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ABSTRACT The number of vertebrae is defined strictly for a given species and depends on 
the number of somites, which are the earliest metameric structures that form in develop-
ment. Somites are formed by sequential segmentation. The periodicity of somite segmenta-
tion is orchestrated by the synchronous oscillation of gene expression in the presomitic me-
soderm (PSM), termed the “somite segmentation clock,” in which Notch signaling plays a 
crucial role. Here we show that the clock period is sensitive to Notch activity, which is fine-
tuned by its feedback regulator, Notch-regulated ankyrin repeat protein (Nrarp), and that 
Nrarp is essential for forming the proper number and morphology of axial skeleton compo-
nents. Null-mutant mice for Nrarp have fewer vertebrae and have defective morphologies. 
Notch activity is enhanced in the PSM of the Nrarp−/– embryo, where the ∼2-h segmentation 
period is extended by 5 min, thereby forming fewer somites and their resultant vertebrae. 
Reduced Notch activity partially rescues the Nrarp−/– phenotype in the number of somites, 
but not in morphology. Therefore we propose that the period of the somite segmentation 
clock is sensitive to Notch activity and that Nrarp plays essential roles in the morphology of 
vertebrae and ribs.

INTRODUCTION
The somite is the earliest discernible metameric structure in verte-
brates. It gives rise to vertebrae, ribs, and skeletal muscles, thereby 
providing a segmental pattern along the anterior–posterior axis. 
Somites are aligned along both sides of the neural tube. A pair of 

somites buds off sequentially from the anterior extremity of the pre-
somitic mesoderm (PSM) in a rhythmic manner (Pourquie, 2001). 
The periodicity of this repetitive process is orchestrated by the syn-
chronous oscillation of gene expression in the PSM, termed the 
“somite segmentation clock” (Pourquie, 2003). Some of the genes 
that are cyclically activated and deactivated, including Hes7 and 
Lunatic fringe (Lfng), are components of Notch signaling (Forsberg 
et al., 1998; McGrew et al., 1998; Aulehla and Johnson, 1999; 
Bessho et al., 2001b).

Notch signaling is cell–cell contact–dependent and plays a major 
role in development (Bolos et al., 2007). After Notch binds to its li-
gand, Delta, on an adjacent cell, it is activated and undergoes lim-
ited proteolysis, which is dependent on γ-secretase activity. Here the 
Notch intracellular domain (NICD) moves into the nucleus, where it 
forms a complex with recombinant signal binding protein for im-
munoglobulin kappa J region (RBPj) to activate target genes, includ-
ing Hes7 and Lfng (Bessho et al., 2001a; Cole et al., 2002; Morales 
et al., 2002). In mouse, Hes7 inhibits transcription of its own gene 
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and of Lfng to establish a negative feedback loop that induces oscil-
latory Hes7 and Lfng expression (Bessho et al., 2003). Hes7 or Lfng 
knockout mice have severe defects in their somites and resultant 
vertebrae (Evrard et al., 1998; Zhang and Gridley, 1998; Bessho 
et al., 2001b). Therefore Notch signaling regulates the segmenta-
tion clock, which in turn orchestrates somite patternings and the 
resultant vertebrae.

In addition to Notch components, the amount of NICD oscillates 
in synchrony with Hes7 and Lfng expression in the PSM. This period-
icity of Notch activity contributes to periodic somite segmentation 
(Morimoto et al., 2005). NICD activates Lfng transcription, and Lfng 
inhibits NICD production to form a negative feedback loop (Dale 
et al., 2003). Because Lfng expression is cyclical in the PSM, this 
negative feedback loop probably contributes to oscillatory NICD 
production. The dynamic Notch activity that is produced by the 
compound feedback loops may play a crucial role in regulating the 
segmentation clock because it acts upstream of Hes7 and Lfng.

Notch-regulated ankyrin repeat protein (Nrarp) encodes a small 
114-amino-acid residue protein with two ankyrin repeat motifs in the 
carboxy terminus. This protein is highly conserved among verte-
brates. Nrarp is induced by Notch signaling (Krebs et al., 2001; Lamar 
et al., 2001; Topczewska et al., 2003; Pirot et al., 2004), and it pro-
motes NICD loss by forming a ternary complex with NICD and RBPj 
(Lamar et al., 2001). Thus Nrarp acts as a feedback regulator in Notch 
signaling. In addition, it is expressed periodically in the PSM (Sewell 
et al., 2009; Wright et al., 2009). The roles of Nrarp in the segmenta-
tion clock and somitogenesis, however, remain largely unclear.

To investigate the roles of Nrarp in these processes, we gener-
ated an Nrarp knockout mouse and inspected its segmentation 
clock and somitogenesis. Here we show that Nrarp is essential for 
proper axial skeleton formation. Null-mutant Nrarp mice have small 
but substantial defects in their vertebrae and ribs. In addition, Nrarp 
mutants lose two vertebrae as a consequence of the extended 
somite segmentation clock period. The loss of Nrarp increases 
Notch signaling but does not affect any other signaling, including 
Wnt signaling in the PSM. Remarkably, an inhibitor of Notch signal-
ing partially rescues the clock period phenotype. It failed, however, 
to improve the defects in the axial skeleton components. Thus our 
studies suggested that Nrarp plays indispensable roles in securing 
the number and morphology of axial skeleton components.

RESULTS
Nrarp−/– mutant mice had defects in axial skeletons 
and fewer vertebrae
Nrarp is strongly expressed in the PSM in a cyclical manner during 
mouse development (Sewell et al., 2009; Wright et al., 2009). We 
expected it to play a role in vertebrae and rib formation, because 
the PSM is the primordial somite, which gives rise to the vertebrae 
and ribs. To investigate the role of Nrarp, we disrupted the Nrarp 
gene (Supplemental Figure S1). Twenty-two of 55 Nrarp-homozy-
gous mice had kinked tails (Figure 1A). Interestingly, the Hes7-
heterozygous mutants had similarly kinked tails (Bessho et al., 
2001b), although Nrarp-homozygous mutants express normal levels 
of Hes7 in the PSM (Figures 3D and 4B). According to this pheno-
type, we anticipated defects to be present in the axial skeleton. Thus 
we visualized the bones and cartilage of newborn mice, and in-
spected the shape and numbers of their vertebrae and ribs. In all of 
the Nrarp−/– mutant mice, a few vertebrae and ribs had small de-
fects, which included partial fusion of the ribs and abnormally shaped 
vertebrae (Figure 1B). The majority of the vertebrae and ribs were 
normal. We next examined the skeletal patterns of adult mice by x-
ray computed tomography (CT). Similar to the newborns, Nrarp−/– 

mutant adult mice had a few abnormal vertebrae and ribs (Figure 
1C). Therefore Nrarp was essential for minute configuration of the 
axial skeleton.

We counted the number of vertebrae. The total number of ver-
tebrae was 57.4 ± 0.2 and 59.0 ± 0.0 in the Nrarp−/– mutant mice 
(n = 9) and in their wild-type littermate mice (n = 7), respectively 
(Table 1). Most of the Nrarp−/– mice lost a lumber vertebra and a 
caudal vertebra (Table 1). These results were consistent with the re-
sults for the newborn mice, for which all of the Nrarp−/– had five 
lumbar vertebrae, whereas their wild-type littermate newborn mice 
had six (Figure 1B and Supplemental Table S1). We did not observe 
total fusion of the vertebrae or ribs in the Nrarp−/– mice; even some 
of them had small defects. Therefore it was not likely that the fusion 
of two adjacent vertebrae reduced the number of vertebrae. Thus 
Nrarp was essential for securing the number and configuration of 
axial skeleton components.

Nrarp−/– mutant mice had fewer somites
Somites give rise to vertebrae in a one-to-one ratio; the caudal half 
of a pair of somites and the rostral half of the next pair merge into 
a vertebra (Gossler and Hrabe de Angelis, 1998). Thus the number 
of vertebrae corresponds to the number of somites. Somites are 
transient structures in development and differentiate subsequently 
into bones, muscle, and skin. Therefore it was difficult to count the 
total number of somites. We compared the number of somites lo-
cated between the fore- and hind-limb buds (FLBs and HLBs, re-
spectively) at embryonic day (E) 10.5. The Nrarp−/– embryos had 17 
somites between the limb buds (n = 13), whereas their wild-type 
littermate embryos had 18 somites (n = 34) (Figure 2A). This result 

FIGURE 1: Skeletal defects of Nrarp-null mice. (A) A kinked tail that 
was typical of adult homozygous mutants. (B) Dorsal views and high 
magnifications (right) of skeletal preparations at postnatal day 1. The 
arrows and the asterisk are used to indicate the location of defective 
ribs and vertebrae, respectively. L, lumbar vertebra; S, sacral vertebra. 
Scale bars, 1 mm. (C) x-ray analysis was used to reveal malformation 
and decreased numbers of vertebra in adult Nrarp−/– mice. T, thoracic 
vertebra; L, lumbar vertebra; S, sacral vertebra; C, caudal vertebra.
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was consistent with the skeletal phenotype, and also suggested 
that the positions of the limb buds were not affected in the absence 
of Nrarp.

Judging from the expression of Uncx4.1, which was exclusively 
restricted to the posterior compartment of each somite, at E 8.5, E 
10.5, and E 11.5 (Figure 2A and Supplemental Figure S2), the mor-
phology of the somites was almost normal. We did not find any 
defects in their shape, so we ruled out the possibility that the fusion 
of two adjacent somites caused a reduction in the number of 
somites. In addition, because the Nrarp−/– embryos were not distin-
guishable from the Nrarp+/− or wild-type embryos, and because they 
showed similar expression pattern of Fgf8 (Supplemental Figure S3), 
we ruled out the possibility of a small delay in the general develop-
ment of the Nrarp−/– embryos.

The segmentation clock period was longer in Nrarp−/– 
mutant mice
We showed that Nrarp−/– mice had fewer numbers of somites and 
vertebrae, respectively. This result led us to two possibilities: The 
somite formation period was longer and/or the total duration of 
somite formation was shorter in the Nrarp−/– embryos. Thus we 
counted the number of somites at various stages to measure the 
somite formation period. Somite formation starts between E 7.5 and 
E 8.0. We failed to detect a significant difference in the number be-
tween the genotypes throughout the initial stage of somite forma-
tion at the early stage, E 8.5 (approximately 12; Figure 2B). Thus we 
presumed that the start of somite formation was not affected. At 

E 10.5 and E 11.5, the number of somites in the Nrarp−/– embryos 
was significantly lower than that of their wild-type littermate em-
bryos (Figure 2, C and D). Numerically speaking, the 95% confidence 
interval (CI) of mean decrease in the somite number of Nrarp−/– from 
that of wild type was (–2.65, –1.10) at E 11.5. Because the average 
number of somites formed during the 72 h from E 8.5 to E 11.5 was 
40.6 in the wild-type embryos, on average somites of (37.75, 39.30) 
were produced (95% CI) during the 72 h in the Nrarp−/– embryos, to 
correspond to the above CI of the mean decrease. This difference in 
number of somites between the Nrarp−/– embryos and their wild-
type littermate embryos was consistent with the difference in the 
total number of vertebrae (59.0 vs. 57.4). Using this result, we esti-
mated that the period of somite formation was ∼106 min and 
111 min in the wild-type embryos and the Nrarp−/– embryos, respec-
tively (Figure 2E). Therefore the loss of Nrarp extends the segmenta-
tion clock period by ∼5 min corresponding 95% CI is (3.0, 7.5), and 
this extension resulted in fewer numbers of somites and vertebrae.

Notch activity was up-regulated in the Nrarp−/– PSM
Nrarp reduces Notch activity by enhancing NICD degradation 
(Lamar et al., 2001). Thus we predicted that Notch activity was in-
creased in the PSM cells of the Nrarp−/– embryos. We collected the 
PSM of several embryos and determined the quantity of NICD to 
measure the Notch activity in the PSM. The amount of NICD 
increased 1.9-fold in the PSM of the Nrarp−/– embryos at E 10.5 
(Figure 3A) over that in their wild-type littermate embryos. However, 
the cyclical pattern of NICD immunoreactivity was not affected in 

Genotype (Nrarp) Cervical Thoracic Lumbar Sacral Caudal Total

+/+ 7 13 6 4 29 59

+/+ 7 13 6 4 29 59

+/+ 7 13 6 4 29 59

+/+ 7 13 6 4 29 59

+/+ 7 13 6 4 29 59

+/+ 7 13 6 4 29 59

+/+ 7 13 6 4 29 59

+/− 7 13 5 5 29 59

+/− 7 13 6 4 29 59

+/− 7 13 6 4 29 59

+/− 7 13 6 4 29 59

+/− 7 13 6 4 29 59

+/− 7 13 6 4 30 60

−/− 7 13 5 5 28 58

−/− 7 13 5 5 27 57

−/− 7 13 5 4 29 58

−/− 7 13 5 4 29 58

−/− 7 13 5 5 28 58

−/− 7 13 5 4 28 57

−/− 7 13 6 4 28 58

−/− 7 13 5 4 28 57

−/− 7 13 5 4 27 56

We counted vertebrae by using x-ray CT imaging. Although there were some fluctuations in the number of lumbar and sacral vertebrae, the Nrarp−/− mice had fewer 
vertebrae than their wild-type littermates did.

TABLE 1: X-ray analyses of adult mice vertebrae.
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the mutant PSM (Figure 3C). Hes5 expression, another target gene 
of Notch, was up-regulated (Figure 3B). Similar to the NICD immu-
noreactivity, Hes5, Hes7, and Lfng expression was cyclical in the 
Nrarp−/– PSM in the same way as in wild-type PSM (Figure 3, D and 
E). Therefore the loss of Nrarp enhanced Notch activity but did not 
affect its cyclical pattern of activity.

Because Nrarp has been reported to up-regulate Wnt signaling 
(Ishitani et al., 2005; Phng et al., 2009), we checked the expression 
of Axin2, which acts downstream of Wnt signaling. We detected the 
same level of Axin2 mRNA in the Nrarp−/– PSM as in the wild-type 
PSM, and the cyclical pattern was not affected (Figure 3F). We next 

carried out a microarray analysis to compare comprehensively the 
gene expression in the Nrarp−/– PSM to that in their wild-type litter-
mate PSM. We detected an increase in Hes5 expression as well as a 
dramatic decrease in Nrarp expression (Figure 4A). The expression 
of the Wnt target genes (including Axin2, Lef1, and mesogenin) was 
not altered, however, in the Nrarp−/– PSM (Figure 4B and Supple-
mental Table S2). In addition, the expression of target genes includ-
ing dusp and sprouty of fibroblast growth factor (FGF) signaling was 
not altered (Figure 4B and Supplemental Table S2), although FGF 
signaling plays an important role in somitogenesis. Thus we found 
that a loss of Nrarp leads to a remarkable increase in Notch activity 
in the PSM.

FIGURE 3: Loss of Nrarp specifically increases Hes5 expression but 
does not affect cyclical gene expression patterns. (A) Quantification of 
NICD by immunoblotting (n = 3). The ratios of NICD to β-actin are 
indicated. (C) Immunoreactivity of NICD in the PSM. The black bars 
are used to indicate the location of the NICD. The activity in the PSM 
and the caudal parts of the somites was higher in the Nrarp−/– 
embryos, although dynamic NICD distribution patterns were 
maintained. Scale bar, 200 μm. (B, D–F) Whole-mount in situ 
hybridization for Hes5, Hes7, Lfng, and Axin2, at E 10.5. Scale bar, 
200 μm. (B) Hes5 expression increased dramatically in the PSM of the 
Nrarp−/– embryos, but the pattern was not affected. (D–F) The 
expression pattern was divided into three phases, Phase I (left), Phase 
II (middle), and Phase III (right), according to a previous report. The 
expression patterns of Hes7, Lfng, and Axin2 were not affected in the 
Nrarp−/– embryos. The bars are used to indicate the expression 
domain: the black bars indicate strong expression and the gray bars 
indicate weak expression.

FIGURE 2: Nrarp-null mice have smaller numbers of somites. 
(A) Comparison of the numbers of somites between the FLB and the 
HLB. The dashed lines are used to indicate the rostral borders of the 
FLB and the HLB. Uncx4.1 expression was detected in the posterior 
half of each somite. The brackets are used to indicate single somites. 
Scale bar, 1 mm. (B–E) The average number of somites for each 
indicated genotype was plotted, and the same symbol was used to 
indicate the littermate. The averages of the total numbers of somites 
within littermates were compared using the paired t test. The dashed 
lines are used to indicate the average number of somites for each 
genotype at each stage (mean ± SEM). (B) At E 8.5, no significant 
difference was detected between the wild type (12.24 ± 0.93) and the 
Nrarp+/− (12.36 ± 1.14) or Nrarp−/– (12.20 ± 1.08) embryos (n = 
6 pregnant females). (C) At E 10.5, the number of somites in the 
Nrarp−/– embryos (39.16 ± 0.84) was significantly lower than in the 
wild-type embryos (39.69 ± 0.83) (n = 18; *p < 0.02). The average of 
the difference was 0.5. (D) At E 11.5, the number of somites in 
Nrarp−/– embryos (51.11 ± 0.95) was significantly lower than in the 
wild-type embryos (52.85 ± 0.78) (n = 8; **p < 0.01). The average of 
the difference was 1.7. (E) The average number of somites of the 
wild-type embryos (black) and of the Nrarp+/− embryos (blue) and the 
Nrarp−/– embryos (red) were compared at three different stages. 
There were no significant differences between the wild-type embryos 
and the Nrarp+/− embryos at any stage.
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Reduced Notch activity shortened the period 
of the segmentation clock
We found that the period of the somite segmentation clock was 
longer in Nrarp−/– mutant cells and that Notch activity in the PSM 
cells was enhanced. We assumed that the period of the somite 
segmentation clock was sensitive to Notch activity; higher Notch 
activity leads to a longer clock period, and lower Notch activity 
leads to a shorter clock period. To test this assumption, we de-
creased Notch activity in the embryo PSM by administering a 
Notch inhibitor to pregnant female mice. We administered the 
γ-secretase inhibitor LY411,575 (Wong et al., 2004) to wild-type 
pregnant mice three times every 24 h beginning on E 7.5 and then 
determined the amount of NICD in the PSM and examined the 
number of somites on E 10.5. Administration of 0.1, 0.3, and 
1.0 mg/kg of LY411,575 reduced Notch activity in the PSM by 
10%, 30%, and 80%, respectively (Figure 5A). A 10% reduction in 
Notch activity resulted in an extra somite forming: 19 somites be-
tween the limb buds at E 10.5 (n = 4/7), in comparison with 18 in 
the control (Figure 5, B and C). A larger reduction in Notch activity 
disrupted the somite pattern, however, and we could not count 
the number of somites (Supplemental Figure S4). The mice treated 
with 0.1 mg/kg LY411,575 had consistently seven lumbar verte-
brae (n = 4/11) compared with six in the control, and they had 
some malformation in axial skeletons (Figure 5, D and E, and Sup-
plemental Table S3). Thus these results suggested that a mild re-
duction in Notch activity in the PSM led to a shorter clock period. 
The possibility that the Notch inhibitor affects other phenomena 
could not be excluded, however, because even lower dose admin-
istration of the Notch inhibitor resulted in malformation in axial 
skeletons (Figure 5E).

Finally, we tried to rescue the Nrarp−/– phenotypes by reduc-
ing Notch activity by administering LY411,575. Administration of 
0.1 mg/kg LY411,575 reduced Notch activity by 20% in the 
Nrarp−/– PSM (Figure 5A). Some Nrarp−/– embryos that were 
treated with LY411,575 had 18 somites between both limb buds 
(n = 6/11), whereas the Nrarp−/– embryos without treatment had 
17 somites between both limb buds (n = 13/13; Figures 2A and 
5F). We propose that the clock period was sensitive to Notch 
activity. Interestingly, inhibitor-treated Nrarp−/– neonates had 

more severe defective axial skeleton configurations than did 
the untreated Nrarp−/– neonates or inhibitor-treated wild-type 
neonates. Thus, because reduced Notch activity did not correct 
the defective axial skeleton morphology of Nrarp−/–, Nrarp itself 
was likely essential for proper morphogenesis. Furthermore, 
the skeletal morphology of the Nrarp−/– neonates was more se-
vere than that of the wild-type neonates for both conditions 
of Notch inhibitor administration and no treatment. Therefore 
Nrarp may have contributed to maintaining proper skeletal 
morphology.

FIGURE 4: Comparison of gene expression levels between wild-type 
and Nrarp−/– embryos. (A) Comparison of gene expression levels in 
the PSM between the Nrarp−/– and the wild-type embryos (n = 3). In 
this microarray analysis, the average of the normalized signal intensity 
was plotted. (B) The expression levels of the Notch, Wnt, and FGF 
signaling downstream genes were compared by using quantitative 
RT-PCR (n = 3; mean ± SD). Hes5 expression increased dramatically, 
and that of the Nrarp was depleted in the PSM of Nrarp−/– embryos. 
There was no difference in the expression of other genes except for 
Rhox5, Car4, and Gpr133. These data are consistent with the results 
of the microarray analysis.

FIGURE 5: A γ-secretase inhibitor reduces Notch activity and 
decreases the somite segmentation clock period. (A) NICD 
quantification by using immunoblotting (n = 3). The ratios of NICD to 
β-actin are indicated. Administering 0.1 mg/kg LY411,575 reduced 
Notch activity by 10% over 24 h. Whole-mount in situ hybridization 
for Uncx4.1 of embryos that were treated with the vehicle (B) or 
0.1 mg/kg LY411,575 (C). The dashed lines are used to indicate the 
rostral border of the FLB and HLB, and the brackets are used to 
indicate single somites. Skeletal preparations at postnatal day 1 for 
mice treated with the vehicle (D) or 0.1 mg/kg LY411,575 (E). T, 
thoracic vertebra; L, lumbar vertebra; S, sacral vertebra. Whole-mount 
in situ hybridization for Uncx4.1 in wild-type embryos (F) or Nrarp−/– 
embryos (G) that were treated with the 0.1 mg/kg LY411,575. Scale 
bars, 1 mm.
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The segmentation clock period was sensitive 
to Notch activity
We found that the segmentation clock period is sensitive to Notch 
activity from our genetic and pharmacological experiments. The 
segmentation clock is regulated by synchronous gene oscillation in 
the PSM. In PSM cells, Notch signaling activates Hes7 transcription, 
and Hes7 inhibits transcription of its own gene and provokes the 
oscillatory gene expression over a 2-h cycle in the mouse, where the 
Hes7 negative feedback loop provides a core mechanism for the 
clock to run on (Figure 6A). A mathematical model was constructed 
based on this negative feedback loop, and was used to successfully 
reproduce the oscillatory gene expression (Lewis, 2003; Hirata et al., 
2004). Model analysis revealed that the oscillation amplitude be-
comes small when Notch activity is low (Lewis, 2003). We carried out 
further analyses of the model and found that the oscillation period 
also decreases with low Notch activity, because a smaller amplitude 
means that less time is required for a cycle to pass (see Supplemen-
tal Note 1). Strikingly, we found from a simulation based on the 
model that the oscillation period is sensitive to the average level of 
Notch activity in the model: Higher Notch activity extends the pe-
riod and gradually increases it with extremely large activity, whereas 
lower Notch activity shortens it (Figure 6B). This result supports the 
experimental results that the clock period was sensitive to Notch 
activity. In addition, by using the model analysis we predicted that 
the Hes7 negative feedback loop provides a molecular mechanism 
for clock period sensitivity to Notch activity.

DISCUSSION
We examined the roles of Nrarp in mouse in this report. Nrarp was 
essential for generating the proper number and morphology of axial 
skeleton components. Notch activity in the PSM was enhanced in 
the absence of Nrarp, and this activity extends over somite segmen-
tation period, thereby decreasing the number of somites and their 
resultant vertebrae. In contrast, reduced Notch activity caused by a 

Notch inhibitor shortened the period of segmentation and increased 
the number of somites and their resultant vertebrae. We propose 
that the oscillation period for gene expression was sensitive to 
Notch activity and that they were positively proportional: Higher 
Notch activity led to a longer oscillation period, and lower Notch 
activity led to a shorter oscillation period.

Likewise, the number of Nrarp−/– embryo somites was lower 
than the number of wild-type somites at E 10.5 and E 11.5, whereas 
we did not observe the fusion of two adjacent somites or a differ-
ence in size of each somite. Thus vertebrae or somite fusion was 
not likely the cause of fewer numbers of vertebrae or somites. We 
failed to detect differences in somite numbers between the 
Nrarp−/– embryos and the wild-type embryos at E 8.5. Therefore 
the loss of Nrarp may not have affected the timing of the initiation 
of somite formation, because E 8.5 is quite an early stage of somi-
togenesis (Gossler and Hrabe de Angelis, 1998). In addition, the 
numbers of somites increased proportionally in both genotypes, 
and the number of somites in the Nrarp−/– embryo was significantly 
lower than that in the wild-type embryos at E 10.5 and E 11.5, re-
spectively. Therefore the period of somite formation was longer in 
the absence of Nrarp. We could not rule out the possibility that the 
duration of somite formation in the Nrarp−/– was shorter than in the 
wild-type embryos, so the numbers of somites and vertebrae were 
lower in the Nrarp−/– embryos because it was not possible to de-
tect the end of somite formation. This possibility did not likely hap-
pen, however, because the loss of two vertebrae (59.0 vs. 57.4, 
wild-type and Nrarp−/–, respectively) is consistent with the number 
of somites that formed between E 8.5 and E 11.5 (40.6 vs. 38.9). 
Thus we conclude that extending the period of somite formation 
was the major cause of the lower number of vertebrae in the 
Nrarp−/– embryos.

We showed that the clock period was sensitive to Notch activity. 
It was reported that other signaling, Wnt or retinoic acid, affects the 
pace of the segmentation clock (Kawakami et al., 2005; Vermot 
et al., 2005; Vermot and Pourquie, 2005; Gibb et al., 2009). In addi-
tion, the period of the somite segmentation clock is reported to be 
sensitive to the surrounding temperature in zebrafish development 
(Schroter et al., 2008). To our kowledge our report here, however, is 
the first for which the correlation between a fluctuating segmenta-
tion period and the intensity of molecular signaling was analyzed 
quantitatively. In addition, we interpreted the correlation by using 
mathematical analyses. In the mouse, the Hes7 negative feedback 
loop, which acts downstream of Notch, is essential for oscillatory 
gene expression in the PSM (Bessho et al., 2003). The results of our 
mathematical simulation led us to speculate that increasing Notch 
activity leads to extending the oscillation period. This speculation is 
in agreement with our experimental results.

The relationship between the somite formation period and 
Notch activity in zebrafish was reported recently: Attenuation of 
Notch activity led to a longer somite formation period (Herrgen 
et al., 2010), and this observation is opposite to our findings. In ze-
brafish, Notch signaling plays a major role in the synchronization of 
the oscillatory gene expression between each PSM cell (Jiang et al., 
2000; Horikawa et al., 2006). The authors of the recent study fo-
cused on this Notch-dependent synchronization between the PSM 
cells, and, by using mathematical analyses, they accounted for the 
delay in the somite formation period by the attenuation of Notch 
activity. Their model assumes, however, that the oscillation period is 
not affected by the change in Notch activity in each PSM cell. By 
contrast, we conducted mathematical analyses of the oscillatory 
gene expression in each cell, although we did not consider the syn-
chronization between cells because the role of Notch signaling in 

FIGURE 6: Mathematical analyses of the effect of Notch activity on 
the oscillation period. (A) The molecular mechanism of generation of 
oscillatory gene expression in the mouse PSM cell. Activated Notch 
receives limited proteolysis, which is dependent on γ-secretase 
activity, and then NICD activates Hes7 transcription. The accumulated 
Hes7 protein inhibits its own transcription. This negative feedback 
loop serves as a core mechanism of gene oscillation in the mouse 
PSM. Nrarp enhances the degradation of NICD, thereby inhibiting 
Notch activity, and the γ-secretase inhibitor reduces the production of 
NICD to inhibit Notch activity. In this research, we increased Notch 
activity by disrupting Nrarp and decreased it by administration of the 
γ-secretase inhibitor. (B) Dependence of the oscillation period on 
Notch activity. The mathematical model based on the negative 
feedback loop of Hes7 shown in (A) was used for the mathematical 
simulation. The oscillation period has a positive relationship with the 
average Notch activity, which is described as the maximum rate of 
Hes7 mRNA production, k (see Supplemental Note 1). Model 
parameters are listed in Supplemental Note 1.
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GAATGAGTGGAAGGGCTGC (which binds to the 5’UTR region of 
Nrarp) and Nrarp-R CAGCAGCACTTCTACGAAGGGGAAACCTCA 
(which binds to the 5’UTR region and downstream of Nrarp-F), which 
detect a 320-base-pair fragment indicative of the wild-type allele, 
and primers Neo-F AGCCCAGAAAGCGAAGGAGCAAAGCTGC-
TAT and Nrarp-R, which detect a 520-base-pair fragment indicative 
of the mutated allele.

Immunoblotting
PSMs were dissected from the embryos at E 8.5 or E10.5 and lysed 
in a buffer that contained 1% NP-40, 50 mM Tris-HCl (pH7.5), 
150 mM NaCl, and 5 mM EDTA. The tissue lysates were fractionated 
by using SDS–PAGE and then blotted onto Hybond-P membranes 
(Amersham, Piscataway, NJ). Next they were probed with anti-
cleaved Notch1 monoclonal antibody (Cell Signaling Technology, 
Danvers, MA) or anti-β-actin monoclonal antibody (Sigma-Aldrich, 
St. Louis, MO), and signals were then detected with a chemilumines-
cence detection system (Amersham). Quantification was performed 
using the public domain National Institutes of Health (NIH) image 
program, ImageJ. Notch signaling activity was evaluated by mea-
suring the amount of NICD that was normalized to the amount of 
β-actin, which was used as an internal control.

Microarray analysis and quantitative RT-PCR
PSMs were dissected from the E 10.5 embryos of 8- to 12-mo-old 
Nrarp+/− female mice that were crossed with Nrarp+/− male mice. 
The part of the neural tube that was attached to the PSM was re-
moved. The PSMs were then stored immediately in liquid nitrogen 
for several days. Total RNA was extracted using the SV Total RNA 
Isolation System (Promega, Madison, WI). We prepared three inde-
pendent biological replicates. Microarray analysis was performed as 
described previously (Watanabe et al., 2009). The microarray data 
set that we analyzed (GSE18419) is available through the National 
Center for Biotechnology Information (NCBI) Gene Expression 
Omnibus. Reverse transcription was performed by using SuperScript 
II reverse transcriptase (Invitrogen, Carlsbad, CA). Quantitative PCR 
reactions were performed by using KAPA SYBR FAST Universal 
qPCR (Kapa Biosystems, Woburn, MA). Each reaction was carried 
out in triplicate using gene-specific primers. The expression level of 
each gene was first normalized to that of G3PDH. The primers 
for the mouse genes that we used in the quantitative PCRs were as 
follows.

G3pdh: G3pdh-S, 5’-ACCACAGTCCATGCCATCAC-3’, and 
G3pdh-AS, 5’-TCCACCACCCTGTTGCTGTA-3’; Nrarp: Nrarp-S, 
5’-CTCGCACTTAGGAAGGGAAG-3’, and Nrarp-AS, 5’-ACCACG-
CACAATATTTCCAA-3’; Hes5: Hes5-S, 5’-GCAGCATAGAGCAGCT-
GAAG-3’, and Hes5-AS, 5’-GAAGGCTTTGCTGTGTTTCA-3’; Car4: 
Car4-S, 5’-GTCAAATGGGAATGACAACG-3’, and Car4-AS, 5’-TT-
GTCCTTCGAGTCCTCCTT-3’; Gpr133: Gpr133-S, 5’-TCATTACTG-
GCCATTGGAAA-3’, and Gpr133-AS, 5’-GAGAGGCACAGTGAG-
GTTGA-3’; Rhox5: Rhox5-S, 5’-CAGGTATGGAAGCTGAGGGT-3’, 
and Rhox5-AS, 5’-GCTGTTCTTCCGAGTCTTCC-3’; Hes7: Hes7-S, 
5’-TAGAAGAGCTGAGGCTGCTG-3’, and Hes7-AS, 5’-CTTTCTC-
CAGCTTCGGGTT-3’; Lfng: Lfng-S, 5’-TGTTTGAGAACAAGCG-
GAAC-3’, and Lfng-AS, 5’-CAGGGTGTGTCTGGGTACAG-3’; Dusp6: 
Dusp6-S, 5’-GGAATGAGAACACTGGTGGA-3’, and Dusp6-AS, 
5’-GAAGCCACCTTCCAGGTAGA-3’; Spry2: Spry2-S, 5’-GAAGAG-
GATTCAAGGGAGAGG-3’, and Spry2-AS, 5’-GTCTTGGCA-
GTGTGTTCACC-3’; Axin2: Axin2-S, 5’-CTGGCTCCAGAAGATCA-
CAA-3’, and Axin2-AS, 5’-TCAGCATCCTCCTGTATGGA-3’; Nkd1: 
Nkd1-S, 5’-CGTGGC TGGGAGAAGAAGC-3’, and Nkd1-AS, 5’-CAG-
GTCTAGGTAGTGGTTTCTCC-3’.

the synchronization remains to be elucidated in the mouse. Further 
study will be essential to gaining a comprehensive understanding 
of the mechanism of tuning of the somite formation period in 
vertebrates.

The small defects in the morphologies of the vertebrae and ribs 
in the Nrarp−/– mice were not repaired by using the Notch inhibitor. 
Therefore they were not caused by higher Notch activity, but rather 
Nrarp was essential for proper axial skeleton morphogenesis. Feed-
back regulation of Notch activity via Nrarp may have contributed to 
axial skeleton morphogenesis. Nrarp mediates Wnt-signaling–
dependent neural-crest-cell development by stabilizing LEF1, which 
is a downstream effector of Wnt signaling (Ishitani et al., 2005). 
Nrarp also coordinates Notch and Wnt signaling in zebrafish and 
mouse endothelial cells, thereby controlling angiogenesis (Phng 
et al., 2009). In contrast, we detected enhanced Notch activity but 
failed to detect a change in Wnt signaling. We could have inferred 
this from the expression of Wnt downstream genes in our knockout 
mice. Consistent with this observation, the extended period of 
somite segmentation was restored by using the Notch inhibitor. 
Thus Nrarp seemed to regulate Notch signaling but not Wnt signal-
ing in somitogenesis, in which Nrarp maintained the proper period 
of somite segmentation and the proper numbers of somites and 
vertebrae.

We failed to detect abnormalities in the morphology of the 
somites, although we found defects in the vertebrae and ribs in 
the Nrarp−/– embryos. It is possible that there were minute discrep-
ancies in the size of the somites or in their gene-expression pat-
tern. Further investigation is necessary to clarify this. We found 
that administering the Notch inhibitor caused vertebra and rib 
malformation. This result is consistent with the results of a report in 
which cyclical Notch activity was crucial for somite formation (Mo-
rimoto et al., 2005). The Notch inhibitor may have perturbed the 
cyclical Notch activity in PSM so that the morphology of the verte-
brae and ribs was affected. We could not, however, rule out the 
other possibility that the Notch inhibitor may affect the ossification 
or some other process of skeletal morphogenesis but the somite 
segmentation clock, because lower dose administration of the 
Notch inhibitor affected the morphology of the axial skeleton but 
not the somite morphology. Strikingly, the Notch inhibitor dis-
turbed the configuration of the axial skeleton more severely in the 
absence of Nrarp than in the wild-type condition. Thus we specu-
late that Nrarp may contribute to the robustness against environ-
mental perturbation of somite formation or oscillatory gene ex-
pression. Further study is needed to elucidate the role of Nrarp in 
somite formation.

MATERIALS AND METHODS
Generation of Nrarp-knockout mice and genotyping
Nrarp-deficient mice were generated by homologous recombina-
tion with a targeting vector in which the Nrarp coding region was 
replaced with IRES-LacZ and PGK-neo (Supplemental Figure S2a). 
TT2 ES cell lines (Yagi et al., 1993) that were missing Nrarp were 
identified by using Southern blot analysis with 5’ and 3’ probes 
(Supplemental Figure S2b). Chimeric mice were generated as de-
scribed previously (Bessho et al., 2001b). Nrarp-deficient mice were 
back-crossed with CD1 more than six times. We crossed pairs of 8- 
to 50-wk-old Nrarp+/– mice and collected their embryos at a certain 
embryonic stage to compare Nrarp mutants with their wild-type lit-
termates. Chimera, F1, and F2 mice were initially genotyped by 
Southern blot analysis (Supplemental Figure S2b) and allele-specific 
PCR of somatic cell (skin) DNA. Embryos were genotyped by PCR of 
yolk-sac DNA by using the primers Nrarp-F CTCATACTATTGCT-
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Skeletal preparation, x-ray CT, and whole-mount 
in situ hybridization
The cartilage and bones of newborn mice were stained with alcian 
blue and alizarin red, respectively, after being fixed in 95% ethanol 
(Bessho et al., 2001b). The skeletal structures of 6- to 12-wk-old 
mice were examined by using a LaTheta LCT-100 Series x-ray CT 
(Aloka, Wallingford, CT). Whole-mount in situ hybridizations were 
carried out (Bessho et al., 2001a) with minor modifications.

Immunostaining
Whole-mount immunostaining was carried out as described previ-
ously (Bessho et al., 2003) with minor modifications. E 10.5 embryos 
were fixed with 4% paraformaldehyde at 4°C for 1 h and then 
treated with 6% H2O2 for 10 min and 2% Triton X-100 for 10 min. 
Next, we incubated the embryos with anti-cleaved Notch1 mono-
clonal antibody (Cell Signaling Technology) overnight at 4°C, and 
then with peroxidase-conjugated anti–rabbit immunoglobulin G an-
tibody for 3 h. We then visualized the peroxidase activity as deposits 
of 3,3’-diaminobenzidine tetrahydrochloride (Sigma).

Counting somites and vertebrae and statistical analysis
We detected the expression of Uncx4.1 mRNA by using in situ hy-
bridization to count the number of somites. The stain localizes to the 
caudal domain in somites; therefore it was used as a landmark of the 
somite caudal border. We conducted experiments that compared 
wild type, Nrarp+/ and Nrarp−/– using littermates and counted the 
somites for each embryo before genotyping. The bud positions 
were determined as described previously (Chan et al., 2004/2005) 
for counting somites that were located between the FLBs and HLBs. 
For accuracy, we laterally and dorsally observed embryos by using 
high-magnification fields. Following this, we counted the number of 
somites of each embryo and calculated the average number of 
somites for each genotype for individual pregnant females. This 
process allowed us to determine the changes in the numbers of 
somites for Nrarp−/– or Nrarp+/− mice in comparison to their wild-
type littermates. Then, we determined the average number of 
somites for each genotype of the embryos that we collected from 
multiple pregnant females and compared the number with the one 
that was determined for the wild-type embryos by using the paired 
t test. We performed this comparison at E 8.5 (n = 6 pregnant moth-
ers), E 10.5 (n = 18), and E 11.5 (n = 8). We also estimated a 95% CI 
of the segment clock extension in Nrarp−/– embryos relative to the 
wild type. The CI was estimated by applying maximum likelihood 
estimation to a hierarchical generative model of the somite number 
(see Supplemental Note 2 for details). Although mice treated with 
0.1 mg/ml LY411,575 had substantial malformation of the axial skel-
eton, we did not observe a split vertebral body. Thus we counted 
their vertebral bodies. For small or malformed vertebral bodies, we 
checked the vertebral arches, which should be on either side of 
each vertebral body.

Animals and γ-secretase inhibitor administration
We then administered LY411,575 to pregnant female mice per os 
following a 12-h fasting period. The LY411,575 was formulated as a 
30 mg/ml solution in dimethyl sulfoxide and was diluted in 5% etha-
nol in sunflower seed oil. It was administered every 24 h from E 7.5 
to E 9.5. The amount of NICD in the PSM was quantified 24 h after 
administering the LY411,575 or the vehicle. Our experiments were 
approved by the Animal Care Committee of Nara Institute of Sci-
ence and Technology. They were conducted in accordance with 
guidelines that were established by the Science Council of Japan.
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