment. This experiment is atypical, since in most cases a few abnormal embryos
occur in series which otherwise consist of normal tadpoles. However, its impor-
tance is not decreased by its uniqueness, since the failure of other experiments to
give such clear results seems to be due to the quality of recipient eggs.

SUMMARY

1. An analysis has been made of factors which can cause abnormal develop-
ment of embryos derived from transplanted nuclei in Xenopus laevis. A distinc-
tion is made between innate and technical factors, and between those which
affect donor nuclei and recipient eggs.

2. The innate developmental potentialities of endoderm donor nuclei do not
appear to be limited, at least up to the early gastrula stage. Abnormalities known
to be due to differentiated donor nuclei from later donor stages are described
elsewhere. The technical treatment of donor nuclei can be carried out so as not
to damage them, even if this is purposely made more severe than usual.

3. The innate capacity for development of recipient eggs was found to vary
considerably from one spawning to another; this variation seems to be due to an
inability of the eggs of any one frog to withstand technical treatment which may
be shown to be harmless to the eggs of other frogs.

4. As the quality of recipient eggs can only be judged from results, experi-
ments using Xenopus eggs should be accompanied by control transplantations,
using donor nuclei the developmental capacity of which is already known. With
these control transplantations for comparison, the technique is suitable for
testing unknown developmental potentialities of different kinds of donor nuclei
or recipient eggs.

RESUME

Les facteurs responsables du développement anormal des embryons de Xenopus
laevis obtenus par transplantation nucléaire

1. 11 a été procédé a une analyse des facteurs qui peuvent provoquer le dé-
veloppement anormal des embryons obtenus chez Xenopus laevis par trans-
plantation de noyaux. On fait une distinction entre facteurs innés et techniques,
ainsi qu’entre ceux qui affectent les noyaux du donneur et les ceufs qui les
regoivent.

2. Les potentialités innées de développement des noyaux provenant de I’endo-
derme du donneur ne paraissent pas €tre limitées, du moins pas jusqu’au stade
de gastrula jeune. Les anomalies dont il est connu qu’elles sont dues a des
noyaux différenciés de donneurs parvenus a des stades plus avancés sont décrites
ailleurs. Le traitement technique des noyaux donneurs peut étre réalis¢ de fagon
a ne pas les 1éser, méme si ce traitement est rendu a dessein plus sévere que
d’habitude.

3. 11 a été constaté que la capacité innée de développement des ceufs pris
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comme récepteurs varie considérablement d’une ponte a une autre; cette varia-
tion parait tenir a I'incapacité des ceufs de telle grenouille & résister a un traite-
ment technique qui s’est avéré inoffensif pour les ceufs d’autres grenouilles.

4. Comme la qualité des ceufs récepteurs ne peut étre appréciée que d’apres
les résultats, les expériences utilisant les ceufs de Xénope devraient étre accom-
pagnées de transplantations contrdles, utilisant des noyaux dont la capacité de
développement est déja connue. A condition de recourir pour comparaison a
ces transplantations contrdles, la technique convient pour mettre a I’épreuve les
potentialités inconnues de développement que possédent divers types de noyaux
du donneur ou d’ceufs récepteurs.

ACKNOWLEDGEMENTS

The author has pleasure in thanking Professor Sir A. C. Hardy, F.R.S., for
having provided facilities for this work in his department. The author is very
grateful to Dr. M. Fischberg for his extensive discussion and help, and to both
him and to Dr. A. W. Blackler for reading the manuscript. Miss A. G. Jewkes has
provided most valuable technical assistance.

REFERENCES

BarTH, L. G., & BarTH, L. J. (1959). Differentiation of cells of the Rana pipiens gastrula in
unconditioned medium. J. Embryol. exp. Morph. T, 210-22.

Brigas. R., & KNG, T. J. (1953). Factors affecting the transplantability of nuclei of frog em-
bryonic cells. J. exp. Zool. 122, 485-506.

EuspaLg, T. R., Guroon, J. B., & Fi1SCHBERG, M. (1960). A description of the technique for
nuclear transplantation in Xenopus laevis. J. Embryol. exp. Morph. (In press.)

FLICKINGER, R. A., JRr. (1949). A study of the metabolism of amphibian neural crest cells during
their migration and pigmentation in vitro. J. exp. Zool. 112, 465-84.

GURDON, J. B. (1960a). The effect of ultraviolet irradiation upon the uncleaved eggs of Xenopus
laevis. Quart. J. micr. Sci. (In press.)

——(1960b). The developmental capacity of nuclei taken from differentiating endoderm cells
of Xenopus laevis. J. Embryol. exp. Morph. (In press.)

Kng, T. J., & Briges, R. (1955). Changes in the nuclei of differentiating gastrula cells, as
demonstrated by nuclear transplantation. Proc. nat. Acad. Sci. Wash. 41, 321-5.

(Manuscript received 25:i:60)





