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Fertilization of mammalian eggs is followed by successive cell
divisions and progressive differentiation, first into the early
embryo and subsequently into all of the cell types that make up
the adult animal. Transfer of a single nucleus at a specific stage of
development, to an enucleated unfertilized egg, provided an
opportunity to investigate whether cellular differentiation to
that stage involved irreversible genetic modification. The first
offspring to develop from a differentiated cell were born after
nuclear transfer from an embryo-derived cell line that had been
induced to become quiescent’. Using the same procedure, we now
report the birth of live lambs from three new cell populations
established from adult mammary gland, fetus and embryo. The
fact that a lamb was derived from an adult cell confirms that
differentiation of that cell did not involve the irreversible mod-
ification of genetic material required for development to term.
The birth of lambs from differentiated fetal and adult cells also
reinforces previous speculation'” that by inducing donor cells to
become quiescent it will be possible to obtain normal develop-
ment from a wide variety of differentiated cells.

It has long been known that in amphibians, nuclei transferred
from adult keratinocytes established in culture support develop-
ment to the juvenile, tadpole stage’. Although this involves differ-
entiation into complex tissues and organs, no development to the
adult stage was reported, leaving open the question of whether a
differentiated adult nucleus can be fully reprogrammed. Previously
we reported the birth of live lambs after nuclear transfer from
cultured embryonic cells that had been induced into quiescence. We

suggested that inducing the donor cell to exit the growth phase .
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Figure 1 Phase-contrast photomicrograph of donor-cell populations: a, Embryo-
derived cells (SEC1); b, fetal fibroblasts (BLWF1); ¢, mammary-derived cells
{OME). d, Microsatellite analysis of recipient ewes, nuclear donor cells and fambs
using four polymorphic ovine markers®. The ewes are arranged from left to right

causes changes in chromatin structure that facilitate reprogram-
ming of gene expression and that development would be normal if
nuclei are used from a variety of differentiated donor cells in similar
regimes. Here we investigate whether normal development to term
is possible when donor cells derived from fetal or adult tissue are
induced to exit the growth cycle and enter the GO phase of the cell
cycle before nuclear transfer.

Three new populations of cells were derived from (1) a day-9
embryo, (2) a day-26 fetus and (3) mammary gland of a 6-year-old
ewe in the last trimester of pregnancy. Morphology of the embryo-
derived cells (Fig. 1) is unlike both mouse embryonic stem (ES) cells
and the embryo-derived cells used in our previous study. Nuclear
transfer was carried out according to one of our established
protocols' and reconstructed embryos transferred into recipient
ewes. Ultrasound scanning detected 21 single fetuses on day 50-60
after oestrus (Table 1). On subsequent scanning at ~14-day inter-
vals, fewer fetuses were observed, suggesting either mis-diagnosis or

inthe same order as the lambs. Cell populations are embryo-derived {(SEC1), fetal-
derived (BLW1), and mammary-derived (OME), respectively. Lambs have the
same genotype as the donor cells and differ from their recipient mothers.

fetal loss. In total, 62% of fetuses were lost, a significantly greater
proportion than the estimate of 6% after natural mating®. Increased
prenatal loss has been reported after embryo manipulation or
culture of unreconstructed embryos’. At about day 110 of preg-
nancy, four fetuses were dead, all from embryo-derived cells, and
post-mortem analysis was possible after killing the ewes. Two fetuses
had abnormal liver development, but no other abnormalities were
detected and there was no evidence of infection.

Eight ewes gave birth to live lambs (Table 1, Fig. 2). All three cell
populations were represented. One weak lamb, derived from the
fetal fibroblasts, weighed 3.1kg and died within a few minutes of
birth, although post-mortem analysis failed to find any abnormality
or infection. At 12.5%, perinatal loss was not dissimilar to that
occurring in a large study of commercial sheep, when 8% of lambs
died within 24 h of birth®. In all cases the lambs displayed the
morphological characteristics of the breed used to derive the
nucleus donors and not that of the oocyte donor (Table 2). This
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usion by examination on a dissecting microscope. Superscripts a or b within a column indicate a significant difference between donor cell types in the efficiency of
roportion of embryos that developed to morula or blastocyst (P < 0.001).
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astocysts transferred. Not all recipients were perfectly synchronized.
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Figure 2 Lamb number 6LL3 derived from the mammary gland of a Finn Dorset
ewe with the Scottish Blackface ewe which was the recipient.

alone indicates that the lambs could not have been born after
inadvertent mating of either the oocyte donor or recipient ewes.
In addition, DNA microsatellite analysis of the cell populations and
the lambs at four polymorphic loci confirmed that each lamb was
derived from the cell population used as nuclear donor (Fig. 1).
Duration of gestation is determined by fetal genotype’, and in all
cases gestation was longer than the breed mean (Table 2). By
contrast, birth weight is influenced by both maternal and fetal
genotype’. The birth weight of all lambs was within the range for
single lambs born to Blackface ewes on our farm (up to 6.6kg) and
in most cases was within the range for the breed of the nuclear
donor. There are no strict control observations for birth weight after
embryo transfer between breeds, but the range in weight of lambs
born to their own breed on our farms is 1.2-5.0kg, 2-4.9kg and
3-9kg for the Finn Dorset, Welsh Mountain and Poll Dorset
genotypes, respectively. The attainment of sexual maturity in the
lambs is being monitored.

Development of embryos produced by nuclear transfer depends
upon the maintenance of normal ploidy and creating the conditions
for developmental regulation of gene expression. These responses
are both influenced by the cell-cycle stage of donor and recipient
cells and the interaction between them (reviewed in ref. 9). A
comparison of development of mouse and cattle embryos produced
by nuclear transfer to oocytes'®' or enucleated zygotes'>"” suggests
that a greater proportion develop if the recipient is an oocyte. This
may be because factors that bring about reprogramming of gene
expression in a transferred nucleus are required for early develop-
ment and are taken up by the pronuclei during development of the
zygote.

If the recipient cytoplasm is prepared by enucleation of an oocyte
at metaphase I, it is only possible to avoid chromosomal damage
and maintain normal ploidy by transfer of diploid nuclei**”, but
further experiments are required to define the optimum cell-cycle
stage. Our studies with cultured cells suggest that there is an
advantage if cells are quiescent (ref. 1, and this work). In earlier
studies, donor cells were embryonic blastomeres that had not been
induced into quiescence. Comparisons of the phases of the growth
cycle showed that deVelopment was greater if donor cells were in
mitosis'® or in the G1 (ref. 10) phase of the cycle, rather than in S or
G2 phases. Increased development using donor cells in GO, G1 or
mitosis may reflect greater access for reprogramming factors present
in the oocyte cycoplasm, but a direct comparison of these phases in
the same cell population is required for a clearer understanding of
the underlying mechanisms.
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Table 2 Delivery of lambs developing from embryos derived by nuclear
transfer from three different donor cells types, showing gestation length
and birth weight

Duration of - Birth
Breed of Lamb pregnancy weight
Cell type lamb identity (days)* (kg)
Mammary Finn Dorset 6LL3 148 6.6
epithelium
Fetal Black Welsh 6LL7 152 5.6
fibroblast Black Welsh 6LL8 149 2.8
Black Welsh BLLIT 156 31
Embryo- Polt Dorset 6LL1 149 6.5
derived Poll Dorset 6LL2t 152 6.2
Poll Dorset 6LLB 148 42
Poll Dorset 6LLBE 152 5.3

* Breed averages are 143,147 and 145 days, respectively for the three genotypes Finn Dorset,
Btack Welsh Mountain and Polt Dorset.

+ This lamb died within a few minutes of birth.

tThese lambs were delivered by caesarian section. Overall the nature of the assistance
provided by the veterinary surgeon was similar to that expected in a commercial flock.

Together these results indicate that nuclei from a wide range of
cell types should prove to be totipotent after enhancing opportu-
nities for reprogramming by using appropriate combinations of
these cell-cycle stages. In turn, the dissemination of the genetic
improvement obtained within elite selection herds will be enhanced
by limited replication of animals with proven performance by
nuclear transfer from cells derived from adult animals. In addition,
gene targeting in livestock should now be feasible by nuclear transfer
from modified cell populations and will offer new opportunities in
biotechnology. The techniques described also offer an opportunity
to study the possible persistence and impact of epigenetic changes,
such as imprinting and telomere shortening, which are known to
occur in somatic cells during development and senescence, respec-
tively.

The lamb born after nuclear transfer from a mammary gland cell
is, to our knowledge, the first mammal to develop from a cell
derived from an adult tissue. The phenotype of the donor cell is
unknown. The primary culture contains mainly mammary epi-
thelial (over 90%) as well as other differentiated cell types, including
myoepithelial cells and fibroblasts. We cannot exclude the possi-
bility that there is a small proportion of relatively undifferentiated
stem cells able to support regeneration of the mammary gland
during pregnancy. Birth of the lamb shows that during the develop-
ment of that mammary cell there was no irreversible modification of
genetic information required for development to term. This is
consistent with the generally accepted view that mammalian differ-
entiation is almost all achieved by systematic, sequential changes in
gene expression brought about by interactions between the nucleus
and the changing cytoplasmic environment”. O
Methods
Embryo-derived cells were obtained from embryonic disc of a day-9 embryo
from a Poll Dorset ewe cultured as described’, with the following modifications.
Stem-cell medium was supplemented with bovine DIA/LIE. After 8 days, the
explanted disc was disaggregated by enzymatic digestion and cells replated onto
fresh feeders. After a further 7 days, a single colony of large flattened cells was
isolated and grown further in the absence of feeder cells. At passage 8, the modal
chromosome number was 54. These cells were used as nuclear donors at
passages 7-9. Fetal-derived cells were obtained from an eviscerated Black Welsh
Mountain fetus recovered at autopsy on day 26 of pregnancy. The head was
removed before tissues were cut into small pieces and the cells dispersed by
exposure to trypsin. Culture was in BHK 21 (Glasgow MEM; Gibco Life
Sciences) supplemented with L-glutamine (2 mM), sodium pyruvate (1 mM)
and 10% fetal calf serum. At 90% confluency, the cells were passaged witha 1:2
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division. At passage 4, these fibroblast-like cells (Fig. 1) had modal chromo-
some number of 54. Fetal cells were used as nuclear donors at passages 4—6.
Cells from mammary gland were obtained from a 6-year-old Finn Dorset ewe
in the last trimester of pregnancy'®. At passages 3 and 6, the modal chromosome
number was 54 and these cells were used as nuclear donors at passage numbers
3-6.

Nuclear transfer was done according to a previous protocol'. Oocytes were
recovered from Scottish Blackface ewes between 28 and 33 h after injection of
gonadotropin-releasing hormone (GnRH), and enucleated as soon as possible.
They were recovered in calcium- and magnesium-free PBS containing 1% FCS
and transferred to calcium-free M2 medium" containing 10% FCS at 37°C.
Quiescent, diploid donor cells were produced by reducing the concentration of
serum in the medium from 10 to 0.5% for 5 days, causing the cells to exit the
growth cycle and arrest in GO. Confirmation that cells had left the cycle was
obtained by staining with antiPCNA/cyclin antibody (Immuno Concepts),
revealed by a second antibody conjugated with rhodamine (Dakopatts).

Fusion of the donor cell to the enucleated oocyte and activation of the oocyte
were induced by the same electrical pulses, between 34 and 36 h after GnRH
injection to donor ewes. The majority of reconstructed embryos were cultured
in ligated oviducts of sheep as before, but some embryos produced by transfer
from embryo-derived cells or fetal fibroblasts were cultured in a chemically
defined medium™. Most embryos that developed to morula or blastocyst after 6
days of culture were transferred to recipients and allowed to develop to term
(Table 1). One, two or three embryos were transferred to each ewe depending
upon the availability of embryos. The effect of cell type upon fusion and
development to morula or blastocyst was analysed using the marginal model of
Breslow and Clayton®'. No comparison was possible of development to term as
it was not practicable to transfer all embryos developing to a suitable stage for
transfer. When too many embryos were available, those having better mor-
phology were selected.

Ultrasound scan was used for pregnancy diagnosis at around day 60 after
oestrus and to monitor fetal development thereafter at 2-week intervals.
Pregnant recipient ewes were monitored for nutritional status, body condition
and signs of EAE, Q fever, border disease, louping il! and toxoplasmosis. As
lambing approached, they were under constant observation and a veterinary
surgeon called at the onset of parturition. Microsatellite analysis was carried
out on DNA from the lambs and recipient ewes using four polymorphic ovine
markers®.
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Evidence against a dedicated
system for word learning in
children

Lori Markson & Paul Bloom
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Children can learn aspects of the meaning of a new word on the
basis of only a few incidental exposures and can retain this
knowledge for a long period—a process dubbed ‘fast mapping’'~*.
It is often maintained that fast mapping is the result of a dedicated
language mechanism, but it is possible that this same capacity
might apply in domains other than language learning. Here we
present two experiments in which three- and four-year-old chil-
dren and adults were taught a novel name and a novel fact about
an object, and were tested on their retention immediately, after a
1-week delay or after a 1-month delay. Our findings show that fast -
mapping is not limited to word learning, suggesting that the
capacity to learn and retain new words is the result of learning and
memory abilities that are not specific to language.

In two experiments (study 1 and study 2), 48 three-year-old
children (mean age, 3yr 7 months), 47 four-year-old children
(mean age, 4yr 5months) and 48 undergraduate students first
participated in a training phase that lasted for about twenty
minutes. This phase involved the manipulation of ten kinds of
objects, four of them familiar (for example, pennies) and six of them
novel (see Methods). Subjects were asked to use some of the objects
to measure other objects: for instance, they were asked to use
pennies to measure the circumference of a plastic disc. ‘Children
were told it was a game, and adults were told it was a game designed
to teach young children how to measure.

In the course of the training phase, subjects in both study 1 and
study 2 were exposed to a new word— ‘koba’—used to refer to one
of the six unfamiliar kinds of objects. Subjects in study 1 were also
taught a new fact about one or more objects belonging to anotheer
kind. They were told that the object or objects was given to the
experimenter by her uncle. Subjects in study 2 were given informa-
tion about an unfamiliar object, presented visually. They watched as
a sticker was placed on one of the unfamiliar objects, and were told
that was where the sticker should go (see Methods).

In each of the studies, one-third of the subjects from each age
group were tested for comprehension immediately after the training
phase, one-third were tested after a 1-week delay (6-8 days), and
one-third after a l-month delay (28-30 days). Subjects were
presented with the original array of ten items and asked to recall
which object was the koba. Subjects in study 1 were also asked to
recall which object was given to the experimenter by her uncle.
Siibjects in study 2 were handed a small sticker and instructed to put
it where it should go (see Methods).
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