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RESEARCH ARTICLE

Spatiotemporal oscillations of Notch1, Dll1 and NICD are
coordinated across the mouse PSM
Robert A. Bone1,*, Charlotte S. L. Bailey1,*, Guy Wiedermann1, Zoltan Ferjentsik2, Paul L. Appleton1,
Philip J. Murray3,‡, Miguel Maroto1,‡ and J. Kim Dale1,‡,§

ABSTRACT

During somitogenesis, epithelial somites form from the pre-somitic
mesoderm (PSM) in a periodic manner. This periodicity is regulated
by a molecular oscillator, known as the ‘segmentation clock’, that is
characterised by an oscillatory pattern of gene expression that
sweeps the PSM in a caudal-rostral direction. Key components of
the segmentation clock are intracellular components of the Notch,
Wnt and FGF pathways, and it is widely accepted that intracellular
negative-feedback loops regulate oscillatory gene expression.
However, an open question in the field is how intracellular
oscillations are coordinated, in the form of spatiotemporal waves
of expression, across the PSM. In this study, we provide a potential
mechanism for this process. We show at the mRNA level that the
Notch1 receptor and Delta-like 1 (Dll1) ligand vary dynamically
across the PSM of both chick and mouse. Remarkably, we also
demonstrate similar dynamics at the protein level; hence, the
pathway components that mediate intercellular coupling themselves
exhibit oscillatory dynamics. Moreover, we quantify the dynamic
expression patterns of Dll1 and Notch1, and show they are highly
correlated with the expression patterns of two known clock
components [Lfng mRNA and the activated form of the Notch
receptor (cleaved Notch intracellular domain, NICD)]. Lastly, we
show that Notch1 is a target of Notch signalling, whereas Dll1 is Wnt
regulated. Regulation of Dll1 and Notch1 expression thus links the
activity of Wnt and Notch, the two main signalling pathways driving
the clock.
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INTRODUCTION
During somitogenesis, epithelial spheres called somites bud off
from the most rostral end of the pre-somitic mesoderm (PSM) in a
rostral-to-caudal direction and, later in development, these give rise
to the vertebral column, most of the skeletal musculature and much
of the dermis (Dequeant and Pourquie, 2008). This occurs with a
remarkable periodicity that is regulated by a molecular oscillator
(Cooke and Zeeman, 1976), which drives cyclic waves of gene
expression caudo-rostrally through the PSM with the same

periodicity as that of somite formation. This periodicity is species
specific; in chick it is 90 min, in mouse 120 min and in humans
4-5 h (Dequeant and Pourquie, 2008). The majority of known clock
genes belong to the Notch pathway (reviewed by Dequéant and
Pourquié, 2008; Gibb et al., 2010; Kageyama et al., 2007) and, in
mouse, this pathway is crucial for dynamic expression of all clock
genes and for somitogenesis (Ferjentsik et al., 2009). A number of
Wnt and FGF pathway members also cycle in the mouse PSM
(Dequeant and Pourquie, 2008). Furthermore, these three pathways
interact reciprocally within the mechanism of the mouse
segmentation clock (Dequeant and Pourquie, 2008; Gibb et al.,
2010; Maroto et al., 2012; Niwa et al., 2007). It is widely accepted,
on a single cell level in the vertebrate PSM, that oscillatory gene
expression is established through negative-feedback loops of
unstable clock gene products (Hirata et al., 2004; Lewis, 2003;
Monk, 2003). Thus, in the case of the Notch pathway, it seems
relatively clear how intracellular negative-feedback loops, involving
Lfng and Hes7 proteins, contribute to the regulation of Notch target
gene expression in a cell-autonomous manner.

In contrast to the intracellular picture, there is no well-established
biological model describing the mechanism by which neighbouring
cells coordinate and co-regulate spatiotemporal oscillations across
the PSM. This point is particularly significant as, although recent
theoretical and experimental studies (Murray et al., 2011; Lauschke
et al., 2013) have highlighted a fundamental role for phase
differences between neighbouring oscillators in the emergence of
spatiotemporal gene expression patterns in the PSM, the crucial
question of precisely how phase differences are communicated
between neighbouring cells remains unresolved. Cell-cell contact
appears to be essential (Maroto et al., 2005), and what is known
about intercellular coupling in the PSM is that Notch signalling is
likely to play a fundamental role (Jiang et al., 2000). For instance,
live imaging in the zebrafish PSM indicates that both local
coordination and tissue-scale waves of clock gene expression are
lost in Notch mutants (DeLaune et al., 2012). Moreover, artificial
pulses of expression of the Notch ligand DeltaC restore synchrony
and rescue somite formation in these mutants (Soza-Ried et al.,
2014). These data suggest that the entrainment of intracellular
oscillations is mediated by periodic activation of the Notch pathway.
Furthermore, we note that a key event in the canonical Notch
signalling pathway is the release, following ligand activation, of
Notch intracellular domain (NICD) and its subsequent transport to
the nucleus, where it activates a range of Notch pathway targets. In
the mouse PSM it has been established that NICD exhibits pulsatile
spatiotemporal waves of expression that traverse the rostro-caudal
axis in the manner of a clock gene (Huppert et al., 2005). However,
it is not well understood how this pattern emerges, as it has been
widely reported that both Dll1 and Notch1 proteins are expressed in
a rostro-caudal gradient in the PSM (Chapman et al., 2011; Sparrow
et al., 2012; Okubo et al., 2012).Received 18 July 2014; Accepted 20 October 2014
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In this study, we show in both chick and mouse that Dll1 and
Notch1 oscillate across the PSM (at the mRNA level) in a Wnt- and
Notch1-dependent manner, respectively. Our data show that as well
as exhibiting rostro-caudal gradients, Dll1 and Notch1 protein levels
undergo spatiotemporal oscillations in the PSM that are coordinated
with Lfng pre-mRNA and NICD oscillations. Taken together, these
novel data indicate a mechanism by which inter-cell phase
differences can be communicated between neighbouring cells;
oscillatory levels of functional signalling components enable
pulsatile activation of the pathway.

RESULTS
Dll1 and Notch1 mRNA expression is dynamic across the
mouse PSM
To investigate whether the expression of Dll1 and Notch1 displays an
oscillatory pattern in the PSM, we initially examined nascent Dll1 and
Notch1 mRNA expression [using in situ hybridisation with antisense
probes that hybridise to intronic regions of these nascent transcripts,
which are referred to here as Dll1(i) and Notch1(i)]. We found that
Dll1(i) and Notch1(i) PSM expression varied spatially across different
embryonic day (E)10.5 mouse embryos [n=48 and n=25, respectively;
Fig. 1A-F; 15 Phase 1, 20 Phase 2 and 13 Phase 3 embryos for Dll1(i);
6 Phase 1, 10 Phase 2 and 9 Phase 3 embryos for Notch1(i)]. To
rigorously demonstrate that these variations are due to dynamic gene

expression we used the ‘fix and culture’ assay (see Materials and
Methods). Expression of both Dll1(i) and Notch1(i) were different in
the two halves of each embryo analysed with this assay, thereby
confirming dynamic activity (n=5/5 and n=7/7, respectively; Fig. 1G-
I). Thus, nascent Dll1 and Notch1 mRNA expression oscillates in the
PSM in the manner of a clock gene and their transcription is therefore
likely to be regulated by the segmentation clock.

Numerous reports have previously described the expression of
mature Dll1 and Notch1 mRNA as a static rostro-caudal gradient in the
PSM, observations that are seemingly at odds with our data describing
dynamic expression of nascent transcripts across the PSM for these
genes. In order to investigate this issue, we used two approaches that
are more sensitive than those used in the previous analyses –
fluorescent in situ hybridization (FISH) and quantitative reverse-
transcription PCR (qRT-PCR). Using FISH, we found that the
expression of mature Dll1 and Notch 1 mRNA varies considerably
across different E10.5 embryos (n=19 and n=23, respectively; Fig. 1J-
O; 10 Phase 1, 7 Phase 2 and 2 Phase 3 embryos for Dll1; 4 Phase 1, 13
Phase 2 and 6 Phase 3 embryos for Notch 1), in line with findings for
Delta1 byMaruhashi et al. (2005). Furthermore, by using qRT-PCR in
the E10.5 caudal PSM, we observed and quantified clear changes in
expression levels between fixed and cultured explants within
individual embryos (Fig. 1P,Q; n=16). In order to ascertain whether
changes in Dll1and Notch1 expressionexhibited a discernablepattern

Fig. 1. Dll1 and Notch1 mRNA expression in mouse PSM. (A-F) In situ hybridisation of Dll1(i) (A-C) and Notch1(i) (D-F) in E10.5 PSM using intronic (i) RNA
probes. (G-I) Fix-and-culture assay comparing the expression pattern of Dll1(i) (G) and Notch1(i) (H) with that of the clock gene Hes7 (I). (J-O) FISH of Dll1
(J-L) and Notch1 (M-O) mRNA in PSM using exonic (e) probes. (P-R) qRT-PCR for Dll1, Notch1, Hes7, �-actin and Gapdh in the caudal halves of individual E10.5
PSM explants following fix and culture. Data show the mean ± s.d. of technical replicates. (P,Q) Individual samples showing the fold change in mRNA
concentration between fixed and cultured explants for Dll1, Notch1, Hes7 and �-actin once normalised to Gapdh. (R) Total variance of fold change in expression
levels in fix:culture ratios of each gene measured by qRT-PCR across all 16 samples. a.u., arbitrary units. **P<0.001.
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across all measured embryos, we calculated the total variance for each
gene, across all fix and culture explant pairs using analysis of variance
(R Core Team, 2013; http://www.R-project.org/; see supplementary
material Table S4) and found highly statistically significant changes in
Dll1, Notch 1 and Hes7 expression compared with those of the
housekeeping genes �-actin and Gapdh (Fig. 1R; see supplementary
material Table S5). We note that expression of both nascent and
mature Dll3 mRNA, the only other Notch ligand broadly expressed in
the PSM, is non-dynamic (data not shown; n=10 and 15, respectively).
Taken together, these data provide strong evidence that both nascent
and mature Dll1 and Notch1 mRNA undergo oscillatory dynamics in
the caudal mouse PSM.

Dll1 and Notch1 nascent mRNA transcription is dynamic
across the chick PSM
Given that the levels of DeltaC mRNA oscillate in the zebrafish
PSM, we investigated whether it is a conserved feature of the

segmentation clock. We found that the PSM expression of both Dll1
and Notch1 nascent mRNA varied considerably in Hamburger–
Hamilton (HH) stage 8-13 embryos (Fig. 2A,C, respectively; n=21),
and we confirmed cyclical expression by performing the fix-and-
culture assay (Fig. 2B,D; n=22/27). Thus, cDll1 and cNotch1
nascent mRNA expression also exhibits oscillatory patterns across
the chick PSM.

To compare Dll1 and Notch1 expression in the same embryo, we
used the ‘half embryo’ assay, whereby the two half explants are
hybridised with a probe to detect a different gene. The two genes
oscillated out of phase in both mouse and chick (n=6/8, n=13/18,
respectively; Fig. 3A, Fig. 2E). This result suggests that the
expression of Dll1 and Notch1 in the PSM is regulated by different
signalling activities.

Dll1(i) transcription cycles in phase with Wnt clock genes,
whereas Notch1(i) cycles in phase with Notch clock genes
Wnt regulates Dll1 expression in the mouse PSM (Galceran et al.,
2004; Hofmann et al., 2004), whereas Notch regulates dynamic
DeltaC expression in the zebrafish PSM (Jiang et al., 2000). To
ascertain which pathway regulates dynamic expression of Dll1(i),
we compared its expression with that of known Notch and Wnt
cyclic targets in contralateral halves of an embryo. The results
showed that Dll1(i) oscillates out of phase with the Notch targets
Lfng(i) (n=6/8) and Hes7(i) (n=14/15; Fig. 3B,C). Dll1(i)
expression oscillates largely in synchrony with the Wnt target
Snail1 (Fig. 3D; n=10/15; Dale et al., 2006). In contrast, Notch1(i)
cycles in phase with the Notch target Lfng(i) (Fig. 3E; 9/12).

It is notable that these in situ nascent mRNA data are consistent
with those from the previously described qRT-PCR experiments.
Moreover, when fold changes for Notch1 and Hes7 mRNA are
plotted relative to each other for all samples analysed, there is a
highly significant positive correlation (F1,13=21.04; P�0.001),
which is not the case for Dll1 and Hes7 or for Dll1 and Notch1
(Fig. 3F-H; data not shown).

Dll1 and Notch1 expression are regulated by Wnt and Notch,
respectively
We next addressed how the expression of these two genes is
regulated in both the mouse and chick PSM. Many clock genes in
mouse, fish and chick are Notch targets. In some developmental

Fig. 2. Pre-mRNA expression profile of Dll1 and Notch1 in the chick PSM.
(A-E) In situ hybridisation of Dll1(i) and Notch1(i) in the PSM of HH8-HH13
embryos using intronic (i) RNA probes. Cyclical expression was confirmed by
fix-and-culture analysis for Dll1(i) (B) and Notch1(i) (D). (E) Dll1(i) and Notch1
(i) oscillate out of synchrony.

Fig. 3. Comparison of Dll1 and Notch1
mRNA expression with that of clock
genes. (A-E) Dll1(i) oscillates out of
synchrony with Notch1(i) (A), Lfng(i) (B)
and Hes7(i) (C). Dll1(i) oscillates in
synchrony with Snail1 (D). Notch1(i)
oscillates in synchrony with Lfng(i) (E).
(F-H) Fold changes (normalised to Gapdh)
between E10.5 caudal PSM fixed and
cultured samples, as determined by using
qRT-PCR, for Notch1 against Hes7 (F),
�-actin against Hes7 (G) and Dll1 against
Hes7 (H). a.u., arbitrary units.
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and disease contexts, Notch expression is itself dependent on
Notch signalling (Agrawal et al., 2009; Bray and Bernard, 2010; de
Celis and Bray, 1997; Weng et al., 2006). In the context of the PSM
this has not been investigated. Explants cultured in the presence of
the �-secretase inhibitor LY411575 (Lanz et al., 2004), used at
150 nM, showed that Notch1(i) mRNA expression is abolished in
the PSM (Fig. 4C,F; n=25/29 mouse; n=7/7 chick), as seen for the
control, Lfng (Fig. 4A,D; n=12/12 mouse; n=7/7 chick). In
contrast, there is no downregulation of Dll1(i) expression under
these conditions (Fig. 4B,E; n=9/12 mouse; n=8/8 chick). To
determine which pathway regulates dynamic Dll1(i) transcription
in the mouse and chick PSM, we inhibited Wnt signalling using the
Wnt inhibitors pyrvinium pamoate (Thorne et al., 2010) and
XAV939 (Huang et al., 2009), respectively. Pyrvinium pamoate
(10 µM) inhibits mRNA expression of the Wnt target Axin2
(Fig. 4G; n=7/7) and of Dll1 (Fig. 4H; n=7/7) in the mouse, and
XAV939 (100 µM) inhibits their expression in the chick (Fig. 4I,J;
n=13/14; and 8/10, respectively). These data indicate that dynamic
expression of nascent Dll1 mRNA is Wnt dependent in both mouse
and chick. Intriguingly, Notch1(i) expression is reduced in some
cases following Wnt inhibition (n=9/16 mouse; n=7/18 chick; data
not shown). However, this is not surprising, given that loss of Dll1
will lead to loss of activation of Notch targets, including Notch1
itself, as reported previously (Galceran et al., 2004). Nontoxicity
for all treatments was assessed using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining in treated
versus control explants (n=3 per drug; n=9 technical triplicates;
P>0.05 for all treatments; supplementary Materials and Methods;
supplementary material Fig. S1). Western blot analysis revealed
that levels of Dll1 and Notch1 proteins were also severely
downregulated following exposure to Wnt or Notch inhibition

(Fig. 4K,L, respectively). These data indicate that in both mouse
and chick, PSM expression of Dll1 is Wnt dependent, whereas the
expression of Notch1 is Notch dependent.

Dll1 and Notch1 protein expression is dynamic across the
mouse PSM
Having demonstrated that levels of nascent and mature Dll1 and
Notch1 transcripts are spatiotemporally regulated in the PSM, we
investigated the dynamics of the protein products they encode. To
allow analysis of protein expression with respect to a known cycling
Notch target within the same embryo, we first compared the
expression of Dll1 protein and Lfng nascent mRNA in individual
embryos using contralateral PSM explants of E10.5 mouse tails. We
found that the spatial expression profile of Dll1 protein varied across
different mouse tails, while the Lfng pre-mRNA expression
confirmed that these individual mouse tails were in different
phases of the oscillation cycle (n=14; Fig. 5A-C). Using this assay,
we also found that the spatial expression of Notch1 protein varied
across mouse tails that were in different phases of the oscillation
cycle (n=11; Fig. 5D-F). These data demonstrate that Dll1 and
Notch1 protein expression profiles exhibit spatiotemporal variations
across different samples.

We repeated this analysis in sectioned tissue, using an alternative
internal control cyclic marker, NICD. We compared by
immunohistochemistry the NICD expression profile to that of
Dll1 or Notch1 protein expression in alternate paraffin sections of
the same E10.5 tail. As expected, we observed variation in the
spatial patterns of NICD as observed previously (n=15; Fig. 5G-H�;
Huppert et al., 2005). Notably, we again observed spatial variations
in Notch1 and Dll1 expression across the sample set that were
consistent with the explant data (Fig. 5G-H�).

Fig. 4. Notch and Wnt inhibition reveals differing regulation of Dll1(i) and Notch1(i) expression. (A-J) In situ hybridisation was performed on mouse or chick
explants cultured with (+) or without (�) LY411575 (A-F), pyrvinium pamoate (G,H) or XAV939 (I,J). (K,L) Western blot analysis of Dll1 protein from pooled
PSM samples following 4 h exposure to pyrvinium pamoate (K), or analysis of Notch1 and NICD proteins following 4 h exposure to LY411575 (L).
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To determine whether our observations of variation in Dll1 and
Notch1 protein expression exhibited a discernable global pattern,
we depicted their spatiotemporal expression patterns in kymographs
(Fig. 6). Each row of a given kymograph represents the expression
level plotted as a function of axial position (Fig. 6A). Control
kymographs [NICD, Lfng(i) and Lfng(i)] and their corresponding
partners (Dll1, Dll1 and Notch1) are plotted in left- and right-hand
columns, respectively (Fig. 6B,D,F and C,E,G, respectively).
Notably, time-ordering was established within a given kymograph
in an entirely automated fashion by finding the sample ordering that
maximised temporal periodicity (see Materials and Methods). It is
well established that Lfng(i) exhibits rostrally travelling waves of
expression in the mouse PSM, so we used the Lfng(i) samples as
positive controls for time ordering. Given the identified ordering of
the control gene, the spatiotemporal expression pattern of the
partner kymograph of interest was then blindly determined.

The two kymographs generated from the Lfng(i) intensity plots
are self-consistent (Fig. 6D,F) and clearly reveal spatiotemporal

Lfng(i) expression patterns that are similar to those described
previously, hence providing validation of the described
methodology. The kymographs for Dll1 and Notch1 protein also
show a smooth transition of the dynamic expression domain and,
strikingly, depict pulses of Dll1 (and of Notch1, albeit to a lesser
extent) protein expression levels in the caudal PSM (Fig. 6E,G). We
note that the alignment of the two Lfng(i) kymographs facilitates
direct comparison of the two partners (Dll1 and Notch1), thus
allowing us to compare the spatiotemporal dynamics from the
different datasets.

We highlight that, although the Dll1 kymographs have been
generated using both Lfng(i) and NICD data that were taken from
explants and sections, respectively, they show strikingly similar
spatiotemporal dynamics. Moreover, by aligning the two Dll1
kymographs, we can indirectly link the Lfng(i) and NICD
kymographs. It is clear that regions of space-time that have high
levels of both NICD and Lfng(i) are strongly correlated. This is
precisely what one would expect, given that NICD is the effector and

Fig. 5. Oscillations of Dll1 and Notch1 proteins in
mouse PSM. (A-F) Following FISH to detect Lfng(i) in
one half of a set of E10.5 tails, immunohistochemistry
was performed on the contralateral half of the explants to
detect Dll1 (A-C) or Notch1 (D-F) protein. (G-H�) Double
immunohistochemistry on sections of individual E10.5
tails to detect PSM expression of NICD and Dll1 (G,H), or
NICD and Notch1 (G�,H�) (n=15). The dotted lines
demarcate the positions of the most recently formed
somite(s), outer edges of the PSM, adjacent neural
tissue (C,E) or hind gut (H). (I,J) Western blot analysis for
Dll1 and Notch1 or �-tubulin on the caudal half of
individual PSM explants following fix and culture.
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Lfng(i) is a target of Notch signaling, but the kymograph comparison
reaches this conclusion independently of this assumption.

In order to gain further insight into the spatiotemporal dynamics
of Dll1, Notch1 and Lfng(i) expression, we overlaid their
kymographs. Intriguingly, the spatiotemporal expression of all
three factors is tightly coordinated in space and time (Fig. 7A).
Extrapolation of the data (Fig. 7A) to multiple cycles of the
oscillator in the PSM (Fig. 7B) shows that cells experience pulsatile
production (and decay) of Dll1 protein followed by Notch target
gene expression as they become rostrally displaced in the PSM
(Fig. 7B).

An overlay of the Dll1 and NICD kymographs from the sectioned
samples revealed that the two proteins are dynamically expressed
and are largely out of phase with one another (see periodically
extended kymograph in Fig. 7C). This spatiotemporal separation of

Dll1 and NICD profiles suggests that dynamic pulses of Dll1
expression precede the activation of Notch signalling revealed
through NICD production.

Curiously, given our observations of oscillatory caudal Notch1
mRNA expression, Notch1 protein expression is largely obscured
in regions of the presented kymographs that represent the caudal
PSM. We hypothesised that this arises as a result of the large rostro-
caudal gradient in Notch1, which makes the detection and
visualisation of the relatively lower levels of Notch1 expression
in the caudal PSM challenging. In Fig. 7D, we present a kymograph
that displays Notch1 expression data from a restricted caudal region
of the PSM, thus obscuring the rostral signal. Strikingly, we
observe clear and robust pulsatile profile in this domain.

In order to bring each of the quantities depicted in the
kymographs [i.e. Dll1, Notch1, NICD and Lfng(i)] together, we

Fig. 6. Quantification of spatiotemporal dynamics of Dll1 and
Notch1 protein expression. (A) An example of an intensity plot
depicting axial variation in signal intensity across the PSM. Data
plotted from two explant pairs showing Lfng pre-mRNA (black
broken line) in one explant compared with Notch1 protein (red) in
the contralateral half explant, and Lfng pre-mRNA (black unbroken
line) in a half explant from a second tail compared with Dll1 protein
(green) in the contralateral half explant of the second tail. Measured
intensities (y axis) are plotted against axial position [x axis; rostral
(‘A’) to right and caudal (‘P’) to left]. (B-H) Kymographs show spatial
distribution of Notch1, Dll1 and NICD, and of Lfng(i) across
numerous PSMs. (B,C) NICD (B) and Dll1 (C) expression in PSM
sections; (D,E) Lfng(i) (D) and Dll1 (E) in contralateral explant
halves; (F,G) Lfng(i) (F) and Notch1 (G) in contralateral explant
halves. a.u., arbitrary units.
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