
Prickle1 is necessary for the caudal migration of murine facial
branchiomotor neurons

Tian Yang1, Alexander G. Bassuk2, Sigmar Stricker3, and Bernd Fritzsch1

1University of Iowa. Department of Biology, Iowa City, IA, USA, 52242

2University of Iowa, Department of Pediatrics, Iowa City, IA, USA, 52242

3Max Planck Institute for Molecular Genetics, Berlin, Germany, 14195

Abstract

Facial branchiomotor neurons (FBMs) of vertebrates typically develop in rhombomere 4 (r4) and

in mammals and several other vertebrate taxa, migrate caudally into r6 and subsequently laterally

and ventrally to the pial surface. How similar or dissimilar these migratory processes between

species are at a molecular level remains unclear. In zebrafish and mouse, mutations in certain PCP

genes disrupt normal caudal migration of FBMs. Zebrafish prickle1a (prickle-like 1a) and

prickle1b, two orthologs of Prickle1, act non-cell autonomously and cell-autonomously,

respectively, to regulate FBM migration. Here we show that in Prickle1C251X/C251X mice, which

have reduced Prickle1 expression, the caudal migration of FBMs is affected. Most FBM neurons

do not migrate caudally along the floor plate. However, some neurons perform limited caudal

migration such that the neurons eventually lie near the pial surface from r4 to anterior r6. FBMs in

Prickle1C251X/C251X mice survive until P0 and form an ectopic nucleus dorsal to the olivo-cochlear

efferents of r4. Ror2, which modifies the PCP pathway in other systems, is expressed by the

migrating mouse FBMs, but is not required for FBM caudal migration. Our results suggest that in

mice, Prickle1 is part of a molecular mechanism that regulates FBM caudal migration and

separates the FBM and the olivo-cochlear efferents. This defective caudal migration of FBMs in

Prickle1C251X mutants resembles Vangl2 mutant defects. In contrast to other developing systems

that show similar defects in Prickle1, Wnt5a and Ror2, Wnt5a and Ror2 only have limited or no

effect on FBM caudal migration.
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Introduction

The Prickle1 (Prickle like 1) gene is important for the nervous system development: 1)

mutation in PRICKLE genes leads to epilepsy in humans, mice, zebrafish and Drosophila
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(Bassuk, et al., 2008, Mei, et al., 2013, Tao, et al., 2011); 2) in human and zebrafish, the

mutant protein fails to interact normally with REST, which is an transcriptional repressor

that represses neuronal genes in non-neuronal tissues (Bassuk, et al., 2008, Mapp, et al.,

2011); 3) the neurite outgrowth is affected in cell cultures or Prickle mutants (Mapp, et al.,

2010, Mei, et al., 2013, Okuda, et al., 2007, Tao, et al., 2011); and 4) the caudal migration of

facial branchiomotor neurons (FBMs) is impaired in zebrafish (Carreira-Barbosa, et al.,

2003, Mapp, et al., 2011, Mapp, et al., 2010, Rohrschneider, et al., 2007). These results

together suggest conserved function of PRICKLE from flies to humans, but whether and

how Prickle1 mutation causes similar neurite outgrowth and/or neuronal migration defects in

mammals has not yet been explored.

Prickle1 is believed to be an integral part of the planar cell polarity (PCP) pathway. In flies,

it is recruited by the protein Vangl2 (Van Gogh like 2) to the cell membrane to establish cell

polarity (Bastock, et al., 2003, Carreira-Barbosa, et al., 2003, Strutt, et al., 2013, Takeuchi,

et al., 2003, Tao, et al., 2009, Tree, et al., 2002). Current data support the notion that

interaction between Prickle and Vangl is conserved across phyla: vangl2 and prickle1a/1b

mutants in zebrafish have similar FBM caudal migration defects (Carreira-Barbosa, et al.,

2003, Mapp, et al., 2011, Mapp, et al., 2010, Rohrschneider, et al., 2007); Prickle1C251X

and Vangl2lp mouse mutants have similar limb growth defects (Gao, et al., 2011, Walsh, et

al., 2011, Yang, et al., 2013a); Vangl2 is critical to establish hair cell polarity in the inner

ear, and the asymmetric Prickle1 protein localization is disrupted in cochlea of Smurf1

(SMAD specific E3 ubiquitin protein ligase 1) mutants suggesting that Prickle1 may play a

role in establishing hair cell polarity like Vangl2 (Murdoch, et al., 2001, Narimatsu, et al.,

2009, Torban, et al., 2004). These data suggest that the function of Prickle1 in the nervous

and sensory system is tied to the function of Vangl2.

An example of this conserved interaction in the nervous system is the zebrafish FBM caudal

migration. In hindbrain development, there is a transient phase of rhombomere formation to

subdivide the rostro-caudal axis. FBMs become postmitotic in rhombomere 4 (r4) in all

jawed vertebrates with a variable addition of r5 (Fritzsch, 1998, Murakami, et al., 2004,

Szekely and Matesz, 1993). Their axons combine together as the facial nerve to exit at r4 on

the ipsilateral side while the soma of r4 derived FBMs migrate in some vertebrates caudally

to r6 and ventrolaterally to the pial surface (Fritzsch, 1998, Fritzsch and Nichols, 1993,

Szekely and Matesz, 1993, Wanner, et al., 2013), where they form various subnuclei that

innervate the different muscles of the face and hyoid (Komiyama, et al., 1984, Matsuda, et

al., 1979, Nieuwenhuys, et al., 1998).

In zebrafish, vangl2 functions in the floor plate cells and non-cell autonomously regulates

migration of the FBMs (Jessen, et al., 2002, Sittaramane, et al., 2013). Prickle1a and

prickle1b are essential for FBM caudal migration in zebrafish, acting non-cell autonomously

and cell-autonomously, respectively (Carreira-Barbosa, et al., 2003, Mapp, et al., 2011,

Mapp, et al., 2010, Rohrschneider, et al., 2007).

The PCP pathway includes not only prickle and vangl, but also dvl, fzd and wnt. Among

these genes, fzd3 is critical for FBM caudal migration in zebrafish (Jessen, et al., 2002), but

neither wnt5a nor dvl has a role in zebrafish (Jessen, et al., 2002). These results suggest
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either a redundant or non-essential role of wnt and dvl genes in zebrafish FBM migration.

These possibilities raise the question as to whether FBM caudal migration is a PCP process

since only certain PCP genes are required for FBM caudal migration.

Similarly, in mice, the function of PCP in FBM caudal migration is controversial. Vangl2

protein is required for FBM caudal migration. However, Vangl2 is expressed broadly in the

hindbrain, including the FBMs, before and during FBM caudal migration, and thus whether

Vangl2 functions cell autonomously or non-cell autonomously is still unclear. Fzd3 is

critical (Jessen, et al., 2002), while Wnt5a has only a minor role in FBM caudal migration

(Vivancos, et al., 2009). Dvl1/2 are not required whereas the role of Dvl3 has not been

examined (Glasco, et al., 2012, Jessen, et al., 2002). It is therefore possible that Prickle1 is

required for FBM caudal migration in mice comparable to the essential role of prickle1a

and/or prickle1b in zebrafish (Carreira-Barbosa, et al., 2003, Mapp, et al., 2011, Mapp, et

al., 2010, Rohrschneider, et al., 2007). Here we show that Prickle1 mutation affects FBM

migration in mice

Another gene associated with PCP is Ror2, which is expressed in the post-migration FBMs

at E14.5 (http://www.eurexpress.org). Ror2, when bound to Wnt5a, can modulate Vangl2

activity and thus PCP signaling (Gao, et al., 2011, Wang, et al., 2011). Consistent with this,

Ror2 mutants have limb phenotype similar to Vangl2, Wnt5a and Prickle1C251X mutants

(Gao, et al., 2011, Raz, et al., 2008, Schwabe, et al., 2004, Wang, et al., 2011, Witte, et al.,

2010, Yang, et al., 2013a). In addition, Ror2 mutants have cleft palate much like Wnt5a and

Prickle1C251X mutant mice (He, et al., 2008, Yang, et al., 2013b). Since Vangl2 plays a

critical role in FBM caudal migration and is expressed in FBMs, it is possible that Ror2 is

also required for this process. As with Prickle1, the role of Ror2 has not been explored in

mice FBM migration. We show that Ror2 is expressed in pre-migratory and migrating

neurons. However, while Prickle1 is essential for FBM caudal migration, Ror2 is not

essential. Our data suggests overlapping expression but a strikingly different function of

Ror2 and Prickle1 in caudal migration of FBMs which contrasts sharply with their

apparently similar function in the limb and palate development. These data support notions

of context dependent signaling of these PCP related proteins.

Materials and Methods

Mice

All the animal treatment was approved by University of Iowa IACUC (ACURF 0804066)

and (ACURF1109204). We used the Prickle Cys251X mutant mice previously described

(Tao, et al., 2011, Yang, et al., 2013a, Yang, et al., 2013b). Given apparent similarity in

phenotypes in at least two developing systems we also used Ror2W749X and Ror2−/− mice

(Raz, et al., 2008, Takeuchi, et al., 2000). Noon on the day of vaginal plug visualization was

designated as E0.5. Embryos from timed breeding were fixed in 4% paraformaldehyde

(PFA). Tails were collected for PCR and sequencing for genotyping. Genotyping was

conducted as previously described (Raz, et al., 2008, Takeuchi, et al., 2000, Yang, et al.,

2013a).
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In situ hybridization

The probes for in situ hybridization were generated by in vitro transcription from the

plasmid and then labeled with digoxigenin. Tbx20, Wnt5a, Ror2, Nkx6.1 and Prickle1 probes

were previously described (Glasco, et al., 2012, Müller, et al., 2003, Okuda, et al., 2007,

Schwabe, et al., 2004, Song, et al., 2006). Mutant and wild-type littermate embryos were

reacted in the same tube for the same probe to minimize the reaction variability. Samples

were digested with 20µg/ml Proteinase K for half an hour and proceed to in situ

hybridization following the protocol described previously (Duncan, et al., 2011). Samples

were then mounted in glycerol and viewed in a Leica M205 FA microscope. Images were

captured with Leica application suite V3. Unless indicated otherwise, at least two animals

were prepared for a given stage.

Lipophilic dye tracing

FBMs were labeled with lipophilic dyes (NeuroVue; Molecular Targeting Technologies;

MTTI) (Fritzsch, et al., 2005). The E12.5 and the E13.5 brains were labeled from both sides.

Dye was placed into the left ear and the right orbit to label the vestibulo-cochlear efferent

and facial motor neurons of the left side, and the right abducens motor neurons, respectively.

This dye was false colored as green during imaging. Another dye labelling with a different

color was placed into the right ear to label the vestibulo-cochlear efferent and facial motor

neurons on the right side, which was false colored as red (Fritzsch, et al., 2005, Maklad and

Fritzsch, 2003). The E12.5 and the E13.5 hindbrain was incubated in 4% PFA at 60°C for

two days, dissected out, and mounted in open-book configuration in glycerol.

To label the VIIa nuclei, one dye was place between the eye and the ear to label the

trigeminal nerve in E13.5 embryos. A second dye was place anterio-ventrally to the ear to

label the facial nerve and the accessory facial nerve as they exit the stylo-mastoid foramen.

The head of E18.5 embryo was separated into halves. A dye was placed into the cochlea to

specifically label the vestibulo-cochlear efferent ipsilaterally. A second dye application with

a different color was placed into the tympanic segment of the facial nerve just beneath the

lateral semicircular canal. After incubating the sample in 4% PFA at 60°C for seven days,

the brain was dissected out and sectioned coronally into 100µm sections with a Vibratome.

Sections or whole mounted brains were imaged with a Leica SP5 confocal microscope.

Plastic sectioning of the facial nerve

Previous work had indicated that FBM developmental failures can be associated with loss of

facial nerve axons. Facial nerve exiting the inner ear was dissected and embedded in plastic

and sectioned into 2µm thick sections as previously described (Fritzsch, et al., 1997).

Sections were imaged and their area compared in the nerves: an ellipse was draw to best fit

the nerve section and the area of the ellipse was calculated. Since no apparent differences in

areas were found no further statistics was employed.
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Results

Prickle1 is expressed by FBMs

The factors that affect neuron migration can be divided into two groups: the non-cell

autonomous environment and the autonomous signals intrinsic to the neurons themselves.

The former provides the directional cues to the neurons and the latter translates the signals

into action (Wanner, et al., 2013). Therefore, we asked where Prickle1 was expressed in

mouse hindbrain, which potentially provided clues as to whether it affected FBM migration

cell-autonomously or non-cell autonomously, thus acting either similarly to prickle1a or

prickle1b in zebrafish (Carreira-Barbosa, et al., 2003, Mapp, et al., 2011, Mapp, et al.,

2010).

We examined Prickle1 mRNA expression in E10.5 to E13.5 mice by whole-mount in situ

hybridization. At E10.5 (Fig. 1a), Prickle1 was highly expressed in the FBMs in r4. In

addition, Prickle1 expression was detected in other motor neurons along the floor plate,

similar to the expression pattern of Isl1 (Vivancos, et al., 2009). From E11.5 to E13.5,

Prickle1 was expressed by the migrating FBMs (Fig. 1b, c and e) and the trigeminal motor

neurons (arrowhead in Fig. 1b – f). The prominent Prickle1 expression in the neurons

supports a cell autonomous role for Prickle1 in FBM caudal migration, presumably acting

like prickle1b in zebrafish (Wanner, et al., 2013).

Prickle1 knockout mice die around E6.5 (Tao, et al., 2009), which excludes the possibility of

analyzing FBM migration at later stages. Therefore, we analyzed the FBM migration in

Prickle1C251X mice, which has a nonsense mutation in the third LIM domain (Tao, et al.,

2011, Yang, et al., 2013a, Yang, et al., 2013b). It has been suggested that Prickle1 mutant

protein with LIM and C-terminal protein domain deleted acts dominant-negatively to inhibit

the function of normal Prickle1 protein (Liu, et al., 2013). However, the fact that mice of

this mutant line survive longer than the knockout line suggests there is limited Prickle1

function in Prickle1C251X mutant mice and the truncated protein, if generated at all, has

only a limited function.

As previously reported in other developing systems (Yang, et al., 2013a, Yang, et al.,

2013b), the expression in Prickle1C251X mutant was markedly reduced (Fig. 1 d and f) .

Nevertheless, the limited Prickle1 expression in the mutant FBMs showed that FBMs failed

to migrate caudally to r6. These results support that Prickle1 is required for FBM caudal

migration from r4 to r6, and may act cell-autonomously.

Prickle1 is required for FBM caudal migration

Since there is limited expression of Prickle1 in the Prickle1C251X mutants, it is possible

that the mutant FBMs unlabeled by in situ hybridization in the mutant still migrate normally.

Therefore, we examined the neuronal migration with dye tracing. We examined FBM

migration in E13.5 mouse embryos by backfilling the neurons from the peripheral nerves

with differently colored lipophilic dyes as previously described (Fritzsch and Nichols, 1993,

Studer, et al., 1996). We also labeled abducens motor neurons from the eye, which served as

landmarks for r5 (Fig. 2 a–c, green labeling on the right half of the brain, arrow). The

brainstem was prepared as openbook, viewed from the ventral side. In the wild-type mouse,
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FBMs translocated caudally past the abducens that located in r5, into r6; they began also

lateral migration in r6 (Fig. 2 a). In Prickle1C251X/+ mutants, the majority of the FBM

neurons started lateral migration when they reached r5 with fewer neurons migrating along

the floor plate to r6 (Fig. 2 b). In Prickle1C251X/C251X mutants, the majority of the neurons

stayed within r4 (Fig. 2c). Only few FBMs migrated caudally into r5 and anterior r6 (Fig

2c). The results suggest that Prickle1 is required for coordinated FBM caudal migration in a

dosage-dependent way. This dosage effect is consistent with previous study which showed

that Prickle1C251X/+ have reduced threshold to seizures (Tao, et al., 2011).

We quantified the distance that the FBMs migrated (Fig 2 a, dashed bar). The FBMs in the

controls migrated 786.7±103.6 µm while the FBMs in Prickle1C251X/C251X embryos only

migrated 492.5±83.4µm (E12.5, n=5, t-test, p<0.001).

In addition to the failure of caudal migration of FBMs, we also noticed variability in how the

vestibulo-cochlear efferent (Fritzsch and Nichols, 1993, Simmons, et al., 2011) crossed the

floor plate in Prickle1C251X/C251X mutants (Fig. 2 d–f). In wild-type or Prickle1C251X/+

mice, the vestibulo-cochlear efferent axons crossed the midline without any caudal

extension (Fig. 2 d). However, in the homozygotic Prickle1 mutants, fewer vestibulo-

cochlear efferent axons crossed the floor plate (Fig. 2e arrow) and some crossing fibers

extended along the midline (Fig. 2f–g) as previously described in EphB2 mutants (Cowan, et

al., 2000).

The differences in migration within r4 of the Prickle1C251X/C251X mutants and control

littermates was even more obvious in a lateral view of hemisected brains with afferent fiber

tracts and nerve roots as reference points (Fig. 3a and b). In this preparation, trigeminal

nuclei were labeled in red and facial nuclei were labeled in green. Therefore, the VIIa

appears as yellow. Our data show that the VIIa remained in rostral r4 and caudal r3 in our

Prickle1C251X/C251X embryos (Fig. 3 a and b, right brackets) overlapping with the caudal

trigeminal motoneurons like in their littermate controls (Fig. 3).

Individual neurons and their processes could occasionally be visualized. We found that in

control embryos, the FBMs that are within r6 were oriented caudal-laterally (Fig. 3c, arrow).

In contrast, in the Prickle1C251X/C251X mutants, neurons were oriented within r4 medio-

laterally (Fig. 3d, arrow), much like accessory neurons in r3. These results suggested that the

cell polarity was affected in some FBMs in the Prickle1C251X/C251X embryos, which

migrated laterally within r4.

The ectopic FBM nucleus in Prickle1 mutants lies dorsal to the olivo-cochlear efferent
nucleus

Since the olivo-cochlear efferents form the superior olivary complex near the pial surface of

r4–r5 (Simmons, et al., 2011), we asked whether the mutant FBMs that migrated to r5 could

still formed a nucleus near the pial surface and/or became dispersed among the olivo-

cochlear efferents situated in the superior olive complex. We back-filled the FBM and inner

ear efferent neurons from the facial nerve and the ear, respectively, using differently colored

lipophilic dyes at E18.5. Brains were removed and coronal sections were taken to examine

the position of FBMs. In the wild-type, FBMs migrated to a position caudal to the olivo-
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cochlear efferent nucleus, and formed a nucleus adjacent to the ventral pial surface (Fig. 4 a

and d). Therefore, the nerve and the nucleus were present in different coronal section (about

four 100µm-thick sections between the nerve root and the nucleus). In homozygous

Prickle1C251X mutants, FBMs neurons did not reach the pial surface. Instead they formed

an ectopic nucleus in r4 and r5, superior to, but segregated from the olivo-cochlear efferents

(Fig. 4 b–c). In addition, the nucleus could be found in the same coronal section with the

axons entering at r4 (Fig. 4 c) demonstrating that in Prickle1C251X/C251X mutants many

FBMs remain within r4 with a migration roughly comparable to olivo-cochlear efferents

(Karis, et al., 2001). Heterozygous mutants had intermediate phenotypes between wild-type

and homozygous mutants: many FBM neurons formed an ectopic FBM nucleus dorsal to

olivo-cochlear efferents, but others had migrated into r6 and formed a small FBM nucleus in

the normal position. Strikingly, FBMs and olivo-cochlear efferents of Prickle1 mutants did

not mix despite overall similarities in migration (Fig. 4). This suggests a mechanism

separating the two motor neuron populations that is independent of the caudal migration of

FBMs.

The survival of FBMs is not affected in Prickle1 C251X mutants

Previous work showed that FBM survival is affected by Hoxb1 and Vangl2lp mutants by

E12.5 (Glasco, et al., 2012, Studer, et al., 1996). Therefore, we asked whether the FBMs

could survive in newborn Prickle1C251X mutants, the latest stage we could obtain

Prickle1C251X/C251X mice. We isolated the facial nerve at birth near the stylo-mastoid

foramen where it is composed only of FBM axons (Fritzsch, et al., 1997). There was no

obvious difference in the cross-sectional nerve territory (Fig. 4 e and f). This suggests that

forming the nucleus at the wrong position affects neither neuronal survival up to P0 nor

projection of FBM axons within the facial nerve. Due to the early lethality of the mutants,

we could not test long-term viability and function of the unusually positioned FBM neurons.

Prickle1C251X mutation does not affect expression of several genes implicated in
migration

Tbx20 is a transcription factor necessary for FBM migration, and its down-regulation

impairs the expression of genes in the PCP family, including Prickle1, Fzd7, Wnt11, Vangl1

and Vangl2 (Song, et al., 2006). We investigated whether Prickle1C251X mutation could, in

turn, affect expression of its upstream transcription factor Tbx20 in FBMs. Tbx20 expression

in FBMs was unchanged in the Prickle1C251X/C251X mutants (Fig. 5 a–d). This suggests that

the migratory defect of FBMs in Prickle1 mutant mice is not mediated by down-regulation

of Tbx20. The Tbx20 expression again illustrated the defective caudal migration in

Prickle1C251X mutants.

Previously we showed the expression pattern of Wnt5a, a typical ligand of the PCP pathway,

was affected in Prickle1C251X/C251X limbs (Yang, et al., 2013a) and in Vangl2lp/lp hindbrain

(Glasco, et al., 2012). Although the affected Wnt5a expression in Vangl2lp mutants is

probably not associated with defective FBM caudal migration in Vangl2lp mutants (Glasco,

et al., 2012), the change in expression suggests a feedback mechanism from Vangl2 to

Wnt5a through an unknown mechanism. We therefore examined the expression of Wnt5a to

see whether a similar feedback mechanism exists from Prickle1 to Wnt5a in the hindbrain as
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in the limb. Wnt5a was expressed by the ventricular zones posterior to r4 (Fig. 5 e).

However, we did not detect any obvious change in expression pattern in the Pricke1 mutant

hindbrain (Fig. 5 f). This difference between the effect of Vangl2 mutation and Prickle1

mutation on Wnt5a expression in the hindbrain implies different molecular roles of PCP

pathway in different developing systems. It should be noted that Wnt5a plays only a limited

role in FBM migration (Vivancos, et al., 2009), suggesting either redundant or non-essential

role of this Wnt signaling ligand. Similarly, there was no obvious change in expression of

Nkx6.1, another transcription factor that is necessary for FBM migration (Müller, et al.,

2003), in the PrickleC251X mutant hindbrain (Fig. 5 g–h).

Ror2 is not necessary for FBM caudal migration

Ror2 is an important receptor of Wnt5a in Wnt5a/PCP signaling cascade, interacting with

Wnt5a and Vangl2 (Gao, et al., 2011, He, et al., 2008, Mikels, et al., 2009, Oishi, et al.,

2003). Therefore, we hypothesized Ror2 might be essential for FBM caudal migration.

Consistent with this hypothesis, our data show that Ror2 was expressed in the hindbrain

predominantly by the FBMs from E10.5 to E13.5 (Fig. 6 a–d). We therefore analyzed two

Ror2 mutant lines, Ror2W749X/W749X and Ror2−/− (Raz, et al., 2008, Takeuchi, et al., 2000),

to see whether FBM migration might be affected.

We backfilled the FBMs from the inner ear with different colors of lipophilic dyes from both

sides and prepared the hindbrain in open-book as described above. At E12.5, FBMs

migrated to r6 normally in both Ror2 mutant lines (Fig. 6 e–h). Since there were no defects

in FBM caudal migration, we expected normal Prickle1 expression in the hindbrain. As we

predicted, Prickle1 was expressed by the migrating FBMs in Ror2W749X mutants and Ror2

knockouts (Fig. 6 i, j, m and n). In addition, Tbx20 expression was normal during the caudal

migration of FBMs in these Ror2 mutants (Fig. 6 k, l, o and p). 3 Ror2W749X/W749X embryos

and 3 Ror2−/− embryos analyzed this way did not show any caudal migration defects, and

thus we did not pursue further analysis. We conclude that neither the Ror2 point mutation

nor Ror2 deletion exerts any noticeable effect on FBM migration, indicating an unexpected

flexibility of the use of different components of the PCP pathway in different developing

systems.

Discussion

FBM caudal migration in zebrafish and mice is molecularly similar

FBM migration is differentially distributed across vertebrates. Some groups display caudal

migration such as sharks, certain bony fish (zebrafish), salamanders and mammals (mouse),

whereas others like frogs and birds show no caudal migration (Fritzsch, 1998, Szekely and

Matesz, 1993). Since the FBM caudal migration is scattered across vertebrates (Fig. 7 b),

either multiple independent events in which the loss of an ancestral migration pattern

occurred in lamprey, chicken and frogs; or multiple independent events leading to the gain

of novel migration patterns occurred in sharks, zebrafish, salamanders and mammals. If

FBM migration in mammals is molecularly comparable to zebrafish, the most parsimonious

explanation would be an ancestral evolution of caudal migration in osteognathostomata or

even jawed vertebrates including elasmobranchs. Supporting this hypothesis, several genes
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are used by both zebrafish and mouse for FBM caudal migration, such as Hoxb1, Celsr2 and

Vangl2 (Bingham, et al., 2002, Glasco, et al., 2012, Pata, et al., 1999, Qu, et al., 2010,

Rohrschneider, et al., 2007, Wada, et al., 2006).

We show here for the first time that Prickle1 is required in FBM migration in mammals

(Fig. 7 a) as in bony fish (Wanner, et al., 2013). Prickle1a and prickle1b are required for

FBM caudal migration in zebrafish cell-autonomously and non-cell-autonomously,

respectively (Carreira-Barbosa, et al., 2003, Mapp, et al., 2011, Mapp, et al., 2010).

However, in mouse, Prickle1 is expressed only in the migrating neurons, not in the

surrounding cells, suggesting a cell-autonomous mechanism, similar to prickle1b of

zebrafish. We interpret the overall similarity as a plesiomorphic feature of

osteognathostomata [sarcopterygian and actinopterygina fish (Fritzsch, et al., 2013)].

Unfortunately, the molecular mechanism of FBM caudal migration in elasmobranchs such

as sharks is unknown. If migration in sharks will be shown to also depend on the PCP

pathway it would suggest that FBM caudal migration co-evolved with the evolution of jaws

(Fig. 7 b). This interpretation suggests that the absence of caudal migration in birds, frogs

and several bony fish reflects an independent loss of some molecular features essential for

this process. To confirm this independent loss of FBM caudal migration, molecular data

from frogs and birds are now needed to show independent loss of molecules crucial for FBM

caudal migration. Beyond this ultimate question, identifying what molecule(s) now

considered essential for FBM migration are absent in either frog and chicken FBM could

provide additional insights into the causality of molecular interactions mediating FBM

migration.

Prickle1 affects neuronal migration and possibly neuronal circuit formation

We have previously shown that Prickle1 plays a role in regulating cell survival in the limb

(Yang, et al., 2013a). However, in FBMs, while caudal migration is defective, there is no

obvious effect on FBM judging by the similar facial nerve territory of control and mutant

littermates (Fig. 4). It is possible that misguided neurons in Prickle1 mutants receive proper

trophic support for their survival. It is also possible the mis-migrated FBM neurons die after

P0. Resolving this issue requires further analysis in conditional knockout mutants which

would require targeted deletion of Prickle1 in the FBMs, using the Tbx20-cre or Isl1-cre

(Tbx20 and Isl1 are transcription factors required for motor neurons specification), or

Hoxb1-cre [specific for r4 (Chen, et al., 2012)] combined with the recently available

Prickle1f/f mice (Liu, et al., 2013).

We still do not understand the functional significance of the FBM caudal migration to r6. It

is possible that this caudal migration to r6 allows the neurons to receive the uniquely mixed

bilateral cortical input from the primary motor cortex (Holstege, et al., 1977) to play a major

role in the eye blinking reflex (Holstege, 1991, Nieuwenhuys, et al., 1998). Generating

viable r4 specific or FBM specific conditional Prickle1 deletion mutants using different cre

lines would allow testing if the proper cortical and subcortical connection to FBMs to

mediate eye blinking reflex is forming when FBMs stay within r4–r5 instead of migrating to

r6.
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In addition to the expression in the FBMs in embryonic brains, Prickle1 is also expressed by

postmitotic neurons in the cortical plate of the cortex (Okuda, et al., 2007). This expression

suggest that the migration of these neurons in the cortex might be affected, contributing to

the neuronal phenotype in flies, zebrafish, mice and men (Mei, et al., 2013, Tao, et al.,

2009).

The location of facial accessory nucleus is not affected

In mammals, in addition to the facial nucleus formed at r6 (VII), the FBMs also form an

accessory nucleus (VIIa, aka suprafacial nucleus) (Komiyama, et al., 1984, Matsuda, et al.,

1979, Nieuwenhuys, et al., 1998, Szekely and Matesz, 1993, Székely and Matesz, 1982).

The neurons in the accessory facial nucleus innervate the posterior belly of the digastric

muscle while neurons from the posterior trigeminal nucleus innervate the anterior belly of

the digastric muscle, which helps to move the hyoid bone. The VIIa is normally located at

the rostral r4, immediately caudal to the posterior trigeminal nucleus.

Since the FBMs migrate from r4 to r6 during development, we asked whether the location of

the VIIa nucleus is affected. By labeling the FBMs from the posterior belly of digastric, we

found that the VIIa remained in r4 in our Prickle1C251X/C251X embryos and their littermate

controls (Fig 3).

Different roles of PCP components in FBM migration

Wnt5a, Ror2, Vangl2 and Prickle1 are pivotal players in Wnt/PCP signaling (Gao, et al.,

2011, He, et al., 2008, Nomachi, et al., 2008, Oishi, et al., 2003, Wang, et al., 2011, Yang, et

al., 2013a), yet they play distinct roles in different developing systems. Wnt5a only has

limited function in FBM caudal migration (Vivancos, et al., 2009), and Ror2 is not essential

in this process (Fig. 6). It is possible that another Ror family member, such as Ror1, is

redundant with Ror2 in this process. There is no Ror1 mRNA expression in FBM at E14.5

(http://eurexpress.org). However, it could be that Ror1 is expressed earlier during FBM

caudal migration but down-regulated at E14.5. Further analysis is necessary to examine the

role of Ror1 in FBM caudal migration.

The clear involvement of Vangl2 and Prickle1 in FBM caudal migration but not Wnt5a or

Ror2 suggests different interaction between these genes in FBM caudal migration and limb

development (Gao, et al., 2011, He, et al., 2008, Wang, et al., 2011, Yang, et al., 2013a).

Likewise, Vangl2 and Prickle1 seem to use somewhat different mechanisms to affect FBM

migration. Compared with Vangl2lp mutants, whose FBMs failed to migrate caudally in

both heterozygous and homozygous mutants (Glasco, et al., 2012), Prickle1C251X

heterozygotic mutants have a less severe phenotype. More specifically, Prickle1 seems to

affect caudal FBM migration in a dose dependent fashion and homozygotic Prickle1C251X

mutants have similar phenotypes as heterozygotic Vangl2lp mutants. This suggests that if

Prickle1 interacts with Vangl2, it is only partially responsible for mediating Vangl2

signaling in FBM caudal migration. It is possible that other Prickle family members, such as

Prickle2, or Testin are also playing a role in FBM caudal migration (Ren, et al., 2013). More

importantly, Vangl2 is expressed broadly by the hindbrain in mice, which suggests it might

function non-cell autonomously to regulate FBM neuron migration as in zebrafish
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(Sittaramane, et al., 2013). In contrast, Prickle1 is expressed in the migrating FBM of mice,

which supports Prickle1 cell-autonomous function, comparable to zebrafish prickle1b.

Taken together, these results indicate that the interaction between the core proteins in

Wnt/PCP pathway is not conserved in different developing systems. Rather, these data

suggest that the interactions of PCP proteins can be partially uncoupled and adjusted to the

specific requirements of a given system. The nature of these requirements in FBM migration

versus limb development requires further analysis. Finally, we suggest that the non-cell

autonomous function of prickle1a in zebrafish is a neo-functionalization that evolved after

bony fish gene duplication. In contrast, the cell-autonomous Prickle1 function in FBM

migration is the ancestral function that is minimally shared among osteognathostomata and

possibly among all jawed vertebrates. If demonstrated in elasmobranchs, this would suggest

that Prickle1 was recruited only once in the jawed vertebrate ancestor to play a cell-

autonomous function in FBM caudal migration that was lost multiple times in different

vertebrates (Fig. 7).
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Fig. 1.
Prickle1 is expressed by the migrating FBMs as revealed by mRNA in situ hybridization. a:

Prickle1 is highly expressed by the pre-migration FBMs at E10.5. In addition, Prickle1

expression is also detected in other motor neurons. b–f: Prickle1 is expressed by the FBMs

from E11.5 to E13.5, and trigeminal neurons (arrows). d and f: The expression level in

Prickle1C251X/C251X is reduced and the facial nucleus is barely visible. The FBM nucleus

forms in r6 in the wild-type, but spans from r4 to r6 in the homozygotic mutant. Arrow:

trigeminal neurons; r4–r6: rhombomere 4–6.The scale bar is 500µm
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Fig. 2.
Prickle1 is required for normal migration of motor neurons in a dosage dependent manner.

a–c: FBM caudal migration is impaired in proportion to available Prickle1. The facial

branchiomotor neurons are labeled from the ear using different colored dyes on the left and

right side (which are false colored as green and red, respectively). The abducens neurons

(Fig 2 a–c, arrows), are labeled ipsilaterally from the eye using a different color of dye

(colored green, or yellow when merged with red in a and b). In wild type (a), most neurons

migrate pass r5 (abducens neurons, triangle) to r6. In heterozygous mutant (b), most neurons

start lateral migration at or in r5 although some migrate to r6. In homozygous mutant (c),

most neurons fail to migrate to r6 but stay within r4 and r5 (c). d–g: Prickle1 also affects

vestibule-cochlear efferent axon outgrowth across the floor plate. d: The efferents of the

inner ear project their axons to the contralateral side in both wild-type and heterozygotic

mutants. e–g: However, some efferents in the heterozygous Prickle1 C251X mutants fail to

cross the midline in the homozygotic mutants (empty arrow in e). Some efferent axons grow

along the mid-line (f and g). Scale bar is 50um in d, f and g, and 100um in a–c and e. Arrow,

abducens neurons; empty arrow, vestibule-cochlear efferents that failed to cross the midline;

r4–r6, rhombomere 4–6
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Fig. 3.
Prickle1C251X mutation affects the FBM neuronal polarity but does not affect the position

of the VIIa nucleus shown by dye tracing. a–b: The trigeminal neurons (red), the FBMs

(green) and the VIIa neurons (yellow) are back filled from the peripheral applications (see

material and methods). In Prickle1+/+ embryos, the FBMs migrate from r4 to r6. The VIIa

neurons remainin caudal r3 and rostral r4 (right brackets). Note: the split of FBMs in r4 is

due to split of the brains when mounting (triangle in A). A single plane of image from the

region in dashed square is shown in higher power as c and d. c: At the neuron migrating
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front at r6 in Prickle1+/+, the neurons are oriented rostral-caudally (arrow). d: In

Prickle1C251X/C251X embryos, the FBMs within r4 are oriented and migrat only medio-

laterally (arrow). The scale bar is 200µm in a–b and 50µm in c-d. Right brackets, VIIa

nucleus; triangle, split of the brain during preparation; dashed square, where the higher

power images of c and d are taken from; r3–r6, rhombomere 3–6
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Fig. 4.
The mutant FBMs form an ectopic nucleus dorsal to olivo-cochlear efferents. The facial

neurons are labeled from the facial nerve and shown in green, whereas the olivo-cochlear

efferents are labeled from the ear and are shown in red. a and d: In wild-type, the facial

nerve and the FBM nucleus are not in the same section and the nucleus lies near the pial

surface (d). b: In heterozygotic mutants, some FBM neurons are found in the same section of

the facial nerve and the FBM nucleus lies dorsally to the olivo-cochlear efferents (red). c: In

homozygotic mutants, most FBM neurons are in the same section of the facial nerve, and the

FBM neurons are dorsal to the olivo-cochlear efferents of the superior olivary complex.e-f:

cell survival is not affected by Prickle1C251X mutation as the territory of the cross section

of the nerve is similar in wild-type (e) and homozygotic mutant (f). Due to space limitation

in f, Prickle1C251X/C251X is written as C251X. Red ellipse marks the facial nerve. The scale

bar in a–d is 200 µm
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Fig. 5.
Prickle1C251X mutation does not affect expression of crucial genes in the hindbrain. a–d:

Tbx20 is expressed by the migrating FBMs in both wild-type and the Prickle1C251X/C251X

mutants at both E11.5 and E12.5. In Prickle1C251X/C251X mutants, FBM neurons do not

migrate caudally past r5 at E11.5 (b), but migrate lateral within r4 (arrow in d) at E12.5. e–f:

Wnt5a is only expressed in r5–8 but not in r4. The expression is not affected by

Prickle1C251X mutation. g–h: Nkx6.1 is expressed by the migrating FBMs in the wild-type.

Nkx6.1 expression is not affected by Prickle1C251X mutation. The expression Nkx6.1
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shows the wide distribution of mutant FBMs from r4 to r6. Black line: boundary of

rhombomeres; r4–r6: rhombomere 4–6; red arrow: the laterally migrating FBMs. The scale

bar is 500µm
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Fig. 6.
Ror2 mutations do not affect FBM migration. a–d: Ror2 is expressed by the FBMs from

E10.5 to E13.5 shown by whole-mount in situ hybridization. e–h: Dye tracing at E12.5

shows the FBMs in Ror2W749/W749X and Ror2−/− migrate normally to r6. Note: the separated

FBM in r4 in D is preparation artifacts. i–j: Prickle1 is expressed by the migrating neurons

in both wild-type and the Ror2W749X mutant at E12.5. k–l: at E12.5, Tbx20 mRNA

expression shows FBMs in both the wild-type and the Ror2W749X mutant migrate caudally

to r6. m–n: Prickle1 is expressed by the migrating neurons in both wild-type and the
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Ror2−/− FBMs at E13. o–p: at E13, Tbx20 mRNA expression shows FBMs in both the wild-

type and the Ror2−/− migrate caudally to r6. The scale bar is 500µm in a–d and I-P, and

100µm in e–h
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Fig. 7.
a: Diagram showing the migratory route of wild-type and Prickle1C251X/C251X FBMs. Both

the olivo-cochlear efferents (VIII, red) and the facial nerve (VII, green) exit at r4. While the

wild-type FBMs migrate caudally to r6, the mutant FBMs (blue) stay in r4 and r5 and lie

dorsally to the olivo-cochlear efferent nucleus. b: Diagram showing the distribution FBM

caudal migration (+) or lack of caudal migration (−) in vertebrates. Orange color highlights

the presence of FBM caudal migration in some members, magenta color highlights the

absence of FBM caudal migration in all members of a given lineage. Similarities of
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molecular data on FBM migration in mammals and zebrafish suggest that the common

ancestor had such migration. This implies that frogs and birds have independently lost

caudal FBM migration. C: caudal; D: dorsal; L: lateral; +: FBM migrates caudally; −: FBM

does not migrate caudally; ?: data not available; Prickle1?: further analysis is required to

show whether Prickle1 was present in this common ancestor and involved in FBM migration
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