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Atypical Cadherins Celsr1-3 Differentially Regulate
Migration of Facial Branchiomotor Neurons in Mice
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During hindbrain development, facial branchiomotor neurons (FBM neurons) migrate from medial rhombomere (r) 4 to lateral r6. In
zebrafish, mutations in planar cell polarity genes celsr2 and frizzled3a block caudal migration of FBM neurons. Here, we investigated the
role of cadherins Celsr1-3, and Fzd3 in FBM neuron migration in mice. In CelsrI mutants (knock-out and Crash alleles), caudal migration
was compromised and neurons often migrated rostrally into r2 and r3, as well as laterally. These phenotypes were not caused by defects
in hindbrain patterning or neuronal specification. Celsrl is expressed in FBM neuron precursors and the floor plate, but not in FBM
neurons. Consistent with this, conditional inactivation showed that the function of Celsrl in FBM neuron migration was non-cell
autonomous. In Celsr2 mutants, FBM neurons initiated caudal migration but moved prematurely into lateral r4 and r5. This phenotype
was enhanced by inactivation of Celsr3in FBM neurons and mimicked by inactivation of Fzd3. Furthermore, Celsr2 was epistatic to Celsr1.
These data indicate that Celsr1-3 differentially regulate FBM neuron migration. Celsr! helps to specify the direction of FBM neuron

migration, whereas Celsr2 and 3 control its ability to migrate.

Introduction

In the developing central nervous system, postmitotic neurons
leave ventricular zones of precursor proliferation and migrate to
their destinations. Several tightly regulated modes of migration
have been described, including radial migration of excitatory
neurons to the cortex, tangential migration of cortical interneu-
rons, migration to the olfactory bulb in the rostral migratory
stream, and migration of rhombic lip derivatives. A unique and
intriguing example of neuronal migration is that of facial bran-
chiomotor neurons (FBM neurons), which innervate muscles
responsible for facial expression derived from the second pharyn-
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geal arch (Garel et al., 2000; Chandrasekhar, 2004; Guthrie,
2007). FBM neurons are generated in rhombomere 4 (r4) and
extend their axons from dorsal exit points toward muscle targets.
Their cell bodies undergo a complex caudal, tangential migration
from r4 to r6. They migrate in the subventricular region and pass
medial to the nucleus abducens (nVI) in r5 (Song et al., 2006),
before moving laterally and dorsally in r5-r6. Finally, they un-
dergo aradial, gliophilic, Reelin- and Cdk5-dependent migration
in 16 to reach their terminal, subpial location (Goffinet, 1984;
Ohshima et al., 2002; Chandrasekhar, 2004). While migrating,
FBM neurons leave their axons behind to form the “genu” of the
facial nerve, with facial motor axons looping around nVI and the
medial longitudinal fasciculus. Caudal translocation of the soma
of FBM neurons with looping of axons is conserved from fish to
mammals (except chicken), with some species-specific differ-
ences (Gilland and Baker, 2005).

In zebrafish, several planar cell polarity (PCP) genes such as
van gogh-like 2 (vangl2), frizzled3a (fzd3a), celsr2, pricklela, and
pricklelb are necessary for the caudal migration of FBM neurons
(Bingham et al., 2002; Jessen et al., 2002; Carreira-Barbosa et al.,
2003; Wada et al., 2006; Rohrschneider et al., 2007). In mice,
some Wnt/PCP genes (Fzd3;Vangl2, Wnt5a) and downstream
signaling events have recently been implicated in regulating FBM
neuron movement (Vivancos et al., 2009). To understand better
the role of PCP-related mechanisms in FBM neuron migration in
mice, we studied the role of cadherins Celsr1-3. Mouse Celsr1-3
are orthologs of Drosophila flamingo/starry night and are ex-
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pressed in the developing nervous system in complementary pat-
terns (Formstone and Little, 2001; Shima et al., 2002; Tissir et al.,
2002). Celsr and Fzd proteins have established roles in PCP-
related processes such as neural tube closure, organization of
stereocilia of hair cells in the inner ear (Curtin et al., 2003; Mont-
couquiol and Kelley, 2003; Wang and Nathans, 2007), and skin
hair patterning (Guo et al., 2004; Devenport and Fuchs, 2008;
Ravni et al., 2009), as well as dendritic growth (Shima et al., 2004)
and axon guidance (Wang et al., 2002; Zhou et al., 2008). Using
Celsr1€™" (Curtin et al., 2003), Celsr1¥° (Ravni et al., 2009),
Celsr2X© (Tissir et al., 2010), Celsr3%° (Tissir et al., 2005), and
Fzd3 (Wang et al., 2002) mutant mice, we demonstrate specific
and different roles for Celsr1 on one hand and Celsr2,3 and Fzd3
on the other hand in regulating the direction and the rostrocau-
dal extent of FBM neuron migration.

Materials and Methods

All animal procedures were carried out in accord with European and
American guidelines and approved by the animal ethics committee of the
University of Louvain and the animal care and use committee of the
University of Missouri (Columbia, MO).

Mouse lines. The Celsr1X©, Celsr1<"*", Celsr3, and Fzd3 mutants and the
SEI::GFP (where GFP is green fluorescent protein) transgenics were de-
scribed previously (Wang et al., 2002; Curtin et al., 2003; Tissir et al.,
2005; Shirasaki et al., 2006; Ravni et al., 2009). The Celsr2 mutant is
described by Tissir et al. (2010). For timed mating, noon on the day of
plugging was defined as embryonic day 0.5 (E0.5). Embryos were dis-
sected in ice-cold PBS and the appropriate embryonic stage was deter-
mined using morphological criteria before fixation.

In situ hybridization. Hindbrains were dissected and cut at the
dorsal edge of the neural tube and fixed in 4% paraformaldehyde in
PBS at 4°C overnight. For the Isl1, Celsrl, and Hb9 genes, the follow-
ing primer sets were used to amplify cDNA fragments, which were
used as templates for synthesis of digoxigenin-labeled probe: IslI
¢DNA [Genlnfo Identifier (GI): 162287064], nucleotides 435-1383,
primers 5'-TTCCCACTTTCTCCAACAGG-3" and 5'-ACGTGCTTT-
GTTAGGGATGG-3'; Celsr1 cDNA (GI: 3800735), nucleotides 7812-8257,
primers 5'-GACTGGCTGTTGGCTTGGAC-3" and 5'-CGTTAGCA-
GAGTGGCCCGAG-3'; Hb9 cDNA (GI: 5733508), nucleotides 1176-1992,
primers 5'-GAAGACGGAAGAGGAGCTGA-3" and 5'-GGGGGATG-
GGAAAGCTAAAT-3'. The other probes were as follows: Fzd3 (Tissir
and Goffinet, 2006); EphA4, Hoxb1 (Garel et al., 2000); Tbx20 (Cop-
polaetal., 2005); Krox20 (Marin and Charnay, 2000); Gata3 (Karis et
al., 2001). Hindbrains were permeabilized with proteinase K treat-
ment, postfixed with 4% paraformaldehyde and 0.2% glutaraldehyde
in PBS, and hybridized with the probe at 70°C overnight. Samples
were washed in 50% formamide, 5X SSC, and 1% SDS at 70°C and
then washed in 50% formamide, 2X SSC at 65°C and incubated with
anti-digoxigenin alkaline phosphatase-conjugated antibody (Roche)
overnight at 4°C. The hybridization signal was revealed with
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium chlo-
ride substrates. After bleaching, hindbrains were flat mounted on a
slide glass for visualization and photographed; images were processed
with Photoshop (Adobe).

B-Galactosidase staining. Embryos were fixed with 2% paraformal-
dehyde, 0.1% glutaraldehyde in PBS on ice for 20 min and stained
with a solution containing 1 mg/ml 5-bromo-4-chloro-3-indolyl-3-p-
galactopyranoside, 5 mm K Fe(CN),, 5mMK,Fe(CN),, and 2 mm MgCl,
in PBS.

Immunohistochemistry. For neurofilament staining, samples were pro-
cessed as described previously (Lee et al., 1995; Tiveron et al., 2003; Tissir
et al,, 2005) using anti-neurofilament-160 (NF-160; Sigma catalog
#N5264), or 2H3 [Developmental Studies Hybridoma Bank (DSHB)]
monoclonal antibodies. For immunofluorescence, the following primary
antibodies were used: mouse anti-Isl1 (1/5000, DSHB), guinea pig anti-
Celsr1 (1:200, a gift from Elaine Fuchs, Rockefeller University, New York
NY), rabbit anti-Celsr1 C-terminal (1:400, this work), and rabbit anti-
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cleaved caspase-3 (1:200, Cell Signaling). Secondary antibodies were goat
anti-mouse IgG Alexa Fluor 594 (1:800, Invitrogen), goat anti-rabbit IgG
Alexa Fluor 488 (1:800, Invitrogen), and goat anti-guinea pig IgG
DyLight 488 (1:400, Jackson ImmunoResearch Laboratories). Prepara-
tions were examined with a Zeiss Axio Scope microscope and photo-
graphed with an Eclipse system (Nikon), and montages were edited with
Photoshop (Adobe).

Celsrl N-terminal (extracellular) and C-terminal (intracellular) anti-
bodies. For the N-terminal antibody raised in rabbit, a 906 bp cDNA
fragment encoding amino acids 16631964 of the Celsr1 protein (GI:
22095546) was cloned into the His-tagged QE30 plasmid. The
C-terminal antibody was raised in rabbit against the most membrane
proximal region of the Celsr1 cytoplasmic tail (Formstone et al., 2010).

Retrograde labeling of hindbrain neurons. To visualize cranial motor
neurons, nylon filters coated with NeuroVue lipophilic dyes (Molecular
Targeting Technologies) were applied to peripheral nerve projections as
described previously (Fritzsch et al., 2005). NeuroVue Jade (emission
maximum, 508 nm), Maroon (667 nm), and Red (588 nm) were used in
this study. Confocal images were captured on a Zeiss LSM 510 Meta NLO
system and processed using Zeiss software.

Results

Expression of Celsr1-3 in the hindbrain

Celsr1 expression was studied by in situ hybridization (ISH) with
a digoxigenin-labeled riboprobe and immunohistochemistry
with anti-Celsr1 antibodies (Fig. 1). At E10.5, Celsr] mRNA was
expressed in the ventricular zone and floor plate cells at all axial
levels (6/6 embryos) (Fig. 1A, B). By E12.5, Celsrl expression in
floor plate cells was downregulated in r4 and more anterior re-
gions but maintained at high levels in and caudal to r5, adjacent
to the migrating FBM neurons (4/6 embryo) (Fig. 1C,D). At the
protein level, Celsr1 was strongly expressed in radial neuroep-
ithelial cells located in the paramedian ventricular zone at
E9.5-E10.5, with high signal in their pial end feet (Fig. 1E).
Celsrl-positive cells were intermingled with emerging Isletl-
positive FBM neurons in r4. Expression was also seen in radial
cells in the alar plate. Using confocal imaging (Fig. 1 E, inset), we
found that Celsr1 protein may colocalize with Isl1 in some FBM
neurons at E9.5. From E10.5 to E11.5, Celsrl expression was
downregulated in neuroepithelial cell, but remained high in floor
plate cells (Fig. 1 F-G). At this stage, we did not find any Celsr1l
and Isll colocalization in FBM neurons. Expression of Celsr2,
studied using the knocked-in -galactosidase, was broader than
that of Celsr1. The Celsr2-related signal was detected in the floor
and alar plates in the neuroepithelium, as well as in newly gener-
ated FBM neurons (Fig. 1 H-J). Celsr3 expression, previously
studied by ISH, is found in all postmitotic neurons but not in
precursors, including in the hindbrain (Song et al., 2006; Tissir
and Goffinet, 2006). Altogether, these results show that, in the
developing hindbrain, Celsr1 is expressed in neuroepithelial cells,
Celsr2 in both precursors and postmitotic neurons, and Celsr3 in
postmitotic neurons, a pattern similar to that reported in other
regions of the nervous system (Formstone and Little, 2001; Shima
et al., 2002; Tissir et al., 2002).

Inactivation of Celsr1 perturbs the direction of FBM
neuron migration
Given the intriguing pattern of Celsr] expression in the develop-
ing hindbrain, we tested its potential role in FBM neuron migra-
tion by analyzing Celsrl knock-out (Ravni et al., 2009) (Fig. 2)
and Celsr1“*" mice that harbor an N-ethyl-N-nitrosurea-
induced allele (Curtin et al., 2003) (Fig. 3).

We examined FBM neuron migration in E11.5-E13.5 em-
bryos using ISH with an Islet] (Isl1) probe, an established marker
for FBM neurons (Garel et al., 2000; Pattyn et al., 2003). In wild-
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type (WT) embryos (n = 16) (Fig.
2A,E,I,M) at E11.5 (Fig. 2A), FBM neu-
rons formed one longitudinal column at
each side of the hindbrain in r4, where the
facial nerve exits laterally. The rostral edge
of the column was sharp, whereas FBM
neurons migrated across the caudal bor-
der of r4 into r5 and r6. At E12.5 (Fig. 2 E),
FBM neurons were aligned in a migratory
stream from r4 to r6, where they were en-
gaged in lateral-dorsal and then radial mi-
gration, events that were essentially
complete by E13.5, when a prominent fa-
cial motor nucleus (nVII) was clearly de-
fined in lateral r6 (Fig. 21).

In Celsrl knock-out (Celsr1<°/K©)
mice (n = 12) (Ravni et al., 2009) (Fig.
2B,F,J, N) at E11.5, some FBM neurons
were confined to r4 and r5. Intriguingly, r3
some also migrated rostrally into r3 and 12, a
phenotype not seen previously in any verte-
brate (Fritzsch, 1998; Chandrasekhar,
2004; Gilland and Baker, 2005). In addi-
tion, a cohort often migrated laterally in
r4 (Fig. 2 B, asterisk). While the rostral mi-
gration phenotype was fully penetrant, its
expressivity varied among animals and
even between the left and right sides of the
body (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material), perhaps reflecting
stochastic variations as proposed for Fzd6 mutant skin pheno-
types (Wang et al., 2006). At E12.5 (Fig. 2 F), while the abnormal
lateral and rostral migratory streams persisted, caudally directed
FBM neurons moved through r5, medially to the abducens (nVI)
nucleus, before migrating laterally in r6 like their WT counter-
parts. Hence, a facial (nVII) nucleus formed in its normal loca-
tion in lateral r6 by E13.5. In addition, rostrally migrating FBM
neurons subsequently migrated laterally to form an ectopic nu-
cleus adjacent to the trigeminal (nV) nucleus (Fig. 2], arrow-
head). The nVII nucleus was examined at PO and in adults using
neurofilament and Nissl staining (supplemental Figs. S2, S3,
available at www.jneurosci.org as supplemental material). In WT
mice at postnatal day 0 (P0), axons of all FBM neurons loop
around the abducens (supplemental Fig. S2A, available at
www.jneurosci.org as supplemental material). In Celsr1““%©,
only a part of the axons loop around the abducens (Fig S2B). At
P21, a facial nerve (nVII) nucleus was found in normal position
in the pons (data not shown), and clusters of FBM-like neurons
were found ectopically at the level of the trigeminal (nV) motor
nucleus (supplemental Fig. S3E, available at www.jneurosci.org
as supplemental material), indicating that the rostrally migrated
FBM neurons may be integrated into local circuits.

FBM neurons also migrated aberrantly in Celsr1“"" mutants,
which carry a missense mutation in the Celsr1 coding sequence
resulting in one amino acid substitution in the eighth cadherin
repeat (Curtin et al., 2003). Importantly, the defects were very
similar to those observed in Celsr1<° embryos. In WT embryos,
Tbx20 (Coppola et al., 2005; Song et al., 2006) was expressed by
FBM neurons throughout their migratory pathway from r4 to r6
from E10.5 to E12.5 (3/3 embryos) (Fig. 3A) (data not shown) as
defined by IslI expression (Fig. 2A,E). By E14.5, FBM neurons
had completely migrated and formed the facial (nVII) nucleus in
lateral-dorsal r6 (9/9 embryos) (Fig. 3D). In E12.5 Celsr1m"*

Figure 1.
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Cels2 rd

Expression of Cefsr7 and 2 in the developing hindbrain. A-D, ISH of Celsr1 digoxigenin-labeled probe on hindbrain
coronal sections. At E10.5 (4, B), Celsr7 mRNA is expressed in the neuroepithelium and the floor plate. At E12.5 (C, D), Celsr1
expression is downregulated in r4 but remains high in the floor plate of r5. E-G, Inmunofluorescence using anti-Celsr1 (green) and
anti-Isl1 (red) in r4. Celsr1 protein expression is found in FBM neuron precursors in ventricular zones at E9.5 and restricted to floor
plate from E10.5. Confocal analysis shows that Celsr1 (green) may colocalize with IsI1 (red) in FBM neurons at E9.5. H—J, Coronal
sections in the mouse hindbrain processed for LacZ histochemistry to examine Celsr2 expression in r4 —r6. The Celsr2-related signal
is detected in the basal and alar plates and in the neuroepithelium, as well asin all postmitotic neurons. Scale bars: (in D), A-D, 100
um; (in G), E-G, 50 wm; (inJ), H—-J, 200 wm.

heterozygotes, Tbx20 ISH revealed abnormal, rostrally migrating
columns of putative FBM neurons in r2 and r3, in addition to
caudally migrating neurons in r5 and r6 (6/6 embryos) (Fig. 3B).
By E14.5, the caudally migrating FBM neurons had formed the
nVII nucleus in dorsal r6, and the rostrally migrating cells also
formed a putative nVII nucleus in dorsolateral r2, adjacent to the
trigeminal (nV) nucleus (6/8 embryos) (Fig. 3E). In Celsr1 Crsh/Crsh
homozygotes, FBM neuron migration was greatly reduced com-
pared to heterozygotes at E12.5 (2/2 embryos) (Fig. 3C) and
E14.5 (5/5 embryos) (Fig. 3F). Nevertheless, by E14.5 an ectopic
putative nVII nucleus was formed in r3 (2/5 embryos) (Fig.
3F) or a facial nucleus was seen in r5/r6 (3/5 embryos) (data not
shown), indicating that FBM neurons in Celsr1<"“"*" can migrate
out of r4 in both directions in a similar fashion as Celsr1“"*"'* and
Celsr1°9%° mutants.

We used additional tools and reagents to characterize the FBM
neuron migration defects in Celsr1“"*" mutants. Neurofilament
(NF-160) staining (Tiveron et al., 2003) revealed abnormal, ros-
trally migrating columns of putative FBM neurons inr2 and r3, in
addition to caudally migrating neurons in r5 and r6 in
Celsr1“*""* and nonmigrated cells in r4 of Celsr1<""“"*" (supple-
mental Fig. S$4 A—C). Despite aberrant neuronal migration, motor
innervation patterns in the periphery were unaffected (supple-
mental Fig. S4 D—F). Retrograde labeling of FBM neurons from
the second arch using NeuroVue dyes (Fritzsch et al., 2005)
stained cell bodies in r2 and r3, confirming the aberrant rostral
migration of FBM neurons in Celsr1“"*/* (4/6 embryos) (sup-
plemental Fig. S4H, available at www.jneurosci.org as supple-
mental material). In some Celsr1“*/“*" FBM neuron migration
appeared completely blocked, with cells remaining confined to r4
(3/3 embryos) (supplemental Fig. S4I, available at www.
jneurosci.org as supplemental material). To investigate further
whether FBM neurons migrated in Celsr1 /" homozygotes,
we examined mutant phenotypes in the SEI::GFP background,
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Defective FBM neuron migration in Celsr1,2,3 KO mice. A—L, FBM neurons were visualized by ISH of flat-mounted hindbrain preparations with an /s/7 probe at E11.5 (4-D), E12.5 (E-H),

and E13.5 (/L) in WT, Celsr1¥9%, Celsr2"%"*, and double Celsr2“*°;Celsr3***° mice. M—P, Drawings summarize the phenotypes at PO (H&E and neurofilament staining) (supplemental Fig. 53,

available at www.jneurosci.org as supplemental material). Celsr7%

mutants are characterized by an ectopic, rostral migratory stream (B, arrowhead), and abnormal migration in lateral r4

(B, asterisk), whereas Celsr2“”** and Celsr2“"*7: elsr3**C FBM neurons engage in premature lateral migration in r4 —r5, forming lateral heterotopias (G, H, K, L, asterisks), and very few neurons
migrate rostrally (G, arrowhead). At PO, the facial nerve genuis reduced in Celsr 7% and completely abnormal in Celsr2 %% and Celsr2"%"?;Celsr3""** mice in which axons do not loop around nVI
(supplemental Fig. S2, available at www.jneurosci.org as supplemental material). FBM neurons migrate normally in Celsr3*”** mice. Scale bar (in L) A-L, 200 jxm.

where all cranial motor neurons express GFP (Song et al., 2006).
As expected, rostrally migrating FBM neurons were found in
Celsr1“*"'* (12/12 embryos) (Fig. 3H; supplemental Fig. S5A, B,
available at www.jneurosci.org as supplemental material). In
Celsr1€"€h FBM neurons migrated rostrally and caudally out
of r4 (5/5 embryos) (Fig. 3[; supplemental Fig. S5C,F, available at
www.jneurosci.org as supplemental material), but they failed to
form orderly streams of migrating cells as in WT (supplemental
Fig. S5D, available at www.jneurosci.org as supplemental mate-
rial) and Celsr1“"* embryos (supplemental Fig. S5E, available
at www.jneurosci.org as supplemental material). Despite migra-
tion into ectopic locations, CelsrI mutant FBM neurons did not
undergo any significant apoptosis (supplemental Fig. S6, avail-
able at www.jneurosci.org as supplemental material).

Nature of the Celsr1“© and Celsr1 " alleles
The Celsr1“*"* phenotype is similar to that of homozygous
Celsr1°°”%© mutant mice, suggesting that either Celsr1<° encodes

a hypomorphic allele or Celsr1“"*" has dominant-negative effect.
In Celsr1 ¥“%9 mice, the mRNA level is reduced by 80%, indicat-
ing that the mutant RNA may be unstable (Ravni et al., 2009).
Western blot analysis with an N-terminal antibody (supplemen-
tal Fig. S7, available at www.jneurosci.org as supplemental mate-
rial) detected a positive band in WT and heterozygous (Celsr1<“/*),
but not in homozygous (Celsr1““/%©) brain extracts, clearly dem-
onstrating that Celsr1°® is a null allele.

Given that the Celsr1* allele is null, the Celsr1“"/* pheno-
type could result from haploinsufficiency or a dominant-negative
effect. To further investigate this, we crossed the Celsrl Crsh and
Celsr1¥© strains to examine the FBM neuron migration pheno-
type of Celsr1“"*"/X© transheterozygotes at E12.5 by using Thx20
ISH (Fig. 3]-M). Rostrally and caudally migrating cells were seen
in Celsr1“*""%© embryos (5/5), and the phenotype was very sim-
ilar to that of Celsr1°“/“© mutants (compare Figs. 2 F, 3M ). Thus,
while the Crsh allele behaves like a null in frans with the KO
allele, only Celsr1“"*, but not Celsr1*®*, embryos exhibit
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migration defects, suggesting that the
Celsr1"" allele is dominant negative.

FBM neurons migrate prematurely into
lateral r4-r5 in Celsr2, Celsr2;Celsr3,
and Fzd3 mutant mice
In zebrafish, knockdown of celsria,b has
little effect on FBM neuron migration,
whereas celsr2 loss of function leads to a
severe phenotype (Wada et al., 2006).
Therefore, we tested the roles of mouse
Celsr2, and Celsr3 in FBM neuron migra-
tion. In Celsr2KO%° (n = 27) (Fig.
2C,G, K, 0), the caudal migration stream
was severely truncated. From E12.5, the
majority of mutant FBM neurons mi-
grated prematurely into lateral r4 and r5
(Fig. 2G). In contrast to WT neurons,
Celsr2X?’*© FBM neurons that migrated
into r5 turned laterally rostral to the abdu-
cens nucleus and formed facial nuclei in
lateral r5. Consequently, the neurons that
migrated laterally within r4 and those that
prematurely migrated laterally in r5 formed
elongated facial nuclei spanning r4 and r5
(Fig. 2G, K). At postnatal stages, the facial
nerve did not form a genu around nVI,
since it looped laterally without turning
around nVI (supplemental Fig. S2A, C).
In Celsr3%97%° mice (n = 8), FBM
neurons migrated normally (data not
shown). However, in Celsr2X0%C;Celsr3K/K0
(n = 16), in addition to abnormalities
seen in Celsr2%© embryos, the facial
nuclei were greatly reduced in size by
E13.5 due to a marked reduction in the
number of FBM neurons compared to
their WT and Celsr2““%© counterparts
(Fig. 2, compare L to I and K). To test
whether apoptosis was involved, we per-
formed activated caspase-3 immuno-
staining at E12.5, 1 d before atrophy of the
Celsr2K9K0; Celsr3X9/KO facial nucleus be-
came evident. The number of apoptotic
profiles in medial r4/r5 was considerably
increased in Celsr2<"%9;Celsr3“/XC em-
bryos compared with WT and Celsr25“/%©
embryos (Fig. 4A-D), and no apoptotic
cells were detected among post-migrated
FBM neurons in the facial nucleus (Fig.
4E, dotted area). This result suggests that
the combined loss of Celsr2 and Celsr3
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Figure3.  FBM neurons migrate rostrally in Celsr7*" embryos. A~M, Ventricular side (4—C, 6G-M) and pial side (D—F ) views of
flat-mounted hindbrains processed for ISH using Tbx20 (A—F, J-M) and imaging of neurons in SET::GFP embryos (G—I). A, In
a WT embryo at E12.5, FBM neurons are distributed throughout their migratory pathway spanning r4, r5, and r6. Within r6, the
neurons migrate radially (laterally in this view) toward the pial surface to form the facial (nVI1) nucleus. B, Ina Celsr 7" * embryo,
alarge number of putative FBM neurons (arrowheads) migrate rostrally into r2 and r3. €, In a Celsr7"“*" embryo, putative FBM
neurons mostly remain in r4 or migrate into r5. A few Tbx20-expressing cells are found in r3 (out of focus, arrowhead). The
trigeminal nucleus (nV) develops normally in all embryos. D, Ina WT embryo at E14.5, the facial (nVIl) nucleus spans r5 and r6, and
the trigeminal (nV) nucleus is found in r2. E, In a Celsr1+ embryo, the nVIl nucleus forms but is smaller than in Celsr1 v/
siblings. In addition, ectopic Tbx20-expressing cells are found in r3 (asterisk) and r2 (arrowheads) adjacent to the nV neurons. F, In
aCelsr1*"s" embryo, a putative facial (nVIl) nucleus forms in r4. Ectopic Thx20-expressing cells are also found in medial (asterisk)
and lateral (arrowheads) locations in the r2—r3 region. G, H, In SE7::GFP transgenic WT and Celsr1sh+ embryos, the organization
of FBM neurons is identical to that seen by Tbx20 in situs (A, B), with rostral migration in heterozygotes (arrowheads). /, In a
Celsr177Ch embryo, the SFT::GFP reporter reveals extensive rostral FBM neuron migration into r3 and r2 (arrowheads), and few
neurons migrate into r6. J—M, Siblings from a Celsr1*? /* X Celsr1" /* cross. J, L, FBM neurons migrate normally in WT (J) and
Celsr1*%* (L). K, Rostral neuron migration in Celsr1™™*. M, In a Celsr 1" transheterozygote, most FBM neurons remain in r4
and r5, with smaller numbers migrating into r2/r3 and r6. This phenotype is very similar to the migration pattern seen in Celsr7™"" (1)
and Celsr7"* (Fig. 2 F). Scale bars: (in €), A~C, G-I, 300 m; (in F) D—F, 375 pm; (inJ), J-M, 375 um.

; Tbx20

i

leads to cell death. To test whether neuronal death in double
mutants could be due to axonal pathfinding defects, we carried
out whole-mount staining of E10.5 embryos with anti-
neurofilament antibodies (supplemental Fig. S8, available at
www.jneurosci.org as supplemental material). Cranial axon out-
growth and cranial ganglia development in Celsr2<“/%°,
Celsr3“7%O embryos were indistinguishable from those in WT and
Celsr2X/%© mutant embryos, suggesting that cell death is not due
to defective axonal outgrowth. Hematoxylin and eosin (H&E)
and neurofilament staining at PO confirmed that FBM neuron
loss in Celsr2X9%9;Celsr3¥“’X© mice resulted in a diminutive

nVII nucleus that was displaced to a rostral position (supplemen-
tal Fig. S3C, available at www.jneurosci.org as supplemental ma-
terial). Given the importance of Fzd3 in PCP, we examined its
expression using ISH. Fzd3 was widely expressed in the hind-
brain, both in neuroepithelial and postmitotic cells, including
FBM neurons (Fig. 5A). In homozygous Fzd3 mutant (Fzd3<%
ko) mice, FBM neurons migrated prematurely in lateral r4 and r5
and formed a very diminutive nVII, as seen in Celsr2<“/%©,
Celsr3597%0 mice (Fig. 5B-D) (Vivancos et al., 2009). The obser-
vation that Celsr3<° alone generates no phenotype but enhances
the Celsr2 X© phenotype, together with the observation that this
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Figure4. Celsr2and Celsr3 are required for FBM neuron survival. A—F, FBM neurons shown with anti-IsI1 (red) were stained for
activated (cleaved) caspase-3 (green) (A—E) at E12.5. No apoptotic cells were found in WT (4) and Celsr2*7*° mice (B). In
Celsr3%((), afew FBM neurons were positive for activated caspase-3. In Celsr27%:elsr3"’ (D—F), the number of caspase-3
positive cells increased dramatically in FBM neurons located in the medial region (circle), but not when they finish lateral
migration (dotted contour). F, Cell death, estimated as the ratio of green to red signals (ImageJ software), was 5% in
Celsr3%0 and 50% in Celsr2¥7%0; Celsr3"O/K0 samples. ***p < 0.001, Student’s ¢ test, Bonferroni correction. Error bars are
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there was a medial domain of high Gata3-
expressing cells adjacent to the floor plate, a
lateral domain of weaker expressing cells,
and a narrow domain ventral to the FBM
neurons connecting the two (Fig. 74, A"). In
all three backgrounds with defective FBM
neuron migration (Celsr1 Crsh/+ - Celsr1<™
crshy and Celsr1¥9K© mutants), there was a
marked increase in the number of Gata3-
expressing cells in r4 (Fig. 7B-D). How-
ever, cross-sections revealed that the
excess cells were located either in the lat-
eral domain or the connecting domain
and not within the FBM neuron domain
(Fig. 7B'-D’), suggesting that non-
migratory FBM neurons are not mis-
specified as Gata3-expressing cells.
Similarly, Hb9 was not expressed ec-
topically in r4 in nonmigratory FBM
neurons in any of the mutant back-
grounds (Fig. 7E-H ), suggesting that

SD. Scale bar (in A) A-E, 100 um.

Celsr2KoKo
Celsr3KoKo

Fzd3 I1SH

Figure5.

hindbrains hybridized with an /s/7 riboprobe. Abnormalities of FBM neurons migration in fzd.

those in double Celsr2*7%7:Celsr3*¥° mice (C). Note the premature lateral migration in r4 (asterisk). Scale bars, 4 (for A), D (for

B-D), 200 jxm.

phenotype is mimicked by Fzd3*©, suggests strongly that Celsr2
and Celsr3 act redundantly during FBM neuron migration
through mechanisms that probably involve Fzd3.

Mutations in Celsr genes do not affect rhombomere identity
or neuronal specification

To test whether mutations in Celsr genes affect rhombomere
specification and patterning, we performed ISH at E10.5 with
HoxbI (Fig. 6A-D) and Eph4 (Fig. 6 E-H ), which label r4 and r3
plus 5, respectively (Murphy et al., 1989; Gilardi-Hebenstreit et
al., 1992). The specification of r3-r6 and rhombomeric borders
appeared normal in all mutants studied. Similarly, expression of
Krox20 in r3 and r5, and of Hoxbl in r4, was unaffected in
Celsr1“*"* mice (Krox20, n = 5; Hoxbl, n = 3) (Fig. 61-L).
Together, these results indicate that defective migration of FBM
neurons in the Celsr mutants does not result from aberrant spec-
ification of rhombomere identity.

Another possibility is that many FBM neurons fail to migrate
in Celsr mutants because they become misspecified as nonmigra-
tory neurons. To test this, we examined the expression of Gata3,
which marks inner ear efferent neurons that are specified in but
do not migrate out of r4 (Karis et al., 2001), and Hb9, which
identifies somatic motor neurons such as the abducens (nVI)
neurons in r5 (Thaler et al., 1999). In r4 of E11.5 WT embryos,

FBM neuron migration in Fzd3 KO mice. 4, Coronal section of E10.5 mouse hindbrain at the level of r4 processed for ISH

with a fzd3 probe. Fzd3 mRNA is found in both neuroepithelial cells and postmitotic cells, including FBM neurons. B—D, E12.5
3K0/K0

the neuronal migration defects are not

caused by transdifferentiation of FBM

neurons into non-migratory cell types.

KO/KO

Fzas Celsrl and Celsr2 and 3 define a dual
control of FBM neuron migration
The observation that Celsr1 is expressed in
neuroepithelial cells, including FBM neu-
ron precursors, but not in postmitotic
neurons, suggests that the function of
Celsr1l may be extrinsic to FBM neurons.
To test this, we crossed conditional
Celsr” mutants (Ravni et al., 2009) with
Isl1-Cre mice (Isl1"™“"5¢") (Yang et al.,
2006) that express the Cre recombinase
very early and efficiently in postmitotic
motor neurons to generate Celsr1|Isl] em-
bryos in which Celsrl should be inacti-
vated in FBM neurons as soon as they exit the cell cycle. None of
the ectopic migration streams evident in constitutive Celsr1<“<
mutants were present in Celsr1|Isl] embryos in which FBM neu-
rons migrated normally (Fig. 8 A-C), suggesting that Celsr1 reg-
ulates FBMN migration in a non-cell-autonomous manner.

Similarly, to determine the cell autonomy of the Celsr3<° phe-
notype, we produced Celsr25?%;Celsr3|Isll mutant mice in
which Celsr2 is inactivated constitutively and Celsr3 is inactivated
only in FBM neurons upon Isl1-CRE expression. Comparative
histological examination at E14.5 (Fig. 8 D-F ) and PO (Fig. 8G-I)
showed that the facial nucleus of Celsr2?%°; Celsr3|Isl] mutant
mice was atrophic and morphologically indistinguishable from
that in Celsr2““%9;Celsr3%°XC and different from that of
Celsr2’%© mutants, which was dispersed along the rostrocaudal
axis but not atrophic. This indicated that the action of Celsr3 is
cell autonomous. Both the phenotypic differences between
Celsr1¥9KO and Celsr2X97%0;Celsr3X9%C mice and the differ-
ences in cell autonomy suggest that Celsr1 on one hand and Celsr2
and Celsr3 on the other hand regulate two different aspects of
FBM neuron migration.

Do Celsrl and Celsr2 act on FBM neurons in independent
manner? To test for a putative interaction between the two pro-
teins, we produced Celsr1 RO/KO, Celsr2 KO/KO double-mutant em-
bryos and studied the migration of FBM neurons and the

mutant mice (D) phenocopy
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development of facial motor nucleus. CelsroKoxo
FBM neurons underwent premature mi- WT Celsr1Koko  Celsr2koxo CG/SI'3KO/KO
gration in lateral r4-r5, but almost no ec- A tg P B p C D

topic rostral migration was seen (n = 8) T N

(Fig. 8L). This phenotype was indistin-

guishable from that in Celsr2“%° em-

bryos (Fig. 8 K) but unlike that observed
in Celsr1X0/K0 (Fig. 8]). These data show
that the phenotype of Celsr2 mutation

masks that of Celsr] mutation, indicating

that Celsr2 is epistatic to Celsrl. a 3
Discussion

Our results show that Celsrl, Celsr2,

Celsr3, and Fzd3 play critical roles in FBM

neuron migration in mice. In zebrafish, . = v
celsr2, celsrla, and celsr1b regulate FBM WT___ Celsr1<" Celsr1c<"

neuron migration out of r4 such that
combined loss of function results in a
block of caudal FBM neurons migration,
with all neurons confined to r4 (Wada et
al., 2006). In contrast, we show that in the
mouse Celsrl on one hand and Celsr2,3
and Fzd3 on the other regulate FBM neu-
ron migration in two different ways: Figure6. Normalhindbrain patterningin Celsrmutantmice. A~H, Hindbrains at E10.5 were processed by ISH with Hoxb 1
Celsr1 helps specify the caudal direction of (=D tolabel 4 and Eph44 (E-H) to label r3 and r5. As compared with the WT (4, E), no difference was seen in Celsr """
FBM neuron migration in a non-cell- (B, F), Celsr2 " (€, G), or Celsr2" :Celsr3"¥O (D, H) mice. I-J, Dorsal views of E9.5 hindbrains from WT (/) and
Celsr1 "M (J) hybridized with Krox20 probe. K, L, Lateral view of whole-mount embryos WT (K) and Celsr7 "+ (L)
hybridized with Hoxb 1 probe. Asin Celsr 1%, Celsr2 X0 and Celsr2*%/¥0;Celsr3"’¥0 the patterning of r3—r5is preserved
in Celsr1*"*  Scale bar (in A) A-L, 200 jm.

*

EphA4 Hoxb1

Krox20
Hoxb1

autonomous manner, whereas Celsr2,3
and Fzd3 regulate the trajectory that FBM
neurons follow from r4 to r6, as well as

Celsr1 Crsh/+ Celsri Crsh/Crsh
B 5 |

Celsr1KoKo

’Crxh

Figure7.  Normal neuronal specification in Celsr7%*" and Celsr7® mutants. Ventricular side views (A—H) and cross-sections (4'~D") of flat-mounted E11.5 hindbrains processed for ISH of Gata3

(A-D, A’-D") and Hb9 (E-H) expression. A'—D’ show cross-sections in r4 of the respective embryos (A-D) at the approximate level indicated in A. Thickness of the hindbrain tissue varied
considerably between embryos (compare (" and D’) due to genotype and slight stage differences. 4, In a WT embryo two domains of Gata3 expression are evident, a high expression medial domain
(arrowhead) and a weaker-expressing lateral domain. The cross-section at the r4 level (A") shows the inner ear efferent (IEE) neurons (arrowhead) with the position of FBM (nVIl) neurons outlined
in black, adjacent to the Gata3-expressing cells. B, In a Celsr1"* embryo, many Gata3-expressing cells (arrow) bridge the gap between the two expression domains in r4. Cross-section in 4 (B')
reveals a continuous column (arrow) connecting the IEE domain (arrowhead) to the lateral domain, but these cells are outside the region of FBM neurons (black outline). C, D, In Celsr17"<rsh and
Celsr 1% embryos, Gata3-expressing cells (arrows) found in between the two expression domains are located outside the region of the FBM neurons (outlines in ¢’ and D'). E-H, There
is a bilateral cluster of Hb9-expressing cells (arrowhead) in r5, corresponding to the abducens motor (nVI) nucleus in WT (E) and Celsr1-deficient embryos (F-H ). Importantly, there are
no ectopic Hb9-expressing cells in r4 in the mutants (G, H), even though there are a large number of nonmigrated FBM neurons in these embryos. Scale bars: (in D) A—H, 400 wm; (in
D'),A’-D’, 200 um.



Qu et al. e Celsr Genes and FBM Neuron Migration

_  Celsri|lsl1
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Celsr2 " (K) (E12.5, Is/7 ISH). Scale bar: (in J) J-L, 200 pm.

their survival. Celsr3 acts in a cell-autonomous manner and
Celsr2 is epistatic to Celsrl.

Celsr1 regulates directionality of FBM neuron migration

When Celsr] function is compromised, FBM neurons can still
migrate caudally out of r4, but many move rostrally. Is/I- and
Tbx20-expressing cells display a continuous distribution in me-
dial r2-r4. The size of the facial nucleus in r6 is diminished when
the number of these cells increases, whereas that of the trigeminal
motor nucleus is comparable to its wild-type counterpart. Alto-
gether, these data suggest that Is/1- or Tbx20-positive cells located
in medial r2-r4 are not transfated trigeminal motor neurons. All
mouse and zebrafish mutants studied thus far exhibit complete or
partial block of FBM neuron caudal migration, but never direc-
tion reversal (Chandrasekhar, 2004; Cooper et al., 2005; Wada et
al., 2005; Nambiar et al., 2007; Rohrschneider et al., 2007; Song,
2007). Interestingly, only a subset of FBM neurons migrates ros-
trally in Celsr] mutants. One possibility is that Celsrl functions
redundantly with other molecules to specify directionality. Alter-
natively, the Celsr] mutant phenotype may reflect heterogeneity
within the FBM neuron population such that only a subset is de-
pends on Celsrl for specification of caudal direction of migration.
Intriguingly, in zebrafish only the earliest migrating FBM neurons
express Tagl protein (Sittaramane et al., 2009), suggesting that there
may be molecular heterogeneity among FBM neurons. Whether
such heterogeneity could underlie differential responses to

K00, Celsra|lsl1

CelshfkoKo: Celsr2<oRa

Figure8. Cell autonomyand epitasis in the Celsr gene family. A—C, In Celsr7|s!7 conditional KO mice (C), no rostral migration of
FBM neurons was seen, a situation similar to that of WT (A) but unlike Celsr 7% constitutive mutants (B) (E12.5, Is/7 ISH). Scale
bar (in A) A=F, 200 m. DI, Compared to Celsr2 “”’** (D) hindbrain, the number of FBM neurons is similarly reduced in double
Celsr20: Celsr3 ¥ (E) and double Celsr2**%:(elst3|s11 (F ) (E14.5, Is/71SH). This is confirmed in Nissl-stained coronal sections
at P0. The number of FBM neurons (dotted contour) is diminished in double Celsr2 *%%:(elsr3 ¥ (H), and double Celsr2"*°;
Celsr3|IslT (I) as compared with single Celsr2 **° (G). Scale bar: (in 6) G-I, 200 um. J-L, Unlike in Celsr7 “”* (1), no rostral
migration occursin Celsr7 7% Celsr2 *% double-mutant mice (L). Instead, premature FBM neuron lateral migration is seen asin
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Celsrl remains to be explored. Never-
theless, the role for Celsrl in regulating
the caudal direction of migration is par-
ticularly significant, given that no other
gene has been shown to perform a similar
function.

Our observations suggesting that the
Celsr1“"" allele encodes a protein with a
dominant-negative activity is supported
by analysis of the skin and cultured kera-
tinocytes in Celsr]“"" mutant mice (De-
venport and Fuchs, 2008). In the skin,
homophilic interactions between Celsrl
molecules appear to drive PCP signaling.
The mutant protein encoded by Celsr1<""
is produced but no longer polarized along
the anterior posterior axis, which perturbs
the subcellular distribution of the PCP
proteins Stbm/Vangl2 and Fzd6. Further-
more, Celsrl and Vangl2 interact physi-
cally (Devenport and Fuchs, 2008), and
this interaction is abolished by the
Looptail mutation in Vangl2, which dis-
rupts PCP (Kibar et al., 2001; Murdoch et
al., 2001; Montcouquiol et al., 2003), and
blocks FBM neuron migration (Vivancos
et al., 2009) (D. M. Glasco, B. Fritzsch,
J. N. Murdoch, and A. Chandrasekhar,
manuscript in preparation). Altogether,
our observations in Celsr] mutants sug-
gest that PCP genes of the Celsr, Fzd, and
Vangl families may regulate interactions
between cells and thereby specify direc-
tionality in cell migration along the ros-
trocaudal axis (Goodrich, 2008). It would
be instructive to examine the subcellular
distribution of PCP proteins in FBM neu-
ron precursors in WT and Celsr] mutant mice, as well as the role
of other PCP genes such as Fzd6 in FBM neuron migration.

Celsr1 regulates migration of FBM neurons in a
non-cell-autonomous manner

Celsrl is expressed broadly in ventricular zone precursors of the
developing hindbrain (Tissir et al., 2002), and our data demon-
strate a particularly high expression in the ventricular zone where
FBM neurons are generated. To probe the cell autonomy of
Celsrl function in FBM neuron migration, we used the Is/1-Cre
line to specifically inactivate Celsr1 in these cells. In contrast to
Celsr1°%© mice, FBM neurons migrated normally in Celsr1|Isl1
mice. Although an FBM neuron-autonomous effect of residual
Celsr1 protein inherited from precursors cannot be formally ex-
cluded, the fact that no Celsr1 protein was detected in early FBM
neurons clearly indicates non-cell-autonomous action. Thus,
Celsrl specifies caudal movement of FBM neurons indirectly by
acting in neuroepithelial precursors or in radial cells, both of
which have their cell bodies in ventricular zones. In line with this,
in zebrafish PCP proteins Frizzled3a and Celsr2 also regulate
migration of FBM neurons non-cell autonomously, probably
through their function in the neuroepithelium (Wada et al.,
2006). Although the role of radial neuroepithelial cells as a sub-
strate to guide radially migrating neurons is well known, it is
more difficult to figure out how they could regulate tangential
migration. The non-FBM neuron-autonomous action of Celsrl
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implies that Celsrl, expressed in radial cells but not in FBM neu-
rons, would mediate heterophilic interactions, which runs
counter to evidence implicating Celsr and Flamingo cadherins in
homophilicinteractions (Takeichi, 2007). We deem it more likely
that Celsrl acts at the level of FBM neuron precursors, even
though the mechanism whereby an action in precursors can im-
pact the migration of daughter cells is unclear. Crosses to inacti-
vate Celsr1 specifically in FBM neurons precursors (Nkx6.2-Cre)
or in r4, where FBM neurons are generated (HoxbI-Cre), might
be useful to test this hypothesis. In the zebrafish neural tube,
rostrocaudal PCP is lost during and re-established after division
of precursors, and this transient loss of planar polarity is consid-
ered important for neural tube closure (Ciruna et al., 2006). FBM
neurons are generated almost synchronously at E9.5-E10.5
(Taber-Pierce, 1973; Goffinet, 1984). One may hypothesize that
rostrocaudal PCP, acting during the last division, may impact
the migration of daughter cells. For example, the orientation of the
mitotic spindle could influence the intracellular location of the
centrosome or the Golgi in daughter cells, which would in turn
specify the direction of migration. Consistent with this view, the
asymmetric distribution of Leu-Gly-Asn and Numa, two pro-
teins involved in spindle orientation, is lost in neuron progeni-
tors that are defective in the PCP protein Vangl2 (Lake and Sokol,
2009). It would be interesting to compare the planar orientation
of mitotic spindles in r4 and/or the localization of the Golgi or
centrosome in early FBM neurons at E9.5-E10.5 in WT and
Celsr] mutant mice.

Roles of Celsr2, Celsr3 and Fzd3 in FBM neuron migration
Inactivation of Celsr2 reduces severely the caudal movement of
FBM neurons, and added inactivation of Celsr3 impacts further
on their migration and survival, indicating redundancy between
the two proteins. The phenotype of the double Celsr2,3 KO mice
closely resembles that of Fzd3%®, as shown also by others (Vivan-
cos et al., 2009), and of Mash1,Math3 double KO mice (Ohsawa
et al., 2005). The redundant role of Celsr2 and Celsr3 in FBM
neuron migration and the probable association with Fzd3 fits in
with similar roles proposed in zebrafish (Wada et al., 2006). It is
also consistent with their synergistic role in axon guidance (Wang
et al., 2002; Tissir et al., 2005, 2010). The Celsr2,3-Fzd3 system
regulates FBM neuron migration by promoting their locomotion
along the midline until they pass the abducens nucleus, after
which they initiate their lateral displacement. Importantly, mu-
tant neurons that fail to reach r5-r6 remain able to move laterally
and differentiate locally into neurons with similar features as
FBM neurons. The mediolateral displacement may be a default
behavior of differentiated FBM neurons in response to as yet
unidentified attractive cues expressed laterally, such as Wnt or
Bmp proteins, and/or repulsive signals from the midline region,
such as Shh or Slit factors (Guthrie, 2007).

As in Celsr2 mutant mice, almost no caudal FBM neuron mi-
gration occurs in chick and some other nonmammalian verte-
brates where the facial (nVII) nucleus forms normally but facial
axons do notloop around nVI nucleus (Studer, 2001; Gilland and
Baker, 2005). Intriguingly, the chicken genome contains Celsrl
and Celsr3 but lacks Celsr2, indicating that loss of Celsr2 might be
the origin of the peculiar anatomy of nVII and its axons in birds.

Whereas Celsr2 and Celsr3 act redundantly, combined muta-
tions of CelsrI and Celsr2 phenocopy the Celsr2<?’* phenotype.
The fact that Celsr2 is epistatic to Celsr] provides additional sup-
port to the view that two genes regulate FBM neurons migration
in specific, sequential manners. The CelsrI system may regulate
planar orientation of precursor divisions, which could provide
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a directionality cue to the FBM neurons. The second system,
involving Celsr2, Celsr3, and Fzd3 would be required for the
acquisition of a rostrocaudal migratory phenotype and for main-
tenance of FBM neurons. For example, activation of this pathway
may allow FBM neurons to respond to Wnt proteins (Vivancos et
al., 2009). Studies of FBM neuron migration in other PCP mu-
tants and the use of in vitro systems that faithfully recapitulate
migration events (Vivancos et al., 2009) may provide ways to test
these models further.
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