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Cadherin-Mediated Differential Cell Adhesion
Controls Slow Muscle Cell Migration
in the Developing Zebrafish Myotome

1994; Nose et al., 1988; Friedlander et al., 1989). Classi-
cal cadherins form a large family of transmembrane pro-
teins that are thought to mediate cell-cell interactions,
primarily as homophilic adhesion molecules, linking the
membrane to the cytoskeleton through the intermediary
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In mammals, over 20 different classical cadherin mole-
cules have now been isolated (see Supplemental FigureSlow-twitch muscle fibers of the zebrafish myotome
S1 at http://www.developmentalcell.com/cgi/content/undergo a unique set of morphogenetic cell move-
full/5/6/865/DC1), with individual family members beingments. During embryogenesis, slow-twitch muscle
expressed in both distinct and overlapping patternsderives from the adaxial cells, a layer of paraxial meso-
within specific tissues. Consequently, cadherins havederm that differentiates medially within the myotome,
been postulated to control a number of tissue-specific,immediately adjacent to the notochord. Subsequently,
morphogenetic events including cell migration and sort-slow-twitch muscle cells migrate through the entire
ing, the separation of tissue layers, epithelial to mesen-myotome, coming to lie at its most lateral surface.
chymal transitions, and aggregation and dispersal ofHere we examine the cellular and molecular basis for
cells, although definitive evidence for specific functionalslow-twitch muscle cell migration. We show that slow-
roles remains elusive (reviewed in Tepass et al., 2002).twitch muscle cell morphogenesis is marked by be-
Of particular interest has been the regional expressionhaviors typical of cells influenced by differential cell
of classical cadherins within the developing nervousadhesion. Dynamic and reciprocal waves of N-cadherin
system, where compartment boundary formation andand M-cadherin expression within the myotome,
neuronal cell sorting are both thought to be controlledwhich correlate precisely with cell migration, generate
by differential cadherin expression (Fishell et al., 1993;differential adhesive environments that drive slow-
Inoue et al., 2001; Price et al., 2002). However, theretwitch muscle cell migration through the myotome.
remains only a single, genetically defined, example ofRemoving or altering the expression of either protein
the requirement for cadherins in cell migration and sort-within the myotome perturbs migration. These results
ing during the development of any organism, that of theprovide a definitive example of homophilic cell adhe-
differential levels of Drosophila E-cadherin (DE-cadh-sion shaping cellular behavior during vertebrate devel-
erin) driving border cell migration during Drosophilaopment.
oogenesis (Godt and Tepass, 1998; Gonzalez-Reyes
and St Johnston, 1998).Introduction

The zebrafish embryo has proved a valuable model
system in which to examine questions of cellular mor-The differential adhesion hypothesis proposed by
phogenesis and migration, due in the main to the opticalSteinberg (1963) has been the prevalent theory of classi-
clarity of the embryo and the battery of sophisticated cellcal cell adhesion biology for almost 40 years, all the
labeling techniques that are available. This has enabledmore remarkable for the fact that is was postulated prior
researchers to examine cell behaviors at single-cell res-to the identification of the first cell adhesion molecules.
olution within the intact embryo. In particular, cell move-This model provides an explanation of cell motility be-
ments within the embryonic myotome, the structure thathaviors as a consequence of cell sorting and relies on
generates the majority of the muscles of the embryo,the supposition that different cellular cohorts possess
have been particularly well characterized (reviewed indiffering levels of affinity for each other. Accordingly,
Brennan et al., 2002). These studies have revealed acell populations that were initially mixed can undergo a
surprisingly dynamic array of cellular behaviors underly-process of “sorting out” into compartmentalized popula-
ing the final formation of different muscle fiber types.tions. Support for this theoretical model has come from

All vertebrate muscle cells are composed of two basiclandmark studies, which revealed that when specific
fiber types that express either fast or slow-twitch varie-members of a particular class of cell adhesion molecule,
ties of myosin heavy chain (MyHC). Zebrafish embryonicthe classical cadherins, are expressed within cultured
slow-twitch muscle cells are derived from the adaxialcells, cell sorting can result (Steinberg and Takeichi,
cells, a single-cell layer of paraxial mesodermal cells
immediately flanking the notochord (Devoto et al., 1996).
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Prior to segmentation, these cells initiate expression of2 These authors have contributed equally to this work.
the myogenic regulator factor (MRF)-encoding genes3 Present address: Victor Chang Cardiac Research Institute, 384

Victoria Street, Darlinghurst, Sydney 2010, Australia. myoD and myf5 and exhibit a cuboidal, epithelial-like
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Figure 1. Morphological Characterization of Cell Behaviors during Slow Muscle Migration

(A) Iontophoretic injection of high molecular weight rhodamine dextran into a single caudal adaxial cell of a two-somite stage zebrafish embryo
transgenic for the muscle-specific �-actin promoter GFP transgene (Higashijima et al., 1997). Both the needle electrode (N) and the labeled
cell (arrow) are shown.
(B) By the seven-somite stage, the labeled adaxial cell has initiated GFP expression, in line with the precocious differentiation of the adaxial
cell compartment within the PSM as a whole.
(C) By the end of somitogenesis (26-somite stage), the labeled cell has traversed, in a medial to lateral direction, the entire extent of the
forming myotome, to form a single, subcutaneous, elongated, and differentiated muscle fiber.
(A–C) Dorsal view, anterior to the top. PSM, presomitic mesoderm; SM, somitic mesoderm; MY, myotome; NC, notochord.
(D–L) Selected confocal time-lapse images of a bodipy ceramide-stained zebrafish embryo at the 20-somite stage (full time-lapse series in
Supplemental Movie 1). Yolk extension somites are shown at the dorsoventral level of the notochord. T, time in minutes from the commencement
of the time-lapse analysis. Individual cells located with the caudal aspect of the somite are denoted by �, *, and •, and tracked through
individual frames. A, adaxial cells.
(M) Premigratory adaxial cells have been injected with rhodamine dextran (red) within a 20-somite stage embryo treated with bodipy ceramide
(green). Yolk extension somites are shown at the level of the notochord.
(N) Migrating rhodamine dextran-labeled adaxial cell showing the triangular and irregular morphology that migrating cells adopt.
(O) Twenty-somite stage embryo stained for phalloidin (green) to mark actin and cell shape and the slow muscle-recognizing antibody F59
(red). Single image from a confocal reconstruction (provided in Supplemental Movie 2) of caudal yolk extension somites at the level of the
notochord. The irregular triangular shaped morphology of newly migrating adaxial cells is also evident in this analysis.
(P) Image from the same confocal reconstruction in (O), but from more rostral somites in which adaxial cell migration is more advanced.
Adaxial cells have flattened into a fiber-like appearance, and immediately medial fast muscle progenitors have also begun to elongate. Fast
muscle progenitors ahead of the migrating adaxial cells retain their rounded appearance.
(D–P) Dorsal views, anterior to the left.

morphology that identifies the first cellular compartment the lateral aspect of the somite, completing their differ-
entiation after slow-twitch muscle migration is completewithin the presomitic mesoderm (PSM; Weinberg et al.,

1996; Coutelle et al., 2001). Midway through segmenta- (Devoto et al., 1996; Blagden et al., 1997).
Despite a detailed understanding of the processestion, while still in contact with the notochord, all adaxial

cells differentiate as slow MyHC-expressing cells. Dye that specify slow muscle progenitors (reviewed in Bren-
nan et al., 2002), there is little understanding of how thelabeling experiments have revealed that shortly after

adaxial cells initiate differentiation, the majority migrate movements of these cells are controlled. The coordi-
nated, directional migration of differentiating slow musclefrom their medial position to traverse the entire extent

of the myotome, coming to lie at its most lateral surface, cells through the entire extent of the forming myotome
remains a striking and little understood morphogeneticforming a subcutaneous layer of slow-twitch muscle

(Devoto et al., 1996; Blagden et al., 1997; see Figures event. Here we describe the cellular and molecular basis
for slow-twitch muscle cell migration and reveal that1A–1C). A subset of the adaxially derived slow muscle

cells, termed the muscle pioneer cells (MPCs), fail to differential cell adhesion, generated by dynamic recipro-
cal waves of expression of N- or M-cadherin within theundergo this migration and remain notochord associ-

ated (Hatta et al., 1991; Ekker et al., 1992). Fast-twitch zebrafish myotome, propagates the lateral migration of
slow muscle cells.muscle cells, by contrast, differentiate specifically from
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Results transition, fast progenitors, medial to migrating slow
fibers, themselves take on an elongated appearance.

Morphological Characterization of Cell Behaviors Fast muscle progenitors that lie lateral to the newly
during Slow Muscle Migration Suggests a Functional elongated slow muscle cells retain a rounded appear-
Role for Differential Cell Adhesion ance until slow fibers have moved past them, when they
In order to understand the mechanistic basis of slow in turn begin to elongate.
muscle migration, we examined the cell behaviors that
occur during this process within the forming zebrafish n- and m-cadherin Are Expressed in a Dynamic
myotome. Time-lapse analysis of 20-somite stage em- and Reciprocal Manner and Are Associated
bryos stained with the vital interstitial fluorescent cell with Slow Muscle Migration
marker bodipy ceramide was carried out on yolk exten- The relative behavior of the myotomal subpopulations
sion (caudal) somites during a 5 hr period, prior to and described above could potentially be explained by slow
during the initiation of adaxial migration. This analysis and fast muscle progenitors possessing different adhe-
revealed that lateral fast muscle progenitors in the cau- sive properties. We therefore screened known cell adhe-
dal region of each somite move medially to take up sion molecules to identify those that were differentially
positions flanking the notochord. Concomitant with this expressed within the myotome during slow muscle mi-
initial movement of lateral somitic cells, the elongated gration. We identified two such molecules with recipro-
morphology of differentiated adaxial cells is trans- cal expression profiles. By a combination of cDNA
formed, as cell bodies adopt a triangular shape and screening, mining of the zebrafish genomic sequence,
are displaced toward the anterior edge of each somite and RACE strategies, we characterized the full-length
(Figures 1D–1L; Supplemental Movie 1). Contact be- open reading frame of zebrafish m-cadherin gene (Sup-
tween the notochord and the rostrally displaced adaxial plemental Figure S1A). By comparison to the zebrafish
cells is ultimately broken upon the invasion of medially genome project, we were also able to define the exon/
migrating lateral cells into the anterior-medial quadrant intron boundaries of the m-cadherin locus (Supplemen-
of the somite (Figures 1J–1L). This displacement of ad- tal Figure S1B). Phylogenetic analysis confirmed that we
axial cells from their notochordal juxtaposition renders had identified a true zebrafish ortholog of m-cadherin, a
them morphologically indistinguishable from surrounding gene that had previously only been identified in mamma-
fast muscle progenitors within bodipy ceramide-stained lian species (Supplemental Figure S1B). In situ hybrid-
embryos. Therefore, to allow the definitive identification ization with m-cadherin antisense RNA revealed that it is
of adaxial cells after migration initiation, we iontophoret- first expressed early during somitogenesis, exclusively
ically labeled adaxial cells with the lineage tracking dye within adaxial cells (Figures 2A and 2C). Expression of
rhodamine dextran within bodipy ceramide-stained em- m-cadherin expands laterally through the forming myo-
bryos and observed their lateral movements using time- tome during late somitogenesis, with the most lateral
lapse confocal microscopy. This analysis revealed that extent of its expression always initiating one or two cell
migrating slow muscle cells retained their irregular trian- diameters in front of the migrating slow cells (Figures
gular morphology as migration continued, with lateral 2D, 2E, 3A, and 3C–3E). At the same time as lateral
fast muscle progenitors progressively being displaced

expansion of m-cadherin expression begins, expression
medially relative to slow muscle movement (Figures 1M

is downregulated within the nonmigratory MPCs and
and 1N).

remains so even after migration is complete (Figures 2EIn order to understand the three-dimensional relation-
and 2F). This lack of m-cadherin expression with MPCsship of migrating slow cells to the lateral myotomal sub-
is more evident within embryos homozygous for thestrate through which they are migrating, wild-type em-
mutation uboot, which exhibit an expansion of MP-likebryos were fixed at the 20-somite stage and costained
cells (Figure 3K; P.D.C., unpublished observations; Royfor slow MyHC and F-actin to mark cell shape (Figures
et al., 2001). In these embryos, expression of m-cadherin1O and 1P). At this embryonic stage, the entire range
becomes reduced in a greater medial segment of theof slow muscle migratory cell behaviors, from initiation
somite, corresponding to the extent of this MPC-likeof migration to the postmigratory phase, can be visual-
expansion.ized by examining somites of differing developmental

By contrast, we found that expression of a secondstages, which are present at different rostrocaudal levels
classical cadherin, n-cadherin, occurs in a reciprocalwithin a single embryo. Serial confocal sections were
pattern. n-cadherin mRNA is initially globally expressedtaken through the entire dorsoventral extent of the
throughout the somite, in a domain that encompassesdeveloping myotome, positioned at several different
adaxial cells (Figures 2G–2J, 3B, and 3H; Bitzur et al.,rostrocaudal levels of the embryo. These images were
1994). Coincident with the initiation of slow cell migrationconsequently rendered in three dimensions (3D; recon-
n-cadherin expression is lost medially, although it re-struction is animated in Supplemental Movie 2; selected
mains expressed within MPCs (Figures 2I, 2J, 3B, andimages from individual Z stacks are shown in Figures 1O
3F–3H). The reduction of n-cadherin in a medial to lateraland 1P) and analyzed for cell morphology. This analysis
wave corresponds exactly with the onset of slow muscleconfirmed the existence of the different morphological
migration, with the most medial aspect of its expressiontransitions that migrating slow muscle cells underwent,
corresponding to the position of the migratory slow cellsas initially revealed in our time-lapse analysis. It further
(Figures 3B and 3F–3H). By the end of somitogenesis,revealed that as slow cells approached a distance of five
after migration of slow cells is complete, n-cadherinto six cell diameters from the midline, they underwent a
mRNA is localized exclusively to postmigratory slowfinal morphological transition from a triangular morphol-

ogy to that of an elongated fiber (Figure 1P). After this cells and MPCs (Figures 2J and 3J). Therefore, as a
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Figure 2. Expression of m- and n-cadherin
during Development of the Myotome

(A) Dorsal view, anterior to the top, of an
eight-somite stage zebrafish embryo stained
with an antisense mRNA probe to m-cadh-
erin. At this stage, m-cadherin expression is
restricted to the adaxial cells.
(B) Similar view as in (A) but of a 26-somite
stage embryo, revealing that m-cadherin ex-
pression now extends to the entire extent of
the myotome.
(C) High-magnification view of an eight-
somite embryo stained with an m-cadherin
antisense probe illustrating the adaxial re-
striction.
(D–F) Serial cross-sections, caudal to rostral
([D] to [F]), of a 20-somite stage zebrafish
embryo in which an expansion of m-cadherin
expression from medial to lateral can be seen.
Arrows note the loss of expression within the
muscle pioneer cells adjacent to the noto-
chord, simultaneous with the expansion of
expression from the midline.
(G) Eight-somite stage embryo (dorsal view
at the level of the notochord, anterior to the
top) stained for n-cadherin expression (blue)
and an anti-MyHC antibody (A4.1025, brown)
to mark the adaxial cells. At this stage
n-cadherin is expressed throughout the so-
mite, inclusive of the adaxial cells.
(H–J) Serial cross-sections, caudal to rostral
([H] to [J]), of a 20-somite stage zebrafish em-
bryo in which a retraction of n-cadherin ex-
pression occurs in a medial to lateral wave,
directly correlated with the expansion of
m-cadherin expression. Arrows mark the re-
tention of n-cadherin expression in the non-
migratory muscle pioneer cells.

consequence of the reciprocal expansion and contrac- adaxial cells would have the highest homophilic at-
traction for cells immediately lateral to themselves withtion of m- and n-cadherin expression, respectively, a

zone of overlapping expression of the two genes is main- whom they would share nearly identical adhesive prop-
erties within a narrow M- and N-cadherin expressiontained ahead of migrating slow cells (Figures 3I and 3J).

Cadherin-mediated adhesion is proposed to occur “zone.” This dynamic zone of high N- and M-cadherin
levels is propagated as a medial to lateral wave (seeprimarily in a homophilic manner, with cadherins on one

cell interacting with like molecules expressed on an ad- below). Therefore, the continuously M- and N-cadherin-
expressing adaxial cells would preferentially sort withinjacent cell. Experimental evidence for this model comes

from cell aggregation assays where cells transfected in it, driving slow muscle cell migration to the lateral extent
of the myotome. Reciprocally, as lateral cells downregu-vitro with either E- or P-cadherin (Nose et al., 1988) or

R- versus B-cadherin (Duguay et al., 2003) segregate late n-cadherin expression, they in turn would sort to
the medial zone that contains cells that have alreadyfrom each other when mixed. Furthermore, cells differ-

entially expressing discrete levels of a single cadherin lost n-cadherin expression.
have also been shown to adhere preferentially to each
other in vitro (Friedlander et al., 1989). These experi-
ments have led to the suggestion that both qualitative Loss of Function of n- and m-cadherin Reveals

a Requirement for Their Activityand quantitative changes in cadherin expression can
promote cell-sorting behaviors. in Slow Cell Migration

Our model would predict that removal of the functionInvoking these principles, the expression profiles of
n- and m-cadherin within the zebrafish myotome sug- of either of the bimodal cadherin components should

have a severe effect on slow muscle migration. As wegest a model whereby differential adhesive environ-
ments could direct the lateral movement of slow muscle had identified a full-length open reading frame for the

m-cadherin gene, and defined the exon/intron bound-cells to the body wall in the manner that we have docu-
mented. The profiles of n- and m-cadherin suggest that aries of the entire m-cadherin locus (Supplemental

Data), we designed two nonoverlapping “translation-the adaxial cells uniquely possess a high level of both
cadherins, prior to and throughout their migration. At the blocking” antisense morpholino oligonucleotides to the

upstream region of m-cadherin as well as a third “spliceonset of migration, the m-cadherin expression domain
expands laterally from the midline, overlapping with site-blocking” oligonucleotide directed against the do-

nor site of exon4. When injected, all the morpholinon-cadherin expression up to three cell diameters ahead
of the adaxial cells (Figures 3A–3J). Consequently, the oligonucleotides produced a similar phenotype, in which
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Figure 3. The Expression Profiles of m- and
n-cadherin Correlate with Slow Cell Migration

(A and B) Single confocal sections of 20-
somite stage zebrafish embryos, dorsal view
at the dorsoventral level of the notochord
(NC), which has been costained either for
m-cadherin (red, [A]) or n-cadherin (red, [B])
mRNA and anti-slow MyHC-recognizing anti-
body (F59, green). Arrows represent the ex-
tent of the expanding m-cadherin expression
domain (A) and retracting n-cadherin expres-
sion (B).
(C–E) Selected serial cross-sections, rostral
to caudal ([C] to [E]), of a 20-somite stage
zebrafish embryo stained for m-cadherin
(red) and slow MyHC (green). Arrows indicate
the lateral extent of the m-cadherin expres-
sion domain.
(F–H) Selected serial cross-sections, rostral
to caudal ([F] to [H]), of a 20-somite stage
zebrafish embryo stained for n-cadherin (red)
and slow MyHC (green). The most medial ex-
tent of n-cadherin expression (marked with
arrows) is always found within the migrating
adaxial cells regardless of the mediolateral
position of these cells.
(I and J) Selected serial sections (caudal to
rostral) of a 20-somite stage zebrafish em-
bryo that has been costained for m-cadherin
mRNA (blue) and n-cadherin (magenta). As-
terisks mark the region of overlap between
the two expression profiles.
(K) In situ hybridization of an antisense
m-cadherin probe to a homozygous mutant
uboot embryo (22-somite stage), sectioned
at the level of a yolk extension somite. These
embryos exhibit an expansion of the m-cadh-
erin-negative domain corresponding to the
expansion of MPC-like cells present at this
stage (compare to Figure 2F). NT, neural tube.

the migration of slow muscle cells were grossly inhib- but did not eliminate the transcript completely (Fig-
ure 4N).ited, but did so to varying degrees. Oligo M1, designed

to provide antisense hybridization over the ATG of the We have characterized the phenotypes of morpho-
lino-injected embryos by generating 3D reconstructionsm-cadherin mRNA, resulted in a higher percentage of

embryos in which migration of the slow muscle cells of slow MyHC staining (Figure 4; Supplemental Data).
A four-somite width view was reconstructed utilizingwas inhibited (83%, n � 73; Figures 4D–4F) and to a

greater extent than oligo M2, which was targeted against over 100 single confocal scans encompassing the entire
myotome from embryos injected with different oligonu-a region upstream of the m-cadherin ATG (61%, n �

57; Figures 4G–4I). As the weaker phenotype could also cleotides (M1, n � 12; M2, n � 10). Analysis of these
three-dimensional renderings revealed that, despitebe generated by the injection of lower concentrations

of the M1 morpholino (data not shown), we surmised that there being similar numbers of slow fibers present within
injected and uninjected embryos (average number ofthe less severe phenotype generated by M2 injection

resulted from less efficient targeting of the M2 antisense fibers present within individual myotomes: wild-type,
23.93 � 1.17 SD; M1-injected 19.70 � 1.48 SD), a largeoligonucleotide and a consequent partial knockdown

of M-cadherin function. This was consistent with our number of slow cells failed to reach the lateral aspect
of the myotome (average number of fibers present atanalysis of embryos injected with the splice-blocking

morpholino SM1, which generated a similar phenotype the lateral surface of the myotome: wild-type, 20.18 �
1.42 SD; M1-injected, 5.41 � 1.81 SD; M2-injected,to M2-injected embryos (Figure 4M). Morpholinos di-

rected against splice site sequences have been used 12.23 � 2.40 SD). Cells were found instead to remain
at their medial origin or lie in a position perpendicularpreviously to inhibit splicing, resulting in either missplic-

ing or degradation of targeted mRNAs, and can conse- to the migratory trajectory; that is, aligned mediolaterally
within the myotome instead of the usual anterior-poste-quently be used to estimate the efficacy and specificity

of targeted knockdown (reviewed in Draper et al., 2001). rior alignment (see Figures 4D–4I for selected recon-
structed images and specific confocal sections; ani-Therefore, we were able to determine that SM1 injection

specifically reduced the levels of m-cadherin transcript mated movies of reconstructions are supplied as
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Figure 4. Removal of n- or m-cadherin Function Results in Altered Slow Muscle Migration

Single frames of a 3D reconstruction in lateral (A, D, G, and J) and cross-sectional (C, F, I, and L) views encompassing a four-somite width
view of a 26-somite stage embryo.
(B, E, H, and K) Single confocal scans at the dorsoventral level of the notochord taken from the same image stacks used to make the
respective reconstructions.
(A–L) All are incubated with an antibody that recognizes slow MyHC (F59).
(A–C) Wild-type embryonic pattern of slow MyHC.
(D–F) Embryos that have been injected with the morpholino antisense oligo M1 against the ATG region of m-cadherin (mcad[M1]) exhibit a
highly penetrant and reproducible defect in slow cell migration (D and E). Fibers fail to migrate to the lateral surface of the myotome and are
often seen to elongate or are bent in a direction perpendicular (medial to lateral) to normal fiber orientation (F).
(G–I) Embryos that have been injected with the morpholino antisense oligo M2, against a region upstream of the ATG region of m-cadherin
(mcad[M2]) exhibit a similar, but less severe, phenotype to M1-injected embryos. Slow cells again fail to migrate correctly, leading to gaps
in the lateral palisade of slow muscle fibers.
(J–L) Embryos homozygous for the n-cadherin mutation pactm101a exhibit a near identical phenotype to M1-injected embryos, with similar gaps
in the final pattern of slow fibers.
(M) Staining of SM1 morpholino-injected embryos for slow MyHC (red) results in an identical phenotype to that produced in M2-injected embryos.
(N) RT-PCR of cDNA derived from mRNA of uninjected (U) and SM1-injected (SM1) embryos. Injection of the SM1 morpholino results in a
specific knockdown of m-cadherin transcript (arrow) but not of a transcript encoding actin (asterisk).

Supplemental Movies 3 and 4 for M1-injected embryos, results from the generation of a premature stop codon,
just prior to the fourth extracellular domain of n-cadh-and Supplemental Movie 5 for M2-injected embryos).

Nonmigratory and misaligned fibers were also detected erin, and is thought to represent a null allele (Lele et al.,
2002). Again, using confocal reconstruction to chart theat single-cell resolution, within m-cadherin morpholino

M1-injected embryos, via the iontophoretic labeling of position of slow muscle cells within the myotome, we
found that pactm101a homozygotes (clearly identifiable viaindividual adaxial cells with lineage tracking dyes and

the consequent time lapse of their cellular morphogene- their hindbrain defect) exhibited a highly penetrant and
reproducible reduction of slow muscle at the lateral ex-sis (Figures 5A–5F). Embryos maintain this deficit in slow

cell migration up to 4 dpf, the latest stage of develop- tent of the myotome despite possessing a near normal
number of total slow fibers within affected myotomesment at which injected embryos were examined (data

not shown). Injection of control oligonucleotides of unre- (n � 56, average lateral slow fiber number 12.17 � 2.90
SD, average total fiber number 20.53 � 1.21 SD; Figureslated sequence (n � 103) produced no such phenotype.

We conclude that M-cadherin function is required for 4J–4L; Supplemental Movie 6). The majority of somites
possessed altered fiber arrangements with individualthe correct migration of slow muscle cells.

Mutations within the n-cadherin open reading frame muscle cells missing from the stereotypical palisade
of postmigratory slow muscle fibers, which was morehave recently been identified in parachute (pac) homo-

zygous mutant embryos (Lele et al., 2002). pac mutants severe in posterior somites at the 26-somite stage. The
reduction of lateral fiber number was also clearly evidentexhibit ectopically delaminating cells within the dorsal

aspect of the hindbrain, and defects in retinal laminae up to 4 dpf, the latest point up to which pactm101a homozy-
gotes were examined (data not shown). Furthermore,and neural outgrowth, but no defects within the myo-

tome of these embryos have previously been reported injection of antisense morpholinos to the n-cadherin
ATG produced a similar but noticeably less severe re-(Lele et al., 2002; Erdmann et al., 2003; Masai et al.,

2003). We examined the n-cadherin mutant allele duction in slow muscle migration (n � 30).
The myotomal phenotypes found in pactm101a mutantspactm101a for defects in slow muscle migration. pactm101a
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Figure 5. Removal of N- or M-Cadherin Results in Altered Migration of Slow-Twitch Muscle without Affecting Myotomal Integrity

(A–F) Iontophoretic injection of rhodamine dextran into adaxial cells of M1 morpholino-injected embryos reveals slow muscle cells fail to
migrate (A–C) or become misaligned within the differentiated myotome (D–F). In (A), a single adaxial cell is labeled that undergoes the normal
morphogenetic transition to a triangular morphology (B), which elongates but fails to migrate from the midline (C). In (D), two adjacent adaxial
cells have been labeled (arrows) and these similarly adopt the normal triangular morphology (E), but become aligned mediolaterally (small
arrows) or obliquely (large arrow) within the differentiated myotome (F). 5S, five-somite stage; 15S, 15-somite stage; 26S, 26-somite stage.
(G–I) Single confocal scans of embryos stained for slow MyHC (red, F59) and actin (green, phalloidin) within 20-somite stage wild-type (G),
M1 morpholino-injected (H), and pactm101a homozygote ([I], more caudal view than [G] and [H]) embryos reveals no disruption to myotomal
integrity, prior to and during slow muscle cell migration.
(J–L) Dorsal view of 3D reconstructions projecting through the entire dorsoventral extent of a four-somite width view of wild-type (J), M1-
injected (K), and pactm101a homozygote (L) 26-somite stage embryos. All embryos have been stained for slow MyHC (red, F59) and actin
(green, phalloidin). The altered slow MyHC fiber migration does not affect general myotomal morphology within M1-injected or pactm101a

homozygote embryos.
(M and N) Confocal sections showing embryos stained with MyHC (green) and counterstained with propidium iodide (red) to mark nuclei
positions within the myotome of m-cadherin M1 morpholino-injected ([M], caudal somites) and pactm101a homozygote ([N], rostral somites)
embryos. Nuclei positioning provides a sensitive indicator of myotomal integrity, which is unaltered in these embryos.

are identical to defects found in embryos injected with cell migration with the respective expansion and retrac-
tion of m- and n-cadherin expression, it remained possi-the m-cadherin M2 morpholino or low concentrations

of the M1 morpholino (compare Figure 4G to Figure 4J). ble that defects in myotome ontogeny could occur
through nonspecific defects in myotomal structure,In all cases large gaps were found in the lateral pattern

of slow fibers, resulting from the absence or altered which would relate to an early somite epithelial defect.
However, no generalized defects in myotomal structuremigration of slow muscle cells. Injection of the m-cadh-

erin M1 morpholino into pactm101a mutants did not lead could be detected prior to, during, or after completion
of migration of slow muscle migration structure withinto a more dramatic loss of slow fiber than in M1-injected

morpholinos alone (n � 45). This suggests that N-cadherin m-cadherin morpholino-injected and pactm101a homozy-
gotes utilizing a number of different criteria (Figuresactivity was not redundant to that of the M-cadherin

function. We note, however, that database searches 5G–5N; Supplemental Movies 7–9). We therefore con-
clude that expression of both N- and M-cadherin arehave revealed the existence of several possible n-cadh-

erin genes, other than that initially reported and mutated required specifically for the correct, coordinate migra-
tion of slow muscle cells, rather than for general myoto-in pactm101a mutants (Bitzur et al., 1994; Lele et al., 2002;

P.G. and P.D.C., unpublished observations). This is in mal integrity.
contrast to m-cadherin, where only a single match could
ever be found within zebrafish and Fugu databases. This Ectopic Expression of N-Cadherin Disrupts

the Patterning of Slow Muscle Fibersraised the possibility of redundancy acting at the level
of n-cadherin. Genetic redundancy would explain the A further prediction of our model is that altering the

balance of cadherin in advance or within migrating slowrelative lack of severity of the pactm101a phenotype both
in comparison to the m-cadherin M2 morpholino pheno- cells would disrupt the ability of cells to sort according

to the levels and type of cadherin that they express.type as well as the phenotype of n-cadherin knockout
mice, which possess severe cardiac or somitic epitheli- This would have as its consequence a possible failure

or perturbation in slow cell migration. In order to examinezation defects (Radice et al., 1997; see below) not evi-
dent in pactm101a homozygotes. this question, we undertook two different types of exper-

iment. First, we expressed N-cadherin ectopically inDespite the clear association of zebrafish slow muscle
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Figure 6. Overexpression of N-Cadherin Perturbs Slow Muscle Migration

(A) N-cadherin can be ectopically expressed via use of the fast muscle-specific promoter of the Fast Myosin light chain 2 gene (MyLC fast;
Xu et al., 1999; Ju et al., 2003) and visualized by the simultaneous expression of GFP (green), which is translated from a bicistronic message
through the utilization of an intervening internal ribosome entry site (IRES) element.
(B–G) Injection of the “empty” construct that contains the MyLC2 fast-specific promoter and GFP alone does not alter slow muscle migration.
(H–M) Injection of the MLC2F-Ncad-GFP construct results in missing fibers (arrows) from the final stereotypical palisade of postmigratory
slow muscle (red). (B–D) and (H–J) are selected lateral views, anterior to the left, of a 3D confocal reconstruction projected over four somites.
(E–G) and (K–M) are cross-sectional views, anterior out of the page, dorsal to the top of the same 3D confocal reconstructions.
(N–S) Injection of mRNA encoding the antisense strand of n-cadherin into the premigratory adaxial cell of a 15-somite stage embryo (N) does
not perturb migration to the lateral myotome evident at the 26-somite stage (O and P). Injection of mRNA encoding the sense strand of the
n-cadherin gene into the adaxial cell of a 15-somite stage embryo (Q) results in a block in lateral migration of adaxial cells (R and S). Red,
rhodamine dextran lineage tracking dye marks the injected cell; green, GFP derived from muscle-specific �-actin promoter GFP transgene.
(N, O, Q, and R) Dorsal view, anterior to the top.
(P and S) Lateral views of the rhodamine channel only to reveal the normal, elongated morphology of injected cells.

front of the migrating slow cells via the use of a lateral, N-cadherin within lateral fast muscle progenitors would,
when the expanding wave of M-cadherin expressionfast muscle-specific promoter derived from the zebra-

fish myosin light chain 2 fast gene (MLC2f; Xu et al., reached the position of the ectopic N-cadherin express-
ing clone, generate an environment that may mimic the1999; Ju et al., 2003). The expression of this gene and

promoter is activated prior to slow muscle migration high N- and M-cadherin zone containing the adaxial
cells. As levels of N-cadherin within the clones wouldwithin the lateral, fast muscle-specific domain of the

myotome. We placed the n-cadherin open reading frame not be spatially and temporally altered they may “trap”
adaxial cells in a fixed homophilic environment, thusunder the control of the MLC2f gene regulatory elements

and upstream of the GFP ORF (referred to as MLC2F- halting their lateral-ward migration, and result in gaps
within the final stereotypical palisade of postmigratoryNcad-GFP; Figure 6A). Simultaneous cadherin/GFP

translation could be achieved within the bicistronic mes- slow muscle fibers. An examination of embryos injected
with the MLC2F-Ncad-GFP construct revealed gaps insage via use of an internal ribosome entry site (IRES)

placed upstream of GFP. IRES elements have been pre- the final slow muscle cell pattern that were correlated
with GFP-positive cells (Figures 6H–6M; 32%, n � 25;viously shown in zebrafish to result in efficient transla-

tion of GFP, which faithfully delineates the expression Supplemental Movie 11). Curiously, gaps could often
extend to neighboring somites, with muscle fibers miss-of the bicistronic message (Fahrenkrug et al., 1999;

Wang et al., 2000). DNA injection into the early blasto- ing directly appositional to the gaps present in the myo-
tomes in which MLC2F-Ncad-GFP expression was evi-meres of the zebrafish embryo results in a highly mosaic

inheritance of DNA within transgenic clones. Therefore, dent, suggesting some role for cadherins in coordinating
adhesion between muscle fibers in adjacent myotomes.injection of the MLC2F-Ncad-GFP construct into zebra-

fish embryos resulted in small clones of cells, comprised None of these effects were evident upon injection with
a construct driving GFP alone from the MLC2F promotermost often of single cells, expressing GFP and N-cadherin

ahead of the migrating slow cells (Figures 6H–6M). We (Figures 6B–6G; n � 32; Supplemental Movie 10).
A second experimental approach, aimed at dissectinghypothesized that providing a fixed and high level of
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the importance of the levels of specific cadherin mole-
cules within migrating slow cells, was to directly inject
n-cadherin mRNA into adaxial cells, just prior to their
migration. Direct iontophoretic injection has previously
been shown to be an efficient mechanism for delivery
of mRNA into zebrafish cells in vivo (Dorsky et al., 1998).
By providing a “spike” in N-cadherin expression, we
aimed to produce single adaxial cells that expressed a
uniquely high level of N-cadherin within an otherwise
unaltered myotome. We hypothesized that such cells
would no longer possess homophilic attraction with mi-
grating adaxial cells or the N-/M-cadherin zone into
which they were sorting. Consequently, these cells
would fail to correctly migrate to the lateral surface of the
myotome. As predicted, injection of n-cadherin capped
sense mRNA into premigratory adaxial cells, dramati-
cally altered the ability of these cells to migrate. Injected
cells remained medial, within two to three cell diameters
of the midline (Figures 6Q–6S; 85%, n � 13). No such
alteration in migration was evident in adaxial cells in-
jected with mRNA derived from the antisense strand of
the n-cadherin gene (Figures 6N–6P; n � 9). From the
results of these two separate analyses, we have con-
cluded that the levels of individual cadherins expressed
within cells of the myotome are important for correct
slow cell migration.

Discussion

We have analyzed the morphogenetic and molecular
mechanisms by which slow MyHC-expressing muscle
cells undergo a directional lateral-ward migration within
the zebrafish myotome. Time-lapse analysis of myoto- Figure 7. Model of Slow Muscle Cell Migration in the Zebrafish
mal cells, prior to and during slow cell migration, sug- Embryo

gests a possible role for differential cell adhesion in the (A) Adaxial cells initially express a high level of both N- and
M-cadherin, with N-cadherin expression also extending throughoutcontrol of migration. We have identified cell adhesion
the somite.molecules that are expressed within the zebrafish myo-
(B) Migration proceeds through the dynamic expansion and retrac-tome and revealed that zebrafish n- and m-cadherin
tion of M- and N-cadherin, creating a unique homophilic environ-

are expressed in a dynamic and reciprocal fashion that ment for adaxial cells that traverse the myotome to generate cell
correlates with slow muscle cell migration. Loss of the sorting of differentiating slow muscle cells. MP cells lose M-cadherin
expression of either cadherin from myotomal cells inhib- expression but retain N-cadherin, and thus they do not sort into the

migratory domain.its migration. Furthermore, altering cadherin expression,
(C) Postmigratory expression of N-cadherin is restricted to the adax-either in migrating slow muscle cells themselves or
ial cells including the MP cells, and M-cadherin is expressedwithin cells through which slow muscle cells must mi-
throughout the myotome with the exception of the MP cell.

grate, results in aberrant migration. We conclude that
differential cell adhesion, driven by dynamic and recip-
rocal expression of members of the classical cadherin

fibers of the mouse, and within fully differentiated fibersfamily within the myotome, is responsible for coordinat-
in vitro, M-cadherin expression is largely lost. In vivo,ing the migration of zebrafish slow muscle cells (see
however, M-cadherin expression remains associatedFigure 7).
with a subset of quiescent satellite cells (muscle-spe-
cific stem cells), and has long been postulated to controlN- and M-Cadherin Function in Mammalian Cell
the adherence and positioning of satellite cells along aAdhesion and Migration
fiber. The only nonmuscle-related site of M-cadherinNumerous studies, carried out both in vivo and in vitro,
expression is within the cerebellum of adult mice at ahave pointed to multiple roles for N- and M-cadherin in
structure termed the contactus adherens. The contactusthe development of the mouse embryo. In the case of
adherens forms specialized adherence junctions in theM-cadherin, its predominance of expression within de-
granular cell layer of the cerebellar glomerulus, and theveloping and regenerating mammalian muscle has led
expression of M-cadherin within these cells has led toto a number of hypotheses about its function. Chief
speculation on its role in coordinating junction formationamong these is the suggestion that M-cadherin may be
(Rose et al., 1995; Bahjaoui-Bouhaddi et al., 1997).essential for the fusion of myoblasts to form multinucle-

Surprisingly, however, knockout studies have so farated myofibers, a view that is supported by results of
failed to provide any evidence of a role for M-cadherin inin vitro studies (Kaufmann et al., 1999; Zeschnigk et

al., 1995). Furthermore, within mature, postnatal muscle myoblast fusion or adhesion, as homozygous m-cadherin
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mutant mice possess no discernible phenotype (Hollna- our experimental analysis is that overexpression of
N-cadherin ahead of the migrating slow cells results ingel et al., 2002). A detectable upregulation of N-cadherin

within tissues that would normally express M-cadherin an absence of slow muscle fibers from the stereotypical
lateral slow muscle palisade, rather than a detectablehas been suggested to be responsible for the lack of

phenotypic consequences of M-cadherin removal. How- prevention of their migration and consequent altered
positioning in the myotome. Why slow fibers that en-ever, as myotomal fiber positioning has not been exam-

ined in any detail within m-cadherin knockout mice it counter a fast myocyte expressing an altered level of
cadherin do not simply fail to migrate past this pointwould be of interest, in light of the results reported here,

to determine whether the final pattern of the embryonic remains unclear. Clearly, the loss of function of n- and
m-cadherin results in such a phenotype, where largemyotome is perturbed.

By contrast, n-cadherin mutant mice do possess a cohorts of slow muscle cells fail to migrate from the
midline—most dramatically illustrated in the m-cadherinnumber of well-characterized developmental defects

that appear to result from a lack of cell adhesion in M1 morpholino-induced phenotypes. One possible ex-
planation may lie in the phenotype of the zebrafish muta-specific tissues (Radice et al., 1997). Analysis of mouse

embryos chimeric for N-cadherin-expressing and -non- tion uboot (ubo). In this mutation, differentiating slow
muscle cells are specified normally but fail to migrateexpressing cells, as well as the results of in vitro studies,

have provided additional evidence for both a cell adhe- from the midline. Consequently, they fuse with adjacent
fast muscle precursors, turn off slow MyHC expression,sive and migration-promoting role for N-cadherin (Kos-

tetskii et al., 2001; Tran et al., 1999; Dufour et al., 1999). and begin to express fast MyHC (Roy et al., 2001). It
may be that when individual slow muscle cells are simi-While such studies implicate N-cadherin function in the

maintenance of tissue integrity in different regions of larly held within the fast muscle progenitors domain for
an extended period, such as by an inability to find athe mouse embryo, including the somites, none of the

defects so far studied in n-cadherin null mice have been homophilic environment, that they are triggered to fuse
with surrounding fast muscle cells. These cells wouldshown to result from a migratory, or cell-sorting, abnor-

mality within a specific subpopulation of cells. Further- consequently downregulate slow MyHC and initiate a
fast muscle-specific gene expression profile. Our exper-more, an analogous role to that demonstrated in the

control of skeletal muscle fiber organization in zebrafish iments overexpressing N-cadherin within individual
adaxial cells also appears to support such a conclu-cannot be ruled out, as early defects in somite epitheliza-

tion preclude an examination of this question. sion, as these cells remain localized within the fast mus-
cle domain and are not lost from the postmigratoryIn contrast to these analyses, our study points to a

specific requirement for both N- and M-cadherin in the myotome.
Collectively, our results define a role for classicalcell sorting of different myotomal cell types. It is possible

that N- and M-cadherin could play similar roles during cadherin-mediated adhesion in the coordinated migra-
tion of slow MyHC-expressing myocytes within the ze-the formation of the amniote myotome, but no correla-

tion between these genes and fiber type morphogenesis brafish myotome. The dynamic and reciprocal expres-
sion of two different cadherin molecules within thehas yet been reported. Although amniote fast and slow-

twitch muscle cells do not lie in spatially separable pop- zebrafish myotome and their precise correlation with
a cell migratory event establishes a paradigm for theulations but are peppered throughout the myotome, re-

cent studies have revealed the possible existence of regulation of cell migration by cadherins. Altering or
removing the expression of either cadherin within thechick primary “pioneer” myoblasts. These cells express

both slow and fast MyHC, which differs from later born myotome perturbs slow muscle cell migration. These
results provide a definitive example of adhesion-medi-cells that express only fast MyHC and intersperse be-

tween pioneer fibers (Kahane et al., 1998; Kalcheim et ated cell sorting controlling the direction of cellular mi-
gration. It also provides clear in vivo evidence that bothal., 1999). These findings support the hypothesis that

the evolutionary origin of amniote myotome formation qualitative and quantitative changes in cadherin expres-
sion can mediate cell sorting, confirming results of ear-might be reflected within the simplified muscle cell ar-

rangement present in zebrafish. However, it must be lier in vitro studies. It is perhaps the strongest illustration
to date that the differential adhesion hypothesis can beacknowledged that amniote myotome formation re-

mains controversial, with several different models in evi- applied to the morphogenesis of complex tissues in vivo.
dence (Denetclaw et al., 1997; Denetclaw and Ordahl,
2000). Experimental Procedures

Zebrafish StrainsSlow Muscle Cell Morphogenesis
Wild-type embryos of the AB strain homozygous for the pigmentduring Migration and the Role
mutation golden were used in all stainings and manipulations. Theof Cadherin-Mediated Adhesion
parachute (pactm101) and uboot (ubop39) were a gift of H.-G. Frohnhöfer

Our time-lapse analyses of slow muscle cell migration at the Tübingen Stock Center.
within the zebrafish myotome have cataloged the ste-
reotypical nature of the morphological transitions that

Bodipy Ceramide Staining, Iontophoretic Injections,slow cells undergo during their medial to lateral migra-
and Time-Lapse Analysistion. We have further revealed that the molecular basis
Bodipy ceramide labeling was performed essentially as described

for these morphological transitions resides in the differ- (Cooper et al., 1999) with time-lapse images captured on a Zeiss
ential deployment of cadherins during the ontogeny LSM510 inverted confocal microscope. Single-plane capture was

performed over the course of 4–6 hr at 5 min intervals, and theof the myotome. However, one unexplained feature of
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