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the cdh2 FBMN migration phenotype, we performed high-
resolution movies of FBMN movements in double
mutant/morphant embryos (Fig. 6E-G; see Movie 7 in the
supplementary material). Cdh2/cntn2 double mutant/morphant
embryos showed phenotypic aspects characteristic for the single
mutant/morphant phenotypes, such as a disorganized dorsal neural
tube, diminished basal lamina formation and reduced tangential
FBMN movements (Fig. 5C; data not shown). Moreover, the
general architecture of the ventral neural tube, where FBMNs are
specified and migrate, appeared to be largely unaffected in
cdh2/cntn2 double mutant/morphant embryos (see Fig. S5 in the
supplementary material), similar to the situation in single

mutant/morphant embryos. In contrast to these additive effects in
the double mutant/morphant embryos, the midline fusion of the
bilateral FBMN clusters in cdh2 single mutants was partially
normalized at the 22 ss by the injection of cntn2 MO in cdh2
mutant embryos (Fig. 6I). This was caused by FBMNs in
cdh2/cntn2 embryos initially moving apically toward the neural
tube midline, but then failing to establish firm contacts over the
apical midline (Fig. 6E-G; see Movie 7 in the supplementary
material). These findings suggest that FBMN cohesion and/or
FBMN-to-NC adhesion do not modulate the activity of NC
cohesion in restricting apical FBMN movements, but do diminish
FBMN cluster fusion in embryos with reduced NC cohesion.
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Fig. 5. Cntn2 is required for FBMN cohesion and tangential migration. (A)Box plot of separation forces measured for homotypic adhesion
between BMNs (BMN-BMN) and NCs (NC-NC), and for heterotypic adhesion between BMNs and NCs (BMN-NC) taken from control, cdh2 mutant
and cntn2 morphant embryos, and from cdh2 mutant embryos injected with cntn2 MO (cdh2/cntn2). Box represents the median ± interquartile
range (IQR) and the whiskers extend to 1.5 � IQR. P values determined by t-test are shown above the brackets. n.s., not significant. (B-E)cntn2
morphant embryos (1.3 ng/embryo; C,E) exhibit reduced tangential FBMN migration (C) and basal extrusion of FBMNs from the neural tube at 48
hpf (white arrow in E). Dashed lines in B,C indicate level of transverse sections shown in D,E. (F-M�) Confocal images of wt and cntn2 morphant
transgenic isl1:GFP embryos at 18 ss immunolabeled with antibodies against -catenin (F-G�), tight junction protein ZO-1 (H-I�), apical protein nPKC
(J-K�) and extracellular matrix component Laminin (L-M�). Scale bars: 20mm.
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DISCUSSION
Here, we have tested the hypothesis that cohesion among NCs is
required for FBMN migration by restricting apical movement of
FBMNs within the neuroepithelium. We show that lowering NC
cohesion causes FBMNs positioned at the basal side of the
neuroepithelium to move apically instead of tangentially towards
r6/7. NC cohesion, controlled by the Wnt/planar cell polarity
(Wnt/PCP) signaling pathway, has previously been suggested to
prevent FBMNs from moving apically between NCs, and ectopic
apical FBMN movement has been associated with failed tangential
FBMN migration in Wnt/PCP mutant embryos (Wada et al., 2006).
Our data now provide direct experimental evidence in favor of the
hypothesis that NC cohesion functions in tangential FBMN
migration by restricting apical FBMN movement.

FBMNs migrate tangentially in close proximity to the outer
(basal or pial) surface of the hindbrain epithelium and form
protrusions pointing in the direction of their migration (see Movie
8 in the supplementary material). They also frequently form
protrusions pointing apically between NCs (Mapp et al., 2010), but
in embryos with normal NC cohesion, these projections are only
short-lived and do not lead to apical translocation of FBMNs (see
Movie 8 in the supplementary material, red arrows). It is therefore
likely that FBMNs use NCs as a substrate for their migration, and
that the path of their migration is, at least partially, determined by
the cohesive properties of their substrate. Consequently, in embryos
with normal NC cohesion (wt embryos), FBMNs migrate
tangentially and not apically, as moving between NCs would be

mechanically unfavorable. By contrast, when NC cohesion is low
(cdh2 mutants), FBMNs move apically instead of tangentially, as
there is no sufficient mechanical resistance from the
neuroepithelium to restrict their apical movement. A similar
situation might exist in Drosophila oogenesis; border cells fail to
migrate when E-cadherin expression is reduced in nurse cells,
which border cells use as their substrate for migration
(Niewiadomska et al., 1999). Although the cohesive function of E-
cadherin in nurse cells has not yet been tested directly, it is
conceivable that reduced E-cadherin expression leads to diminished
nurse cell cohesion, and that sufficient nurse cell cohesion is
required for directed border cell migration.

Cell-to-substrate adhesion is thought to be crucial for cell
migration in various developmental processes, such as border cell
migration in Drosophila (Pacquelet and Rorth, 2005), mesoderm
migration in Xenopus and zebrafish (Winklbauer et al., 1992;
Montero et al., 2005), and primordial germ cell migration in
zebrafish (Kardash et al., 2010). Given that FBMNs are likely to
use the outer surface of the hindbrain as a substrate for their
migration (Grant and Moens, 2010), heterotypic adhesion between
FBMNs and NCs will also be an important factor influencing their
migration. Our finding that reduced homotypic FBMN and NC
adhesion but unchanged heterotypic FBMN-to-NC adhesion in
cdh2 mutant embryos is accompanied by ectopic apical FBMN
movements (Figs 2 and 4), argues against a major function of
heterotypic adhesion in causing apical instead of tangential FBMN
movements in cdh2 mutants. However, it is conceivable that
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Fig. 6. Cntn2-mediated FBMN cohesion is required for apical FBMN cluster fusion in cdh2 mutants. (A-C,E-G) Live imaging of FBMN
migration in cntn2 morphant and cdh2 mutant embryos injected with cntn2-MO starting at 18 ss. (D,H)Average instantaneous (D) and tangential
displacement (H) speed of FBMN movements in cdh2 mutant, cntn2 morphant and cdh2/cntn2 mutant/morphant embryos, normalized to their
respective controls. Mean values ± s.d. (D)and mean ± s.e.m. (H)are shown. (I)Normalized FBMN cluster distance in cdh2 mutant, cntn2 morphant
and cdh2/cntn2 mutant/morphant embryos (mean values ± s.d.). P values determined by t-test are shown above the brackets. Scale bars: 20mm.
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heterotypic adhesion has other functions in FBMN migration, such
as the regulation of FBMN traction required for efficient
translocation of FBMNs over NCs. Our observation that in cntn2
morphant embryos increased FBMN-to-NC adhesion (and reduced
FBMN cohesion) is accompanied by failed tangential FBMN
migration (Figs 5 and 6), indicates a possible involvement of
heterotypic adhesion in FBMN migration.

Cdh2 has previously been shown to be required for
neuroepithelial morphogenesis in zebrafish (Lele et al., 2002). In
cdh2 mutant embryos, NC movements are affected and neurons
become progressively displaced during neural tube formation.
These phenotypes are particularly pronounced in dorsal regions of
the midbrain and hindbrain, whereas other parts of the neural tube
are less affected. Our finding that NC cohesion is nearly
completely abolished in cdh2 mutant embryos (Fig. 2), whereas the
architecture of the ventral neuroepithelium appears to be normal
(Fig. 3), suggests that Cdh2-dependent NC cohesion is largely
dispensable for maintaining epithelial organization in ventral parts
of the neural tube. However, once epithelial integrity is challenged,
e.g. by basally positioned FBMNs trying to squeeze between NCs
(Mapp et al., 2010), reduced neuroepithelial stability in cdh2
mutants becomes apparent by the apical dislocation of FBMNs.

Cdh2 is expressed in both NCs and FBMNs and is required for
cohesion of both cell types (Fig. 2). Our observation that reduced
cohesion of FBMNs in cntn2 mutant embryos does not lead to
ectopic apical FBMN movement, as observed in cdh2 mutants
(Figs 5 and 6), argues against a crucial function of Cdh2 in
controlling apical FBMN movements by regulating FBMN
cohesion. However, it is still possible that Cdh2 functions
differently in FBMNs to control their migration. To address such
potential Cdh2 function in FBMNs, we have performed cell
transplantation experiments, in which we transplanted either mutant
cells into wt embryos or vice versa to examine a cell-autonomous
function of Cdh2 in either FBMNs or NCs. However, wt cells
transplanted into cdh2 mutant hindbrains, and mutant cells
transplanted into wt hindbrains, often formed clones clearly
segregated from the surrounding neuroepithelium (data not shown),
rendering these transplantation experiments uninterpretable. We
can therefore presently not exclude that Cdh2 also functions in
FBMNs to control their migration independently from regulating
their cohesion.

The regulation of homotypic and heterotypic cell adhesion
within the developing neural tube is likely to be controlled by a
variety of different adhesion molecules. Our analysis of cdh2 and
cntn2 mutant/morphant embryos revealed that Cdh2 is required for
most of NC cohesion, whereas FBMN cohesion requires the
cooperative activities of Cdh2 and Cntn2 (Figs 2 and 5).
Interestingly, NC-to-FBMN adhesion is unaffected in cdh2 mutants
(Fig. 2), and is even upregulated in cntn2 morphant embryos (Fig.
5), suggesting that heterotypic adhesion is largely independent of
Cdh2 expression, and that Cntn2 has some antagonistic activity in
regulating this adhesion. How Cdh2 and Cntn2 functionally interact
to regulate heterotypic NC-to-FBMN adhesion, and whether other
adhesion molecules are also involved, remains to be elucidated.

Neuronal migration is generally thought to be controlled by a
number of evolutionarily conserved ligand-receptor systems
mediating chemotaxis and contact guidance (Rao et al., 2002). Our
finding that cell cohesion-mediated mechanical stability of the
neuroepithelium is required to restrict the movement of FBMNs
towards the apical midline of the neural tube suggests that, in
addition to molecular guidance cues, the mechanical property of
adjacent tissues constitute a crucial factor in neuronal migration.

Future studies will be needed to address how molecular and
mechanical guidance cues interact in order to control neuronal
migration in development.
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