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SUMMARY

Boundary formation plays a central role in differentiating ~ boundary. By combining DNA in ovo electroporation and
the flanking regions that give rise to discrete tissues and embryonic transplantation techniques we have ectopically
organs during early development. We have studied made a sharp boundary of Lunatic fringe activity in the
mechanisms by which a morphological boundary and unsegmented paraxial mesoderm and observed a fissure
tissue separation are regulated by examining chicken formed at the interface. In addition, a constitutive active
somite segmentation as a model system. By transplanting a form of Notch mimics this instructive phenomenon. These
small group of cells taken from a presumptive border into  suggest that the boundary-forming signals emanating from
a non-segmentation site, we have found a novel inductive the posterior border cells are mediated by Notch, the action
event where posteriorly juxtaposed cells to the next- of which is confined to the border region by Lunatic fringe
forming border instruct the anterior cells to become within the area where mRNAs of Notch and its ligand are
separated and epithelialized. We have further studied the broadly expressed in the presomitic mesoderm.

molecular mechanisms underlying these interactions by

focusing on Lunatic fringe, a modulator of Notch signaling,  Key words: Segmentation, Boundary formation, Notch, Lunatic
which is expressed in the region of the presumptive fringe, Somites, Induction, Chick

INTRODUCTION Irvine and Rauskolb, 2001; Lawrence and Struhl, 1996;
McNeill, 2000). In vertebrates, mutual suppression of genes
Morphogenesis during early development, begins with ahas been shown to direct a boundary during regionalization in
originally continuous tissue becoming segregated, followed bthe early neural tube and brain, including the rhombomeres
the generation of a variety of tissues and organs. Bounda(Rriscoe et al., 2000; Jessell, 2000; Lumsden, 1999; McNeill,
formation is a vital process in the early segregation that i2000), and this border region indeed dictates subsequent events
brought about by distinct patterns of gene expression. In maras shown by the midbrain/hindbrain boundary (Joyner et al.,
cases this step is followed by a morphological separation by2000; Simeone, 2000; Wurst and Bally-Cuif, 2001). However,
fissure. If these events fail to occur correctly, there are seriouts has remained largely unknown how a morphological
consequences in organogenesis. Mechanisms underlyibgundary or separation, the final step of shaping tissues and
boundary formation have been extensively studied imrgans, is manifested in vertebrates. We have used mesodermal
Drosophila where body segmentation and anteroposteriosegmentation in somitogenesis as a model system to study
(AP) and dorsoventral (DV) separations in the wing disk havenechanisms of dynamic morphogenetic movements leading to
often been used as a model system (Dahmann and Basler, 198%oundary formation since the somite forms by pinching off
Irvine and Rauskolb, 2001; Lawrence and Struhl, 1996a block of cells from a continuous tissue, thus producing a clear
McNeill, 2000; Sanson, 2001). It is widely accepted that ajap and a boundary to the tissue.
gradient of signals including morphogens subdivides a tissue The somite in vertebrates is a transient structure that is
field into distinct cell populations by establishing delimitedreiterated along the body axis by segmentation processes and
domains of gene expression through cross regulatommakes a major contribution to the formation of the axial
interactions, resulting in the formation of a boundary at thetructures including vertebral bones and skeletal muscles
level of the gene cascade. Specialized cells localized on o€hrist and Ordahl, 1995; Pourquié, 2001; Stern and
side (border cells) then start to interact with the border cells ofasiliauskas, 2000; Stockdale et al., 2000). We reasoned that
the other side. These communications are thought to maintaine somitic segmentation serves as a useful model because
the boundary and/or to establish a signalling center that offers the following advantages: (1) the segmentation
organizes further patterning (Dahmann and Basler, 199%9epeatedly takes place one pair at a time with regularity in time
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and distance in an anterior to posterior order, and (2) oveRrobes) was dissolved in dimethylformamide (2.5 mg/ml) and injected
proliferation or movement of cells does not occur when dnto the PSM with a glass capillary.
fissure forms (Primmett et al., 1989; Stern et al., 1988),

allowing an evaluation of consequences of various embryonid'Stological analyses - , _ . ;
manipulations such as we describe in this paper. Embryos were fixed in Carnoy’s solution (60% ethanol, 30%

In the anterior end of the unsegmented paraxial mesode@qloroform, 10% acetic acid) dehydrated in ethanol and embedded

iti d - PSM ; b d paraffin wax. For staining with anti-quail QCPN monoclonal
(presomitic mesoderm: ), an expression boundary ntibody, 7um histological sections were incubated with hybridoma

genes includingMesP2that coincides with the next border gypernatant (DHSB) for 2 hours. After washing in phosphate-
being formed is established prior to a morphological changeuffered saline (PBS), they were reincubated for 90 minutes with
The segmental patterns of these genes are thought to hé&seradish peroxidase-conjugated anti-mouse immunoglobulin
regulated by a “segmentation clock”, first demonstrated byDako) diluted 1:100 with 2% skim milk in PBS. The reaction
wavy and cyclic expression ofhairyl(Maroto and Pourquié, was developed in 8Qug/ml diaminobenzidine (DAB), 0.004%
2001; Palmeirim et al., 1997; Pourquié, 2001). Thus, th&l202/PBS. Mayer's Hematoxylin solution (Wako) was used for a
segmentation clock operates in the continuous young PSM R&ckground nuclear staining of paraffin sections of embryonic day 4
establish the segmental patterns of gene expression in tfg?) embryos. For phalloidin staining, embryos were fixed in 4%

. . . .__paraformaldehyde in PBS and immersed in a graded series of sucrose
ﬁg;irr'gr fg;smhgtiév:lcgo?xegltgglﬂya::qn dplgg]gerlnqtesn ; t?(;?]rpgheorllggm:golutions up t_o 30%, the_n embedded in Tis_sue-Tek _(Sakura)_irﬂ'en
. : . . . <9yostat sections were incubated for 30 minutes with 5 Units/ml of
tightly related to Notch signaling, as revealed mainly by recenijexa Flour™ 568 or 647 phalloidin (Molecular Probes) dissolved
knockout and mutant studies: an animal where Notch signaling pgs.
is (at least in part) deficient displays perturbed patterns of
cyclic and segmental expression of genes in PSM, and al&NA probes and whole-mount in situ hybridization
shows its consequent malformation of segmented structur&gickenLfng andNotchlwere provided by Drs C. Tabin (Laufer et
later in development (Bessho et al., 2001; Conlon et al., 1998}, 1997) and Y. Wakamatsu (Wakamatsu et al., 1999), respectively.

Evrard et al., 1998; Holley et al., 2000; Hrabe de Angelis e@gltal was a‘946 bp fragment obtained by the RT-PCR technique
al., 1997; Jiang et al., 2000; Kusumi et al., 1998; Oka et altsing the primers, "STACTGCACTCACCACAAGCC-3 and 3-

1995; Saga et al., 1997; Saga and Takeda, 2001; Shen etﬁ%PATGGAGATGTCCTTCTCG-?A Preparation of Dig-labeled RNA

! . . robes and whole-mount in situ hybridization followed by histological
1997.' Wong etal., 1997; Zhang and Grl(_jley, 1998)'_'” gen‘e_r ectioning were performed as previously described (Takahashi et al.,
studies using mutants or knockout animals unveil the ‘firsiggg).
stage’ where the gene of concern is essential during
development. However, if a given gene plays a role in thé ovo DNA microelectroporation
fissure formation as well as at earlier steps of segmentation,Tibe entire cDNA for chickehfng tagged with FLAG (a gift from Dr
would be difficult to distinguish between them. This may beC. Tabin) (Laufer et al., 1997), and moisetchAE-6mycandNotch
the reason why the molecular mechanisms underlying theNG-6myc(gifts from Dr R. Kopan) (Schroeter et al., 1998) were
fissure formation have been poorly addressed. subcloned into the pCAGGS expression vector (Niwa et al., 1991).

In this paper we first describe a novel inductive event takin hey were co-electroporated with pPCAGGS-GFP (green fluorescence

. - . : . protein) into the presumptive somitic mesoderm of HH stage 7-8

lace when a segmentation fissure forms, in which posterid° ; . ! .
Eorder cells Iocatgd immediatelv posterior to the nextF;orminC{]ICken embryos. Microelectroporation was carried out essentially
yp %%

. - cording to the method previously reported (Momose et al., 1999;
boundary instruct the anterior ones. We next address moleculy(s;,da et al., 2000) with slight modifications as follows: DNA

mechanisms underlying these events by focusing on Notdyjution was prepared at {Bg/ul, colored with 2% Methylgreen
signals where Lunatic fringe (Lfng) is involved. Lfng is a (Nakalai) and placed onto the anterior primitive streak using a glass
modulator of the Notch receptor (Bruckner et al., 2000capillary. A plus electrode (platinum) was positioned under the
Moloney et al., 2000) with glycosyltransferase activity, and igmbryo, and a minus electrode (sharpened tungsten) was put near the
expressed in a region coinciding with the segmentation bord&NA solution. An electric pulse of 6V, 25 mseconds was charged
in PSM. By combining DNA in ovo electroporation with three times.

embryological manipulations to make an ectopic boundary Qfyestern blotting

a tr_ansgene.actlwty in PS.M’ we fo_und that Notch signals pla OS cells transfected using Lipofectamine (Gibco BRL) were
major roles in .t.he form_athn of a fissure. We present a modg bjected to western blotting analyses as described previously (Kopan
in which specific localization otfng determines the site of ¢ 4], 1996). Anti-FLAG M2 monoclonal antibody (Sigma) and anti-
Notch action relevant to the morphological segmentation. Wgryc (9E10) monoclonal antibody (Santa Cruz Biotechnology) were
also discuss a mode of action for Notch in vertebrateliluted 1:8000 and 1:1000, respectively, with 5% skim milk in PBST
somitogenesis using an analogy of that knowrDi@msophila  (0.1% Tween 20 in PBS).

MATERIALS AND METHODS RESULTS

Embryological manipulation Processes of boundary formation and nomenclature

Surai . . ) . o.T the forming fissure by histological criteria

urgical manipulation was performed with chicken and Japanese qu@ .. . .
embryos of Hamburger and Hamilton (HH) stage 13 (about 18-2fTesomitic mesoderm basically consists of mesenchymal cells.
somites) (Hamburger and Hamilton, 1951). Transplantation of a dondfter the segmentation process is completed, the resulting
tissue taken from PSM into a host chicken embryo was performed &mites are of a characteristic structure consisting of an outer
previously described (Tonegawa et al., 1997). Dil or DiO (Moleculaepithelium enveloping mesenchymal somitocoel cells. The
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Fig. 1. Definition of the levels of a forming boundary in th
anterior PSM as seen in sagittal section of an E2 embry«
under Nomarski optics. Anterior is at left. (A) The first
feature of morphological segmentation is a gap within
mesenchymal PSM, and this position is designated as tt
0. The site located one-somite length posterior to the line
defined as the level —1. The border cells immediately ant
to the gap undergo epithelialization resulting in a solid
boundary at the line +1. (B) Identification of the line 0 in
living embryos was confirmed by the location of the
condensed cell mass posterior to +1. The position of levt
was judged by combining a landmark made by a GFP/C
implantation and histological criteria. GFP in a paraffin
section was visualized by anti-GFP antibody (brown).

epithelialization process that takes place along the axisl-derived fissure was flanked by epithelialized miniature
perpendicular to the AP axis at the next-forming boundary isomites (Fig. 2B).

preceded by a gap within the mesenchymal cell population ) o )

where overt changes in cell shape are still unrecognizable (Figoundary-forming activity in the posterior border

1). The gap which is initially a straight line seems toCells

progressively become U-shaped. In this report, we designateTa further analyze the boundary-forming events assumed to
position, line 0, where an obvious gap is seen in histologicdahke place near the prospective line —1, we dissected a smaller
paraffin sections under Nomarsky optics, although it igiece of tissue from level -1 of a quail and inserted it into level
occasionally difficult to detect this line under a dissecting-1.5 of a chicken (Fig. 3). As mentioned earlier, the prospective
microscope, and a second position, the prospective line —1 lise —1 is the position where no morphological sign is yet
the site posterior to line O by one-somite unit. Thus level -1 is

the position where no morphological sign is yet detected. Sinc

the primary aim of this study was to learn what triggers the

initial step of morphological boundary formation, we focusec S Host
on the cellular and molecular events taking place near tt
prospective line —1. We paid particular attention to identify &
prospective boundary level in living embryos: by making &
landmark with implanted GFP-positive COS cells or Dil
labelling we ensured that the position of a clear separatiol R (I | B
which was easily recognized under a dissecting microscop 2Ty =
was line +1 and also that the posterior edge of a condensed ¢ H B |
mass was line 0 (Fig. 1B).

The prospective line —1 was determined to form a
boundary

We focused on the differences in regulatory mechanism
between the presumptive boundary and non-boundary site
We first examined whether the prospective line —1 was alreac
committed to form a fissure by relocating —1-containing tissu
into the non-segmentation level (-1.5) tissue of early chicke 2 1
embryos. As shown in Fig. 2, the size of the graft was largel 20 B
equivalent to the entire somite unit. Prior to the transplantatior
the portions anterior and posterior to —1 of a donor wer
labelled with Dil and DiO, respectively, and a piece of hos
tissue corresponding to the size of the graft was removed fro...
the PSM (Fig. 2). The transplanted tissue exhibited a fissuifég. 2. The prospective line —1 was already determined to make a
between the Dil and DiO labelled portions (Fig. 2A,B),fissure. (A,B) Transplantation of a piece of PSM containing level -1
showing that —1 was already determined to form the fissur&to a non-segmented level (-1.5). The size of the graft largely
Transplantation of tissue from this same area into a moreorresponded to a prospective somite. Anter[or and posterior halves
posterior region (i.e. near —4.5) also gave rise to a fissure withff} the graft were labeled with Dil (red) and DiO (green),

the graft (not shown). In both cases, the timing of fissur espectively. On the operated side, a boundary (arrow) formed

f fi dt d to that of th iqinal etween the Dil- and DiO-labeled regions, and along this fissure
ormation seemed to correspond 1o that of the original gra pithelialized miniature somites were present (bracket). (C,D) In the

(==1). In control experiments, an isotopic transplantation Ofynrol, an isotopic transplantation (1.5 into —1.5) did not produce a
tissue from level —1.5 into the —1.5 level did not show anyoundary between Dil- and DiO-labeled areas. (B,D) Sagittal frozen
morphological effects (Fig. 2C,D). Histological sagittal sections of embryos treated similarly to A and C, respectively.
sections of the manipulated embryos further showed that tt&tained for F-actin with Phalloidin (white).
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Fig. 3. A fissure was induced Quail Chicken Quail Chicken
to form by the posterior

border cells. A group of cells Bidyaliesl
taken from near —1 of a quai aass y ey
donor was inserted into the B = -1--
level —1.5 of a chicken host. n=16 n=18 n=0 o
This manipulation resulted ir (47%) (53%) (0%)

the ectopic formation of a
fissure with supernumerary
somites along it (brackets). - - I 72 e B ek
Sixteen out of 34 specimens N} 2 == m B C
showed distribution of the ' .

quail cells confined to the
posterior region of the ectop
border (A), whereas 18
embryos had the donor cells
spanning the border (B). No
embryo was observed where
the graft was located only
anteriorly to the ectopic
fissure. A; A dorsal view
under a dissecting microscope!,\C) A horizontal section stained with QCPN antibody to visualize the quail cells (brown, arrowheads).
Anterior at top. (C) Control isotopic graft (1.5 into —1.5).

(Control)

g =
b

recognizable, we therefore located it as being one-somite urdibhnson, 1999; McGrew and Pourquié, 1998), which was
posterior to line 0 in living embryos (Fig. 1B). It is already confirmed in histological sagittal sections (Fig. 4A,A clear
known that no overt cell proliferation or cell death occursedge to the signal at —1 contrasts with its variable position in
around this region (Primmett et al., 1989). Since we tried tposterior PSM. Lfng is known to modify Notch receptor with
take the smallest possible piece of tissue, which consisted tife glycosyltransferase activity (Bruckner et al., 2000; Ju et al.,
50~100 cells, out of line —1 region, it was difficult to control 2000; Moloney et al., 2000; Panin et al., 1997). A growing
the original A-P orientation of the graft. number of reports, mainly using studies of mutants, have
This manipulation resulted in a supernumerary formation ohown essential roles of Notch signaling during somite
miniature somites with an ectopic fissure intervening betweesegmentation (Bessho et al., 2001; Conlon et al., 1995; Evrard
them (@=34). Approximately half of such embryos=(8) etal., 1998; Holley et al., 2000; Hrabe de Angelis et al., 1997;
showed quail cells distributed both anteriorly and posteriorlyliang et al., 2000; Kusumi et al., 1998; Oka et al., 1995; Saga
to the fissure (Fig. 3B). This can be accounted for by the faet al., 1997; Saga and Takeda, 2001; Shen et al., 1997; Wong
that —1 possesses an intrinsic segmentation ability as shownh al., 1997; Zhang and Gridley, 1998), although the widely
above. In the other half of the embryos with an ectopic fissurdistributed patterns of the transcripts Métch and Notch-
(n=16) the quail cells were found only in the positionrelated molecules including ligands in PSM (Saga and Takeda,
posteriorly adjacent to the boundary, and the host-derived celle
anterior to that were ectopically epithelialized (Fig. 3A,A

Importantly, no embryo with supernumerary somites w A ,‘A: # '1 . :
obtained where grafted quail cells were located only in t - - G RSt T
region anterior to the fissure. We also carried out a simi Lfringe X ,,...Ih&‘.‘_,
manipulation by dissecting a small piece from sites mc ' i = g

posterior to —1 (i.e. —1.5, —2.0), and found no ectopic fiss! -

in the host (=12, Fig. 3C). Again, because of no clec B

morphological sign at —1, it was virtually impossible to kno
in this series of experiments whether we took ‘only” tt .. ;
posterior border cells from —1 of a donor embryo, or whett
we took cells straddling the prospective line. Nevertheless,
simplest and most reasonable interpretation of the result:
that during normal somitogenesis the cells posteriol
juxtaposed to —1 play essential roles in instructing the fiss
formation that leads to a separation and epithelialization of
anterior border cells, and also that this instructive activity
generated just before PSM becomes -1.

Notchl

Fig. 4. Expression patterns &fng (A), Deltal(B) andNotch1(C)
Lfng mediated the boundary-forming activity mRNAs in the anterior PSM of E2 chicken embryos. The sharp

. . . . anterior boundary of thefng-expressing area demarcates the
We next investigated the molecular mechanisms underlying thgospective line —1. Red and black arrowheads indicate levels 0 and
inductive events that we found by focusing on the roles af1 respectively. (A-C) A dorsal view with anterior at top-@% A
Lfng. LingmRNA in the anterior PSM displays a sharp anteriofsagittal section of the same specimen shown in A-C with anterior at
boundary of expression coinciding with -1 (Aulehla andleft.
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GFP L-Fringe+GFP
|

A

Fig. 5.In ovo DNA electroporation into PSM. (A) A
diagram showing positions of a plus electrode (platinum)
under the embryo, and a minus electrode (sharpened
tungsten) near the DNA solution which was laid over the
anterior primitive streak at HH stage 7-8. (B) 24 hours
after the electroporation with pPCAGGS-GFP, GFP signal
was observed in the segmented somites and PSM. (C) A
sagittal section of a GFP-electroporated embryo (anterior
to the left). (D) An embryo co-electroporated with
pPpCAGGS-Lfng and pCAGGS-GFP showing no gross st
disturbance in the somites. (E) Western blotting showing

that pPCAGGS-Lfng and pCAGGS-Nothk, used for the

+

DNA

electroporation, gave rise to proteins of expected size wheil§ E 12 3 4
transfected into COS cells. Products of Lfng/FLAG (42 116—

kDa, lane 1) and Not&fE/Myc (83 kDa of an unprocessed |t s it -

form, and 70 kDa and 63 kDa fragments of processed o "

forms translocating to the nucleus (Kopan et al., 1996),
lane 3) were, respectively, detected by anti-FLAG and ant ; o Bt B 4,

Myc antibodies. Lanes 2 and 4 are controls for lanes 1 an . s s : 12—
3, respectively.

2001) (also Fig. 4) have made it difficult to precisely locate thelectroporated host (Fig. 6A). Although the host area between
site of Notch actions. We therefore reasoned that Lfng at —41 and —2 was also positive floing mRNA (Fig. 4), it did not
would have the role in boundary forming activity which wenecessarily reflect the presence of Lfng protein (see also

found in the present study. Discussion). In addition, the expression vector (pCAGGS)
o used in this experiment is known to drive a constitutively high
In ovo DNA electroporation into PSM level of protein production when electroporated into a chicken

We wanted to overexpresdng cDNA in PSM and examine embryo (Momose et al., 1999). Therefore, this manipulation
the effects on boundary formation. To do this, we firswas anticipated to create an ectopic interface between on and
determined the optimal condition of in ovo DNA off (or high and low, at least) regions for the Lfng activity, thus
microelectroporation into this tissue. With a slight modificationmimicking the prospective line —1. In the manipulated embryos
of the previously reported protocol that was primarilywe found an ectopic formation of a fissure coinciding with the
developed for the neural tube and optic cup (Momose et akpnfrontation site between the host and donor tissues (18/50,
1999; Yasuda et al., 2000), we targeted HH stage 7-8 anteribrg. 6B). Resultant supernumerary somites were epithelialized
primitive streak (posterior to Hensen’s node; Fig. 5A), fromas revealed by F-actin staining in histological sections (Fig.
where somite precursor cells derive (Catala et al.,, 199GE). The effects for Lfng were specific because the same
Psychoyos and Stern, 1996). An electric pulse of 6 V was givamanipulation with GFP alone as a control did not affect
three times for 25 mseconds (see also Materials and MethodsiegmentationnE17, Fig. 6F). These results suggest that during
Electroporation performed at earlier or later stages than HHormal segmentation Lfng at —1 plays a role in the boundary
stage 7-8 resulted in, respectively, a more damaged specimiastruction.

or much less efficiency in gene transfer as far as the PSM was ) ] o

concerned. Under the above condition, approximately 50% dffng-mediated boundary formation was mimicked

the PSM cells were positive for GFP (used as a control; Fidy & Notch signal

5C), and GFP overexpression had no morphological effects dffe reasoned that the formation of an ectopic boundary by Lfng
PSM or somite segmentation (Fig. 5B). The area we targetexuld be attributed to the Notch signal since Lfng modulates
for the electroporation is also thought to be presumptive neurélotch receptor as mentioned. We therefore performed a similar
tube (Catala et al., 1996), and some of the specimens indeetnipulation using a constitutively active form of Notch 1

displayed GFP signals in the neural tube (Fig. 5B). (NotchAE) (Schroeter et al., 1998) after confirming that the
. o expression vector produced the protein of correct size in COS
An Lfng boundary induced a morphological fissure cells (Fig. 5E). As expected, an ectopic boundary was observed

When we overexpressed th&ig gene in a wide region of the only when a sharp interface of Notch activity was made, as was
PSM, no significant effects on morphological segmentatiothe case for Lfng (18/27, Fig. 6C). In control, Notch LNG, an

were observedchE107, Fig. 5D; also see Discussion), althoughinactive form of Notch receptor (Schroeter et al., 1998),

we confirmed that the expression vector contaihingcDNA  showed no effect€b, Fig. 6D).

rendered protein products of expected size when transfectedGiven these results, we conclude that during normal

into COS cells (Fig. 5E). We next attempted to make &egmentation Lfng activity demarcating the prospective line —1
boundary of Lfng activity: we dissected a small piece ofinfluences Notch receptor so that Notch signals become active
electroporated PSM of a donor embryo from the level oft this site to mediate a morphological segmentation. Thus,
—1.5 or —2.5 and transplanted it into level —1.5 of a nonestablishment of the Lfng boundary in the anterior PSM
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A Donor  Host Fig. 6. A morphological boundary was induced to form at an
interface between host and Lfng/Notch-electroporated donor tissues.
(A) A diagram showing a manipulation to create a sharp border of
Lfng activity. Lfng or NotchAE DNA was electroporated into PSM

of a donor embryo together with GFP, and subsequently a small

DNA piece was dissected from a donor PSM, and transplanted into a host.
electroporated (B) An ectopic fissure was formed at the boundary between the
with GFP

donor (GFP-positive cells in the right panel; arrowhead) and host
regions. (C) A confrontation between Naidpositive and -

negative cells gave a similar result to that in B, whereas Notch LNG
did not show such effects (D). The left and right panels in B-D show
the same specimen with the position of a fissure and electroporated
donor-derived cells (green), respectively, indicated. (E) A sagittal
section of the supernumerary somites resulting from a Lfng
boundary. Anterior is at left. Epithelial cells visualized by phallodin
stainin (red) were present anterior to the Lfng-producing cells
(green), whereas control GFP-expressing cells did not affect the
epithelialization (F). The diagrams on the right of E and F show the
position of the boundaries more clearly.

L-Fringe

Notch AE

Notch LNG

Fig. 7.Notch/Lfng acts directionally on the anteriorly loedctells.

(A) When Lfng-producing cells were located in the anterior half of a
host somite, the interface (arrow) did not induce a fissure. (B) When
a ‘strip’ of Lfng-producing cells was positioned in the middle of a
host somite, only the anterior (arrowhead) but not the posterior
(arrow) interface produced an ectopic fissure.

L-Fringe

was grafted into the anterior half, no fissure was observed
(n=45, Fig. 7A), despite an equal possibility of an AP or PA
orientation of the graft (we could not control the AP
orientation since we wanted to take the smallest possible
graft). The unidirectional action of Notch/Lfng was further
appears to determine the site of Notch action within the aresupported by the observation that a host somite receiving a
where mMRNAs ofNotchand its ligand are widely distributed “strip” of NotchAE- or Lfng-electroporated PSM midway

(Fig. 4, see also Fig. 10). along the AP axis exhibited an ectopic fissure only at the
o ) o anterior interface of the strim$36, Fig. 7B). Thus, during
Directional action of Notch/Lfng activity normal segmentation NotAE/Lfng-mediated signals appear

The action of Notch/Lfng observed in the present studyo be transmitted only from posterior to anterior at the next-
appeared to mediate signals in a directional fashion. As shoviarming boundary. This is consistent with only the anterior
above, an ectopic fissure formed when a piece of tissumargin (—1) but not the posterior one of ttfag-expressing
electroporated withNotchAE/Lfng was grafted into the area in normal PSM being relevant to the morphological
posterior half of a somite unit of a host. In contrast, when isegmentation.



Donor  Host

NotchAE
+
GFP

Fig. 8. A Notch boundary did not induce a fissure in posterior PSM.
A piece of NotcAE/GFP-electroporated PSM was taken from level
—1.5 and transplanted into posterior PSM near the level —4.5.

An interface of Notch AE did not induce a fissure in
posterior PSM

Segmentation boundary induced by Notch/Lfng 3639

manipulation showed no morphological effeats4, Fig. 8),
suggesting that manifestation of the segmentation fissure
mediated by Notch signaling depends on the extent of
‘maturation’ of PSM, involving several segmentation genes
such asMesP2(Buchberger et al., 1998; Saga et al., 1997,
Sawada et al., 2000; Sparrow et al., 1998). These observations
are also consistent with the fact that although a domaifngf
MRNA moves from posterior to anterior in young PSM during
each segmentation cycle (Aulehla and Johnson, 1999; Forsberg
et al., 1998; McGrew et al., 1998), only a sharp border of the
expression at —1 is relevant to the morphological boundary.

AP polarity of the miniature somites separated by an
ectopic boundary

We examined whether two half-sized somites separated by an
ectopic fissure acquired a new AP polarity for each, or simply
maintained the original AP characters as shown in double
knockout mice for N-cadherin and cadherin 11 (Horikawa et
al., 1999).Deltalis widely used as a marker to identify the
posterior of a young somite in chicken, and a dorsal root

To study whether an interface of the Notch activity is sufficienganglion is known to form in the anterior somite-derived
to make a morphological boundary, even in posterior PSM thaclerotome. In two specimens where a fissure was ectopically

would normally never segment, we grafted a piedeattAE-

formed by a NotcAE boundary, a half-sized somite anterior to

electroporated donor, taken from the same region as thbe fissure exhibited expression DEltal in its posterior
experiments above, into the region near —4.5 of a host. Thisargin (Fig. 9A,A), showing that this region rearranged the

Donor  Host

NotchAE i
-
GFP

NotchAE

Ci‘

Quail Chicken

Notch LNG ——

A-P polarity since it was originally of anterior
character. The Not&E-expressing graft itself also
showed intens®eltal expression (asterisk in Fig.
9A"), but this strong signal was always observed even
in a graft located far from the somite (Fig. 9B),
suggesting that thideltalsignal does not reflect the
posterior identity of the segmented somite, but rather
implies upregulation oDeltal by Notch, a gene
cascade that might take place in young PSM
(Takahashi et al., 2000). When a large piece
containing —1 level tissue was grafted into level —1.5
(the same experiment as Fig. 2A), the resulting
supernumerary somites also displaydoeltal
expression in the posterior region of each
compartment observed at E 2.0 (Fig. 9D); likewise,
a host-derived dorsal root ganglion formed in the
anterior portion of each small segment (Fig. 9E).

Fig. 9. The AP polarity in the supernumerary somites.

(A,A") When an ectopic fissure was induced to form by

NotchAE-producing cells (asterisk), the small somite

located anterior to the fissure expresBettal mRNA at

its posterior margin (arrow). (B) NotAE-producing cells

themselves showed an intense signal even when they

were located outside the somite. (§,8otch LNG did

not affect the AP polarity of the host somite. (D) When a

large graft of level —1 was placed into level —1.5 (the

same transplantation as Fig. 2A), the resulting miniature

somites, after 5 hours of incubation, expred3eltial

MRNA in the posterior margin of each somite. Dil was

- used to mark the grafted level along the AP axis of a host

(pink in the control side). (E,F) QCPN staining of
horizontal sections. Embryos with the same manipulation
that were incubated for another 2 days formed

supernumerary DRGs in the anterior part of each segment

(E), whereas a control isotopic transplantation had no

effect on DRG (F).
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Thus, we recognized a correlation between an ectopicallghown in this study: an interface of Lfng activity, mRNA of

induced fissure and rearrangement of the A-P polarity of which is normally expressed with a sharp anterior boundary

segmented somite. The efficiency of a complete rearrangemeetinciding with —1, mimics the actions of the posterior border

was low, however, and the reason is unknown at present. cells. We designate this boundary-forming activity as a
“segmenter” (Fig. 10A).

DISCUSSION Segmenter activity is mediated by Lfng and Notch
signals

We have demonstrated in this report that a fissure formation aing has been shown to modify Notch by its
the final step of somitic segmentation is controlled by noveglycosyltransferase activity in the same cells that express
inductive events near the next-forming border, and also th&totch (Bruckner et al., 2000; Moloney et al., 2000; Panin et
cells immediately posterior to this line appear to have primargl., 1997). Thus, the segmenter appears to be mediated by
roles involving Notch signaling. Mechanisms underlyingNotch actions. Given these facts, we present a model as shown
segmentation during vertebrate somitogenesis have lorig Fig. 10A that shows how the segmenter activity is generated.
attracted attention, and recent outstanding advances, mainlithin anterior PSM wher@&lotchland Deltal mRNAs are

from mutational studies, have shown that a variety of genes avadely distributed, a specific localization of Lfng activity
involved during these processes, with Notch signaling beingestricts the site of Notch action to posterior to —1. The Notch-
pivotal (Bessho et al., 2001; Conlon et al., 1995; Evrard et alactivated cells then signal to the cells anterior to them which
1998; Holley et al., 2000; Hrabe de Angelis et al., 1997; Jiangecome separated and eventually epithelialized. The molecular
et al., 2000; Kusumi et al., 1998; Oka et al., 1995; Saga et ahature of this signal(s) remains to be determined, but could be
1997; Saga and Takeda, 2001; Shen et al., 1997; Wong et airect cell-cell interactions and/or some secretory factors.
1997; Zhang and Gridley, 1998). However, the widelyCandidates for the former signals involve Eph/ephirin-directed
distributed patterns of the transcripts Mbtch and Notch-  repulsion and also cadherin-mediated segregation between two
related molecules in PSM (Saga and Takeda, 2001\

and inability to directly visualize Notch activity

vivo has hindered the analysis of when and w A

Notch acts. In this study, by combini Distribution of mRNA
embryological manipulations and DNA in ¢
electroporation, we were able to address this que Notchl  L-fringe  / 0
and clarify at least one site of Notch action. .

= +1

Inductive events occur near the prospective

line -1 Segmenter Boundary
PSM is known to possess an intrinsic ability — -1- i - E \ioichi scivatio: HERE =0
establish a segmented pattern from specific .

expression since, deprived of its surrounding tis¢ L

including the ectoderm, it still displays a nor N

pattern of reiterated®eltal and Delta-likel (DII1) el

expression (Correia and Conlon, 2000; Palmeiri

al., 1998). As for the mechanisms by which

morphological fissure forms, however, up to no B Levelof.

was known only that the PSM requires the ectoc Notch activity

(Correia and Conlon, 2000; Palmeirim et al., 1¢ Model 1

Schmidt et al., 2001). In this report we have for =~ =] Bid i B
first time demonstrated that an inductive event t M |rl.hd.::.mn
place instructed by the cells located posterior t

Type
(posterior border cells). This instructive phenome v
contrasts with a permissive effect of the sur
ectoderm which supports but apparently does
instruct the fissure formation (Correia and Con |
2000; Palmeirim et al., 1998; Schmidt et al., 20 Di1<—N1?—>hel? ‘
In our experimental system in which a small gr  -1----- " :
of cells (50 ~100 cells) were dissected from a ¢
donor embryo, it was virtually impossible to iden
whether they were only posterior border cells

Model 2
(Wing Disc)
Type

: . Fig. 10.Summary and model for the action of Notch signaling. (A) The signal
v_vhether they included Ce.”S straddling the prospe (arrows) emanating from the posterior border cells and acting on the anterior
!lne. Neve_rtheless, the simplest a”?' mo_st reaso border cells is designated as the ‘segmenter’. See text for detailed explanation.
interpretation of the results we obtained is that di | fagmRNA normally located posterior to the line 0 is not shown to allow the
normal segmentation the posterior border cells  molecular events at -1 to be clearly represented. (B) Two models proposing a
primary roles in the instruction to make a fiss  mode of Notch action in somite boundary formation analogous to its action in
This is further supported by another line of evide  Drosophila See text for details.
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types of cells (Durbin et al., 1998; Durbin et al., 2000; Holdefocalization of Lfng protein/activity in normal PSM needs to
and Klein, 1999; Inoue et al., 2001; Nose et al., 1988; Schmidite determined in order to distinguish between these
et al., 2001; Takeichi, 1995; Wilkinson, 2001). Notch-Deltapossibilities.
signals themselves might directly contribute to this segregation We have shown that only a sharp interface between Lfng on
as shown in more detail below. This does not exclude thand off (or high and low) regions resulted in an ectopic fissure,
possibility that the posterior border cells simply produce somehereas widely distributed Lfng in PSM did not significantly
extracellular matrix so that a mechanical gap forms betweesffect the morphological segmentation. This could be due to a
the anterior cells. Nevertheless, since in several specimen weosaic pattern of transgene activity (~50%) in PSM, and
have observed that segmenter- or NAtmfng-producing therefore, widely electroporated Lfng was not sufficient to
cells caused the anterior cells to rearrange their AP polaritinterfere with the endogenous boundary of Lfng at —1. It is
although with a relatively low efficiency, it is reasonable toapparent that Notch signaling needs to be precisely regulated
propose that the posterior border cells possess an instructivePSM to manifest segmentation: expression of some Notch-
capability over the anterior ones. Althougihgknockout mice related genes oscillates in a coordinated manner during the
show a severe phenotype in segmentation where the promagmentation cycle, and perturbation of these stereotyped
spacing and segmented border of somites are lost (Evrard mtterns leads to defects in segmentation (Barrantes et al.,
al., 1998; Zhang and Gridley, 1998), it has been uncleat999; Holley et al., 2000; Holley et al., 2002; Jiang et al., 2000;
whether the deficiency was attributableLfag that cycles in  Jouve et al., 2000; Takke and Campos-Ortega, 1999).
the posterior PSM or tafng restricted to —1 (Aulehla and )
Johnson, 1999; Forsberg et al., 1998; McGrew et al., 1998). ifow does Notch/Lfng make a morphological
this study we were able to distinguish between them bgoundary?
determining the role of Lfng at the prospective line —1. The mechanisms by which Notch signaling establishes a
The Notch-mediated segmenter appears to act onlgoundary between cells and tissues have been extensively
anteriorly. This was shown by the fact that N&tEA_fng-  studied inDrosophilg where two modes of actions have been
expressing cells located in the anterior half of the presumptiveroposed, the ‘lateral inhibition type’ and the ‘wing disk type’.
somite did not make a fissure even though the interface of thi present both models fit the interpretation of our results (Fig.
transgene activity was midway along the AP axis of the somit&0B). In the lateral inhibition type, confrontation between
(Fig. 7A). 1t was also supported by the finding that in theNotch-active and -inactive cells produces two types of cells,
embryos that made supernumerary somites by receiving —tvhich exclude each other on either side of the interface
derived cells, the grafted cells were located either posterior t¢Artavanis-Tsakonas et al., 1999). One can depict a possible
or on both sides of the ectopic fissure, but never confineasiechanism for vertebrate segmentation by analogy with this
only to the anterior region (Fig. 3). Although the precisemodel (Fig. 10B): in the posterior border cells (green) Lfng
mechanisms of this unidirectional action are unknown, thenodifies Notch so that it efficiently binds to Deltal and
presence of a global gradient of morphogen-like signalingransmits signals intracellularly and Notch-activated cells
cannot account for it. It is possible that AP polarity is presenproduce the segmenter that acts on the anterior cells. In this
in each single cell of the PSM (=recipient cells in ourmodel, the posterior and anterior cells are negative for actions
experiments) so that the cells can ‘detect’ where the segmentfrDeltal and Notchl, respectively, generating a sharp interface
signal comes from. This polarization may include planar celfor Notch activity at —1. A good candidate for an effecter
polarity as seen in epithelial cells in tbeosophilawing (Usui ~ working downstream of Notch signaling is Hes7 sikfes7
et al., 1999). The directional signaling in fissure formatiorknockout mice are affected in somite segmentation. In
shown in the present study is also consistent with the findingddition, the expression éfes7mRNA is almost identical to
that zebrafish double mutant fenypekand trilobite have a  Lfngwith a sharp anterior boundary at -1 (Bessho et al., 2001).
single somite unit consisting of only two rows of cells (Henry In the wing disk ofDrosophila Fringe which is expressed
et al., 2000), indicating that two types of cells suffice inin the dorsal region modifies Notch so that it can efficiently
boundary formation. Thus, these findings argue against titeansmit a signal with Delta, expressed in the ventral region
model in which the existence of a third cell state alternatingnegative for Fringe), whereas Fringe-modified Notch cannot
with the anterior (A) and posterior (P) ones was proposed timteract with another ligand, Serrate, present in the dorsal half.
explain why a fissure forms at alternate confrontations betweerhese interactions between Notch, Fringe, Delta and Serrate
the A and P (Meinhardt, 1986). result in a sharp peak of Notch activity that straddles the
In our experiments, making an interface of pCAGGS/Lfng-boundary between the dorsal and ventral regions (Panin et al.,
electroporated cells at level —1.5 resulted in an ectopic fissuré997). A similar relationship could occur at the next forming
Level —1.5 of the normal embryo is the site wHergmRNA  boundary of vertebrate segmentation (Fig. 10B): Lfng-
is also present (Fig. 4A and Fig. 10A). Since the presence afodified Notch in the posterior border cells (green) transmits
transcripts of a given gene does not necessarily reflect protegnsignal with Deltal, presumed to be active in the anterior
activity, we interpret our results as being brought about by thieorder cells (yellow), and another ligand Delta3, known to be
creation of a boundary between Lfng on/off, if not, high/lowlocalized in the posterior border cells in mice and essential for
regions. Thus, during normal segmentation Lfng activitysegmentation (Dunwoodie et al., 1997; Kusumi et al., 1998)
affecting Notch appears highly confined to —1 (posterior bordenight activate Notch signal in the anterior border cells, leading
cells). It is also conceivable that sinrdagmRNA is expressed to a sharp peak of Notch activation straddling —1. In this case
in waves that stops at —1 during each cycle, the level of Lfngfng might confer differential susceptibility on Notch receptor
protein would be highest at this point, and this accumulatioto Deltal and Delta3 as has been shown for Deltal and Jagged1
might be a requisite for fissure formation. The precisgHicks et al., 2000). Hesl and Hes5, presumed downstream
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effectors of Notch pathway, are indeed expressed in the anterievents occurring during border formation at the molecular and

border cells (Ishibashi et al., 1995; Ohtsuka et al., 1999). ttellular level, and to depict a general picture of morphogenesis

remains uncertain, however, whether they really act as an vertebrates.

effecter since no defects have been reported even in double

knockout mice for thedeslandHes5(Ohtsuka et al., 1999).  We especially thank Dr Ruth Yu for careful reading of the

It is of interest to learn whether other Hes or Hes-relatef@nuscript. We also acknowledge Drs C. Tabin, R. Kopan and Y.

members are localized in this region. Wakamatsu for chickebfng/flag _mNotchE/myc mNotchLNG/myc,
The posterior and anterior border cells subsequenti§ld 2 dlotch 1probe, respectively; Dr A. Tonegawa for helpful

foll distinct h fi th the f . discussion; T. Hasegawa for an assistance of plasmid construction.
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other molecules would work in concert with Notch signaling

to differentiate between these cells. Whatever the mode of
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