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gradients close to the air–water interface, where veils develop within a few
minutes. A suspension of latex beads (1 or 0.5 mm) was then added with a
capillary pipette. Preparations were recorded with dark-field illumination
using a CCD camera (Sony) attached to the microscope and a video recorder.
Afterwards, positions of individual latex beads were recorded frame by frame
(at 0.04-s intervals). Only trajectories that were almost parallel to the plane of
observation were included.
Oxygengradients. Oxygen microelectrodes (with a 5–10-mm tip)3 connected
to a picoammeter were mounted in a micromanipulator. The surface of the
Thiovulum veil and the electrode tip were observed through a dissection
microscope tilted at an angle of 458; this made it possible to map the O2

isopleths inside and above the veil. Microelectrodes penetrating from above
tend to deform the O2 diffusion gradients above the sediment14, but this should
not affect the relative position of O2 isopleths in different areas of the veil. The
fact that O2 was measured in a vertical convective flow is also likely to minimize
this effect.
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Until recently, fertilization was the only way to produce viable
mammalian offspring, a process implicitly involving male and
female gametes. However, techniques involving fusion of embryo-
nic or fetal somatic cells with enucleated oocytes have become
steadily more successful in generating cloned young1–3. Dolly the
sheep4 was produced by electrofusion of sheep mammary-derived

cells with enucleated sheep oocytes. Here we investigate the
factors governing embryonic development by introducing nuclei
from somatic cells (Sertoli, neuronal and cumulus cells) taken
from adult mice into enucleated mouse oocytes. We found that
some enucleated oocytes receiving Sertoli or neuronal nuclei
developed in vitro and implanted following transfer, but none
developed beyond 8.5 days post coitum; however, a high percen-
tage of enucleated oocytes receiving cumulus nuclei developed in
vitro. Once transferred, many of these embryos implanted and,
although most were subsequently resorbed, a significant propor-
tion (2 to 2.8%) developed to term. These experiments show that
for mammals, nuclei from terminally differentiated, adult
somatic cells of known phenotype introduced into enucleated
oocytes are capable of supporting full development.

Previous studies have suggested that embryonic development is
enhanced when donor nuclei are in the G0 or G1 phase of the cell
cycle1,3,4, and Dolly the sheep developed from an enucleated oocyte
electrofused with a mammary-derived cell presumed to be in G0
following culture in serum-deficient medium for 5 days4. We have
investigated the developmental potential of oocytes injected with
the nuclei of non-cultured cells known to be at G0. We selected

Figure 1 In vitro development of enucleated oocytes following injection of

cumulus cell nuclei. a, Live oocyte surrounded by cumulus cells. The egg coat

(the zona pellucida) appears in this micrograph as a relatively clear zone around

the oocyte. b–e, Behaviour of cumulus cell nuclei following injection into

enucleated oocytes, photographed after fixation and staining. b, A cumulus

cell nucleus within 10min of injection. c, Transformation of the nucleus into

disarrayed chromosomes 3h after injection. The disorder reflects an unusual

situation in which single, condensed chromatids are each attached to a single

pole of the spindle and are therefore not aligned on a metaphase plate. d,1 h after

Sr2+ activation, chromosomes are segregated into two groups (mb, midbody). e,

5 h after Sr2+ activation, two pseudo-pronuclei (left and right panels) with a varying

number of distinct nucleolus-like structures are discernible in each egg. The size

and number of pseudo-pronuclei varied, suggesting that segregation of

chromosomes was random after oocyte activation. f, Live blastocysts produced

following injection of enucleated oocytes with cumulus cell nuclei.
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Sertoli, neuronal and cumulus from adult mice as representatives of
this class; Sertoli cells and neurons do not normally divide in adults
but remain at G0, and more than 90% of cumulus cells surrounding
recently ovulated oocytes (Fig. 1a) are in the G0/G1 phase of the cell
cycle5. These somatic cell types have very distinctive morphologies,
making them easy to identify with confidence. All cells were used
immediately (that is, without in vitro culturing) following the
removal of tissue from freshly killed mice.

Enucleated mouse oocytes were each injected with a single

nucleus from one of the three somatic cell types and left for 0 to 6
hours before activation. Examination of enucleated oocytes injected
with cumulus nuclei revealed that chromosome condensation had
occurred within 1 hour of injection (Fig. 1b, c). When, after 1 to 6
hours incubation, oocytes were activated in culture medium con-
taining Sr2+ and cytochalasin B, their cumulus-derived chromo-
somes segregated (Fig. 1d) to form structures resembling the
pronuclei that are formed after normal fertilization (referred to
here as pseudo-pronuclei). Examination of 47 such oocytes after
fixation and staining showed that 64% had two pseudo-pronuclei
(Fig. 1e) and 36% had three or more. Oocytes with distinct pseudo-
pronuclei were considered to be activated. Owing to the cytokinesis-
blocking effect of cytochalasin B, no polar body was formed and
therefore all chromosomes were retained within the oocyte, regard-
less of the number of pseudo-pronuclei. Chromosome analysis of 13
such oocytes fixed before the first cleavage (data not shown)
revealed that 85% had a normal total chromosome number
(2n ¼ 40). The time interval between nucleus injection and
oocyte activation appeared to affect the rate of oocyte development
(Table 1). Activation immediately after nucleus injection led to

Table 1 Preimplantation of enucleated eggs injected with cumulus cell nuclei

Time of oocyte
activation

Total no.
of oocytes

used

No. of
enucleated

oocytes

No. of surviving
oocytes after

injection

No. (%) of
activated
oocytes

No. (%, mean 6 s:d:) of embryos developed from
oocytes at 72h after activation

1-cell and
abnormal

2–8-cell Morula/blastocyst*

...................................................................................................................................................................................................................................................................................................................................................................

Simultaneously
with injection

233 230 182 153 (84.1) 17 75 61 (39:9 6 16:6)

1–3 h after injection 573 565 508 474 (93.3) 20 177 277 (58:4 6 12:6)

3–6 h after injection 195 191 182 151 (83.0) 9 41 101 (66:9 6 14:4)
...................................................................................................................................................................................................................................................................................................................................................................
* There is a significant different (P , 0:005) between the top result and the bottom two. Data were analysed using the x2 test.

Figure 2 Cloned mice. a, The first surviving cloned mouse, Cumulina (born 3

October 1997) at four weeks (foreground) with her foster mother. b, Cumulina at

2.5 months with the pups she produced following mating with a CD-1 (albino)

male. c, Two B6C3F1-derived, cloned, agouti young (centre) in front of their albino

foster mother (CD-1), and a B6D2F1 oocyte donor (black, right). The two agouti

offspring in the centre are clones (identical ‘twin’ sisters) of the agouti B6C3F1

cumulus donor shown on the left, and are two of the offspring described in series

C (see text) and Table 2.

Figure 3 Development following uterine transfer of embryos produced after

injection of Sertoli cell nuclei into enucleated oocytes. a, Uteri of recipient females

8.5 d.p.c., fixed with Bouin’s fluid, dehydrated and cleared with benzyl benzoate.

All uterine implantation sites failed to develop except for one (arrow), in which an

embryo (b) appeared to be normal and was at the ,12-somite stage.
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significantly poorer development to morulae/blastocysts in vitro
(Fig. 1f) than was achieved when activation followed a delay of 1 to 6
hours.

On the basis of this information, we injected Sertoli and neuronal
nuclei into enucleated oocytes and delayed activation for 1 to 6
hours: about 40% of enucleated oocytes that had been injected with
Sertoli cell nuclei, and 22% of those injected with neuronal nuclei,
developed into morulae/blastocysts in vitro (Table 2). As these
values were less than those achieved after cumulus nucleus injection
(58–67%; Table 1), we concentrated on the potential of cumulus cell
nuclei to support embryonic development in vivo.

In the first series of experiments (series A in Table 3), a total of 142
developing embryos (at the 2-cell to blastocyst stage) were trans-
ferred to 16 recipient females. When these females were examined at
8.5 and 11.5 d.p.c., 5 live and 5 dead fetuses were seen in uteri. In the
second series (series B in Table 3), a total of 800 embryos were
transferred into 54 foster mothers, and caesarean sections at 18.5–
19.5 d.p.c. revealed 17 live fetuses. Of these, six died soon after
delivery, one died approximately 7 days after delivery, but the
remaining ten females survived and are apparently healthy. All of
these, including the first-born survivor (born on 3 October 1997
and named ‘Cumulina’; Fig. 2a), have been mated and have
delivered and raised normal offspring (Fig. 2b). Several of these
offspring have, in turn, now developed into fertile adults.

In the third series of experiments (series C in Table 3), B6C3F1
mice carry a copy of the agouti (A) gene, and are consequently
agouti; offspring from this experiment should therefore have an
agouti coat colour, rather than the black of the B6D2F1 oocyte
donors. A total of 298 embryos derived from B6C3F1 cumulus cell
nuclei were transferred to 18 foster mothers. Caesarean sections at

19.5 d.p.c. revealed six live fetuses whose placentas were used in
DNA-typing analysis. Although one died a day after birth, the five
extant females are healthy and have the agouti coat phenotype.
Figure 2c shows two such agouti pups with their albino foster
mother (CD-1).

We did additional experiments (series D in Table 3) to investigate
whether clones could be more efficiently cloned in subsequent
rounds of recloning. We therefore collected cumulus cells from
B6C3F1 (agouti) clones generated in series C and injected their
nuclei into enucleated B6D2F1 oocytes to generate embryos that
were transferred as described for series B and C. A total of 287
embryos derived from cloned B6C3F1 cumulus-cell nuclei were
transferred to 18 foster mothers. When caesarean sections were
done at 19.5 d.p.c. eight live fetuses were recovered. Although one
died soon after birth, the seven surviving females are healthy and
have the predicted agouti coat phenotype. These results indicate
that clones (series B and C) and cloned clones (series D) are
produced with comparable efficiency. This argues that successive
generations of clones do not undergo changes (either positive or
negative) that influence the outcome of the cloning process.

We also monitored the developmental potential in vivo of
morulae/blastocysts generated following the injection of either
Sertoli-cell or neuronal nuclei into enucleated oocytes (all cells
from non-clones) (Table 2). Embryos produced by Sertoli-nucleus
injection resulted in a single live fetus (Fig. 3) in the uterus of a
foster mother killed 8.5 d.p.c. (Table 2). We failed to detect in vivo
development of embryos derived following injection of neuronal
nuclei beyond 6–7 d.p.c.

We believe that all of the live offspring reported here represent
clones derived from cumulus-cell nuclei in the absence of genetic

Table 2 Development of enucleated eggs injected with Sertoli or brain-cell nuclei*

Cell type
injected

No. of surviving
oocytes injected

No. (%) of oocytes
activated

Total no. (%) of
morulae/blastocysts

developed†

No. of transferred
embryos

(recipients)

No. (%) of
implantation

sites

No. (%) of
fetuses

...................................................................................................................................................................................................................................................................................................................................................................

Sertoli 159 159 (100) 63 (39.6) 59 (8) 41 (69.5) 1 (1.7)

Brain 228 223 (97.8) 50 (22.4) 46 (5) 25 (54.3) 1 (2.2)‡
...................................................................................................................................................................................................................................................................................................................................................................
* All recipients were killed at 8.5 d.p.c.
† There is a significant difference (P , 0:005) between the top and bottom result.
‡ Died at about 6–7d.p.c.

Table 3 Postimplantation development of enucleated eggs injected with cumulus cell nuclei

Experiment
series*

Time of
oocyte

activation

No. of
injected
oocytes

No. of
transferred
embryos

(recipients)

No. (%) of
implantations

from
transferred
embryos†

No. of fetuses developed from
transferred embryos

No. (%) of
newborn from

transferred
embryos

Total
(%)†

8.5d.p.c. 11.5d.p.c.

Live Dead Live Dead
...................................................................................................................................................................................................................................................................................................................................................................

A Simultaneously
with injection

82 34 (4) 8 (23.5) 0 —

1–3h after
injection

136 45 (5) 32 (71.1) 7 (15.6) 3 2‡ 2 0 —

3–6h after
injection

124 63 (7) 36 (57.1) 3 (4.8) 0 2§ 0 1k —

...................................................................................................................................................................................................................................................................................................................................................................

B 1–3h after
injection

1345 760 (49) — — — — — — 16 (2.1)

3–6h after
injection

62 40 (5) — — — — — — 1 (2.5)

...................................................................................................................................................................................................................................................................................................................................................................

C 1–3h after
injection

458 298 (18) — — — — — — 6 (2.0)

...................................................................................................................................................................................................................................................................................................................................................................

D 1–3h after
injection

603 287 (18) — — — — — — 8 (2.8)

...................................................................................................................................................................................................................................................................................................................................................................
* Series A, caesarean sections were done at 8.5 or 11.5 d.p.c.; series B and C, caesarean sections were done at 18.5–19.5d.p.c. In series A and B, each donor nucleus is from a B6D2F1
cumulus cells; in series C, each donor nucleus is from a B6C3F1 cumulus cell; in series D, each donor nucleus is from a B6C3F1 clones mouse from series C.
† There is a significant difference between the top result and the bottom two: implantation (P , 0:005); fetal development (P , 0:05). Data were analysed by x2 tests.
‡ Died 6–7 d.p.c.
§ Died 7–8 d.p.c.
kDied 10d.p.c.
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contamination, for the following reasons. (1) Oocytes/eggs were not
exposed to spermatozoa in vitro. (2) Foster mothers (CD-1, albino)
were mated with vasectomized males (CD-1, albino) of established
infertility. In the unlikely event of fertilization by such a vasectomized
male, the offspring would be albino. We transferred 2- to 8-cell
embryos/blastocysts into the oviducts/uteri of foster mothers; it is
well established that 2- to 8-cell mouse embryos/blastocysts cannot
be fertilized by spermatozoa6. (3) All full-term animals were born
with black eyes; the surviving ten from series B have black coats and
the surviving five in series C have agouti coats. This pattern of coat
colour inheritance exactly matches that predicted by the genotype
of the nucleus donor in each case. As B6D2F1 mice lack the agouti
gene, the agouti mice in series C must have inherited their agouti
coat colour from a non-B6D2F1 nucleus. (4) Where possible, all
putative clones have been sexed, and all were found to be females,
consistent with their genetic progenitors invariably being female.
(5) DNA typing of highly variable alleles diagnostic of the B6, C3,
D2 and CD-1 strains used here (Fig. 4) demonstrates beyond
reasonable doubt that the six cloned offspring in series C (which
includes one that died soon after birth) are isogenic with the three
cumulus cell donor females used (B6C3F1) and do not contain
DNA derived from either the oocyte donors (B6D2F1) or host foster
mothers (CD-1). (6) Following enucleation, we suppressed extru-

sion of chromosomes into polar bodies using cytochalasin B. Thus,
even if enucleation of the oocytes had been either totally unsuccess-
ful or only partly successful, all resulting zygotes would be hyper-
ploid; such embryos are inviable and cannot develop into normal
offspring7. Moreover, in mock experiments, we enucleated 204
oocytes and examined them after fixation and staining8: no chro-
mosomes were apparent, suggesting that the efficiency of chromo-
some removal exceeded 99.99%.

In general, nuclei have previously been transferred either into
enucleated, one-cell embryos9, or into unfertilized, enucleated
oocytes10,11 which were then immediately activated, thereby pre-
venting chromosome condensation12. Mouse embryonic stem13 or
primordial germ14 cell nuclei transferred into enucleated oocytes
that were then immediately activated produced embryos capable of
developing to blastocysts, with a minority of these implanting. In
contrast, activation that was delayed for 30 to 60 minutes after the
introduction of thymocyte nuclei into enucleated oocytes15 often
resulted in the extrusion of a pseudo-polar body, with a conse-
quently high incidence of hypoaneuploidy (78%) and with none of
the embryos developing beyond the 4-cell stage.

We have shown that a relatively high proportion of enucleated
oocytes can develop to morulae/blastocysts and beyond when they
are activated after a prolonged delay following injection of adult-

D1Mit46

D2Mit102

Emv loci

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

a

b

c

Figure 4 DNA typing of donors and offspring in series C corroborates the genetic

identify of the cloned offspring to cumulus cell donors, and non-identity to oocyte

donors and host foster females. a, PCR typing using the strain-specific marker

D1Mit46. b, PCR -amplified DNA (a, b) from F1 hybrid mice gives an additional gel

band not seen in the DNA from inbred parental strains (lanes 16–20); this extra

band corresponds to a heteroduplex derived from the two parental products,

whose conformation results in anomolous gel migration. c, Southern blot typing

of strain-specific Emv loci (Emv1, Emv2 and Emv3). Placental DNA from the six

cloned series C offspring (lanes 10–15) was compared with DNA from the three

cumulus cell donor females (lanes 1–3), the three oocyte recipient females (lanes

4–6), and the three host females (lanes 7–9). Control DNAwas fromC57BL/6 (lane

16), C3H (lane 17), DBA/2 (lane 18), B6C3F1 (lane 19) or B6D2F1 (lane 20).100-bp

DNA size-marker ladders are shown on the left of a and b.

Figure 5 The cloning procedure developed here, as described in the text and

Methods section.
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derived, somatic cell nuclei. Indeed, the inclusion of a prolonged
interval between nuclear injection and oocyte activation (and
suppression of cytokinesis) was apparently beneficial for both
pre- and post-implantation development (Tables 1, 3). Although
this seems paradoxical after earlier work, prolonged exposure of
incoming nuclei to a cytoplasm rich in metaphase promoting factor
causes persistent chromosome condensation (in the absence of
DNA synthesis) and may facilitate the nuclear changes that are
essential for development. We are studying the molecular events
attending this latent period with respect to potential epigenetic
‘reprogramming’ and chromatin repair, inter alia. Also, the use of a
piezo-impact pipette drive unit16,17 may have contributed to a high
rate of embryonic development by enabling oocyte and donor
nucleus manipulation to be quick and efficient, thereby reducing
the trauma to both in comparison with methods using electro-
fusion, Sendai virus or polyethylene glycol. Furthermore, we mini-
mized the amount of somatic cell cytoplasm introduced into
enucleated oocytes, which might otherwise have interfered with
the onset of development.

It is unclear why Sertoli and neuronal cell nuclei failed to produce
full-term embryos. Although our study does not preclude the
possibility that these nuclei (and nuclei from other cell types)
may be able to support full-term development, this finding suggests
that the G0 status of donor nuclei is not sufficient per se to ensure
embryonic development. We did not use mural granulosa cells,
which differ functionally and in their subsequent fate from cumulus
cells18, and the question is open as to whether their nuclei might
prime embryonic development to term. The contrastingly high
implantation rate (57–71%) and low fetal (5–16%) and full-term
(2–3%) developmental rates (Table 3) indicate that several regula-
tory morphogenic factors and checkpoints may be involved in the
development of post-implantation embryos/fetuses.

Our results suggest that, contrary to previous opinion9, mammals
can be reproducibly cloned from adult somatic cells. Furthermore,
we believe that the success of these experiments in the mouse
provides an amenable model with which to evaluate the molecular
mechanisms that regulate the reprogramming of somatic cell
genomes, genomic imprinting, embryonic genome activation and
cell differentiation. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

The cloning procedure is summarized in Fig. 5.
Isolation of cumulus cells. Female B6D2F1 (C57BL=6 3 DBA=2 used in series
A and B), B6C3F1 (C57BL=6 3 C3H=He used in series C) or B6C3F1 clones
produced in series C were induced to superovulate by consecutive injection of
eCG and hCG. 13 h after hCG injection, cumulus–oocyte complexes were
collected from oviducts and treated in HEPES–CZB medium19 supplemented
with bovine testicular hyaluronidase (0.1% (w/v), 300 U mg−1) to disperse
cumulus cells. We selected cumulus cells of modal (.70%) diameter (10–
12 mm) for injection. From preliminary experiments, nuclei from cells with
smaller or larger diameters (8–9 or 13–15 mm, respectively) seldom supported
development of injected eggs beyond the 8-cell stage (data not shown).
Following dispersal, cells were transferred to HEPES–CZB containing 10%
(w/v) polyvinylpyrrolidone (average Mr , 360,000) and kept at room tempera-
ture for up to 3 h before injection.
Isolation of Sertoli cells and neurons. Sertoli cells were isolated from the
testes of 6-month-old B6D2F1 males as described20, except that HEPES–Ham
F-12 medium was used. Manipulation of individual Sertoli cells was done by
using a large injection pipette (inner diameter ,10 mm). Neuronal cells were
isolated from the cerebral cortex of adult B6D2F1 females. Brain tissue was
removed with sterile scissors, quickly washed in erythrocyte-lysing buffer and
gently hand-homogenized for several seconds in nucleus isolation medium21 at
room temperature. Nuclei (7–8 mm in diameter) harbouring a conspicuous
nucleolus were individually collected from the resulting suspension using the
injection pipette before delivery into a recipient enucleated oocyte.
Enucleation of metaphase II oocytes and donor cell nucleus injection.

B6D2F1 oocytes (obtained 13 h after hCG injection of eCG-primed females)

were freed from the cumulus oophorous and held in CZB medium at 37.5 8C
under 5% (v/v) CO2 in air until required. Groups of oocytes (usually 10–15)
were transferred into a droplet of HEPES–CZB containing 5 mg ml−1

cytochalasin B, which had previously been placed in the operation chamber
on the microscope stage. Oocytes undergoing microsurgery were held with a
holding pipette and the zona pellucida ‘cored’ following the application of
several piezo-pulses to an enucleation pipette. The metaphase II chromosome–
spindle complex (identifiable as a translucent region) was aspirated into the
pipette with a minimal volume of oocyte cytoplasm22. After enucleation of all
oocytes in one group (,10 min), they were transferred into cytochalasin B-free
CZB and held there for up to 2 h at 37.5 8C, then returned to the microscope
stage immediately before further manipulation. Nuclei were removed from
their respective somatic cells and gently aspirated in and out of the injection
pipette (,7 mm inner diameter) until their nuclei were largely devoid of visible
cytoplasmic material. Each nucleus was injected into a separate enucleated
oocyte within 5 min of its isolation as described17.
Oocyte activation. Following somatic-cell nucleus injection, some groups of
oocytes were placed immediately in Ca2+-free CZB containing both 10 mM Sr2+

and 5 mg ml−1 cytochalasin B for 6 h. Additional groups of enucleated oocytes
injected with cumulus cell nuclei were left in CZB medium at 37.5 8C under 5%
(v/v) CO2 in air for 1–6 h before activation by Sr2+ in the presence of 5 mg ml−1

cytochalasin B. Sr2+ treatment activated the oocytes23, whereas cytochalasin B
prevented subsequent polar-body formation and therefore chromosome
expulsion. Following activation, all resulting embryos were transferred to
Sr2+-free, cytochalasin B-free CZB medium and incubation was continued at
37.5 8C under 5% (v/v) CO2 in air.
Embryo transfer. Where appropriate, 2- to 8-cell embryos or morulae/
blastocysts were respectively transferred into oviducts or uteri of foster mothers
(CD-1, albino) that had been mated with vasectomized CD-1 males 1 or 3 days
previously. Following caesarean section of recipient females at 18.5–19.5 d.p.c.,
live young were raised by lactating CD-1 foster mothers.
DNA typing. DNA from the following control strains and hybrids was obtained
from spleen tissue: C57BL/6J (B6), C3H/HeJ (C3), DBA/2J (D2), B6C3F1 and
B6D2F1. DNA from the three cumulus cell donor females (B6C3F1), the three
oocyte recipient females (B6D2F1) and the three foster females (CD-1) was
prepared from tail-tip biopsies. DNA from the six B6C3F1-derived, cloned
offspring was prepared from their associated placentas. For the microsatellite
markers D1Mit46, D2Mit102 and D3Mit49, primer pairs (MapPairs) were
purchased from Research Genetics and typed as described24, except that PCR
was carried out for 30 cycles and products were separated by 3% agarose gels
(Metaphor) and visualized by ethidium bromide staining. Endogenous eco-
tropic murine leukaemia provirus DNA sequences (Emv loci) were identified
following hybridization of PvuII-digested genomic DNA to the diagnostic
probe, pEc-B4 (ref. 25). Probe labelling, Southern blotting and hybridization
procedures have been described26.
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Defects insomite formation
in lunatic fringe-deficientmice
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Segmentation in vertebrates first arises when the unsegmented
paraxial mesoderm subdivides to form paired epithelial spheres
called somites1,2. The Notch signalling pathway is important in
regulating the formation and anterior–posterior patterning of the
vertebrate somite3–7. One component of the Notch signalling
pathway in Drosophila is the fringe gene, which encodes a secreted
signalling molecule required for activation of Notch during
specification of the wing margin8–11. Here we show that mice
homozygous for a targeted mutation of the lunatic fringe (Lfng)
gene, one of the mouse homologues12,13 of fringe, have defects in
somite formation and anterior–posterior patterning of the
somites. Somites in the mutant embryos are irregular in size
and shape, and their anterior–posterior patterning is disturbed.
Marker analysis revealed that in the presomitic mesoderm of the
mutant embryos, sharply demarcated domains of expression of
several components of the Notch signalling pathway are replaced
by even gradients of gene expression. These results indicate that
Lfng encodes an essential component of the Notch signalling
pathway during somitogenesis in mice.

The Lfng gene is expressed during somitogenesis in mice in a
dynamic pattern that suggests a possible role for Lfng in regulating
somite formation and establishing somite borders12,13. To analyse
the role of the Lfng gene during embryogenesis, we constructed a
targeting vector that deleted 0.7 kilobases (kb) of genomic sequence
encoding the putative signal peptide and proprotein region of the
Lfng protein, and replaced the deleted sequence with the lacZ gene
of Escherichia coli (Fig. 1a, b). Mice heterozygous for the LfngLacZ

mutant allele were viable and fertile. The pattern of RNA expression
from the LfngLacZ mutant allele was identical to that of Lfng RNA
expression, but expression of b-galactosidase protein from the
LfngLacZ mutant allele was not useful as a marker for visualizing
the normal pattern of Lfng expression during somitogenesis owing
to the perdurance of the b-galactosidase protein and the dynamic
nature of the Lfng expression pattern (Fig. 1c–e).

At birth, LfngLacZ homozygous neonates had a shortened trunk
with a rudimentary tail (Fig. 2a). Some LfngLacZ homozygous
neonates died within a few hours of birth, apparently from respira-

tory difficulties due to malformed rib cages (see below), but other,
less severely affected, LfngLacZ homozygotes could survive to adult-
hood. Analysis of stained skeletal preparations revealed substantial
defects in formation of the vertebral column and ribs in the LfngLacZ

homozygotes (Fig. 2b, c). The regular metameric pattern of the
vertebrae was disrupted along the entire longitudinal axis. The ribs
of the LfngLacZ homozygotes were bifurcated and fused, and some
ribs were detached from the vertebral column (Fig. 2c).

LfngLacZ homozygous mutant embryos could be distinguished
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Figure 1 Targeted disruption of the Lfng gene. a, Targeting scheme. The top line

shows the genomic organization of a portion of the Lfng gene; the middle line

shows the structure of the targeting vector. A 0.7-kb deletion was created which

removes most of exon 1, replacing it with the lacZ gene and a neo cassette. At the

bottom is the predicted structure of the Lfng locus following homologous

recombination of the targeting vector. The probe used for Southern blot analysis

in b is indicated. Restriction enzymes: B, BamHl; H, HindIII; N, NotI; R, EcoRV; S,

SalI. b, DNA isolated from embryos of the intercross of LfngLacZ/+ heterozygous

mice was digested with EcoRV, blotted, and hybridized with the indicated probe.

Genotypes of progeny are indicated at the top of each lane. c, b-Galactosidase

expression in LfngLacZ/+ heterozygous embryos revealed that, unlike Lfng RNA,

b-galactosidase protein was expressed throughout the rostral presomitic

mesoderm and the most recently formed somites. d, In situ hybridization of a

LfngLacZ/+ heterozygous embryo with a lacZ probe revealed the same banding

pattern in the presomitic mesoderm as is observed with a Lfng probe,

demonstrating that the constitutive expression observed in c is due to

perdurance of b-galactosidase. e, In situ hybridization of a LfngLacZ homozygous

mutant embryo with a lacZ probe revealed that the stripe of lacZ RNA expression

is expanded and is morediffuse than in LfngLacZ/+ heterozygous embryos. In c–e,

posterior is at the bottom. c, Sagittal view; d, e, dorsal views.


