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Summary

As many studies have focused on the mechanisms of of branchio-motoneurons. A detailed analysis of the
motoneuron specification, little is known about the factors migratory defect in facial branchio-motoneurons reveals
that control the subsequent development of postmitotic ectopic expression of the cell surface receptoRet and
motoneurons. Previously, we showed that the transcription Unc5h3 in premigratory neurons, but no changes in the
factor Nkx6.1 is required for the early specification of rhombomeric environment. Taken together, our findings
somatic motoneuron progenitors in the spinal cord. Our demonstrate a requirement for Nkx6.1 in the development
present analysis of hindbrain motoneuron development in  of postmitotic motoneurons, and suggest a cell-autonomous
Nkx6.1-deficient mouse embryos reveals that the early function in the control of branchio-motoneuron migration.
specification of branchio-motoneurons is independent of

Nkx6.1 function, but that it is required for their subsequent

development. InNkx6.1 mutant mice, we observed defects Key words: Nkx6.1, Nkx6.2, Hindbrain, Facial nucleus, Motoneuron,
in the migration, as well as in the axon projections Neuronal migration, Neuronal differentiation, Mouse

Introduction 2000; Ericson et al., 1997; Novitch et al., 2001). Mutation of

To generate the diversity of vertebrate central nervous systefie Nkx6.1gene in mice leads to a mis-specification of sm
(CNS) neurons, neuronal progenitors must receive position8€Uron progenitors, resulting in the generation of interneurons
information along the anteroposterior (AP) and dorsoventrd'Stéad of motoneurons (Sander et al., 2000a). _

(DV) axes during development. The signals that confer such Although we are beginning to understand the genetic control
positional information induce the expression of specificOf hindbrain motoneuron specification, little is known about
complements of transcription factors, and determine th#€ molecular mechanisms that control their subsequent
subsequent fate of the progenitors (Jessell, 2000; Lumsd&§velopment. A characteristic of bm neurons is their complex
and Krumlauf, 1996; Rijli et al., 1998). In the hindbrain, Pattern of migration in the vertebrate hindbrain (Fritzsch,
transcription factors of the Hox gene family have beert998). In mice, the most extensive migration is observed in bm
identified as key regulators of cell identity along the AP axig'eurons of the facial (Vlith) nerve, which are born in r4, and
(Rijli et al., 1998). Reflecting their role in AP specification, theSubsequently migrate within the mantle zone tangentially along
anterior-most expression limits of different Hox genes adherthe ventral midline, through r5, and into r6 (Altman and Bayer,
to morphologically distinct boundaries, which transiently1982; Ashwell and Watson, 1983; Auclair et al., 1996; Fritzsch
subdivide the hindbrain into distinct lineage units, termecind Nichols, 1993). In r6, facial branchio-motor (fom) neurons
rhombomeres (r). Along the DV axis of the developingfirst migrate dorsolaterally and then radially to form the facial
hindbrain, two discrete domains of progenitors give rise tducleus at the pial surface. However, not all fom neurons
three different classes of motoneurons, the branchio-motdpitiate their migration simultaneously. The first neurons cross
(bm), visceromotor (vm) and somatic motor (sm) neuronsthe r4/r5 boundary at embryonic day (E) 10.5, and reach their
Both bm and vm neurons arise from a common ventrdinal destination in r6 at E12, while the last neurons only exit
progenitor domain, defined by the expression of the4 at E12.5 and complete migration by E14. At E14, all fom
homeodomain transcription factor Nkx2.2 (Briscoe et al.pheurons are found in their final location in r6. In contrast to
1999). Downstream of Nkx2.2, the paired-like homeobox gen#hm neurons, bm neurons of the trigeminal (Vth) nerve remain
Phox2bis required for the differentiation of these progenitorswithin their rhombomere of origin, and translocate
into vm and bm neurons (Brunet and Pattyn, 2002; Pattyn eforsolaterally to the Vth nerve exit point in the dorsal half of
al., 2000). The sm neurons are generated dorsal to the vm/bir3 (Studer et al., 1996).

neurons from progenitors that express the homeodomain Given the extensive translocation of fom neurons from r4
transcription factors Pax6, Olig2 and Nkx6.1 (Briscoe et al.to r6, the mechanisms of bm neuron migration have been
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predominantly explored in fom neurons. Several observatiorRetrograde labeling of cranial nerves

suggest that environmental factors, as opposed to an underlyigg1.5-E13.5 embryos were dissected and fixed in 4%
cell-intrinsic program, control the caudal migration of fomparaformaldehyde. Dil and DiA (Molecular Probes) injections were

neurons. In support of this view, fom neurons in kreidiéafb performed as previously described (Fritzsch and Nichols, 1993). For
— Mouse Genome Informatics) am@ox20 (Egr2 — Mouse retrograde labeling, Dil- or DiA-soaked filter strips were applied to

Genome Informatics) mutant mice, which lack the entire ysthe Viith nerve lateral to the otocyst, to the mandibular branch of the
Y {/th nerve near the angle of the jaw, and to the glossopharyngeal/vagal

migrate out of r4, and continue with a dorsolateral and not /Xth) nerves near the jugular foramen, and allowed to diffuse for
caudal migration within the anteriorly positioned r6 (Garel e 2-5 days. Hindbrains were dissected, r’nounted on glass slides in

al., 2000; Manzanares et al., 1999; McKay et al., 1997 : . . :
P e P ’ ycerol, and images captured with a Biorad Radiance 2000 confocal
Schneider-Maunoury et al., 1997; Seitanidou et al, 1997gystem mounted onto a Nikon Eclipse 800 microscope. To visualize

Swiatek and Gridley, 1993). Further evidence for the role oOfdividual axons, the brains were gelatin embedded and vibratome
environmental factors in the initiation of caudal migration hassectioned at 100m before photography.

been provided by homotopic transplantation experiments
between chick and mouse tissue (Studer, 2001). When chi esults
r5 was replaced with mouse r5 or r6, chick fom neurons, whic
normally lack a caudal migration, redirected their cell bodiedNkx6.1 is expressed in developing cranial
toward the ectopic mouse tissue and followed a caudanotoneurons
migratory path, similar to mouse fom neurons. Though thesgo determine the pattern oRNkx6.1 expression in the
data suggest that r5-derived cues are required to initiate foteveloping mouse hindbrain, we performed in situ
neuron migration, it is largely unknown which cell-intrinsic hybridization using an antisensix6.1probe on flat-mounted
factors enable fom neurons to appropriately respond to su¢tindbrains. The firslkx6.texpressing cells appeared at E8.5
cues. in the ventral neural tube immediately abutting the floor plate
In this study, we provide evidence that Nkx6.1, which is(Fig. 1A). At E10.5, when motoneurons differentiatéxx6.1
expressed in postmitotic motoneurons, is required for brvas exclusively detected in two lateral stripes adjacent to the
neuron migration. In the absence of Nkx6.1, fom neurons afoor plate (Fig. 1B). Similar to spinal cord levels (Sander et
born in normal numbers, but fail to initiate caudal migrational., 2000a), immunodetection of Nkx6.1 on coronal sections
We show that their migratory defect coincides with an ectopi¢hrough the mouse hindbrain at E10.5 showed co-expression
expression of the netrin receptdnc5h3 as well as the GDNF  of Nkx6.1 with the vm/bm neuron progenitor marker Nkx2.2
receptor Ret in fbm neurons in r4, suggesting a cell- (Fig. 1C), and with the motoneuron marker Isl1 (Fig. 1D). At
autonomous role for Nkx6.1 in the control of fom neuronE11.5, during bm neuron migratioNkx6.1was detected in

development. dorsolaterally migrating trigeminal bm neurons, as well as in
caudally migrating fom neurons (Fig. 1E). An additional lateral
Materials and methods column ofNkx6.texpressing cells, extending caudally from r4

_ to r8 at E11.5, corresponds from rostral to caudal to the inner
Mutant mice _ _ ear efferent neurons, the vm neurons of the superior and
The Nkx6.1 null mutation was generated by gene targeting asnferior salivatory nuclei, and the bm neurons of the nucleus
prﬁwﬁuily descrl?ecli (SanoleéI et a'-62000b)- M,'gda% of the dayEg?biguous (Fig. 1E). At E12.5ykx6.1was detected in the
which the vaginal plug was detected was considered as stage ; P :
For embryos at stages before E11.5 somite number was determin%aﬂreo?trr%ar(l% f rTg;at'.Pg 1;22'( ni(l?uerlﬁniigggrer]sri:‘ntp?o?[?nﬁg':isc al
Immunohistochemistry and in situ hybridization motoneurons expressNkx6.1 we performed in situ
Embryos were fixed in 4% paraformaldehyde at 4°C overnighthybridizations on transverse sections through the hindbrain at
y g
Indirect immunofiuorescence analyses were performed o@E12.5. Nkx6.1 was expressed in all cranial motoneurons,
cryosections as described previously (Briscoe et al., 2000). Thgcluding the oculomotor (Fig. 1G) and trochlear motor nuclei
following primary antibodies were used: rabbit anti-Nkx6.1 (Jensengig 1H), the trigeminal bm neurons (Fig. 11), the sm neurons
et al., 1996); guinea pig_anti-kaG.Z and mouse anti-Evx1 (\_/allste f the abducens nerve (Fig. 1J), the facial bm neurons (Fig.
et al., 2001); mouse anti-Isletl, mouse anti-2H3, mouse anti-Nkx2. K), as well as the bm neurons ,of the nucleus ambiguous, the

and mouse anti-Enl (Developmental Studies Hybridoma Bank); an fthe d | t | £ th | d
rabbit anti-Phox2b (Pattyn et al., 2000). Alexa FIuor-conjugated/m neurons orthe dorsal motor nucleus or the vagal nerve an

secondary antibodies (Molecular Probes) were used. the sm neurons of hypoglossal nerve (Fig. 1L). In addition,
In situ_hybridizations on whole-mount preparations and frozerNkx6.1was detected in the raphe nuclei (Fig. 1K,L), which
sections were performed as described previously (Gradwohl et atontain serotonergic neurons that are generated subsequently
1996; Wilkinson, 1992). The mouse neogenMedl — Mouse to vm/bm neurons from the same progenitor domain (Briscoe
Genome Informatics) riboprobe comprised base pairs (bp) 3369-4538& al., 1999). All these nuclei remainBix6.xpositive until
(GenBank Accession Number Y09535), the probe for mdlis®.2  the first postnatal week (data not shown), suggesting that

cDNA probes were used: peripherin (Escurat et al., 1996%p1 development.

(Murphy et al., 1989)Epha4(Gilardi-Hebenstreit et al., 1992kl1
andlsl2 (Osumi et al., 1997Dbx1andDbx2 (Sander et al., 2000a), Absence of somatic and reduced numbers of
Olig2 (Pabst et al., 2003Jx3 (Stolt et al., 2003Phox2bandPhox2a branchio-motoneurons in the hindbrain of late

(Pattyn et al., 1997Ret(Pachnis et al., 1993Jag1(Cntn2— Mouse .
Genome Informatics) (Garel et al., 2000pc5h3(Ackerman et al., gestation Nkx6.1 mutant embryos

1997). For photography, hindbrains were dissected from surroundinf® Study the role of Nkx6.1 in hindbrain motoneuron
tissue, flattened on microscope slides and mounted with 80% glyceraevelopment, we first analyzed late gestaftithx6.1 mutant
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Fig. 1.Nkx6.1lexpression in the
developing mouse hindbrain. In situ
hybridization with aNkx6.1probe on flat-
mounted hindbrains at different embryol
stages (A,B,E,F) and on coronal hindbr:
sections at E12.5 (G-L). Rhombomeric
positions are indicated (r2 to r6). At E8.!
(A), Nkx6.1is expressed in ventral
progenitor cells. At E10.5 (BNkx6.1
expression spans the entire length of th
ventral hindbrain. At E10.5,
immunofluorescence detection of Nkx6.
(red in C,D) with Nkx2.2 (green in C) or
Isl1 (green in D) shows co-expression o
Nkx6.1 with both Nkx2.2 and Isl1 (yello
appearing cells in C,D). At E11.5 (E),
Nkx6.lexpression is detected in the
trigeminal (nV), and in migrating facial
branchio-motor (fom) neurons (nVIl) fro
r4 to r6, as well as in a lateral column
representing the motor nuclei of the inn
ear efferents (IEE), the superior (nSS) ¢
inferior (nlS) salivatory nucleus and

£ S i
nucleus ambiguous (nA). At E12.5 (F), E12.5 j! }_ I
Nkx6.1marks the entire stream of ’ ’
migrating fom neurons from r4 into the dorsal half of r6, and is also detected in the oculomotor (nlll) (G), trochlear)(tiige(hinal (nV)
(1), abducens (nVI) (J), facial nuclei (nVIl) (K,J), the nucleus ambiguous (nA) (L), the dorsal motor nucleus of the vagdhmexy (L) and
the hypoglossal nucleus (nXIl) (L). Nkx6.1 is also detected in the raphe nuclei (nRP) (K,L).

embryos for the presence of cranial motor nuclei. Using in sitneurons of the superior salivatory nucleus in r5, as well as the
hybridization for peripherin, which marks peripherally fom neurons (Fig. 3A). At E12.5, Dil marked the entire
projecting neurons, the sm nuclei of the abducens anahigratory stream of fom neurons from r4 to r6 in wild-type
hypoglossal nerve were undetectable Nkx6.1 mutants embryos. By contrast, the vast majority of fom neurons in
(arrows in Fig. 2A-D). In contrast to sm nuclei, bm and vmNkx6.1mutants were located in r4, and only few were labeled
nuclei were present ilkx6.1mutants at E18.5. However, upon in the rostral third of r5 (Fig. 3B). In r5, some fbm neurons
closer examination, the trigeminal (Fig. 2E,F) and facial bnmappeared to have initiated a dorsolateral migration that is
nuclei (Fig. 2G,H), as well as the bm neurons of the nucleussually seen in fom neurons in r6. However, most of the fbom
ambiguous (Fig. 21,J) showed a size reduction compared witireurons were positioned close to the floor plate in both r4 and
wild-type embryos. In addition to its reduced size, we noticed5. To exclude the possibility that neurons had actually
that in Nkx6.1mutants the fom nucleus was not found in itsmigrated into r5/r6, but only failed to send their axons
typical location close to the pial surface (Fig. 2G,H). Moreoverthrough the facial nerve, we also performed in situ
an analysis of histological sections through the entire hindbrainybridization with the bm/vm neuron mark@nox2b Similar
revealed that the fom nucleus was positioned further rostrall the results from the Dil labeling experiments, fom neurons
in Nkx6.1mutants (data not shown), raising the possibility thain Nkx6.1mutants were exclusively detected in r4 and rostral
they have a defect in fom neuron migration. In the hindbraim5 (Fig. 6C,D). At E13.5, virtually all fom neurons were
at E18.5, trigeminal bm neurons had formed a compact nuclelscated in their final position in r6 in wild-type embryos, but
in wild-type embryos (Fig. 2E), but were found scattered irwere still positioned in r4 and rostral r5 Nkx6.1mutants
Nkx6.1 mutants (Fig. 2F). The purely visceral dorsal motor(data not shown).

nucleus of the vagal nerve was normal in size and did not haveWe next studied the migratory pattern of trigeminal bm
a scattered appearance (arrowhead in Fig. 2C,D). Togeth@eurons by applying Dil to the mandibular branch of the Vth
these findings show that cranial vm and bm nuclei are presenérve in r2. In wild-type mice, trigeminal bm neurons migrate
in Nkx6.1mutants and suggest that Nkx6.1 could be involvedrom their point of origin in ventral r2 and r3 dorsolaterally

in ensuring their proper migration. along the path of their axon. At E12.5, they have settled close
) o o to the exit point of the Vth nerve (Fig. 3C).Nikx6.1mutants,

Nkx6.1 inactivation affects the migration and axonal trigeminal bm neurons appeared to migrate within a secondary

pathfinding of branchio-motoneurons nerve process, leading to the retrograde labeling of a loop-

To study the migratory pattern of bm neurons in more detaishaped structure (Fig. 3D). Moreover, the neurons only
we performed retrograde labeling with the fluorescent tracesompleted approximately two-thirds of their entire migratory
Dil. As axon outgrowth precedes the migration of hindbrairpath from the midline to the Vth nerve exit point, and failed to
motoneurons, migrating neurons can be retrogradely traceduster, as seen in wild-type embryos. These data show that
from their peripheral nerves. Application of Dil to the VIith Nkx6.1 is required for normal migration of trigeminal and
nerve labeled two populations of facial motoneurons, the vrfacial neurons in the hindbrain.
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i axons in r2/r3 and r6/r7 fail to recognize their proper exit
H| Nkx6.1 +/+ || Nkx6.1 -/ I points, and leave the hindbrain with the VIith nerve in r4 (Fig.
A B 3K).
To test if motor axons inNkx6.1 mutant embryos
appropriately project their axons into the first, second and third
- " branchial arches, respectively, we visualized the trajectories of
ﬂ.;,_“ - s these axons with an anti-neurofilament antibody on whole-
et mount embryos at E10.5. Analysis of the nerve branching
- ; : patterns revealed accurate projections of the cranial nerves to
C - D the respective branchial arched\Nikix6.1mutant embryos (Fig.
4 31,J), indicating that Nkx6.1 is not required for the pathfinding

;‘ﬁ_ﬁ_. N 53 W of peripheral motor axons.

u " Hindbrain segment identity is unaffected by~ Nkx6.1
v : M St inactivation

E G , F Because the mechanisms which underlie bm neuron migration
: Y have been most extensively studied in fom neurons, we focused
F- s in our subsequent analyses mainly on fom neurons. Given the
£ & s - ;5 implication of environmental factors in the control of fbm
R 4 L eI neuron migration (Garel et al., 2000; Studer, 2001), a possible
b ' - : 25 mechanism by which Nkx6.1 might regulate their migration is
; by altering the environment through which the neurons
8 A5 H migrate. We therefore tested if the segmentation and patterning
: _ - of the r4/r5 region was properly establishetlkx6.1mutants.
. : _ We usedHoxblas a marker for the r4 territory aBgpha4for
R . . the r3 and r5 territories. The expressiorHoikb1 (Fig. 4A,B)
ade T ? *& and EphA4 (Fig. 4C,D), as well as the relative size of the
“ rhombomeres, appeared normaNikix6.1mutants, suggesting
s v " o that the molecular patterning of the r4/r5 region does not
| J depend on Nkx6.1.

nVI
%

-y
1Y

|| dmnX, nXIl ||

nVIl || nv

I

< # »-5‘ Normal differentiation of viscero- and branchio-
= : : motoneurons in the absence of Nkx6.1

As an alternative mechanism to an alteration of the
environment, incorrect specification of fom neurons or a delay
in their differentiation could account for the aberrant migration
Fig. 2. Absence of somatic motor nuclei and reduced sizes of of fom neurons inNkx6.1 mutant mice. To explore this
branchiomotor nuclei ilNkx6.1mutant embl’yOS at E18.5. In situ hypothes|S, we Stud|ed the d|fferent|at|on of Cranlal
h.ybridiz.ation vyith a peripherin probe on coronal sectipns through the,qioneurons at the early stages of motoneuron formation in
hindbrain of wild type (left column) arldkx6.1mutant (right the embryo. At E10.5, expression of the pan-motoneuron
column) embryos. IINkx6.1mutant embryos, the somatic motor marker Isil lwas simi.la,r in wild-type andNkx6.1 mutant

nuclei of the abducens (nVI) (arrow in A,B) and hypoglossal (nXII) . . -
(arrow in C,D) nerve are absent. The branchiomotor nuclei of the embryos throughout most of the hindbrain (Fig. 5A,B),

trigeminal (nV) (E,F) and facial (nVI1) (G,H) nerve and the nucleus indicating that hindbrain motoneurons are generated
ambiguous (nA) (1,J) are presentNikx6.1mutants, but reduced in independently of Nkx6.1 function. Given the reduced size of

size. By contrast, the dorsal motor nucleus of the vagal nerve (dmnXe facial nucleus at E18.5 (Fig. 2G,H), but the normal
(arrowhead in C,D) appears normal in size. appearingsll signal in r4 at E10.5, we quantified the number
of fbm neurons by counting Isll-positive nuclei in
immunohistochemistry at different stages of development (Fig.
The retrograde Dil labeling experiments not only revealebC). At E10.5, the number of Isl1-positive nuclei in r4 was
defects in the migratory behavior of bm neurons, but alssimilar in wild-type and\kx6.1mutant embryos, suggesting
ectopic axon projections in the hindbrainMix6.1mutants. that fom neurons form in normal numbers in the absence of
When Dil was applied to the Vlith nerve Mkx6.1mutants, Nkx6.1. However, at E12.5, when a large number of fom
scattered cell bodies were retrogradely labeled in r2/r3, as weleurons have already migrated into their final position in wild-
as in r6/r7 (inset in Fig. 3B; Fig. 3E,F). Such ectopicallytype embryos, we detected a significant reduction in the total
projecting neurons were not observed in wild-type embryosumber of fbom neurons iNkx6.1mutants. A similar loss of
(Fig. 3A; data not shown). Double labeling through the VIithfom neurons has been reported in other mutants with defects
nerve in conjunction with the Vth (data not shown) or IX/Xthin fom neuron migration (Studer et al., 1996).
nerve (Fig. 3G,H) showed colocalization of these ectopically In contrast to r4, thisl1 signal in r5 appeared to be reduced
projecting neurons with the trigeminal bm neurons or the brin Nkx6.1mutants. In r5, a large percentagelsifl-positive
neurons of the nucleus ambiguous (arrows in Fig. 3H)motoneurons constitute the sm neurons of the abducens
respectively. Together, these data suggest that a subset of matacleus, while a smaller percentage represents the vm neurons
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Fig. 3. Defects in branchio-motoneur
migration and axonal pathfinding in t
hindbrain ofNkx6.1mutant embryos.
Application of Dil to the facial
(A,B,E,F,G,H) and trigeminal nerve
(C,D) in wild-type (A,C,G) andNkx6.1
mutant embryos (B,D,E,F,H) at E12.
While facial branchiomotor (bm)
neurons are backlabeled along their
entire migratory stream from r4 into
dorsal r6 in wild-type embryos (A),
most facial bm neurons are clustere(
close to the ventral midline in r4 and
few in the rostral third of r5 ilNkx6.1
mutants (B). No difference in the
location of facial visceromotor (vm)
neurons is observed between wild-ty
andNkx6.1mutant embryos (A,B). In
wild-type embryos, trigeminal

motoneurons are found at the &‘;
trigeminal nerve exit point (C), but '

scattered between the floor plate an — o+ g K
the exit point inNkx6.1mutants (D). : h ?
Note the backlabeling of an addition:
nerve process iNkx6.1mutants (D).
Dil application to the facial nerve
labeled neurons in r2/r3 (E) and r6/r
(arrowheads in B,F) ihkx6.1mutants.
but not in wild-type embryos.
Simultaneous application of Dil (red)
to the facial and DiA (green) to the
glossopharyngeal/vagal nerve show:
that neurons, which project through
facial nerve ilNkx6.1mutants (arrowheads in H), are localized within the territory of the inferior salivatory nucleus (nIS) and nucleus
ambiguous (nA). (1,J) Lateral view of E10.5 embryos stained with 2H3 anti-neurofilament antibody. The branching patteranédltherves
does not differ between wild-type (I) ahkx6.1mutant embryos (J). (K) Schematic summary of the differences in the position and axonal
projections of hindbrain motoneurons between wild-typeNiad. Imutant embryos. Trigeminal (V), facial (VII), vestibuloacoustic (VIII),
glossopharyngeal (IX), vagal (X), spinal accessory (XI) and hypoglossal (XIl) nerves; branchial arch (BA); otic vesicle (OV).

5%
&

Nkx6.1+/+

of the superior salivatory nucleus. To test if the redusHd the Nkx6.1mutant hindbrain (Fig. 5E), showing an absolute
signal in r5 results from a defect in sm neuron differentiationtequirement of Nkx6.1 for sm neuron differentiation at
we examined the expression of the sm neuron méskerAt  hindbrain levels. These data confirm our findings at spinal cord
E10.5,Isl2-positive motoneurons were completely absent fromevels that demonstrated incorrect specification of sm neuron

progenitors in the absence of Nkx6.1 (Sander et al., 2000a). In

spinal cord sm neuron progenitors, Nkx6.1 is required for
| NKkx6.1 +/+ || Nkx6.1 -/- | expression of Olig2 and similar to the phenotype observed in
A B Nkx6.1mutants Olig2 mutant embryos also display an absence

: of sm neurons (Novitch et al., 2001). We therefore tested if a

similar requirement of Nkx6.1 foDlig2 expression exists at
hindbrain levels. Surprisingly, in the caudal hindbr@ilig2
expression was maintained in the absence of Nkx6.1 (Fig.
5F,G), suggesting that Nkx6.1 and Olig2 function in a parallel
rather than linear pathway in sm neuron differentiation.
Consistent with the maintenance Ofig2 expression, the
domain oflrx3, which is repressed by Olig2 (Lu et al., 2002;
Zhou and Anderson, 2002), was not changédkix6.Imutants
(Fig. 5H,I).

Hoxb1

”llllll o

radly 1 _,‘

R

L
W

EphA4

Fig. 4.Rhombomere identity is not affected by the absence of
Nkx6.1 activity. In situ hybridization on flat-mounted hindbrains at
E10.5. The expression patternttdxb1(A,B), andEpha4(C,D) is
L similar in wild-type (A,C) andNkx6.1mutant embryos (B,D).

‘m.’
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| Nkx6.1+/+ || Nkx6.1-- | | Nkx6.1 ++ || Nkx6.1 -/- |
Az, T BTN [ . B K
r4 ™
B - = ) u gaﬁ -
5 8 5§} a
_ - _ ] 4. v r4 3
Fig. 5. Specification of facial branchio- \ = |
motoneurons is not affected bikx6.1 = L 1 M
inactivation. In situ hybridization wittsl1 C '§100 4 o
(A,B) andlslI2 (D,E) on flat-mounted S 80 - — &
hindbrains of E10.5 wild-type (A,D) and 60 I 3 #w g ‘\ “
Nkx6.1mutant (B,E) embryos. (BYkx6.1 40 BNKx6.1-/- al 2

mutant embryos generdt#1-positive cells
throughout the hindbrain. (C) Quantification
of Isl1-positive facial branchio-motoneurons
at r4 levels of wild-type ankx6.1mutant

embryos at E10.5 and E12.5. Using S NIXB. |-+ || ka(_:‘>.1 -f_- |
immunohistochemistry with an anti-Isl1 —=
antibody on coronal hindbrain sections, Isl|1- l -E:‘;-

E10.5 E12.5

positive nuclei on 12 representative sections
for each genotype and age were counted.

4 r4
Values are shown as % of wild type, v ' ' L 4
meanzs.d. (D,EsI2 marks somatic .
motoneurons and the otic ganglidsi2-
positive motoneurons are not detected in
hindbrains oNkx6.1mutants (E). (F-S) In e F o :
situ hybridization withOlig2 (F,G), Irx3 :
(H,), Dbx2(J,K), Dbx1(L,M) and Ebfl I - A e T 5
(R,S) and co-immunofluorescence detection ; e -
of En1 (N,O) or Evx1 (P,Q) together with i ——

Phox2b (N-Q) on sections through r4 of
% J-,'
i T %’ % a?‘

wild-type (F,H,J,L,N,P,R) antkx6.1mutant
embryos (G,I,K,M,0,Q,S) at E10.5. These
markers are similarly expressed in wild-type
and inNkx6.1mutant embryos.

We next investigated whether fom neurons in r4 werdvligrating facial branchio-motoneurons show

correctly specified as bm neurons. Between E9.5 and E11.8berrant expression of guidance receptorsin ~ Nkx6.1
when fom neurons differentiate in r4, wild-type axkix6.1 ~ mutant embryos
mutant embryos showed no difference in the expression dased on these results, it seemed unlikely that defects in the
the bm neuron markers Nkx2.2, IslRhox2aand Phox2b early specification of bm neurons or in the establishment of a
(data not shown, Fig. 5C,N,0). As we have previouslcorrect rhombomeric environment account for the aberrant
observed an expansion of V1 interneurons into thenigration of fbm neurons. We therefore examined the
motoneuron domain in the spinal cord Mkx6.1 mutants possibility that Nkx6.1 regulates the expression of cell surface
(Sander et al., 2000a), we also tested if fom neurons or theimolecules, and might thereby influence the ability of fom
progenitors carry characteristics of V1 or VO interneurons. Imeurons to interpret guidance cues in their environment. First,
contrast to spinal cord, we did not detected a ventrdb visualize fom neurons at different stages of their migration,
expansion of the V1 or VO progenitor markBtsx2or Dbx1, = we performed whole-mount in situ hybridization with the
respectively (Fig. 5J-M). Likewise, fom neurons did notvm/bm neuron markePhox2b Though most fbm neurons
misexpress the V1 interneuron marker Enl or the VQvere still located in r4 at E10.75, a few had progressed into
interneuron marker Evx1 (Fig. 5P,Q). the rostral third of r5 in both wild-type ardkx6.1 mutant

Given that mice deficient for the transcription fadirfl ~ embryos (arrowhead in Fig. 6A,B), suggesting that early
also have a defect in fom neuron migration (Garel et al., 2000luring their migration a few fobm neurons cross the r4/r5
we also tested if fom neurons Wkx6.1mutants have normal boundary in the absence of Nkx6.1. At E12.5, fom neurons in
Ebfl expression. The expression BIbfl in fom neurons was wild-type embryos were detected along their entire migratory
not affected by thé\kx6.1 mutation (Fig. 5R,S). Likewise, path from r4 to r6, but ilNkx6.1mutants were clustered in
Nkx6.1was normally expressed in fom neuron&bflmutant  ventral r4 (Fig. 6C,D). IlNkx6.1mutants, the distribution of
embryos (data not shown). Collectively, these data suggest thfaim neurons at E12.5 was almost indistinguishable from their
r4 progenitors generate normal numbers of correctly specifiguattern at E10.75 (Fig. 6B,D), indicating that most fom neurons
fom neurons in the absence of Nkx6.1. have remained at their point of origin in r4.
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Fig. 6. Ectopic expression of ] Nkx6.1 +/+ H Nkx6. 1 2 ‘ | +/+ ||

cell-surface receptors in facial e
z;nss
niS
|| E12. 0

branchio-motoneurons dfkx6.1
Nkx6.1 +/+ Nkx6.1 -/- |

mutants. Whole-mount in situ
hybridization with the indicated
probes on flat-mounted
hindbrains from wild-type (left
columns) andNkx6.1mutant
(right columns, except J)
embryos at the indicated ages. |
Phox2bmarks facial branchio-
motor (fom) neurons (nVII, A-
D). At E10.75, few fbm neuron:
have migrated into r5 in wild
type (arrowhead in A) and
Nkx6.1mutants (arrowhead in
B). At E12.5, some fbm neuror
have completed migration into
in wild-type embryos (C), but n
neurons are found caudal to
upper r5 inNkx6.1mutants (D).
Taglis normally expressed in
fom neurons in r4 in both wild-
type (E) andNkx6.1mutant
embryos (F)Ret which is
normally restricted to migrating
fbm neurons in r5 and r6 (G), i
ectopically expressed in r4 in
Nkx6.1mutants (H). In wild-type
embryosUnc5h3is first detecte
at E12.0 (1) in facial and
trigeminal (nVV) motoneurons, L
and motoneurons of the superi..

(nSS) and inferior salivatory nucleus (nIS), as well as the nucleus ambiguous (nA). The exprésstain®in these neurons is maintained at
E13.5 (J). Neogenin is expressed in dorsolaterally migrating facial and trigeminal motoneurondlk®6. Imutants, fom neurons

ectopically expresginc5h3(L) and do not express neogenin (P). In situ hybridization for Unc5h3 on coronal sections through r4 verifies that
the ectopic expression is specific to fom neurons (N). Abducens nucleus, nVI.

Phoxzp_
Un05h3

E135

|

Phox2b
Unc5h3

TAG-1
Unc5h3

|

Ret
neogenin

Previous work has shown that fom neurons regulate thateraction of netrin 1 with th€aenorhabditis elegaridNC5-
expression of cell-surface receptors in a rhombomere-specifielated receptors mediates a repulsive response (Ackerman et
fashion (Garel et al., 2000). In r4, they strongly express the call., 1997; Hong et al., 1999; Leonardo et al., 1997; Meyerhardt
adhesion molecul&agl, but becomélaglnegative in r5 and et al., 1997).
ré (Fig. 6E) (Garel et al.,, 2000). By contrast, the GDNF To explore a possible role for netrin signaling in fom neuron
receptor subuniRetis not detected in fom neurons in r4, but migration, we studied the expression of the three mammalian
expressed in caudally and dorsolaterally migrating fonUNC5 homologues (UNC5H) UNC5H1, UNC5H2 and
neurons in r5 and r6 (Fig. 6G) (Garel et al., 2000). To study #JNC5H3, as well as DCC and neogenin, in mouse embryos
Nkx6.1 activity is required for the rhombomere-specificduring fom neuron migration. Althougbinc5hland Unc5h2
expression of these cell surface molecules, we t@sigtland  were not detected in migrating fom neurons, fom neurons
Ret expression inNkx6.1 mutants. AlthoughTagl was expressedJnc5h3 In wild-type embryosUnc5h3 was not
normally expressed iNkx6.1mutants (Fig. 6F), fom neurons expressed before E12.0 (Fig. 6K). At E12.0, fdintc5h3
showed an ectopic expressionR#tin r4 at E11.5 and E12.5 expression was detected in r4, and a strong signal was seen in
(Fig. 6H, data not shown). Notably, at E10.5, at the onset dbm neurons in r5 and r6 (Fig. 6I). At E13.5, when their
fom neuron migration, fom neurons wdRetnegative in both  migration is almost completélnc5h3marked fbm neurons in
wild-type andNkx6.1mutant embryos (data not shown). r6 (Fig. 6J). Unc5h3 was also detected in dorolaterally

Recent studies have suggested that facial motoneurons rimigrating trigeminal motoneurons (Fig. 61,J). Among the DCC
culture are responsive to the diffusible guidance moleculaomologues, we detected only neogenin in cranial
netrin 1 (Varela-Echavarria et al., 1997). Netrin 1 has beemotoneurons, which ddnc5h3was localized in fom neurons
implicated in both neuronal migration and axon guidance imigrating away from the midline in r6 at E12.5 (Fig. 60).
vertebrates, and can either act as a chemoattractant @olocalization ofunc5h3and neogenin was also observed in
chemorepulsive signal (Bloch-Gallego et al., 1999; Causeret dorsolaterally migrating trigeminal motoneurons (Fig. 61,J,0).
al., 2002; Finger et al., 2002; Przyborski et al., 1998). Through To test if Nkx6.1 is required for the coordinated
the interaction with the transmembrane receptor DCC and iexpression of netrin receptors in fom neurons, we studied
homologue neogenin netrin 1 mediates chemoattraction, whildnc5h3 and neogenin expression iMNkx6.1 mutant
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hindbrains. Although n&nc5h3expression was detected in ‘ Nkx6.2/ H Nkx6.2/ |
wild-type embryos at E11.5 (Fig. 6K,M), strong expressior
of Unc5h3was found in fom neurons Mkx6.1mutants (Fig.
6L,N). This ectopic expression in r4 fom neurons was
maintained at E12.5 (data not shown). We observed that tt
onset of ectopit/nc5h3expression coincided with the onset
of the migratory defect. At E10.5, when early-born fbm
neurons migrate into r5 iINkx6.1mutant embryos (Fig. 6B),
no ectopic expression dinc5h3was observed (data not
shown). However, at E11.5, when caudal migration ha
stopped in Nkx6.1 mutants, they expressedJnc5h3
ectopically (Fig. 6L,M). Fbm neurons hkx6.1mutants did
not express neogenin (Fig. 6P). These findings demonstra
that Nkx6.1 controls the cell surface characteristics o
migratory fom neurons, and reveal a temporal link betwee
the ectopic expression of cell surface receptors in fbn
neurons and their migratory defect.

Nkx6.1 and Nkx6.2 are co-expressed in r4

Given that early migratory fbm neurons progress into the r!
territory in Nkx6.1mutants, we considered that other factors
with similar function as Nkx6.1 might be present in r4. A close
relative to Nkx6.1, Nkx6.2, has previously been shown to hav
similar activity as Nkx6.1 in promoting the generation of
motoneurons in the spinal cord (Vallstedt et al., 2001). Base
upon this finding, we examined if Nkx6.2 is expressed during
fom neuron development. At E10.5, we detected Nkx6.2
positive cells in a broad ventral domain in r4. Within this
domain, the ventral and dorsal limit of expression of Nkx6.z
coincided with the limits of Nkx2.2 expression, and virtually
all Nkx2.2-positive cells co-expressed Nkx6.2 (Fig. 7A). The
most laterally located Nkx6.2-positive cells produced Isl1 (Fig
7B). As Nkx6.1 is expressed in a similar domain as Nkx6.: £
(Fig. 1C,D), we next tested if these two factors are co o i

expressed in r4. At E10.5, essentially all Nkx6.2-positive cells '

co-expressed Nkx6.1, but the domain of Nkx6.1-positive cell§ig. 7. Facial branchio-motoneurons in r4 co-express Nkx6.1 and
extended beyond the dorsal limit of Nkx6.2 expression (Fighkx6.2. Inmunofluorescence detection of Nkx6.2 (red in A,B and
7C). Nkx6.2 expression was also detected in trigeminal bnféen in C.D) with Nkx2.2 (green in A), Isl1 (green in B), Nkx6.1
neurons in r2, and was maintained in these neurons during th f ctieigt((:bt)))e%]bfegg%TSET(;OSUQSkr;fGIg\i,;”gc_nt-ge r(é\sg d%k? 'leX2 5
dorsolateral migration in r2/r3 (data not shown; Fig. 7E,G)(ye y N ' b :

. . . llow appearing cells in A), Isl1 (yellow appearing cells in B) and
Although Nkx6.1was detected in the entire migratory streamyyxe.1 (vellow appearing cells in C). The number of Nkx6.2-

of fom neurons from r4 to r6 between E11.5 and E12.5 (Figsxpressing cells and the level of Nkx6.2 expression are not changed
1E,F),Nkx6.2was confined to fbm neurons in r4, and absenin Nkx6.1mutants (D). (E-H) Whole-mount in situ hybridization

from fbm neurons in r5 and r6 (Fig. 7E,G). Notably, the levelvith Nkx6.2on flat-mounted hindbrains from E11.0 (E,F) and E12.5
of Nkx6.2expression in r4 fom neurons decreased markedIl{G,H) wild-type (E,G) andNkx6.1mutant embryos (FH). At E11.0,
after E11, and Nkx6.2 was not detected in postmigratory forf¥kx6.2is strongly expressed in facial branchio-motor (fom, nVil)
neurons (Fig. 7G). This suggests that compensation by Nkx6urons in r4, but not in migrating fom neurons in r5 or r6 (E). At
for Nkx6.1 might only be effective during the early stages-12-2: €xpression &ikx6.2in fbm neurons is markedly

of fom neuron development. Consistent with such earl ownregulated (G). Trigeminal branchio-motoneurons (nV) express

. kx6.2at E11.0 (E) and E12.5 (@)kx6.2expression in fbom
compensatory function of Nkx6.2Nkx6.1/Nkx6.2double neurons does not differ between wild-type &liok6. Imutant

mutant embryos show a complete lack of caudal migration intgmpryos (E-H). However, iNkx6.Imutants Nkx6.2does not mark

r5 (Pattyn et al., 2003). the trigeminal branchio-motoneurons at E11.0 (F), and is only faintly
Based upon the observation that Nkx6.1 can repress Nkx6¢tected in these neurons at E12.5 (H). The signal may be decreased

in spinal motoneurons (Vallstedt et al., 2001), we tested if forim Nkx6.1mutants, because trigeminal neurons are not clustered as a

neurons ectopically activate Nkx6.2 expression in the absenecempactly as in wild-type embryos.

of Nkx6.1. In contrast to spinal cord, fom neurons showed a

similar pattern and level of Nkx6.2 expression in wild-type and-. .

Nkx6.1mutant embryos between E10.5 and E12.5 (Fig. 7C-HY): ISCUSsIon

Thus, unlike in spinal cord motoneuron progenitors, Nkx6.1 i$n this study, we investigated the role of the transcription factor

not responsible for the downregulation of Nkx6.2 in fomNkx6.1 in the development of hindbrain motoneurons. Our

neurons. results show that Nkx6.1 is dispensable for the early

|| Nkx6.1/

Nkx6.2

|

Nkx6.2
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specification of vm and bm neurons, but is required for thei NKx6.1+/+ Nkx6.1-/-
subsequent development. Despite proper establishment

rhombomeric segment identities in the absence of Nkx6.!
subsets of cranial motor axons fail to recognize their correc
exit points. In addition, trigeminal and facial bm neurons dc
not migrate into their appropriate positions in the hindbrain. #
detailed analysis of fom neuronshikx6.1mutant mice shows

that these neurons ectopically express the guidance recept
Retand Unc5h3before initiating migration. Our data support
a model in which Nkx6.1 has a cell-autonomous function ir | — | =1~ oYY
the control of bm neuron development.

>

neogenin

E10.5-E11
o
@

(o8]

Nkx6.1 function in branchio-motoneuron
development

Correct selection of a migratory path requires a constar
crosstalk between the migrating neuron and the environme
through which the cell body translocates (Hatten, 2002
Nadarajah and Parnavelas, 2002). The aberrant migration
trigeminal and facial bm neurons Mkx6.1 mutants could

therefore either result from changes in the surroundin
environment, or from a cell-intrinsic defect in the neurons
themselves. As the mechanisms that underlie bm neurc
migration have been most extensively studied in fom neuronﬁig_ 8.Summary of the molecular changes in facial branchio-

we performed_ a detailed analysis of the defects in only the%ﬁotoneurons oNkx6.1mutant embryos. (A) Between E10.5 and
neurons. As illustrated by normal expressionHofxbland  g17 pre-migratory facial branchio-motor (fom) neurons in r4 express
Ephad in the r4 and r5 territories, we did not find any poth Nkx6.1 and Nkx6.2. Early migratory populations of fom
alterations in the expression of markers that specify thgeurons progress into rostral r5 in both wild-type bk#6. Imutant
regional identity of the territory through which the neuronsembryos, and do not express the cell-surface recegtmsh3 Ret
migrate. Although these data argue against a role of extrinsénd neogenin. (B) Although Nkx6.2 is strongly expressed at the early
factors and favor a cell-autonomous function for Nkx6.1 in thetages of fom neuron migration, later populations of pre-migratory
control of fom neuron migration, we cannot exclude that lacPm neurons at E12.5 express only low levels of Nkx6.2. At E12.5,
of Nkx6.1 in either the adjacent progenitors or in other celfome fom neurons have already migrated from r4 into r6, and
types leads to subtle changes in the environment that were fgic>n3 Retand neogenin are expressed in these neurons in a
detected by our markers. r _ombomere-specmc pattern.ka_G.lmutant_s, fbm neurons d_o not
A . .. . migrate caudally, and show ectopic expressiodraifSh3andRetin

As a cell-intrinsic mechanism, it is conceivable that defectg,
in the early specification of bm neurons or in the timing of their
differentiation could result in aberrant neuronal migration. Our
analysis of fom neuron development argues against such aspects of neuronal navigation. Given that axon outgrowth
early function of Nkx6.1, as we found no alterations in theprecedes the migration of hindbrain bm neurons, it is important
timing of motoneuron generation, and normal expression of th® note that both processes are not necessarily coupled, and
bm neuron markers Nkx2.2, Isl1, PhoxPtinox2aandHoxb1 may involve different factors. Indeed, a recent study in
Moreover, fom neurons did not co-express markers of moreebrafish showed that the Hox gene co-fadtaarus/pbx4
dorsally located interneurons, excluding that motoneuronsontrols bm axon pathfinding and migration through distinct
have a mixed identity. Instead, it appears that Nkx6.1 has a cethechanisms (Cooper et al., 2003). Our finding that only a small
autonomous function in modulating the expression of cellnumber of motor axons show ectopic projections\kx6.1
surface receptors in postmitotic fom neurons. This hypothesisutants, while the majority appears to recognize their correct
is supported by our finding, that fom neurons Nkx6.1 exit points, suggests that other factors may compensate for
mutants ectopically express the guidance recepims5h3  Nkx6.1 in axon pathfinding. A good candidate for such
and Retin r4 (Fig. 8B). As fom neurons iNkx6.1mutants redundant function is the Nkx6.1 homolog Nkx6.2, which we
expressetUnc5h3before any expression was detected in wild-found to be co-expressed with Nkx6.1 in newly differentiated
type embryos, our data suggest that the abetma5h3  trigeminal and facial bm neurons (Fig. 7E; Fig. 8A). The
expression in r4 fom neurons is not merely a result of theiinding thatNkx6.1INkx6.2double mutants show more severe
inability to migrate, but indeed indicates ectopic activationaxon pathfinding defects thawkx6.1single mutants directly
However, it also needs to be considered that the misexpressioonfirms that the two factors have such redundant function
of guidance receptors is a consequence and not the cause(éttyn et al., 2003).
the migratory defect.

It has been suggested that axon guidance and tangentidie role of guidance molecules in facial branchio-
neuronal migration require similar guidance molecules tdnotoneuron migration
transduce the guidance signal (Alcantara et al., 2000; Yee €he appropriate navigation of fom neurons through the
al., 1999). Our analysis of migration and axon pathfinding imifferent substrates along their migratory path from r4 to r6
Nkx6.1mutant hindbrains indicates that Nkx6.1 controls bothmost likely requires a position-dependent modification of their

E12.5
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cell surface characteristics. This view is supported by thef expression irGata3mutant embryos (l. Pata and A. Karis,
observation that fom neurons regulate the expressidagsf  unpublished).
Retand Cad8in a rhombomere-specific fashion (Garel et al., A late migratory defect of fom neurons has been observed
2000). There is substantial evidence that these cell surfage mice, which are mutant for the transcription fadidnfl
molecules play a role in neuronal migration in the CNSGarel et al., 2000). Ifebfl mutant mice, a subset of fbm
(Enomoto et al., 2001; Enomoto et al., 2000; Kyriakopoulou ebeurons fails to migrate into r6 and undergo premature
al., 2002), but their direct involvement in fom neuron migrationdorsolateral migration in r5. Similar to Nkx6.1, Ebfl is
remains to be demonstrated. expressed in migrating fom neurons, and the migratory defect
Our present analysis shows that migrating fom neurons alsn Ebfl mutants is also associated with the premature
express the netrin receptotdnc5h3 and neogenin in a expression oRetin fom neurons in r4. These findings suggest
rhombomere-specific pattern. UNC5 netrin receptors havihat both transcription factors might regulate similar targets.
been shown to interact with DCC-type receptors, transforminglowever, it appears that Ebfl and Nkx6.1 do not function in a
attraction as a response to netrin 1 mediated by DCC intoragulatory cascade, d&bfl expression was not affected in
repulsive function (Hong et al., 1999). Further functionalNkx6.1mutant embryos, and vice versa (data not shown).
analyses irDrosophilarevealed that expression dhc5alone In summary, our study demonstrates a role for Nkx6.1 in the
results in short-range repulsion, while co-expressiobraf5  development of postmitotic motoneurons. Although Nkx6.1 is
with theDCC homologfrazzledmediates long-range repulsion required for the correct specification of sm neuron progenitors,
(Keleman and Dickson, 2001). Our finding that dorsolaterallyve show that the early specification and generation of vm/bm
migrating fom neurons in r6, as well as dorsolaterallyneurons is independent of Nkx6.1 function. Our data support
migrating trigeminal motoneurons, co-express the attractamt model in which Nkx6.1 functions cell-autonomously in
netrin receptor neogenin and the repulsive netrin receptgostmitotic bm neurons to ensure their correct migration in the
Unc5h3 raises the possibility that floor plate derived netrin lhindbrain. Given the ectopic expression of guidance receptors
could be involved in driving these neurons away from then pre-migratory fom neurons dfkx6.1mutants, it will be
midline. Consistent with this view, fom neurons, which expresinteresting to further explore the role of cell-surface receptors
Unc5h3 but fail to express neogeninhtkx6.1mutants, remain in fom neuron migration.
close to the ventral midline and do not complete a dorsolateral
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