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Somitogenesis involves the segmentation of the paraxial mesoderm into units along the anteroposterior axis.
Here we show a role for Eph and ephrin signaling in the patterning of presomitic mesoderm and formation of
the somites. Ephrin-A-L1 and ephrin-B2 are expressed in an iterative manner in the developing somites and
presomitic mesoderm, as is the Eph receptor EphA4. We have examined the role of these proteins by injection
of RNA, encoding dominant negative forms of Eph receptors and ephrins. Interruption of Eph signaling leads
to abnormal somite boundary formation and reduced or disturbed myoD expression in the myotome.
Disruption of Eph family signaling delays the normal down-regulation of herl and Delta D expression in the
anterior presomitic mesoderm and disrupts myogenic differentiation. We suggest that Eph signaling has a key
role in the translation of the patterning of presomitic mesoderm into somites.
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The subdivision of paraxial mesoderm into somites is
the initial mesodermal segmentation event of vertebrate
development. The formation and differentiation of
somites is the result of three distinct processes: prepat-
terning of the mesoderm, boundary formation, and pat-
terning within the somite itself. Several lines of evidence
suggest that the presomitic mesoderm is prepatterned
into metameric subunits (Gossler and Hrabe de Angelis
1998). Recently, molecular evidence for segmental sub-
division of the presomitic mesoderm has been obtained.
The basic helix-loop-helix (bHLH) transcription factors
herl and c-hairy-1 are expressed dynamically in the pre-
segmental somitic plate of zebrafish and chick, respec-
tively (Muller et al. 1996; Palmeirim et al. 1997). Their
expression patterns suggest that these genes function in
the establishment of a segmental pattern within this re-
gion of the embryo, although it is not clear at this stage
whether these genes function in the same way. The tran-
scription factor MesP2 is also required for normal seg-
mentation (Saga et al. 1997). The second process of so-
mite development involves the translation of the seg-
mental prepattern into the morphogenetic changes that
accompany formation of the somite boundaries. Re-
cently a number of studies have shown that Notch-
Delta intercellular signaling is involved in boundary for-
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mation; altering the function of Notch or Delta by loss
and gain of function leads to abnormal somite formation.
Finally, the somites themselves are patterned and differ-
entiation events take place (Gossler and Hrabe de Ange-
lis 1998).

Intercellular signaling is one of the processes that un-
derlies segmentation in vertebrate embryos. The Eph
family of receptor tyrosine kinases are cell surface mol-
ecules shown to have a role in intercellular signaling and
patterning of the neural tube (Gale and Yancopoulos
1997). Several Eph receptors and ephrins are expressed in
the somites (Bergemann et al. 1995; Scales et al. 1995;
Flenniken et al. 1996; Gale et al. 1996; Cooke et al.
1997). Ephrins can be divided into two classes according
to their method of membrane attachment; class A eph-
rins have a glycosyl-phosphotidyl-inositol (GPI) linkage
and class B ephrins are transmembrane proteins capable
of transducing a signal into the expressing cell (Holland
et al. 1996; Bruckner et al. 1997). Eph receptors can also
be divided into two classes according to their binding
preferences such that EphA receptors bind class A eph-
rins, whereas EphB receptors recognize class B ephrins.
Several groups have demonstrated that in vitro binding
within these classes is promiscuous and any class A re-
ceptor can bind any class A ephrin (Brambilla et al. 1995;
Gale et al. 1996). Using injections of RNA encoding full-
length or truncated forms of EphA4 into zebrafish eggs
we have demonstrated a role for the Eph family in hind-
brain segmentation and forebrain patterning (Xu et al.
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1995, 1996). A similar approach has been used to dem-
onstrate the role of the Eph family in neural crest migra-
tion in Xenopus (Smith et al. 1997). As binding is pro-
miscuous between different members of the same sub-
class, high level ectopic expression of a dominant
negative form of a class A protein would be expected to
interfere with signaling to all class A receptors. This
could be achieved by the ability of the dominant nega-
tive receptor to bind to endogenous type A ligands, pre-
venting them from binding to endogenous receptor, or by
heterodimerization. As soluble forms of ephrins can bind
receptors but do not cause activation, these act as recep-
tor antagonists (Krull et al. 1997). Thus, injection of
RNA to encode dominant negative forms of a class A and
class B receptor and a soluble class A and class B ephrin
will give an indication of the role of the Eph family in
any particular developmental process.

We have isolated a class A ligand of uncertain homol-
ogy, ephrin-A-L1, and ephrin-B2 in zebrafish and we
demonstrate here their expression in the somites. We
injected RNA encoding soluble forms of these ligands
and dominant negative forms of the class A receptor
EphA4 and a class B receptor of uncertain homology Eph-
B-rtk8 (Cooke et al. 1997) to investigate the role of the
Eph family in somite development. We show that dis-
ruption of Eph signaling results in the abnormal forma-
tion of somite boundaries.

Results

Cloning of zebrafish ephrin class A ligand L1,
ephrin-B2, and Eph class B receptor rtk8

Fragments of the two ligands ephrin-A-L1 and ephrin-B2
were isolated by PCR amplification of a zebrafish neu-
rula stage cDNA library. The degenerate primers used for
the PCR were complimentary to conserved regions
within ephrin-Al (Bartley et al. 1994) and ephrin-A5
(Winslow et al. 1995) for ephrin-A-L1, and ephrin-B2
(Bergemann et al. 1995) and ephrin-B1 (Fletcher et al.
1994) for ephrin-B2. cDNAs containing complete open
reading frames were isolated for these ephrins by screen-
ing the neurula stage cDNA library with the PCR frag-
ments. Sequence comparisons showed both ephrin-A-L1
and ephrin-B2 to contain the four conserved cysteine
residues in the putative receptor-binding region charac-
teristic of the ephrin family. Ephrin-A-L1 also has a GPI
linkage signal indicating that this is a class A ephrin, and
ephrin-B2 has a transmembrane domain showing that
this is a class B ephrin (Fig. 1). Ephrin-A-L1 is not nec-
essarily the ortholog of any higher vertebrate ephrin, but
it shows most homology to ephrin-Al (59% similar and
48% identical at the amino acid level). Zebrafish ephrin-
B2 is 66% identical to and 83% similar to mouse ephrin-
B2 at the amino acid level.

The full-length EphB-rtk8 coding region was isolated
by screening a zebrafish 3-15 hr cDNA library with a
fragment from a previously isolated EphB-rtk8 partial
cDNA (Cooke et al. 1997; Fig. 1). It is not possible to
determine the higher vertebrate ortholog of EphB-rtk8,
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although it shows greatest homology to EphB4 (60%
identical and 70% similar at the amino acid level).

Ephrin-A-L1, ephrin-B2, and EphA4 are expressed
in the somites as they form

The expression patterns of ephrin-A-L1 and ephrin-B2
were investigated by in situ hybridization, and both are
expressed in the somites as they are formed (Fig. 2). Eph-
rin-B2 expression is first seen in the germ ring of 30%-—
60% epiboly embryos (Fig. 2A). In bud stage embryos
ephrin-B2 transcripts are detected in three stripes in the
paraxial mesoderm, and in a stripe in the presumptive
hindbrain (Fig. 2B), and other regions of the anterior neu-
ral plate (data not shown). At the two-somite stage four
stripes of ephrin-B2 expression are seen in the paraxial
mesoderm, two of which are in the presomitic meso-
derm (Fig. 2C), and in the tailbud. By six somites, ephrin-
B2 is expressed in the posterior region of the formed
somites and in two or three stripes in the rostral pre-
somitic mesoderm. These presomitic expression do-
mains correspond to posterior domains of the most ros-
tral presumptive somites (Fig. 2D). As the somites dif-
ferentiate, the anteroposterior restriction of ephrin-B2
expression is lost, and ephrin-B2 is found in a lateral
domain. From 16 somites ephrin-B2 expression is further
restricted to dorsal and ventral lateral regions within the
most anterior somites. From 24 somites loss of ephrin-
B2 expression is initiated in an anterior to posterior
wave. By prim-5 (24 hr after fertilization) only the most
posterior somites still express ephrin-B2.

Expression of ephrin-A-L1 is first seen at 60%-70%
epiboly in the epibolizing margin and in the hypoblast.
Expression is higher on the ventral than the dorsal side of
the embryo (Fig. 2E). At 90%-100% epiboly ephrin-A-L1
is still detected around the margin with stronger expres-
sion on the dorsal side in the presumptive tailbud and
with weak expression in cells on either side of the pre-
sumptive notochord (Fig. 2F). Between the one- and five-
somite stages ephrin-A-L1 transcripts are detected in the
tailbud and adaxial cells and weakly in stripes in the
somitic mesoderm and throughout the most rostral pre-
somitic mesoderm (Fig. 2G). During these stages ephrin-
A-L1 expression is also detected in individual paired
cells in the neural tube and around the pillow. From the
six-somite stage ephrin-A-L1 is expressed more strongly
in the posterior region of the formed somites (Fig. 2H).
After the completion of somitogenesis ephrin-A-L1 ex-
pression is lost progressively in an anterior-to-posterior
wave in a similar fashion to that seen with ephrin-B2.

Because several members of the Eph family in ze-
brafish and other species are expressed in the somites we
investigated the expression of the other known zebrafish
members of the Eph family in the somites and the pre-
somitic mesoderm. The expression of three other Eph
ligands (ephrin-A-L2, ephrin-A-L3, and ephrin-A-L4;
Brennan et al. 1997; Macdonald et al. 1997) and nine
receptors (Eph-rtk 1-8, and EphA-Zdk; Xu et al. 1994;
Taneja et al. 1996; Cooke et al. 1997) was determined by
in situ hybridization during gastrula and somite stages.
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EphB-rtk & 1 MDRVCWIMAL SWFWMVSTGL VSAEEEVLMN TKLETSDLRW TIYPSGDPEW 50
51 EEMSGLDEEG NSVRTFQVCP MDSSVSHWLR TRFIPRHGAS QUYVEIREFTM 100
101 MECSAMPASF RTCKETFNLY YYQSDEDTAS ATHPAWMENP YSKVDTVAAD 150
151 FLLRRGGERK SNVKTVRVGP LSLFGFYLAF QTQGACMALL SVRVFFKKCP 200
201 AVSRAFSSFP ETLPHSLVQQ AEGVICVDNSA PTGQETAPPT MFECGEDGQWV 250
251 GPPSSTGACK PGYEPVDSDR CRATGLGOYK ASVGGSLCRV [PDNSNTHSA 300
: : - 301 GSSLCVERPG YHRATSDLPD SACTKPPSAP RSIIYQINDT VVTLEWSEPL 350
Flgu_re L (A_‘) Amino acid sequence of ze- 351 DRGGRSDLSY SVECMHCRGS LCVQCADSIT YRPGOMGVSG RRVIIRGLLP 400
brafish ephrin-A-L1. (B) Alignment of the 401 HTTYTFTVLA QNGVSAVSHT SPASSSVNIT TSRDVAVPVS GIRRIKASES 450
protein sequences of zebrafish ephrin-B2 451 SVSISWTVPP QTQHSIODYQ LRYSLKGQDD GWQYVSSRSS SVVLNDLSRA 500
with mouse and human ephrin-B2. Identi- 501 SQYQVQVRAR TAAGYGHFSS AVSISTLPDD EESPSRLMLT GVLVAIGLLI 550
: . - 551 LIAVVIVAVF CFRRSTRRRD PDPDKSGQFL MGQGIKVYID PFTYEDPNEA 600
ca!reSIdues shown by ghadlng.(cn /\nnlpo 601 VREFAKEIDV SFVKIEEVIG AGEFGEVCRG RLKVPGKKEN YVAIKTLKGG 650
acid sequence of zebrafish EphB-rtk8. Sig- 651 YTDKQRRDFL SEASIMGQFQ HPNIIHLEGV ITASCPVMIL TEYMENGALD 700
nal sequences are underlined; probable 701 SFLRLNDGQF TPIQLVGMLR GIASGMKYLS EMSFVHRDLA ARNILVNSNL 750
transmembrane domains are double under- 751 VCKVSDFGLS RFLTENSSDP TYTSSLGGKI PIRWTAPEAI AFRKFTSASD 800
. - - - - 801 VWSYGIVMWE VMSFGERPYW DMSNQDVINA IEQDYRLPPP PECPASLHQL 850
lined; putative GPI linkage signal is over- 851 MLDCWQKERS SRPRFCAIVS ALDRLIRNPA SLKITGRIPD GPSHPLLDQR 900
lined; conserved cysteine residues are 901 APPPLSHCSS VADWLRAIKM ERYEDAFMQA GFTAIQHITH ISTEDLLRIG 950
boxed. 951 VTLAGHQKKI LSSVQTLRIH GGSLRY 976

Of the receptors examined only EphA4 expression is de-
tected in the presomitic mesoderm and forming somites
throughout somitogenesis. Transcripts for EphA4 are
first detected in the region of the somites in one-somite
stage embryos. At this stage a stripe of expression in a
position corresponding to the somite boundary is seen
(Fig. 2I). In three-somite embryos four or five stripes of
EphA4 expression can be detected in the presomitic and
somitic mesoderm. The most posterior of these expres-
sion domains corresponds to anterior domains within
the anterior presumptive somites (Fig. 2J and Fig. 7A,
below). The other stripes of expression correspond to do-
mains in the anterior of the somites that have already
formed. EphA4 is strongly expressed in the adaxial cells
during early somite stages, and is detected throughout
the posterior paraxial mesoderm.
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Of the nine receptors and five ligands studied only

ephrin-A-L1, ephrin-B2, and EphA4 were detected in a
segmental pattern in the presomitic mesoderm. The spa-
tially restricted expression of these genes within the pre-
somitic mesoderm is suggestive of a role in somite for-
mation. The expression of ephrin-B2 and EphA4 in the
presomitic mesoderm is indicative of an anteroposterior
prepattern within the presumptive somite.

Ephrin-B2 binds to EphB-rtk8 and EphA4, whereas
ephrin-A-L1 binds to EphA4 but not EphB-rtk8

Before functional studies we assessed the binding char-
acteristics of ephrin-A-L1, ephrin-B2, and EphA4. Fu-
sions of Eph family members with alkaline phosphatase
(AP) were used to investigate the binding of these pro-



teins in vitro in cell culture and in embryos. Ephrin-A-
L1-AP bound to Cos cells transfected with EphA4, but
did not bind to cells transfected with EphB-rtk8 (Fig.
3A,B). Ephrin-B2-AP bound to cells transfected with ei-
ther EphB-rtk8 or EphA4 (Fig. 3C,D), a result consistent
with the binding characteristics of mouse EphA4, which
has been shown previously to bind to B class as well as A
class ephrins (Gale et al. 1996). Both EphA4 and EphB-
rtk8 are capable of binding to ephrin-B2, which is
strongly expressed in the presumptive somites from as
early as 100% epiboly. Overexpression of dominant
negative constructs of either of these genes would be
expected to interfere with ephrin-B2 function in this area
of the embryo. EphA4 but not EphB-rtk8 is capable of
binding to ephrin-A-L1 and dominant negative forms of
EphA4 would also interfere with signaling mediated
through this ligand.

Because of the promiscuity of binding shown by mem-
bers of the Eph family, AP fusion proteins used on em-
bryos find all unbound receptor or ligand molecules of
the appropriate class (Gale et al. 1996). To determine
whether ligands bound to domains in which no known

Eph signaling is required for somite formation

Figure 2. Expression of ephrin-B2 (A-D), ephrin-A-L1 (E-H), and
EphA4 (1,J). Embryos were hybridized with digoxigenin-labeled an-
tisense RNA probes. Dorsal views (except E lateral view), anterior
is to the left (except in A, E,F where anterior is to the top). ephrin-
B2 expression. (A) 50% epiboly. Transcripts are detected around the
germ ring. (B) Bud stage. Expression is seen in presumptive rhom-
bomere 4 and in three stripes in the presomitic mesoderm (arrow).
(C) Two somites. Transcripts are detected in rhombomere 4, in the
somites, and in two stripes in the anterior presomitic mesoderm
(arrows). (D) Six somites. Expression is seen in rhombomeres 4 and
7, in a posterior domain of the formed somites and in a posterior
domain of the most anterior presumptive somites (lines mark the
somite boundaries). ephrin-B2 expression is restricted to a lateral
domain within the somites as these mature. Ephrin-A-L1 expres-
sion. (E) 70% epiboly. Transcripts are detected in the epibolizing
margin and the hypoblast, expression is stronger on the ventral side
of the embryo (arrowheads mark the edges of the expression do-
main). (F) 90% epiboly. Expression is seen in the epibolizing mar-
gin, more strongly around the tailbud, and in cells on either side of
the presumptive notochord. (G) One somite. Transcripts are de-
tected in the tailbud, adaxial cells (arrowhead), and in three weak
stripes in the formed somite and anterior presomitic mesoderm
(arrows). (H) Six somites. Expression is seen in the tailbud and ad-
axial cells (arrowhead). Ephrin-A-L1 is expressed throughout the
somites and anterior presomitic mesoderm, more strongly in the
posterior region of each segment (lines mark the somite bound-
aries). Transcripts are also detected in individual paired cells in the
neural tube (white arrow). EphA4 expression. (I) One somite. Tran-
scripts are detected in the notochord and adaxial cells, and in one
stripe in the formed somite (arrow). (J) Three somites. Expression is
seen in the notochord and adaxial cells (arrowhead), and in an an-
terior domain of the somites and most anterior presumptive
somites (lines mark the somite boundaries). (D) dorsal; (nc) noto-
chord; (pn) presumptive notochord; (r) rhombomere; (tb) tailbud; (V)
ventral; Bars, 100 um.

receptors are expressed, or vice versa, we determined the
in situ pattern of representative AP fusion proteins for
each ligand and receptor class. The class B receptor AP
protein (EphB-rtk8-AP) gave a binding pattern within
the somites with similar temporal and spatial character-
istics as ephrin-B2 expression (Fig. 3G). The class A re-
ceptor-AP (EphA-rtk6-AP) gave a binding pattern
within the presomitic mesoderm and somites of 95%
epiboly to six-somite stage embryos with similar onset
and spatial characteristics as ephrin-A-L1 expression
(Fig. 3E,F). Neither the class A (ephrin-A-L4-AP, ephrin-
A-L3-AP, or ephrin-A-L1-AP) nor the class B (ephrin-B2-
AP) ligand AP fusion proteins show any binding in the
somites above background levels, despite giving specific
binding patterns in other regions of the embryo consis-
tent with the known expression profiles of Eph family
receptors. It would be predicted from in vitro-binding
studies that both the class A and B ephrin-AP proteins
would recognize and bind to any available EphA4 in the
forming somites. However, the expression of EphA4 in
this region is much weaker than in the axial mesoderm
or neuroectoderm (Fig. 21,J), and also weaker than the
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Figure 3. Analysis of the binding characteristics of Eph family
proteins in vitro and in situ using alkaline phosphatase-tagged
proteins. (A-D) The in vitro binding characteristics of ephrin-
A-L1 (A,B) and ephrin-B2 (C,D). Ephrin-B2-AP and ephrin-A-
L1-AP were put on Cos cells that had been transfected with
EphA4 (A,C) or EphB-rtk8 (B,D). Staining of cells indicates that
the ligand binds to the expressed receptor. Both ephrin-A-L1 and
ephrin-B2 can bind to EphA4 (A,C), but only ephrin-B2 can bind
to EphB-rtk8 (B,D). The presence of class A and B ephrins
within the somites was investigated in situ using an AP-tagged
protein representative for each of the receptor classes. Dorsal
views, anterior is to the left (except in E where anterior is to the
top). EphA-rtk6-AP binding to 95% epiboly (E) and six-somite
(F) embryos is shown, and EphB-rtk8-AP binding to two somite
embryos (G). The resulting binding patterns look very similar to
the expression patterns of ephrin-A-L1 and ephrin-B2, respec-
tively, at comparable stages (Fig. 2C,F,H). Bars, 100 pm.

expression levels of ephrin-B2 and ephrin-A-L1 in the
paraxial mesoderm, making detection difficult. Protein
levels could also be relatively low, leaving little free re-
ceptor once it has interacted with its endogenous li-
gands. It is also possible that endogenous alkaline phos-
phatase activity, which is particularly difficult to elimi-
nate from within the presomitic mesoderm and somites
compared to other regions of the embryo, prevents the
detection of low levels of protein in this region.

The results of these AP fusion-binding studies are con-
sistent with the genes already identified, ephrin-A-L1,
ephrin-B2, and EphA4 being the only members of the
Eph family that are expressed in the developing somites,
but does not rule out the possible existence of other
members with very similar expression profiles.

Interference of Eph family signaling affects somite
formation and differentiation

To study the roles of EphA4, ephrin-A-L1, and ephrin-B2
in somitogenesis, truncated and wild-type forms of these
genes and of EphB-rtk8 were overexpressed by injecting
capped RNA into one cell of 1- to 4-cell stage zebrafish
embryos. Truncated EphA4 (EphA4DN), which lacks the
intracellular tyrosine kinase domain, has been used pre-
viously to study the role of EphA4 in forebrain and hind-
brain development (Xu et al. 1995, 1996). Truncated Eph-
B-rtk8 (EphB-rtk8DN) was constructed in a similar
manner. Soluble forms of ephrin-A-L1 (ephrin-A-L1-Tru)
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and ephrin-B2 (ephrin-B2-Tru) were also constructed.
Another truncated form of ephrin-B2 was also con-
structed (ephrin-B2-Ic), which has a transmembrane do-
main but lacks the intracellular domain. This construct
should bring about clustering and activation of receptors
on binding, but should be incapable of transducing a li-
gand-dependent signal into the cell expressing the ligand
construct.

Overexpression of these constructs predicted to inter-
fere with Eph signaling disrupted somite formation, as
did injection of full-length ephrin-B2 (ephrin-B2-WT)
(Fig. 4). Control injections of ephrin-B2 or ephrin-A-L1
constructs that lacked the secretion signal sequence or
B-galactosidase did not cause any disturbance of somito-
genesis. With the injection of any particular species a
variety of phenotypes were seen, ranging from the most
severe in which somites failed to form, to weaker ones
where segmentation produced abnormal shaped somites
that were not symmetrical across the midline (Fig. 4A,B).
In these weaker cases small extra somites were some-
times seen (Fig. 4D). The number of embryos showing a
somite defect, and the severity of this phenotype, de-
pended on the amount of RNA injected. Typically,
amounts of RNA were injected that gave 40% embryos
showing a weaker phenotype and 7% showing a more
severe phenotype for the truncated receptors and soluble
ligands; and 60% embryos showing weaker defects and
12% showing more severe ones for ephrin-B2-WT. These
variations correspond to the differences in the amount of
protein made in vivo from the different constructs (dis-
cussed later). It was impossible to distinguish between
the phenotypes seen on the injection of the different con-
structs. It is unclear why both loss of border formation
and ectopic boundaries (extra somites) were seen in all
cases, as not enough is known of the molecular details
and intracellular signaling pathways of Eph receptors
and ligands.

Examination of the presomitic mesoderm and somites
at the cellular level in injected embryos using the actin
stain phalloidin reveals the incorrectly formed somites
produced in injected embryos showing a weaker pheno-
type (Fig. 4D). In normal somites boundaries are sym-
metrical across the midline and characterized by the
presence of columnar epithelial cells on either side of the
furrow, whereas cells within the body of the somite are
mesenchymal in appearance (Fig. 4C). Five- or six-cell
diameters make up the width of the somite along the
anteroposterior axis. After the injection of dominant
negative constructs of Eph receptors or of soluble ligands
the morphology of the somite was disrupted. Where
somites formed but were shaped abnormally, the cells at
the boundaries showed epithelial morphology. In some
cases small groups of cells were seen with the cellular
morphology of somites but isolated from the midline by
the existence of boundary cells on all sides (Fig. 4D). In
experimental embryos defects in intersomitic furrow for-
mation could be seen morphologically at all stages of
somitogenesis, and persisted later in development (up to
28 hr postfertilization). The defects in somite morphol-
ogy did not derive from an increase in cell death as de-
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Figure 4. Effect of disruption of Eph family signaling on somite
formation and differentiation. Embryos were assessed at stages
between 4 and 14 somites. Dorsal views, anterior is to the top
(except in C and D where anterior is to the left). (A,B) Live
embryos injected with ephrin-B2-WT. A camera lucida drawing
adjacent to each photo shows the somite boundaries. Somites
fail to form (A) or are abnormally shaped and not paired across
the midline (B) in affected embryos. (C,D) Confocal microscope
images of the somites of phalloidin-stained embryos. (C) A wild-
type embryo. The intersomitic furrows (white arrow) and co-
lumnar-shaped epithelial cells on either side can be seen. (D) An
experimental embryo injected with ephrin-B2-WT. Incorrectly
positioned boundaries can be seen in the injected embryos
(white arrows), these have columnar-shaped epithelial cells on
either side. (E,F) Experimental embryos hybridized to a myoD
RNA probe (purple). (E) An embryo injected with ephrin-B2—
WT; (F) an embryo injected with ephrin-A-L1-Tru. Segmental
myoD expression is either lost (E) or disrupted (F) on the in-
jected side. The blue color in F is reacted B-galactosidase derived
from coinjected RNA. (G) An embryo injected with ephrin-B2-
WT reacted with EphB-rtk8-AP to show the presence and lo-

calization of ectopic protein. Ectopic ephrin-B2 is found in re-
gions of the somites that are disrupted. Bars, 100 um.

termined by Nomarski optics, where dying cells have an
increased refractive index, (Fig. 4A,B), and TUNEL label-
ing (data not shown).

Differentiation of somitic cell types as well as bound-
ary formation was affected by disruption of Eph signal-
ing. The commitment of cells to the myogenic lineage is
characterized by their expression of the myogenic family
of bHLH transcription factors, of which myoD is a mem-
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ber. The segmental expression of myoD was lost in em-
bryos showing the most severe somite phenotypes (Fig.
4E), and was distributed abnormally in embryos showing
a weaker phenotype (Fig. 4F). The small somite-like
grouping of cells seen by phalloidin staining were also
visible in the myoD expression pattern suggesting that
these small groups of cells behave as somites.

Expression of myoD in the adaxial cells was not af-
fected. Adaxial cells are specified by signals from the
midline structures before somite formation (Devoto et
al. 1996; Blagden et al. 1997), and they are specified nor-
mally in zebrafish somite mutants in which boundary
formation and segmental myoD expression are disturbed
(van Eeden et al. 1996). The Eph family does not appear
to be required for adaxial cell specification.

Somite defects in the embryo correspond to the
localization of protein produced from injected mRNA

Analysis of protein distribution demonstrated that so-
mite defects were localized to sites of ectopic protein
production. The use of the AP fusion proteins gave an
indication of the amount and localization of active avail-
able protein in the embryos after injection of the various
constructs (Fig. 4G). After the injection of RNA at a con-
centration that results in 30%-40% of embryos showing
a somite defect, protein was detected at a concentration
of 0.5-0.75 ng bound AP/10 embryos for dominant nega-
tive receptors and 1.5-2 ng bound AP/10 embryos for
soluble ligands. This is consistent with models of recep-
tor occupancy, where a higher concentration of ligand is
required to compete with endogenous protein. A protein
level of 0.1-0.2 ng bound AP/10 embryos was obtained
after injection of full-length receptor constructs at RNA
concentrations that had no effect on somite formation.
At higher concentrations of injected RNA severe defects
in gastrulation were observed (data not shown). The spa-
tial distribution of the ectopic protein was determined at
70% epiboly, two somites, and 110 somites. Protein
made from the injected RNA species was found in
patches in the embryo throughout the period studied. By
10 somites the protein was found on one side of the
embryo or in discrete patches. Where protein was de-
tected in the somites, the development of the somites
was abnormal (Fig. 4G). Therefore, protein made from
injected RNA species was found in the embryo at the
stages at which the phenotype described is seen, and in a
distribution that corresponds to the site of the defects.

Somite defects can be rescued by coinjecting
with full-length receptor

If somite defects are caused specifically by the interfer-
ing versions of Eph receptors or ephrins, then it should
be possible to reduce the severity of the defects by com-
peting with wild-type forms of the proteins. Coinjection
of RNA encoding either full-length EphA4 or EphB-rtk8
with ephrin-B2-Tru reduced the percentage of defective
embryos compared to injection of ephrin-B2-Tru alone
(Table 1; Fig. 5A,B). Similarly, coinjection of EphA4 was

GENES & DEVELOPMENT 3101



Durbin et al.

Table 1. Rescue of somite abnormalities by the coinjection of full-length receptor with truncated ligand

Full-length receptor

Full-length receptor

Truncated ligand plus truncated ligand

no. S-ab percent no. S-ab percent no. S-ab percent
EphA4 + ephrin-B2-Tru 84 6 7 90 28 31 111 10 9
EphB-rtk8 + ephrin-B2-Tru 121 7 6 81 23 28 123 14 11
EphA4 + ephrin-A-L1 138 11 8 128 44 34 134 16 12
EphB-rtk8 + ephrin-A-L1 64 5 8 70 18 26 103 27 26

In all cases, RNA encoding B-galactosidase was co-injected. Full-length receptors do not give a somite phenotype (S-ab), whereas the
truncated ligands ephrin-B2 and ephrin-A-L1 do. When mixed together and injected the RNAs show different patterns of rescue. The
phenotype generated by the truncated form of ephrin-B2 is rescued by both EphA4 and EphB-rtk8, which is consistent with this ligand
being able to bind to both of these receptors. In contrast, the phenotype produced by the truncated ephrin-A-L1 is rescued by EphA4
but not by EphB-rtk8, again matching the predictions of the AP fusion ligand and receptor binding studies. (no.) Number of embryos
injected; (percent) percentage of injected embryos showing a somite abnormality.

able to rescue the defects caused by injection of ephrin-
A-L1-Tru (Table 1). At concentrations effective in rescu-
ing ephrin-B2-Tru-induced defects, EphB-rtk8 was un-
able to rescue defects caused by ephrin-A-L1-Tru (Table
1; Fig. 5C,D). These results are consistent with the re-

Ephad &
Ephirin-B2-Tru Ephrin-B2-Tru
3
. ‘ e -

EphB-rika +
Ephrin-A-L1-Tru

Ephrin-A-L1-Tru

Figure 5. Visualization of the rescue experiments using myoD
expression. Embryos were hybridized with a digoxigenin-la-
beled antisense RNA myoD probe. Embryos are between 10 and
14 somites. Dorsal views, anterior is to the top. Blue staining
marks the localization of coinjected B-galactosidase RNA. Em-
bryos shown were injected with (A) ephrin-B2-Tru, (B) EphA4
and ephrin-B2-Tru, (C) ephrin-A-L1-Tru, and (D) EphB-rtk8 and
ephrin-A-L1-Tru. Disrupted segmental myoD expression is
seen on the injection of truncated forms of ephrin-B2 (A) and
ephrin-A-L1 (C). Coinjection of EphA4 with ephrin-B2-Tru res-
cues the myoD expression (B); whereas coinjection of EphB-rtk8
has no effect on the ephrin-A-L1-Tru phenotype (D). Bars, 50
pm.
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ceptor-binding profiles determined in vitro and indicate
that the somite phenotypes seen in embryos injected
with ephrin-A-L1-Tru and ephrin-B2-Tru are attribut-
able to disruption of endogenous Eph family signaling.
To ensure that when two species of RNA were injected
both were translated we determined the protein levels of
ephrin-A-L1-tru and EphB-rtk8 in embryos that had
been injected with RNA encoding these two proteins in
isolation or when coinjected. The protein levels deter-
mined were 0.28 and 0.30 ng bound AP/10 embryos for
ephrin-A-L1-Tru and 0.50 and 0.63 ng bound AP/10 em-
bryos for EphB-rtk8 in isolation and when coinjected,
respectively. This suggests that rescue by coinjection of
two different RNA species, at these concentrations, does
not result from an overloading of the translation machin-
ery and a reduction in the level of active protein. There-
fore, the observed defects in somitogenesis are a specific
result of interfering with Eph family signaling.

Eph family signaling is required for the regulation
of herl, Delta D, and paraxis expression
in the presomitic mesoderm

To determine whether the somite defects derived from
the effects of exogenous Eph proteins during gastrula-
tion, in situ hybridizations with probes to no tail (ntl),
snaill (snal), and herl were carried out on injected em-
bryos between the stages of 60% and 90% epiboly. Ntl
and snal are expressed in the germ ring and involuting
mesoderm during gastrulation (Schulte-Merker et al.
1994; Thisse et al. 1994) and, therefore, are good indica-
tors of the normal progress of gastrulation. The expres-
sion patterns of these two genes and of herl were normal
during these stages (data not shown), indicating that gas-
trulation was not disrupted in injected embryos and that
mesoderm migration was unaffected.

During the late stages of gastrulation, 75%-100%
epiboly, herl is restricted to a segmental prepattern. This
was also seen in injected embryos showing that the seg-
mental prepattern is laid down correctly in injected em-
bryos. However, from bud stage herl expression was dis-
turbed in injected embryos, the anterior stripe of ex-



pression was regulated consistently abnormally in ex-
perimental embryos (Fig. 6B,C).

The expression patterns of genes known to be involved
in somite formation, herl, Delta D, and paraxis (parl),
and patterning, FGF-8, were examined in injected em-
bryos at the 8- to 12-somite stage when defects in bound-
ary formation were clearly visible. The analysis of all
markers was carried out for embryos in which the eph-
rins ephrin-B2-WT, ephrin-B2-Tru, ephrin-B2-Ic, or eph-
rin-A-L1-Tru and the receptors EphB-rtk8DN or EphA-
4DN had been overexpressed. The results were essen-
tially the same for each of these cases and representative
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embryos are shown in Figure 6. The severity and number
of embryos affected varied between different injection
experiments depending on the amount of RNA injected
and ectopic protein produced in vivo. The disruptions
seen in the expression of the marker genes reflected the
number and degree of morphological defects observed
within each experimental batch of embryos.

At the 8- to 12-somite stage in control embryos herl is
expressed in two or three stripes in the presomitic me-
soderm that correspond to the primordia of alternating
odd numbered somites (Fig. 6D; Muller et al. 1996). The
effects of RNA injections on herl expression varied; in

Figure 6. Effect of the disruption of Eph family signaling on the
segmental pattern in the presomitic mesoderm and on patterning
of the somites. Dorsal views, anterior is to the top. Blue staining
(E,F,H,K,O) marks localization of coinjected -galactosidase RNA.
(A) Wild-type herl expression in a two-somite embryo. (B,C) herl
expression in two-somite embryos injected with ephrin-B2-WT.
The anterior stripes of herl expression are either disrupted (arrows
in B), or expression is maintained anteriorly such that extra stripes
are seen (arrows in C), on the injected side. (D) Wild-type expres-
sion of herl in a 12-somite embryo. (E,F) herl expression in 12-
somite embryos injected with ephrin-B2-WT and EphB-rtk8DN,
respectively. Once again the anterior stripes of herl expression are
either disturbed (injected side in E), or expression is not switched
off correctly, resulting in the presence of an extra stripe anteriorly
(arrows in F). (G,J) The dynamic nature of Delta D expression in
12-somite control embryos, either one (G) or two (J) stripes are seen
in the anterior presomitic mesoderm. (H,1,K) Delta D expression in
embryos injected with ephrin-B2-WT, ephrin-B2-Ic, and EphB-
rtk8DN, respectively. Delta D expression is incorrectly regulated
in injected embryos, resulting in disrupted stripes of expression
(arrow in H), or persistence of expression such that extra stripes are
seen anteriorly on the injected side (arrows in | and K). (L)Wild-type
expression of parl in a 12-somite embryo. (M) parl expression in a
12-somite embryo injected with ephrin-B2-WT. Parl is not re-
stricted to its usual segmental pattern on the injected side where
somites have failed to form. (N) Wild-type FGF-8 expression in a
12-somite embryo. (O) FGF-8 expression in a 12-somite embryo
injected with ephrin-B2-Ic. FGF-8 is expressed in an anterior do-
main of abnormally shaped somites in the injected embryo (arrows
in O). (A-C) Bar, 50 pm; (D-O) bar, 100 pm.
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some cases irregularly shaped stripes or small patches of
herl expression were found (Fig. 6E), and in others the
expression was disrupted and shifted anteriorly by the
distance of approximately one band of herl expression
(Fig. 6F). However, expression of herl was maintained
caudally in the tail bud. Somites failed to form in em-
bryos with an extra band of herl expression.

In control 8- to 12-somite embryos zebrafish Delta D
is expressed at high levels in one or two stripes in the
anterior presomitic mesoderm, at a lower level in the
anterior of each of the formed somites and in the extend-
ing tailbud (Fig. 6G,J; Dornseifer et al. 1997). In experi-
mental embryos expression of Delta D was disrupted and
shifted anteriorly in regions where somite formation had
been disturbed but was not affected in the tailbud (Fig.
6H,1,K). In embryos that failed to segment an extra stripe
of Delta D expression was seen anterior to its normal
expression domain on the injected side (Fig. 61,K).

A zebrafish paraxis gene, parl, has been cloned re-
cently (Shanmugalingam and Wilson 1998). In control
embryos parl expression is detected uniformly through-
out the presomitic mesoderm but after somite formation
it is stronger in an anterior domain of each somite (Fig.
6L). This expression pattern is similar to that described
for the mouse homolog (Burgess et al. 1995). Injected
embryos showing a somite phenotype also had a dis-
rupted parl expression pattern; in regions where somites
failed to form parl expression was not restricted to its
usual segmental pattern, but remained expressed uni-
formly, as in the presomitic mesoderm (Fig. 6M).

These results suggest that Eph signaling is not re-
quired for the establishment of the segmental prepattern
in the paraxial mesoderm. However, disruption of Eph
signaling does affect the regulation and switching off of
both herl and Delta D in the anterior presomitic meso-
derm, as well as the regulation of parl gene expression.

As an indication of anteroposterior patterning within
the disrupted somites in situ hybridization with probes
for FGF-8 or myoD as performed. At the 10-somite stage
FGF-8 is expressed throughout the anterior presomitic
mesoderm and becomes restricted to an anterior domain
of cells in the formed somites (Fig. 6N). In injected em-
bryos FGF-8 expression was restricted to an anterior do-
main even within the abnormally shaped somites (Fig.
60). Also in the affected somites myoD expression was
detected in a posterior domain as is the case in normally
formed somites at these stages (see Fig. 4F). These results
indicate that the anteroposterior patterning within the
somites is not affected by disruption of Eph signaling.

Relationship between EphA4, ephrin-B2,
and herl expression

Because the timing of the defects in herl expression cor-
responded to the onset of segmental expression of EphA4
and ephrin-B2 in the presomitic mesoderm, we investi-
gated in more detail, the relationship between herl ex-
pression and these genes. Double in situ hybridizations
with probes for EphA4 plus ephrin-B2, herl plus EphA4,
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and herl plus ephrin-B2 were undertaken in control em-
bryos (Fig. 7).

ephrin-B2 and EphA4 are expressed in alternating
stripes in the somites and presomitic mesoderm with
EphA4 being in the anterior cells of each somite and
ephrin-B2 in the posterior cells (Fig. 7A). There is an
interface between these expression domains within each
somite and within the most anterior presumptive

1

»

Figure 7. Relationship of ephrin-B2, EphA4, and her-1 expres-
sion in the anterior presomitic mesoderm and posterior somites.
Embryos were hybridized with digoxigenin- and fluorescein-la-
beled antisense RNA probes. Dorsal views, anterior is to the
top, of six-somite (A,B,C,D,E,G) and five-somite (F) stage em-
bryos. (A) EphA4 (blue) is expressed in an anterior domain of the
formed somites and most anterior presumptive somites,
whereas ephrin-B2 (red) is expressed in a posterior domain of
these segments (lines mark the two most posterior somite
boundaries). In the anterior presomitic mesoderm a row of non-
expressing cells is found at the position where the next somite
boundary will form (arrow). (B,D,E) ephrin-B2 (blue) and her-1
(red) expression. Herl expression is lost in an anterior to poste-
rior direction in the most anterior presumptive somite (line
marks the last formed somite boundary), which corresponds
with the posterior expansion of the ephrin-B2 expression do-
main in the same region, such that cells expressing both genes
are seen (arrow in B). Expression of ephrin-B2 is seen between
the two most anterior stripes of herl expression (arrowhead in
B). (C,F,G) EphA4 (blue) and her-1 (red) expression. EphA4 and
herl expression are not seen juxtaposed in the anterior pre-
somitic mesoderm (line marks the last formed somite bound-
ary). Low level expression of EphA4 is also seen throughout the
paraxial mesoderm (stars in F and G). (a) Anterior; (nc) noto-
chord; (p) posterior; bars, 50 pm.




somites. EphA4 and ephrin-B2 expression domains also
meet where boundaries have formed. However, within
the presomitic mesoderm, at the position where the next
somite boundary is to form, there is a single row of non-
expressing cells between the ephrin-B2 and EphA4 ex-
pression domains. ephrin-B2 expression expands cau-
dally such that once a somite has formed there is no
longer a gap between the expression of these two genes.

Herl is expressed in bands of cells of one somite width
in the presomitic mesoderm alternating with regions of
similar width devoid of herl expression. These bands of
expression correspond to somitic primordia (Muller et al.
1996). As the presumptive somite develops, herl expres-
sion is lost in an anterior to posterior direction (Muller et
al. 1996; Fig. 7). The expression and subsequent caudal
expansion of ephrin-B2 within the presomitic mesoderm
corresponds to the timing of the reduction in herl ex-
pression within its most anterior domain and cells coex-
pressing both genes are seen (Fig. 7B,D,E). EphA4 is ex-
pressed in the anterior of the formed and the most ante-
rior-forming somites. The distance between the EphA4
and herl expression domains varied significantly as a
result of herl being expressed only in alternate somite
primordia (Fig. 7C,F,G).

Discussion

The results presented here demonstrate a role for Eph
signaling in the formation and differentiation of somites.
We demonstrate the iterative expression of members of
this family within the presomitic and somitic mesoderm
and illustrate that interfering with Eph signaling leads to
loss or incorrect formation of somite boundaries and dis-
ruption of myogenic differentiation. The defects in
boundary formation are reminiscent of those reported on
disturbance of Notch/Delta signaling (Conlon et al.
1995; Dornseifer et al. 1997; Jen et al. 1997) and disrup-
tion of Eph signaling prevents the correct regulation of
Delta D expression in the developing somites. These re-
sults suggest that Notch/Delta signaling and Eph signal-
ing may function together to establish somite bound-
aries. We have investigated the mechanism underlying
the somite defect with regard to the segmental pattern as
illustrated by herl expression. The results show that the
establishment of this segmental pattern is unaffected by
disruption of Eph signaling, rather it is the translation of
the prepattern into somites that is disturbed.

Eph signaling affects the translation of the segmental
prepattern into somites

Evidence for the existence of a segmental pattern within
the presomitic mesoderm came from embryological ex-
periments including transplantation of presomitic tissue
in chicks and heat shock of Xenopus embryos (Keynes
and Stern 1988; Gossler and Hrabe de Angelis 1998).
These results suggest that the process of segmentation is
organized in the presomitic mesoderm before the somite
boundaries are formed. Recently molecular evidence for
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the existence of this presomitic segmental pattern has
been obtained. Homologs of the Drosophila pair-rule
gene hairy, which is involved in embryonic segmenta-
tion, have been cloned in zebrafish, herl, and chick, c-
hairy-1. herl is expressed in stripes in the presomitic
mesoderm that correspond to alternate somite primordia
(Muller et al. 1996), whereas c-hairy-1 has a dynamic
expression pattern that passes through a characteristic
cycle during the formation of each somite (Palmeirim et
al. 1997). How the segmental pattern is established in
the presomitic mesoderm remains unclear, although the
c-hairy-1 expression pattern provides molecular evi-
dence for the existence of a developmental clock linked
to segmentation (Cooke 1998). This is consistent with
the Clock and Wavefront model (Cooke and Zeeman
1976), which proposes that a segmental pattern is estab-
lished through the interaction of two components that
are temporally and spatially regulated. The disruption of
Eph family signaling does not affect the establishment of
the prepattern, indicating that Eph function is not re-
quired for this process. However, the later regulation of
herl expression is disrupted and subsequently, somites
fail to form or form aberrantly. This suggests that Eph
family signaling is required to translate the prepattern
into the events of somite boundary formation and differ-
entiation (Fig. 8). These processes appear to require the
switching off of transcriptional repressors such as herl,
and the refinement of expression patterns of signaling
molecules such as Delta D.

Anteroposterior polarity exists within the
presumptive somites

The expression patterns of ephrin-B2 and EphA4 within
the anterior presomitic mesoderm indicate that the pre-
sumptive somites are patterned along the anteroposte-
rior axis before boundary formation, as ephrin-B2 is ex-
pressed within a posterior domain and EphA4 an anterior
domain of the most rostral somite primordia. In addi-
tion, the signaling proteins Delta D and FGF-8 also be-
come restricted to the anterior domain of the somite as
segmentation occurs (Dornseifer et al. 1997; Furthauer et
al. 1997; Fig. 6J,N). In contrast, myoD is expressed in the
posterior part of the somite from the 10-somite stage
(Weinberg et al. 1996). These anteroposterior restrictions
of Eph, FGF, and Delta signaling proteins before, or as
segmention occurs, suggest that anteroposterior pattern-
ing of each segment is occurring in the presomitic me-
soderm. The existence of an anteroposterior pattern
within presumptive somites was also suggested by graft-
ing experiments in chicks, in which a boundary was only
seen to form when anterior and posterior somite cells
were juxtaposed (Stern and Keynes 1987).

Expression of EphA4 and ephrin-B2 suggest a role
in boundary formation

In Xenopus, chick, rat, and mouse a number of members
of the Eph family are expressed in the somites, including
EphAS3, EphB3, ephrin-B1, and ephrin-A5 (Fletcher et al.
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Figure 8. Diagrammatic representation of
the relationship between herl, EphA4, and
ephrin-B2 in a single file of cells along the
anteroposterior axis of the paraxial mesoderm
during somitogenesis. The three columns
represent the cells over a period of time dur-
ing which two somites are added. herl ex-
pression is shown in hatched circles, EphA4
expression in light shading, and ephrin-B2 ex-
pression in dark shading. Where herl and
EphA4 expression overlap lightly shaded
hatched circles are used, and where herl and
ephrin-B2 expression overlap darkly shaded
hatched circles are used. A
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1994, Kilpatrick et al. 1996). Only EphA4 and ephrin-B2
have been shown previously to be expressed segmentally
in the presomitic mesoderm in mouse and chick (Berge-
mann et al. 1995; Irving et al. 1996). In zebrafish EphA4
and ephrin-B2 are expressed sequentially along the an-
teroposterior axis of the embryo within the somitic and
anterior presomitic mesoderm. The similarity of the ex-
pression patterns of these two genes in zebrafish and
higher vertebrates suggest that their function within the
presomitic mesoderm may be conserved. In zebrafish
somites form by a process of local deadhesion within the
presomitic mesoderm (Wood and Thorogood 1994). As
the Eph family of proteins have been shown to mediate
an inhibition of cell movement and growth cone collapse
(Drescher et al. 1995; Brennan et al. 1997; Wang and
Anderson 1997), and the temporal and spatial expression
patterns of EphA4 and ephrin-B2 correlate with bound-
ary formation, these are suitable molecules to play a role
in this process of deadhesion. These proteins also play a
role in segmentation in the hindbrain (Xu et al. 1995).
In zebrafish, as a somite boundary forms the cells on
either side of the border undergo a shape change from
mesenchymal to epithelial (Fig. 4C,D). As class B ephrins
have been shown to be capable of intracellular signaling,
the presence of ephrin-B2 in cells on one side of the
boundary and EphA4 in cells on the other suggests that
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bidirectional signaling by way of these molecules could
be involved in the cell shape changes required for furrow
formation. The Eph family of receptors have been shown
to associate with the GTPase rasGAP (Holland et al.
1997) and the SH2 domain containing adapter protein
Nck (Stein et al. 1998), both of which are able to influ-
ence cytoskeletal architecture (McGlade et al. 1993).
Also, alterations of both the actin cytoskeleton and mi-
crotubules have been visualized in axon growth cones
after their exposure to A and B class ephrins (Meima et
al. 1997a,b). These observations show that Eph receptors
are capable of affecting the cytoskeleton, and therefore
could mediate the cell shape changes required for somite
boundary formation. Juxtaposition of EphA4 and ephrin-
B2-expressing cells is not the only requirement for
boundary formation, as these are also expressed in adja-
cent cells in the center of each somite where no bound-
ary forms. This suggests that Eph signaling acts coordi-
nately with other processes to bring about somite bound-
ary formation.

Materials and methods

Maintenance of fish

Breeding fish were maintained at 28.5°C on a 14-hr light/10-hr



dark cycle. Embryos were collected by natural spawning and
staged according to Kimmel et al. (1995).

cDNA cloning and sequencing

Ephrin-A-L1 was cloned as previously described (Brennan et al.
1997). For the cloning of ephrin-B2 degenerate primers were
designed to conserved regions (FTIKFQE and YYIVQEM) and
were used for amplification of a zebrafish neurula stage library.
The PCR product was used as a probe to screen the neurula
stage cDNA library at low stringency. Individual clones con-
taining the entire open reading frame of ephrin-B2 were isolated
(GenBank accession no. AJ004863).

Partial cDNA clones encoding the 5’ region of the Eph class B
receptor EphB-rtk8 coding sequence were isolated after high
stringency screening of a random primed 3- to 15-hr zebrafish
cDNA library. A 0.2-kb fragment of a previously isolated partial
cDNA of EphB-rtk8 (Cooke et al. 1997) was used as the probe.
The entire open reading frame of EphB-rtk8 was then contained
within two overlapping cDNA clones (GenBank accession no.
AJ005029).

Cytoskeleton staining

Phalloidin staining was performed as described previously
(Whitfield et al. 1996).

Detection of cell death

Cell death was detected by the method of terminal transferase
dUTP nick end labeling (TUNEL, ApopTag In situ Apoptosis
Detection Kit, Peroxidase; Oncor Inc.) (Abdelilah et al. 1996).

Whole mount in situ hybridization and immunostaining

Whole mount in situ hybridization using digoxigenin-labeled
anti-sense RNA probes was performed as described (Xu et al.
1994).

Whole mount and cell alkaline phosphatase binding studies

Whole mount alkaline phosphatase-binding studies were per-
formed as described previously (Cheng and Flanagan 1994; Bren-
nan et al. 1997).

Quantitative assay for APtag-Eph protein binding to embryos

To quantitate the amount of ectopic protein made after the
injection of RNA encoding Eph family proteins we determined
the amount of AP fusion protein bound to the embryos using
the colorimetric method of Berger et al. (1988; Flanagan and
Leder 1990).

Preparation of synthetic RNA and microinjection of zebrafish
embryos

Capped RNA was synthesized by in vitro transcription of lin-
earized plasmids and RNA concentration was determined spec-
trophotometrically. RNA was injected in a volume of (200 pl
into one cell of a one- to four-cell stage zebrafish embryo, using
a glass capillary needle attached to a Picospritzer. The amount
of RNA injected was, for the ligand constructs 60-100 ng/ul,
and for the dominant negative receptor constructs 300-400 ng/
pul and 150-200ng/ul for the full-length receptor constructs.
To control for nonspecific effects of RNA injection, ephrin-
A-L1 and ephrin-B2 constructs that lack signal sequences were
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injected. The distribution of injected RNA in vivo was deter-
mined by coinjecting with RNA encoding B-galactosidase. The
two species of RNA broadly segregate together during develop-
ment (Griffin et al. 1995), and the distribution of B-galactosidase
can be determined subsequently by staining for enzyme activ-
ity.
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