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A molecular oscillator that controls the expression of cyclic genes such as lunatic fringe (Lfng) in the
presomitic mesoderm has been shown to be coupled with somite formation in vertebrate embryos. To address
the functional significance of oscillating Lfng expression, we have generated transgenic mice expressing Lfng
constitutively in the presomitic mesoderm in addition to the intrinsic cyclic Lfng activity. These transgenic
lines displayed defects of somite patterning and vertebral organization that were very similar to those of Lfng
null mutants. Furthermore, constitutive expression of exogenous Lfng did not compensate for the complete
loss of cyclic endogenous Lfng activity. Noncyclic exogenous Lfng expression did not abolish cyclic expression
of endogenous Lfng in the posterior presomitic mesoderm (psm) but affected its expression pattern in the
anterior psm. Similarly, dynamic expression of Hes7 was not abolished but abnormal expression patterns were
obtained. Our data are consistent with a model in which alternations of Lfng activity between ON and OFF
states in the presomitic mesoderm prior to somite segmentation are critical for proper somite patterning, and
suggest that Notch signaling might not be the only determinant of cyclic gene expression in the presomitic
mesoderm of mouse embryos.
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Somitogenesis is a fundamental patterning process in
vertebrate embryos that subdivides the paraxial meso-
derm into a metameric series of homologous subunits,
the somites. Somites form sequentially by segmentation
of tissues at the anterior end of the presomitic mesoderm
(psm). A molecular oscillator referred to as “segmenta-
tion clock” that has been shown to be coupled with the
progression of somite segmentation has been revealed by
dynamic and cyclic expression of genes in the psm. Ex-
pression of cyclic genes occurs in a tightly coordinated
periodicity such that one wave of expression passes
through the psm during the formation of one somite
(Palmeirim et al. 1997; Forsberg et al. 1998; McGrew et
al. 1998; Aulehla and Johnson 1999; Jiang et al. 2000;
Jouve et al. 2000). The segmentation clock is likely to be
linked to Notch signaling activity as genes displaying
cyclic activity encode components of the Notch path-
way. Misexpression of Notch components or disruption
of signaling by dominant negative factors disrupts so-
mite formation and patterning in Xenopus and zebrafish
embryos (Jen et al. 1997, 1999; Takke and Campos-Or-
tega 1999; Sawada et al. 2000). Furthermore, mutations
in some Notch pathway components that lead to defects
in somitogenesis also affect the expression of cyclic

genes (del Barco Barrantes et al. 1999; Jiang et al. 2000;
Jouve et al. 2000; Dunwoodie et al. 2002). It has been
proposed that the segmentation clock regulates the pe-
riodic activation of Notch (Pourquie 1999), its signaling
is required for the synchronization of the clock in neigh-
boring cells (Jiang et al. 2000), and the Notch pathway is
part of the oscillator mechanism per se (Holley et al.
2002; Morales et al. 2002; Dale et al. 2003).
In mice, four genes, lunatic fringe (Lfng) and three

bHLH genes (Hes1, Hes7, and Hey2), are known to date,
which display oscillating expression in the psm (Forsberg
et al. 1998; McGrew et al. 1998; Aulehla and Johnson
1999; Jouve et al. 2000; Leimeister et al. 2000; Bessho et
al. 2001b). Lfng encodes a glycosyltransferase that mod-
ifies Notch in the trans-Golgi network and thereby
modulates its receptiveness to various ligands (Hicks et
al. 2000), and Notch signaling regulates the expression of
the bHLH genes. Loss-of-function analyses have shown
that Lfng and Hes7 function are essential for normal so-
mite formation and patterning (Evrard et al. 1998; Zhang
and Gridley 1998; Bessho et al. 2001b), whereas the loss
of Hes1 and Hey2 does not affect somitogenesis (Ishiba-
shi et al. 1995; Ohtsuka et al. 1999; Jouve et al. 2000;
Bessho et al. 2001b; Gessler et al. 2002). Mice homozy-
gous for null alleles of Lfng and Hes7, respectively, dis-
play severe defects in somite compartmentalization,
somites are irregular in form and size, and the vertebral
column is severely disorganized (Evrard et al. 1998;
Zhang and Gridley 1998; Bessho et al. 2001b). The loss-
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of-function studies of Lfng and Hes7 have firmly estab-
lished essential roles of these genes for somite pattern-
ing, and the apparent noncyclic expression of Lfng in
Hes7 mutants suggested that cyclic Lfng expression
might be essential (Bessho et al. 2001a). However, thus
far the significance of the oscillatory transcription of
Lfng for its function during somitogenesis in mouse em-
bryos has not been demonstrated.
To address the functional significance of oscillating

Lfng activity in somite patterning, we have generated
transgenic mice that express Lfng in a nonoscillating
manner in the presomitic mesoderm using a portion of
the Delta1 promoter (msd) that directs heterologous gene
expression into the paraxial mesoderm (Beckers et al.
2000). Transgenic msd�Lfng mice had somite and ver-
tebral column defects very similar to Lfng null mutants.
Reducing the level of endogenous Lfng did not signifi-
cantly alter the phenotype caused by the transgene, and
the nonoscillating exogenous Lfng did not rescue the loss
of endogenous cyclic Lfng. Nonoscillating exogenous
Lfng did not block dynamic expression of endogenous
Lfng in the posterior psm but lead to a diffuse broad
expression domain in the anterior psm. Likewise, dy-
namic expression of Hes7 was not completely abolished
but abnormal expression patterns were obtained. Our
data provide direct experimental evidence that oscilla-
tions of Lfng transcription between active and inactive
states are critical for Lfng function in the paraxial meso-
derm and suggest that Notch signaling might not be the
sole determinant of cyclic transcriptional activation of
oscillating genes in the posterior presomitic mesoderm
of mouse embryos.

Results

Generation and skeletal defects of msd�Lfng
transgenic mice

To analyze the effect of nonoscillating (“constitutive”)
Lfng transcription on somite formation and patterning,
we generated transgenic mice by DNA microinjection
with Lfng cDNAs encoding an untagged and a C-termi-
nally HA-tagged Lfng protein, respectively (Fig. 1A). In
both cases, the 1.5-kb msd fragment from the Delta1
gene, which directs heterologous gene expression in the
presomitic mesoderm and at later stages additionally in
newly formed somites and myotomes, was fused to the
Delta1 minimal promoter and the 5�UTR of exon 1 up to
the ATG codon (Beckers et al. 2000). The Lfng cDNAs
were fused in frame to the Delta1 ATG. 3� to the Lfng
coding sequence an IRES sequence followed by a desta-
bilized GFP cDNA, and polyadenylation signal was in-
cluded (see Material and Methods for details).
Five transgenic founder mice with shortened and

kinked tails were obtained (Fig. 1B, panels a,b; data not
shown). Three carried the C-terminally HA-tagged and
two carried the untagged Lfng transgene. Two male
founders carrying the tagged version of Lfng and one fe-
male founder carrying the untagged Lfng cDNA bred and
transmitted the transgene to the offspring. Two trans-

genic lines referred to as msd�LfngHA2 and
msd�LfngHA3 were established from the founders car-
rying the tagged Lfng. The female founder carrying the
untagged transgene (Fig. 1B, panel b) gave rise to only one
litter of stillborns with severe skeletal malformations
(Fig. 1C, panel a) precluding the establishment of a stable
transgenic line and the analysis of transgenic embryos.
However, two phenotypically inconspicuous founders,
referred to as msd�Lfng11 and msd�Lfng12, were ob-
tained from an additional series of microinjections with
the untagged Lfng transgene and gave rise to transgenic
offspring with shortened and kinked tails (Fig. 1B, panel
c; data not shown). The female founder msd�Lfng12 pro-
duced four litters with 31 offspring, only two of which
were transgenic and did not breed thus far. In contrast,
the male founder msd�Lfng11 transmitted the transgene
consistently allowing us to collect and analyze trans-
genic embryos for somite defects.
Transgenic founders and hemizygous mice carrying

both the HA-tagged and untagged Lfng transgene dis-
played similar external phenotypes and axial skeleton
defects (e.g., Fig. 1B, cf. panels b and f, C, cf. panels a and
e). The segmental pattern of the vertebral column was
disrupted; irregularly shaped vertebral bodies and fusions
of adjacent neural arches and proximal ribs were consis-
tently obtained (Fig. 1C; data not shown). However, the
severity of the phenotype varied between different
founders and transgenic lines carrying either transgene.
Hemizygous msd�LfngHA3 mice (n = 25) displayed ver-
tebral malformations and severe shortening of the body
axis (Figs. 1B, panel f, C, panel e, 4A, panel c, below)
similar to Lfng null mutants (Evrard et al. 1998; Zhang
and Gridley 1998). In contrast, hemizygousmsd�LfngHA2
mice showed milder defects (n = 20; Fig. 1B, panel d, C,
panel c). Founders msd�LfngID9 (Fig. 1B, panel b, C,
panel a) and ID10 (Fig. 1B, panel a) were virtually indis-
tinguishable from msd�LfngHA3 mice (Fig. 1B, panel f,
C, panel e), whereas hemizygous msd�Lfng11 mice
(n = 14) had a phenotype that was slightly less severe and
more similar to homozygous msd�LfngHA2 mice (Fig.
1B, cf. panels c and e, C, cf. panels b and d). The similar
external and skeletal phenotypes, as well as the irregular
somites and somite patterning defects (see below) sug-
gested that the patterning defects in msd�LfngHA em-
bryos and mice are not caused by the HA tag and both
the tagged and untagged transgene functioned equiva-
lently.

Transgene expression and phenotypic outcome

To address whether different levels or a different tim-
ing of exogenous Lfng transcription could account for
the different severity of defects in msd�LfngHA2,
msd�LfngHA3, and msd�Lfng11 mice, respectively,
transgene expression was assessed in day 7.5–10.5 em-
bryos by mRNA in situ hybridization using a GFP ribo-
probe that detects the transgenic Lfng-GFP fusion tran-
scripts. Fluorescence of the destabilized GFP protein was
not detected. In msd�LfngHA3 embryos, transgene ex-
pression was evident already at the 1-somite stage and
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was found in the psm but not in somites of hemizygous
day 8–8.5 (2–6-somite stage) embryos (Fig. 2A, panel e, B,
panels a–d). Subsequently, the transgene was expressed
in the psm and newly formed and differentiating
somites, which were irregular in size and shape (Fig. 2A,
panels f,g). After day 9.5, the expression domain in the
psm had a sharp anterior border with lower levels of
expression anteriorly (Fig. 2A, panel g, arrowheads; data
not shown), which was more clearly seen in embryos
after less extensive staining (Fig. 2A, panel g, inset). In
contrast, hemizygous msd�LfngHA2 embryos showed
only weak transgene expression in the psm but not in the
somites at day 8–8.5 (Fig. 2A, panel a). Higher levels in
the paraxial mesoderm were only found later in day 9.5
and older embryos (Fig. 2A, panels b,c; data not shown)
in a pattern very similar to, but with levels always lower
than in msd�LfngHA3 embryos. In msd�Lfng11 em-

bryos, transgene expression was readily detected in the
psm of day 8.5 embryos and was subsequently main-
tained in a pattern very similar to lines msd�LfngHA2
and msd�LfngHA3 (Fig. 2A, panels h–j). Expression lev-
els in msd�Lfng11 embryos were between levels in
msd�LfngHA2 and msd�LfngHA3 embryos. Thus, the
severity of defects in the different Lfng transgenic mice
correlated with onset and level of transgene expression.
Transgene expression levels in the phenotypically

most strongly affected line msd�LfngHA3 were exam-
ined by in situ hybridization of day 9.5 wild-type,
msd�LfngHA3, and msd�LfngHA3 embryos lacking en-
dogenous Lfng (msd�LfngHA3; Lfng−/−) using a Lfng
cDNA probe that detects both endogenous and exog-
enous mRNA. Oscillations of endogenous Lfng that were
evident in wild-type embryos (Fig. 2C, panels a–d) were
obscured by transgenic Lfng (n = 4; Fig. 2C, panels e–h),

Figure 1. Structure of transgenes and external and
skeletal phenotype of transgenic mice. (A) Structure
of the msd�Lfng and msd�LfngHA transgenes. msd
refers to the portion of the Delta1 promoter direct-
ing heterologous gene expression into the paraxial
mesoderm (Beckers et al. 2000). (B) Transgenic
founder mice obtained with msd�Lfng (panels a,b),
a hemizygous msd�Lfng11 mouse (panel c), hemi-
zygous (panel d) and homozygous (panel e) trans-
genic msd�LfngHA2 mice, and a hemizygous
msd�LfngHA3 mouse (panel f). (C) Skeletal prepa-
rations of a stillborn transgenic mouse obtained
with female msd�Lfng founder ID9 (panel a), a
hemizygous d16.5 msd�Lfng11 fetus (panel b), hemi-
zygous (panel c) and homozygous (panel d) transgenic
msd�LfngHA2, and hemizygous msd�LfngHA3
(panel e) newborn mice. Arrowheads and arrows
point to fusions of neural arches and ribs, respec-
tively.

Serth et al.

914 GENES & DEVELOPMENT



and a similar intensity of staining was found in wild-
type, msd�LfngHA3, and msd�LfngHA3; Lfng−/− (n = 4;
Fig. 2C, panels i–l) embryos, suggesting that endogenous
and exogenous Lfng are expressed at similar levels in this
transgenic line.
To further analyze the effect of timing and level of

transgene expression on phenotypic outcomes, we at-
tempted to generate homozygous transgenic lines
by interbreeding hemizygous msd�LfngHA2 and
msd�LfngHA3 mice, respectively. Transgenic
msd�LfngHA3 females did not reproduce, precluding
the analysis of homozygous msd�LfngHA3 transgenic
mice. Interbreeding of hemizygous msd�LfngHA2 trans-
genic mice produced some offspring with a severe phe-
notype similar to msd�LfngHA3mice (Fig. 1B, cf. panels
d and e, C, cf. panels c and d), suggesting that they are
homozygotes. Severely affected msd�LfngHA2 females,
like hemizygous msd�LfngHA3 females, did not repro-
duce. Homozygous msd�LfngHA2 males (n = 4, display-
ing a severe phenotype and homozygosity ascertained by
test matings with wild-type females) mated with

msd�LfngHA2 females produced embryos half of which
showed stronger transgene expression (Fig. 2A, panel d)
than hemizygous msd�LfngHA2 embryos (Fig. 2A, panel
b), but significantly lower Lfng expression than hemizy-
gous msd�LfngHA3 embryos (Fig. 2A, cf. panels d and f).
These findings suggest that constitutive expression of
Lfng that moderately elevates the level of endogenous
Lfng is sufficient to disrupt normal somitogenesis, and a
further increase of constitutive expression has little ad-
ditional effect on Notch activity.

Disrupted somite patterning in msd�Lfng
transgenic embryos

Complete loss of Lfng causes irregular somite borders
and disrupts somite compartmentalization as evidenced
by a severely disorganized pattern of markers for anterior
and posterior somite halves and affects expression of
Notch pathway components (Evrard et al. 1998; Zhang
and Gridley 1998). To address the effect of constitutive
Lfng expression in the psm on anterior-posterior somite

Figure 2. Transgene expression in msd�LfngHA2,
msd�LfngHA3, and msd�Lfng11 embryos. (A) Whole-
mount in situ hybridization of day 8.5 (panels a,e,h), 9.5
(panels b,d,f,i) and 10.5 (panels c,g,j) hemizygous (panels
a–c) and homozygous (panel d) msd�LfngHA2, hemizy-
gous msd�LfngHA3 (panels e–g), and hemizygous
msd�Lfng11 (panels h–j) embryos with a GFP probe de-
tecting the exogenous Lfng-GFP fusion transcript. After 4 h
color reaction, transgene expression was barely detected in
the psm of day 8.5 msd�LfngHA2 (arrowhead in panel a)
but strong in msd�LfngHA3 and msd�Lfng11 embryos.
Insets in panels a, e, and h show the same embryos after 21 h
color reaction. In day 10.5 embryos, the domain of strong
expression in the psm had a sharp anterior border (arrow-
heads in panels c,g,j) and was preceded by lower levels of
expression more anteriorly. Embryos shown in panels c, g,
and j were stained for 21 h. Insets show tails after 2 h stain-
ing. (B) Activation of the Lfng transgene in msd�LfngHA3

embryos during early somitogenesis stages. Arrowheads in panel a point to low-level expression in the psm. (C) Endogenous (panels
a–d), endogenous and exogenous (panels e–h) and exogenous (panels i–l) Lfng in day 9.5 embryos detected by a Lfng cDNA probe.
Hybridizations and color reactions were done simultaneously under identical conditions.
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patterning, we analyzed expression of Uncx4.1 and
Tbx18, which mark posterior and anterior somite halves,
respectively. Expression of Uncx4.1 and Tbx18 was no
longer confined to anterior and posterior somite com-
partments, respectively, but spread throughout the so-
mite (Fig. 3) similar to the expression in Lfng−/−mutants
(Evrard et al. 1998; Zhang and Gridley 1998). In addition,
the regularly spaced expression of Dll1 in posterior so-
mite halves was disrupted, the distinct expression of
Dll3 and Notch2 in anterior portions of newly formed
somites was lost, and the anterior expression border of
Notch1 was poorly defined (Fig. 3), closely resembling
the somite defects found in homozygous Lfng mutant
embryos (Evrard et al. 1998; Zhang and Gridley 1998).
Likewise, similar to Lfng mutant embryos, Pax9 expres-
sion was diffuse, and myogenin expression domains were
frequently fused in msd�LfngHA3 transgenic embryos
(Fig. 3ze; data not shown). Expression of pMeso1,Mesp1,
and Mesp2 were not altered in transgenic embryos (data
not shown). Consistent with the significantly lower lev-
els of transgene expression in msd�LfngHA2 embryos,
disruptions of expression patterns were less severe and
began at more posterior axial levels (i.e., in older em-

bryos; Fig. 3j–o) than in msd�LfngHA3 or msd�Lfng11
embryos. Because transgene expression was confined to
the psm of day 8.5 embryos (Fig. 2A, panel e) but somite
patterning was already disrupted in msd�LfngHA3 em-
bryos at this stage (Fig. 3p,q,r), nonoscillating Lfng ex-
pression in the psm is sufficient to disrupt anterior-pos-
terior somite patterning, and the ectopic somitic expres-
sion at later stages is unlikely to cause these defects.

Failure of exogenous Lfng to compensate for the loss
of cyclic endogenous Lfng

To test whether a reduction of cyclic endogenous
Lfng modulates the phenotype caused by constitu-
tive exogenous Lfng expression, and whether a sus-
tained level of Lfng expression can compensate for
the loss of endogenous cyclic Lfng, msd�LfngHA3
transgenic mice also carrying the recessive LfnglacZ null
allele (Zhang and Gridley 1998) were generated. Mice
hemizygous for msd�LfngHA3 and one copy of LfnglacZ

(LfnglacZ/+/msd�Lfng) resembled hemizygous transgenic
msd�LfngHA3 mice both in their external morphology
and skeletal defects (26 adults and n = 36, day 15.5–16.5

Figure 3. Somite patterning defects in msd�Lfng and msd�LfngHA transgenic mice. In situ hybridization of wild-type (a–i),
msd�LfngHA2 (j–o), msd�LfngHA3 (p–x,ze), and msd�Lfng11 (y–zd) embryos. Probes and stages are indicated above each column. In
msd�LfngHA2 embryos Uncx4.1, Tbx18, and Dll1 expression is essentially normal in the prospective cervical somites of day 8.5
embryos but disrupted in more posterior somites of day 9.5 embryos, whereas in msd�LfngHA3 embryos expression patterns are
abnormal already in day 8.5 embryos. Day 9.5 msd�Lfng11 embryos show patterning abnormalities similar to msd�LfngHA3 em-
bryos. Arrows in o and r point to Dll1 expression domains out of register with the contralateral side. In msd�LfngHA3 embryos,
myotome fusions (arrowheads in ze) were frequently observed. (v–x,zb–zd) Altered expression boundaries of Notch pathway compo-
nents in day 9.5 msd�LfngHA3 and msd�Lfng11 embryos. The sharp anterior expression borders of Notch1, Dll3, and Notch2 in
wild-type embryos (arrowheads in g–i) were indistinct and fuzzy in transgenic embryos. Expression of Dll3 in anterior somite portions
of wild-type embryos (arrows in g) was not detected in transgenic embryos. The two distinct expression domains of Notch2 in
wild-type embryos (arrowheads in i) were no longer discernable (brackets in x,zd).
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embryos; Fig. 4A, panels c,d,i,j). Thus, the reduction of
the endogenous cyclic Lfng did not significantly alter the
skeletal phenotype caused by a sustained level of exog-
enous Lfng. Hemizygous msd�LfngHA3 mice homozy-
gous for LfnglacZ (LfnglacZ/lacZ/msd�Lfng) displayed a
phenotype virtually identical to homozygous Lfng null
mutants (n = 5; Fig. 4A, panels e,f,k,m). Consistent with
the comparable skeletal defects amongst msd�Lfng,
msd�LfngHA3/LfnglacZ/+, and LfnglacZ/lacZ/msd�Lfng
mice, expression patterns of Uncx4.1 and Dll1 were
similarly altered in all these embryos (Fig. 4B; data not
shown), indicating that nonoscillatory Lfng expression
cannot rescue vertebral and somite malformations
caused by the loss of cyclic Lfng activity. The inability of
the transgene to rescue the Lfng null phenotype was not

because of its lack of expression because msd�LfngHA
expression in LfnglacZ/lacZ/msd�LfngHA3 mice was
similar to that of msd�LfngHA3 mice (Figs. 2C, panels
i–l, 4A, panel l). Thus, constitutive expression of Lfng
and absence of Lfng have a similar impact on somite
formation and patterning.

Effect of exogenous Lfng on cyclic gene expression
in the psm

If cyclic Lfng expression were central to the segmenta-
tion clock, noncyclic Lfng expression should disrupt os-
cillating gene expression. To address whether the con-
stitutive expression of exogenous Lfng in the psm affects
the periodic transcription of the endogenous Lfng gene,

Figure 4. Vertebral column and somite
patterning defects in msd�LfngHA trans-
genic and Lfng mutant mice. (A) External
phenotypes and skeletal preparations of
wild-type (panels a,g), msd�LfngHA3 (pan-
els c,i), Lfng mutant (panels b,f,h,m), and
msd�LfngHA3 transgenic mice with one
(panels d,j) or both (panels e,k) copies of
the endogenous Lfng gene mutated. Loss
of endogenous Lfng does not alter trans-
gene expression as detected by in situ hy-
bridization with aGFP probe (panel l). The
number of analyzed skeletons is indicated
for each genotype. (B) Comparison of
Uncx4.1 and Dll1 expression in wild-type
(panels a,g), msd�LfngHA3 (panels c,i), Lfng
mutant (panels b,f,h,l), and msd�LfngHA3
transgenic mice with one (panels d,j) or
both (panels e,k) copies of the endogenous
Lfng gene mutated. Note the similarly
disorganized pattern of Uncx4.1 expres-
sion (panels c–f), and the loss of Dll1 ex-
pression in posterior somite halves (panels
i–l) of the different genotypes carrying the
transgene.
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we used an intron probe that only detects unprocessed
nuclear endogenous transcripts (Morales et al. 2002). In
msd�LfngHA2 (n = 16) and msd�LfngHA3 day 9.5 em-
bryos (n = 27) essentially two types of endogenous Lfng
expression patterns were detected in the psm. In the first
type, no endogenous Lfng transcripts were detected in
the posterior psm, but transcripts were present in the
anterior psm in a broad band or poorly delineated
stripes (msd�LfngHA2, 11/16; Fig. 5A, panels d,e;
msd�LfngHA3, 20/27; Fig. 5A, panels l,m). In the second
type, endogenous Lfng transcripts were present in the
posterior psm, and in the anterior psm in a broad domain
similar to the first group (msd�LfngHA2, 5/16; Fig. 5A,
panels f,g; msd�LfngHA3, 7/27; Fig. 5A, panels n,o). Em-
bryos with two distinct bands of expression in the ante-
rior psm clearly resembling late phase II or phase III of
the endogenous expression cycle were only observed in
two embryos of msd�LfngHA2 (Fig. 5A, panel d; data not
shown). This suggested that Lfng transcription is still
cyclic, but the progression of Lfng oscillations and the
refinement of anterior expression domains into distinct
stripes are disrupted by ectopic Lfng transcripts in trans-
genic embryos. The broad anterior expression domain of
endogenous Lfng in msd�LfngHA transgenic mice was
similar to the expression pattern of the lacZ mRNA in
homozygous LfnglacZ mutant embryos (n = 5; Fig. 5A,
panel t; Zhang and Gridley 1998). However, in contrast
to transgenic embryos, lacZ transcripts derived from the
LfnglacZ allele, which reflect transcription of the endog-
enous locus, appeared down-regulated and diffuse in the
posterior psm of different embryos homozygous for the
LfnglacZ null allele (Fig. 5A, panel t; Zhang and Gridley
1998).
To directly test if endogenous transcription is dynamic

in transgenic day 9.5 msd�Lfng embryos, posterior em-

bryo portions were cut in half along the midline, one half
fixed immediately, and the other half cultured for vari-
ous times prior to fixation and in situ hybridization. Em-
bryo halves from both msd�LfngHA transgenic lines
showed clear differences of endogenous Lfng expression
in the posterior psm after 60 (n = 4 and n = 3, respec-
tively; Fig. 5A, panels i,q) and 90 (n = 3, respectively; Fig.
5A, panels j,r) min of culture, and similar patterns after
∼2 h (n = 3, respectively; Fig. 5A, panels k,s). In most
cases, caudal Lfng expression was down-regulated, and
an anterior band of expression remained after 60 and 90
min, respectively (e.g., Fig. 5A, panel j). In three cases,
expression was down-regulated in the posterior and an-
terior psm, and a new expression domain located caudal
to the anterior stripe evident prior to culture was ob-
served (e.g., Fig. 5A, panels i,r). In one culture, Lfng was
up-regulated caudally and down-regulated in the anterior
psm (Fig. 5A, panel q). These findings confirmed the re-
sults of the expression analysis of endogenous Lfng in
whole embryos and indicated that in the presence of con-
stitutive Lfng activity endogenous Lfng transcription
was still dynamic in the psm.
Hes7 is essential for cyclic Lfng expression in vivo, and

Hes7 expression is activated by Notch signaling (Bessho
et al. 2001a,b). In Delta1 mutant embryos, Hes7 expres-
sion was restricted to the tail bud and posterior psm, and
expression patterns did not vary between embryos (n = 6;
Fig. 5B, panel t), suggesting that Delta1 is required for
up-regulation and dynamic expression of Hes7 in the
psm. Because Lfng potentiates Delta1-mediated Notch1
signaling in vitro (Hicks et al. 2000), we analyzed Hes7
expression in msd�LfngHA2 and 3 embryos to address
how transgene-derived constitutive Lfng affectsHes7 ex-
pression. Hes7 expression levels appeared not signifi-
cantly altered, and variable but abnormal patterns of

Figure 5. Cyclic gene expression in msd�LfngHA2 and msd�LfngHA3 transgenic mice. (A) Endogenous Lfng expression in day 9.5
embryos detected by in situ hybridization with an intron probe. Dorsal (panels a–g,l–o,t) and lateral (panels a�–g�,l�–o�,t�) views of the
same embryos are shown. (Panels a–c) The three phases of Lfng expression in wild-type embryos. In transgenic embryos, essentially
two types of patterns were observed. In one group of embryos (two examples are shown in panels d,e and l,m, respectively), there was
only expression in the anterior psm either in broad domains or in stripes that were in most cases poorly defined and diffuse. In the
second group of embryos (two examples are shown in panels f,g and n,o, respectively), there was a broad domain of anterior expression
(white arrowheads in panels f,g,n,o), and additional expression in the posterior psm (black arrowheads in panels f,g,n,o) separated by
a region of no or low expression (bars in panels f,g,n,o). (Panels h–k,p–s) Noncultured (0�) and cultured day 9.5 embryo tail halves
(culture times indicated in the lower right corners) after in situ hybridization. Lfng expression clearly changed during 60 and 90 min
of culture, and similar expression patterns were observed after 120 min. Arrowheads in panels i,j,q,r point to expression domains that
changed during culture. In Lfngmutant embryos (panel t) lacZ transcripts derived from the LfnglacZ allele, which reflect transcription
of the endogenous locus, were present in a broad domain in the anterior psm and appeared down-regulated and diffuse in the posterior
psm of different embryos homozygous for the LfnglacZ null allele. (B) Hes7 expression in day 9.5 wild-type, Dll1 mutant (panel t),
msd�LfngHA2 (panels d–g), and msd�LfngHA3 (panels l–o) transgenic embryos. Dorsal (panels a–g,l–o,t) and lateral (panels a�–g�,l�–
o�,t�) views of the same embryos are shown. (Panels a–c) The three phases of Hes7 expression in wild-type embryos. In transgenic
embryos essentially two types of patterns were observed. In one group of embryos (two examples are shown in panels d,e and l,m,
respectively) there was strong expression in the posterior psm and a domain of homogenous weaker expression extending further
anteriorly. In the second group of embryos (two examples are shown in panels f,g and n,o, respectively) there was a domain of strong
expression in the posterior psm (black arrowheads in panels f,g,n,o) and a band of strong expression in the anterior psm (white
arrowheads in panels f,g,n,o) that were separated by a variable region of weaker expression (bars in panels f,g,n,o). (Panels h–k,p–s)
Noncultured (0�) and cultured day 9.5 embryo tail halves (culture times indicated in the lower right corners) after in situ hybridization.
Hes7 expression changed during 60 and 90 min of culture, whereas similar expression patterns were observed after 120 min. For
example, expression was up-regulated in the posterior psm (arrowheads in panels i,q), or down-regulated in the posterior psm (arrow-
heads in panels j,r). In Dll1 mutant embryos (panel t) Hes7 expression was confined to the posterior psm and appeared similar in all
embryos. The number of embryos with each pattern or phase and the total number of analyzed embryos is indicated for each genotype.
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Hes7 transcripts were found in msd�LfngHA2, and
msd�LfngHA3 embryos (Fig. 5B, panels d–g,l–o; n = 12
and n = 18, respectively). In one group of embryos, Hes7
transcripts were essentially confined to the posterior half
of the psm, and were most abundant in the tail bud and
posteriormost psm, similar to phase I expression in wild-
type embryos (msd�LfngHA2:4/12; Fig. 5B, panels d,e;
msd�LfngHA3 9/18; Fig. 5B, panels l,m). In a second
group of embryos, Hes7 transcripts were found through-
out the psm either in a fairly uniform pattern or with
regions of higher expression in the anterior and posterior
psm, respectively (msd�LfngHA2:8/12; Fig. 5B, panels
f,g; msd�LfngHA3 9/18; Fig. 5B, panels n,o). However,
no transgenic embryo showed an anterior band of Hes7
expression that was clearly separated from the posterior
expression domain by a stripe of Hes7 nonexpressing
cells and thus unambiguously resembled a wild-type
phase II pattern (Fig. 5B, panel b). Thus, similar to en-
dogenous Lfng, Hes7 expression appeared still dynamic
but was abnormal in the psm of msd�Lfng transgenic
embryos. The dynamic nature of Hes7 expression was
further analyzed by culture of embryo halves. Expression
patterns in noncultured and corresponding cultured em-
bryo halves showed differences after 60 (n = 5 and n = 7,
respectively; Fig. 5 B, panels i,q) and 90 (n = 5, respec-
tively; Fig. 5 B, panels j,r) min of culture, and similar
expression patterns were observed after 2 h of culture
(n = 5 and n = 6, respectively; Fig. 5B, panels k,s). After
60 and 90 min of culture, Hes7 expression levels were
up- (Fig. 5B, panels i,q) or down-regulated (Fig. 5B, panels
j,r) particularly in the posterior psm of cultured com-
pared to noncultured embryo halves, and the extent of
the expression domain in the anterior psm varied. How-
ever, the observed differences were less obvious than in
the case of Lfng. Together, these analyses suggested that
constitutive Lfng expression did not abolish dynamic
Hes7 transcription but interfered with its normal pattern,
implying that in wild-type embryos, cyclic Lfng is essen-
tial for the normal progression ofHes7 expression cycles.

Discussion

This study, which addresses the role of cyclic Lfng tran-
scription in the presomitic mesoderm of mouse em-
bryos, has shown that similar defects in somitic and ver-
tebral patterns are found in mice that either have lost
Lfng function completely or have a sustained Lfng activ-
ity that elevates the basal level and dampens the oscilla-
tory activity of the endogenous Lfng gene. In LfnglacZ/lacZ

mice that lack endogenous Lfng activity, the introduc-
tion of a noncycling transgenic Lfng activity does not
rescue the developmental defects, indicating that a sus-
tained level of Lfng expression cannot compensate for
the loss of cyclic Lfng activity. These findings strongly
suggest that oscillation of Lfng transcription in the pre-
somitic mesoderm is essential for somite formation and
patterning. Furthermore, the maintained dynamic ex-
pression of endogenous Lfng transcription in the pres-
ence of constitutive exogenous Lfng expression suggests
that Notch signaling is not the sole determinant of cyclic

transcriptional activation in the posterior presomitic
mesoderm of mouse embryos.

Cyclic transcriptional activation is an essential
parameter of Lfng function

Our experiments show that constitutive expression of
Lfng transgenes in the psm of mice causes defects in
somite border formation and anterior-posterior somite
patterning and is not sufficient to compensate for the
loss of cyclic endogenous Lfng. Based on the similar phe-
notypes in the different analyzed genotypes, we propose
that transcriptional oscillation of Lfng between an “ON”
state and an “OFF” state is critical for Notch function in
the psm (Fig. 6). In wild-type embryos, Lfng transcription
cycles between its full on (ON100%) and full off (OFF)
transcription (Fig. 6A, panel a) leading to transient bursts
of Lfng activity, which may result in waves of increased
Notch sensitivity to its ligands and enhanced signaling.
The loss of one copy of Lfngmay reduce the amplitude of
the oscillations (e.g., ON50%), but expression is shut off
in every cycle, which may still result in cyclic modula-
tions of Notch activity (Fig. 6A, panel b). In msd�Lfng
embryos, transgenic Lfng generates a constant level of
Lfng superimposed on endogenous oscillating Lfng ex-
pression (Fig. 6A, panel c). This leads to oscillations of
Lfng expression between two ON levels, ONHIGH and
ONLOW, but prevents reaching the OFF state. Similarly,
in LfnglacZ/+/msd�Lfng embryos, endogenous Lfng oscil-
lations with reduced amplitude are superimposed on ex-
ogenous Lfng expression (Fig. 6A, panel d). As a conse-
quence, in transgenic embryos with one or two copies of
endogenous Lfng, Lfng and presumably Notch activity
might only alternate between two states of higher activ-
ity, ONHIGH and ONLOW, and never would be able to
reach below a critical threshold level or be completely
OFF. In LfnglacZ/lacZ/msd�Lfng embryos, where no en-
dogenous Lfng activity is present, a constant level of ex-
ogenous Lfng expression (ONEXO; Fig. 6A, panel e) might
lead to permanently elevated Notch activity in the psm,
whereas in homozygous null mutants there is no Lfng
expression (Fig. 6A, panel f) and presumably there is no
Lfng induced modulation of Notch activity. Thus, a con-
stant low or high level of Notch activity in the psm
appears not to be sufficient for somitogenesis. However,
because Lfng activity in the anterior psm has also been
implicated in the formation of somite boundaries (Sato
et al. 2002), we cannot completely rule out that disrup-
tion of normal Lfng function in the anterior psm con-
tributes to the somite defects.
Lfng potentiates Delta1-mediated Notch signaling in

vitro (Hicks et al. 2000), and Delta1 signals are essential
for Notch activity in the paraxial mesoderm (Hrabé de
Angelis et al. 1997; Jouve et al. 2000). Thus, our findings
support the idea that cyclic fluctuations of Notch signal-
ing activity are essential for somite formation and pat-
terning (Pourquie 1999), and Notch activity has to fall
below a certain threshold during each cycle. Our findings
imply that level or activity of the Lfng protein, which
acts as a glycosyltransferase, oscillate in the psm. The
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stability and distribution of endogenous Lfng protein in
the psm of mice are not known. However, Lfng protein
levels fluctuate periodically in the psm of avian em-
bryos, and overexpression of Lfng in the segmental plate
of chick embryos resulted in somite defects similar to
msd�Lfng transgenic mice (Dale et al. 2003), supporting
our interpretation of the phenotypic consequences of
constitutive Lfng expression in the psm of mouse em-
bryos. Furthermore, our data suggest that alternating
Lfng activity between moderate and high levels is not

sufficient for normal somitogenesis. Lfng activity has to
reach low or zero levels of activity during each cycle to
enable proper somite patterning.

Notch signaling and cyclic transcription in the psm

Analyses of the Lfng promoter (Cole et al. 2002; Morales
et al. 2002) and of Lfng expression in Notch pathway
mutants (del Barco Barrantes et al. 1999; Dunwoodie et
al. 2002; Zhang et al. 2002) have indicated that Lfng tran-

Figure 6. Scheme correlating Lfng transcription and phenotypic outcome and a model of cyclic modulation of Notch activity in the
posterior psm. (A) Schematic overview of Lfng transcription in different genotypes and phenotypic outcome. In wild-type (panel a) or
heterozygous Lfngmutant (panel b) mice Lfng transcription cycles six times between a maximum level (wild type; ON100%) or reduced
level (Lfng+/−; ON50%) and no expression (OFF) in groups of cells in the psm prior to these cells forming a somite. In msd�Lfng
transgenic embryos (panels c,d) there is a constant level of Lfng transcription superimposed on endogenous Lfng that cycles in the
posterior psm and is apparently noncyclic in the anterior psm, leading to alterations of Lfng transcription between higher (ONHIGH)
and lower (ONLOW) levels, but Lfng transcription, and presumably Lfng function, never drops below the exogenous level. In Lfng null
mutants with or without the transgene (panels e,f ) Lfng transcripts are either generated at constant levels (ONEXO) or not at all (OFF).
Because the phenotypes in all embryos carrying the transgene and having no Lfng transcripts at all are identical, cyclic transcriptional
activation of Lfng appears to be essential for its function. (B) Proposed possibilities of cyclic modulation of Notch activity. (Panel a)
A component that is cyclically activated binds in its active state to NICD and thus inhibits transcriptional activation of target genes.
Upon inactivation of this component NICD is released and can activate target genes together with CBF1. Binding of this component
could be to NICD alone or to the NICD/CBF1 complex. (Panel b) Alternatively, the component might bind in its active state to specific
sequences present in the promoter of cyclic Notch target genes and acts as a coactivator.
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scription is positively and negatively regulated by Notch
signaling, Lfng activation being directly, and repression
indirectly controlled by Notch (Cole et al. 2002; Morales
et al. 2002). Normal transcriptional activation of Lfng
was disrupted in homozygous LfnglacZ/lacZ embryos (Fig.
5A, panel t; Zhang and Gridley 1998) suggesting that
Lfng itself is part of a feedback loop regulating its own
transcription by modulating Notch sensitivity to its li-
gand(s). Cyclic Lfng expression was also lost inHes7mu-
tant embryos (Bessho et al. 2001b) and in CBF1 (RBPjk)
mutant embryos, which are likely to completely lack
Notch signaling, only severely reduced noncyclic Lfng
expression was detected (Morales et al. 2002). Together,
these results suggest that oscillating Notch signaling un-
derlies the segmentation clock and that Lfng is part of
this regulatory loop. Recent experiments in chick em-
bryos further support this model. Lfng overexpression in
the segmental plate of chick embryos led to complete
down-regulation of endogenous Lfng (Dale et al. 2003)
similar to overexpression of a dominant-negative version
of RBPjk, suggesting that in chick embryos, Lfng inhibits
Delta-mediated Notch activation and establishes a nega-
tive feedback loop that represents a core component of
the avian segmentation clock (Dale et al. 2003).
Based on the results of this study, we propose that

Notch activity is not the sole determinant of cyclic gene
expression in the posterior psm of mouse embryos. De-
spite constitutive expression of exogenous Lfng through-
out the psm, we observed cyclic endogenous Lfng tran-
scription in the posterior psm of msd�Lfng transgenic
embryos. Evidence for disrupted Lfng cycling was only
found in the anterior psm. The down-regulation of Lfng
expression in mutants with reduced or abolished Notch
signaling together with the cyclic endogenous Lfng tran-
scription in msd�Lfng transgenic embryos suggests that
while Notch activity is essential for the expression of
oscillating genes, cyclic Lfng and presumably cyclic
Notch activity is not essential. This implies that some
other as yet unidentified cyclic mechanism operates in
the posterior psm and interacts with Notch signaling to
initiate cyclic gene expression. This mechanism might
cyclically generate or activate a component that could
directly interact with activated Notch (i.e., the intracel-
lular domain, NICD) and thereby inactivate NICD or
prevent it from binding to CBF1 (Fig. 6B, panel a). An
alternative possibility could be that this factor cooper-
ates with activated Notch at the Lfng promoter specifi-
cally in the posterior psm and acts as a cyclic activator or
repressor (Fig. 6B, panel b). The latter possibility appears
conceivable because distinct regulatory elements are re-
quired to direct cyclic Lfng expression in posterior and
anterior expression domains (Morales et al. 2002).
Whereas our data do not allow us to distinguish between
these possibilities, either mechanism would be compat-
ible with the mutant phenotypes of Notch pathway com-
ponents in mice. As long as Notch activity is present in
the posterior psm, this oscillating activity could cooper-
ate with activated Notch and induce cyclic activation of
target genes. Reducing Notch signaling by removing ei-
ther individual ligands or receptors would decrease tran-

script levels of target genes but would not eliminate cy-
clic initiation of transcription on a low(er) level, as has
indeed been observed (Morales et al. 2002). Total loss of
Notch signaling in CBF1 mutant embryos would abolish
Notch-dependent transcriptional activation altogether
and consequently no cyclic activation of target genes
would be possible. Also, the noncyclic expression of Lfng
in Hes7mutant embryos (Bessho et al. 2001b) is compat-
ible with the presence of an oscillating mechanism that
acts independently from, but in concert with, Notch.
Hes7 is likely to repress Lfng. Thus, in the absence of
Hes7, cyclic repression after initiation of Lfng transcrip-
tion would no longer occur, leading to the observed ex-
pression of Lfng throughout the psm in Hes7 mutant
embryos. The effect of the loss of Lfng on its own ex-
pression is less clear. Loss of Lfng appears to lead to
down-regulation of Lfng caudally, but it cannot be con-
cluded with certainty that transcriptional initiation at
the Lfng locus in homozygous mutants is no longer dy-
namic, as the lacZ gene has to be used as an indicator of
Lfng transcription, and that transcription of the lacZ al-
lele with the neo gene present in the locus truly reflects
the endogenous situation is not known.
Cyclic initiation of transcription of Lfng and Hes7 in

the posterior psm could trigger the establishment of a
negative feedback loop that generates, reinforces, and
maintains periodic Notch activity and controls the os-
cillating expression of cyclic genes after their initial ac-
tivation. This feedback loop apparently requires both
Hes7 and Lfng because the loss of either gene disrupts
oscillations of gene expression, and it can be disrupted by
constitutive expression of Lfng.
Based on our results, we propose that transcriptional

activation of Lfng in the posterior psm of mouse embryos
depends on activated Notch and an additional cyclic
mechanism. This mechanism appears to be functional
even with reduced Notch signaling activity, for example,
in the absence of Dll1 (Morales et al. 2002), suggesting
that it is independent of Notch activity and might act
upstream of Notch to initiate cyclic gene expression in
the posterior paraxial mesoderm. Our findings are con-
sistent with and supported by the results of a recent
study, which demonstrates that Wnt3a plays a major
role in the segmentation clock, and which suggests that
Wnt3a controls intracellular oscillations of Wnt/�-
catenin and Notch activity in the psm (Aulehla et al.
2003). Our data and conclusions concerning the effect of
constitutive Lfng expression on cyclic gene expression
are at odds with the results and conclusions of Dale et al.
(2003) that periodic inhibition of Notch by Lfng under-
lies the segmentation clock in chick embryos. Potential
experimental differences that might account for the con-
trasting results could be different expression levels of
exogenous Lfng in electroporated chick and transgenic
mouse embryos, or high levels of expression after elec-
troporation already in the primitive streak or tail bud,
where the msd enhancer is not or only weakly active.
Future studies disrupting oscillating gene expression in
defined regions of the psm and at varying levels will be
required to resolve this discrepancy.
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Materials and methods

Constructs and generation of transgenic mice

The mesoderm-specific promoter msd is a 1495-bp FokI frag-
ment fused with the minimal promoter of Dll1 containing the
first exon as previously described (Beckers et al. 2000). The HA-
tagged Lfng cDNA was amplified with primer 1 (GGGGTACC
ATGCTCCAGCGGTGCGGCCGGCGC) and primer 2 (GGG
TTAACCTAGGCATAATCTGGTACATCATATGGATAGAA
GATGGCGGAGCGAGGACA) to generate a KpnI site at the 5�

end and an HA-tag followed by a stop codon at the 3� end. The
5� KpnI site was used to clone Lfng in frame into the first ATG
codon of the msd promoter. The untagged version of the Lfng
cDNA was obtained by amplifying the Lfng cDNA with the
same 3� primer without the HA sequence. At the 3� end of the
Lfng cDNA an internal ribosome entry site (IRES) from pIRES2-
EGFP (Clontech no. 6029-1) was fused in frame to a destabilized
version of GFP (pd1EGFP-N1, Clontech no. 6073-1) followed by
a SV40 polyadenylation signal. The whole cloning procedure of
the transgene was verified by sequencing. Transgenic mice were
generated by injecting the linearized construct without any vec-
tor sequences into the pronuclei of FVB fertilized eggs according
to standard procedures.

Genotyping of transgenic and Lfng mutant mice

Genomic DNA was isolated either from tails of adult mice or
from yolk sacs of embryos at different developmental stages.
The presence of the msd�LfngHA or msd�Lfng transgene was
verified by PCR using the following primers: Lfng-F7 (CCT
GTCCACTTTTGGTTTGC) and Lfng-B13 (CAGAGAATGGT
CCCTTGATG). Lunatic fringe mutant mice and embryos were
identified with an allele-specific PCR resulting in a 500-bp PCR
product for the wild-type allele with primer pair lfwF2
(CCAAGGCTAGCAGCCAATTAG) and lacZB2 (GTGCTG
CAAGGCGATTAAGTT) and a 450-bp PCR product for the
mutant allele with primer pair lfhs1 (GAACAAATATGGGC
ATTCACTCCA) and lfgwF3 (GGTCGCTTCTCGCCAGGGC
GA; Zhang and Gridley 1998).

Whole-mount in situ hybridization

Whole-mount in situ hybridizations were performed following a
standard procedure with digoxygenin-labeled antisense ribo-
probes (Wilkinson 1992) with minor modifications using an In-
situPro (Intavis AG no. 10.000) for automated in situ detection.
The probes used were Dll1 (Bettenhausen et al. 1995), Dll3 (Ku-
sumi et al. 1998),Hes7 (Bessho et al. 2001b),Hey2 (Leimeister et
al. 2000), Lfng (Zhang and Gridley 1998), Lfng Intron (Morales et
al. 2002), pMesogenin (Yoon and Wold 2000), Mesp1 (Saga et al.
1996), Mesp2 (Saga et al. 1997), Myogenin (Montarras et al.
1991), Notch1 (Conlon et al. 1995), Notch2 (Weinmaster et al.
1992), paraxis (Burgess et al. 1995), Pax1 (Deutsch et al. 1988),
Pax9 (Neubüser et al. 1995), Tbx18 (Kraus et al. 2001), and
Uncx4.1 (Mansouri et al. 1997). A GFP-specific riboprobe was
generated from a BamHI/NotI fragment from pd1EGFP-N1 sub-
cloned into pBluescript II KS (Stratagene) using T7 RNA poly-
merase.

Embryo culture

Using a fine tungsten needle the caudal part of day 9.5 mouse
embryos was divided into two halves along the midline in 100%
FCS as previously described (Aulehla and Johnson 1999). One
half was fixed immediately, the other was cultured in a hanging

drop of DMEM/F12 medium 1:1 containing 10% fetal bovine
serum at 37°C and 5% CO2 for 60, 90, and 120 min, respec-
tively. After overnight fixation in 4% paraformaldehyde, ex-
plants were processed for whole-mount in situ hybridization as
described above.

Skeletal preparation of newborn and day 15.5 embryos

Staining of the skeletons of newborn mice was performed as
previously described (Zachgo et al. 1998). Day 15.5 embryos
were fixed in 95% ethanol at least overnight. Then, the cartilage
staining was done for 2 d in Alcian blue solution (150 mg/L
Alcian blue 8GX in 80% ethanol/20% acetic acid). Embryos
were rinsed and postfixed overnight again in 95% ethanol. Ini-
tial clearing was done with 2% KOH for 1–2 h at room tem-
perature. With Alizarin red (50 mg/L Alizarin red S in 5% KOH)
bones were stained overnight at room temperature. A second
clearing was performed using 1% KOH until the soft tissues
became transparent. Following this incubation, the embryos
were stepwise transferred to 40% glycerol.

Acknowledgment

We thank Tom Gridley for the generous gift of LfnglacZ mu-
tants; David Ish-Horowicz and Aixa Morales for the Lfng intron
probe; Olivier Pourquié for communicating results prior to pub-
lication; Andreas Kispert, Tom Gridley, Barbara Wold, Ryio-
chiro Kageyama, and Manfred Gessler for probes; and Johannes
Beckers, Tom Gridley, Bernhard Herrmann, Andreas Kispert,
and Patrick Tam for critical comments and discussion. This
work was supported by the German Research Council (DFG;
SFB271).
The publication costs of this article were defrayed in part by

payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC section
1734 solely to indicate this fact.

References

Aulehla, A. and Johnson, R.L. 1999. Dynamic expression of lu-
natic fringe suggests a link between notch signaling and an
autonomous cellular oscillator driving somite segmentation.
Dev. Biol. 207: 49–61.

Aulehla, A., Wehrle, C., Kemler, R., Mallo, M., Gossler, A.,
Kanzler, B., and Herrmann, B.G. 2003. Wnt acts upstream of
Notch in the segmentation clock controlling somitogenesis.
Dev. Cell (In press).

Beckers, J., Caron, A., Hrabe de Angelis, M., Hans, S., Campos-
Ortega, J.A., and Gossler, A. 2000. Distinct regulatory ele-
ments direct Delta1 expression in the nervous system and
paraxial mesoderm of transgenic mice. Mech. Dev. 95: 23–
34.

Bessho, Y., Miyoshi, G., Sakata, R., and Kageyama, R. 2001a.
Hes7: A bHLH-type repressor gene regulated by Notch and
expressed in the presomitic mesoderm. Genes Cells 6: 175–
185.

Bessho, Y., Sakata, R., Komatsu, S., Shiota, K., Yamada, S., and
Kageyama, R. 2001b. Dynamic expression and essential
functions of Hes7 in somite segmentation. Genes & Dev.
15: 2642–2647.

Bettenhausen, B., Hrabé de Angelis, M., Simon, D., Guenet, J.L.,
and Gossler, A. 1995. Transient and restricted expression
during mouse embryogenesis of Dll1, a murine gene closely
related to Drosophila delta. Development 121: 2407–2418.

Burgess, R., Cserjesi, P., Ligon, K.L., and Olson, E.N. 1995.

Requirement for Lfng oscillations in the psm

GENES & DEVELOPMENT 923



Paraxis: A basic helix-loop-helix protein expressed in par-
axial mesoderm and developing somites. Dev. Biol.
168: 296–306.

Cole, S.E., Levorse, J.M., Tilghman, S.M., and Vogt, T.F. 2002.
Clock regulatory elements control cyclic expression of luna-
tic fringe during somitogenesis. Dev. Cell 3: 75–84.

Conlon, R.A., Reaume, A.G., and Rossant, J. 1995. Notch1 is
required for the coordinate segmentation of somites. Devel-
opment 121: 1533–1545.

Dale, J.K., Maroto, M., Dequeant, M.-L., Malapert, P., McGrew,
M., and Pourquie, O. 2003. Periodic Notch inhibition by
lunatic fringe underlies the chick segmentation clock. Na-
ture 421: 275–278.

del Barco Barrantes, I., Elia, A.J., Wünsch, K., Hrabe De Angelis,
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