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ArtiC{e history: o In vertebrates, class 3 semaphorins (SEMA3) control axon behaviour by binding to neuronal cell surface
Received for publication 4 May 2008 receptors composed of a ligand binding subunit termed neuropilin (NRP) and a signal transduction subunit of
Revised 16 August 2008 the A-type plexin family (PLXNA). We have determined the requirement for SEMA3/NRP/PLXN signalling in
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Available online 3 September 2008 the development of the facial nerve, which contains axons from two motor neuron populations, branchio-

motor and visceromotor neurons. Loss of either SEMA3A/NRP1 or SEMA3F/NRP2 caused defasciculation and
ectopic projection of facial branchiomotor axons. In contrast, facial visceromotor axons selectively required

Keywords:

Facial nerve SEMA3A/NRP1. Thus, the greater superficial petrosal nerve was defasciculated, formed ectopic projections
Facial branchiomotor neuron and failed to branch in its target area when either SEMA3A or NRP1 were lost. To examine which A-type
Facial visceromotor neuron plexin conveyed SEMA3/neuropilin signals during facial nerve development, we combined an expression
Greater superficial petrosal nerve analysis with loss of function studies. Even though all four A-type plexins were expressed in embryonic
Axon gl}@ance motor neurons, PLXNA1 and PLXNA2 were not essential for facial nerve development. In contrast, loss of
Neuropilin PLXNA4 phenocopied the defects of SEMA3A and NRP1 mutants, and loss of PLXNA3 phenocopied the defects
glee;'a“ horin of SEMA3F and NRP2 mutants. The combined loss of PLXNA3 and PLXNA4 impaired facial branchiomotor
SEM Ap3 A axon guidance more severely than loss of either plexin alone, suggesting that SEMA3A and SEMASF signals,
SEMA3F even though both essential, are partially redundant.

© 2008 Elsevier Inc. All rights reserved.
Introduction transcription factors to control the responsiveness of their axons to

environmental guidance cues (reviewed by Cordes, 2001). Thus, axon
The brainstem of the adult vertebrate brain contains several migration within the hindbrain is governed by anteroposterior and
different types of motor neurons that control important physiological  dorsoventral cues that guide axons to defined exit points, whilst axon
processes, for example feeding, speech and eye movement. These migration outside the hindbrain is controlled by repulsive cues that
motor neurons can be classified into subtypes according to their  surround the nerve path in combination with attractive target-derived
synaptic targets and the projection pattern of their axons as they leave  cyes. In combination, these patterning mechanisms ensure that the
the brain. The axons of branchiomotor neurons innervate muscles axons of hindbrain motor neurons are wired appropriately to perform
within the branchial arches, whilst the axons of visceromotor neurons their adult functions. The identification of genes that control axonal
innervate parasympathetic ganglia and smooth muscles. The somatic patterning of the cranial nerves during embryogenesis therefore
motor neurons, on the other hand, innervate muscles derived from enhances our understanding of congenital abnormalities such
paraxial or prechordal mesoderm. As they leave the hindbrain, the as Duane syndrome and congenital facial nerve palsy, and in the
axons of visceromotor and branchiomotor neurons converge on  fyture may also contribute to improved diagnosis of these conditions
shared dorsal exit points, whereas the axons of most somatic motor (reviewed by Traboulsi, 2007). In addition, the brainstem motor
neurons exit ventrally. The anatomical organisation and function of neurons present particularly good model systems to study the
these brainstem nerves is set up during embryonic development,  molecular mechanisms of axon guidance, as the anatomically well-
when hindbrain motor neurons develop in lineage-restricted com- defined arrangement of their cell bodies within the rhombomeres of
partments termed rhombomeres and express selective subsets of  the developing brain facilitates the identification of axon guidance
receptors that are used by specific cranial motor nerves (Fig. 1B; see,
* Corresponding author. Fax: +44 207 608 6810. for example, Auclair et al., 1996; Jacob and Guthrie, 2000; Lumsden
E-mail address: c.ruhrberg@ucl.ac.uk (C. Ruhrberg). and Keynes, 1989; Studer et al., 1996).
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Fig. 1. A-type plexin expression in motor neurons. (A) RT-PCR analysis of mouse hindbrain tissue (HB), primary rat embryonic motor neurons (MN) and a negative control (H,0) for
Plxnal-a4 and a Gapdh control; molecular weight marker: 200 and 400 bp (arrowheads). (B) Motor neuron populations in the mouse hindbrain at 10.5 dpc; r2-derived neurons are
shown in green, r4-derived neurons in black and r5-derived neurons in blue; abbreviations: Vop, Vimax, Vma — ophthalmic, maxillary and mandibular branches of the Vth cranial
(trigeminal) nerve; Vllgspn, Vile, VIl — greater superficial petrosal nerve, chorda tympani and branchiomotor nerve of the Vlith cranial (facial) nerve. (C-I) Wholemount in situ
hybridisation of 10.5 dpc mouse hindbrains. (C) A probe specific for the motor neuron marker Is/1 reveals the nascent motor neuron column on each side of the midline (asterisk);
focal thickenings at the level of r2 and r4 contain the trigeminal (arrow) and facial branchiomotor neurons (black arrowhead), respectively. Facial visceromotor neurons are born in r5
(clear arrowhead); r5 also contains caudally migrating facial branchiomotor neurons. (D, E) Hindbrain motor neurons express Nrp1 (D) and Nrp2 (E). Plxnal is expressed near the
midline in all rhombomeres anterior to r5 (F); the expression patterns of Plxna2 (G), Plxna3 (H) and Plxna4 (I) are consistent with a role in trigeminal (arrow) and facial (arrowhead)
branchiomotor neurons; Plxna3 (H) and Plxna4 (1) are also expressed in posterior hindbrain motor neurons, including those in r5 (clear arrowhead). Scale bar (C-I): 500 pm.

The facial nerve contains axons from both branchiomotor and
visceromotor neurons, which are born in two different rhombomeres
(r) of the developing hindbrain. Whilst facial branchiomotor neurons
are born in r4, facial visceromotor neurons are born in r5 (Figs. 1B, C;
Auclair et al., 1996; Jacob and Guthrie, 2000; Lumsden and Keynes,
1989; Studer et al., 1996). Having left the hindbrain through a shared
exit point in r4, their axons pass through the geniculate ganglion
complex and then segregate again to innervate specific targets in the
head and neck. The facial branchiomotor neurons (FBM) innervate
the muscles of the second branchial arch, whereas the facial visce-
romotor neurons innervate the submandibular ganglion as the chorda
tympani (CT) and the sphenopalatine ganglion as the greater super-
ficial petrosal nerve (GSPN) (Fig. 1B).

The transmembrane protein neuropilin 1 (NRP1) is essential for
the patterning of the facial nerve in the mouse, as it binds the secreted
class 3 semaphorin SEMA3A to guide facial branchiomotor axons in
the second branchial arch and the vascular endothelial growth factor
isoform VEGF164 to control the position of facial branchiomotor
neuron cell bodies within the hindbrain (Kitsukawa et al., 1997;
Schwarz et al., 2004; Taniguchi et al., 1997). Mouse embryos lacking
NRP1 or SEMA3A also show defasciculation of the trigeminal, glos-
sopharyngeal and vagus cranial nerves (Kitsukawa et al., 1997;
Taniguchi et al., 1997). Neuropilin 2 (NRP2) binds a different subset
of class 3 semaphorins, and its principal ligand during axon guidance
is SEMA3F (Chen et al., 1997). Loss of NRP2 or SEMA3F causes partial
defasciculation of the facial branchiomotor and ophthalmic trigeminal

nerves and severe defasciculation of the oculomotor nerve; in
addition, the trochlear nerve fails to project to its target in these
mutants (Chen et al., 2000; Giger et al., 2000; Sahay et al., 2003).
Neither NRP1 nor NRP2 are able to convey semaphorin signals on
their own (Feiner et al., 1997). Rather, they recruit a member of the
plexin family to control cytoskeletal behaviour in neurons (Rohm et al.,
2000; Tamagnone et al., 1999). The neuropilins can associate with one
of four different A-type plexins (PLXNA) in vitro (Rohm et al., 2000;
Suto et al., 2003; Takahashi et al., 1999; Takahashi and Strittmatter,
2001; Tamagnone et al., 1999). However, targeted mouse mutations
demonstrated plexin selectivity during semaphorin/neuropilin signal-
ling in vivo. Thus, knockout studies did not confirm a direct role for
PLXNAT1 in sensory nerve axon guidance (Takegahara et al.,2006), even
though truncated PLXNA1 protein blocks SEMA3A-induced growth
cone turning in cultured sensory neurons (for example Rohm et al.,
2000; Takahashi et al., 1999). Instead, specific combinations of the
other three A-type plexins have been implicated in different axon
guidance pathways both in vitro and in vivo (Bagri et al., 2003; Cheng
et al., 2001; Palaisa and Granato, 2007; Suto et al., 2005; Tanaka et al.,
2007; Waimey et al., 2008; Yaron et al., 2005). For example, PLXNA4
and, to a lesser extent, PLXNA3 are involved in the patterning of
SEMA3A-responsive sensory and sympathetic axons, whilst PLXNA3,
but not PLXNA4, is essential for the guidance of SEMA3F-responsive
trochlear axons (Chengetal., 2001; Suto et al., 2005; Yaron et al., 2005).
In the mouse, PLXNA4 also cooperates with PLXNA2 to control the
projection of hippocampal mossy fibres, but this mechanism depends
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on the transmembrane semaphorin SEMAGA, rather than a secreted
semaphorin (Suto et al, 2007). SEMAG6A/PLXNA2 signalling also
controls the migration of cerebellar granule cells (Renaud et al.,
2008). In the chick, PLXNA1, PLXNA2 and PLXNA4 are all expressed in
spinal motor neurons (Mauti et al., 2006), but the role of the A-type
plexins in the development of hindbrain motor neurons has not yet
been investigated. We now demonstrate that axonal patterning of
facial branchiomotor and visceromotor neurons is differentially
regulated by a specific combination of class 3 semaphorins and their
neuropilin/plexin receptors. Our observations support the previously
proposed concept of selective ligand/receptor pairings in semaphorin
pathways. Moreover, they significantly advance our knowledge of
facial nerve development, which is affected in several types of
congenital human craniofacial syndromes.

Experimental procedures
Animals

To obtain mouse embryos of defined gestational ages, mice were
mated in the evening, and the morning of vaginal plug formation was
counted as 0.5 days post coitum (dpc). Mice lacking NRP1, NRP2,
SEMA3A, SEMA3F, PLXNA1, PLXNA2, PLXNA3 or PLXNA4 have
previously been described (Cheng et al., 2001; Giger et al., 2000; Gu
et al., 2003; Kitsukawa et al., 1997; Sahay et al., 2003; Suto et al., 2005;
Takegahara et al., 2006; Taniguchi et al., 1997; Yaron et al., 2005).
Genotyping protocols can be supplied on request.

RT-PCR analysis of hindbrain tissue and isolated motor neurons

12.5 dpc mouse hindbrains were dissected in ice-cold PBS. Primary
motor neurons were purified from dissected embryonic rat neural
tubes (14.5 dpc, corresponding to 13.5 dpc in the mouse (Henderson et
al.,, 1995). RNA was extracted with Tri Reagent (Helena BioSciences)
and subjected to RT-PCR using Superscript II (Invitrogen) for cDNA
synthesis. For PCR amplification, the following oligonucleotide pairs
were used: Nrpl 5’-gttgctgtgcgecacgctcgeccttg-3' and 5'-ctgaagagga-
gcggatccggecaggag-3’ (431 bp); Gapdh 5'-gctgagtatgtcgtggagtc-3’ and
5'-ttggtggtgcaggatgcatt-3’ (192 bp); Plxnal 5'-tctagattctggtggaccttg-
caaac-3’ and 5'-tctagaaggtgagtggcaatggatg (488 bp); Plxna2 5'-tccac-
tctgagaatcgtgac-3’ and 5'-gagctcatagtccagcattg-3’ (530 bp); Plxna3 5'-
gtgaacaagctgctectcatag-3’ and 5’/-gtgtctgaagggatcttgatc-3’ (358 bp);
Plxna4 5'-tgtacacctcaaagcttgtg-3’ and 5’-gtccctgtcttctgtgaaga-3’
(467 bp).

Immunolabelling

Mouse embryos were fixed in ice-cold Dent's fixative (four parts
methanol, 1 part dimethylsulfoxide) and incubated in Dent's fixative
containing 10% hydrogen peroxide for 2 h to quench endogenous
peroxidase activity. Samples were washed several times in TBS
(10 mM Tris-HCI pH8.0 and 150 mM Nacl), incubated for 30 min in
blocking solution (normal goat serum containing 20% DMSO and 0.12%
thimerosal; Sigma) and incubated over night in blocking solution that
contained rabbit anti neurofilament antibodies (Chemicon). After
several washes in TBS, samples were incubated over night in blocking
solution containing horseradish peroxidase-conjugated goat anti
rabbit IgG (DAKO). After washing, peroxidase activity was detected
with diaminobenzidine and hydrogen peroxide (SigmaFast; Sigma).
Stained samples were fixed in formaldehyde and then dehydrated in
methanol. Samples were then cleared in a solution containing 2 parts
benzyl benzoate and 1 part benzyl alcohol. Images were recorded
using the MZ16 microscope (Leica) equipped with a ProgResC14
digital camera (Jenoptiks). In some experiments, the neurofilament
antibody was detected with Alexa488-conjugated goat anti rabbit IgG
(Molecular Probes) and images were then recorded using an Olympus

SZX16 fluorescent stereomicroscope equipped with an ORCA-HR
digital camera (Hamamatsu Photonics). Images were processed
using Openlab 2.2 software (Improvision Ltd.) and Adobe Photoshop
7.0 (Adobe Systems, Inc.).

In situ hybridisation

For in situ hybridisation, embryos were fixed over night in 4%
formaldehyde in phosphate buffered saline (PBS), washed in PBS,
dehydrated in methanol and stored at -20 °C. In situ hybridization was
performed according to a previously published method (Riddle et al.,
1993) using digoxigenin-labelled riboprobes transcribed from plas-
mids containing the following cDNAs: Sema3a and Sema3f (gift from
M. Tessier-Lavigne), Isl1 (gifts of T. Jessell, Columbia University, New
York), Nrp1 (gift from M. Fruttiger, University College London) and
Phox2b (gift from C. Goridis, INSERM, Marseille, France). Riboprobes
for A-type plexins were transcribed from expressed sequence tag
(EST) IMAGE clones (Invitrogen), clone IDs: 791967 (Plxnal), 5364824
(PIxna2),401253 (PIxna3) and 4316766 (Plxna4). Images were acquired
as described above.

Dil labelling of facial visceromotor neurons

11.0 dpc wild type embryos were fixed over night in 4%
formaldehyde in PBS. Dil crystals (Invitrogen) were then placed into
small incisions of dorsal r5 hindbrain tissue. Dil-labelled embryos
were incubated in PBS with 0.02% sodium azide at 37 °C in the dark for
9 days. The lower jaw was removed for photography. Images were
recorded with the SZX16 dissecting microscope as described above.

Results
Expression pattern of A-type plexins during hindbrain development

To determine which plexins are expressed in developing motor
neurons, we initially analysed rat embryo primary motor neurons by
RT-PCR and detected expression of all 4 A-type plexins (Fig. 1A). We
then compared the expression pattern of these plexins to that of the
motor neuron marker Is/1 (Fig. 1C) and the plexin co-receptors Nrpl
(Fig. 1D) and Nrp2 (Fig. 1E) in mouse hindbrains at 10.5 dpc, when
cranial motor neurons extend axons through their hindbrain exit
points into the periphery. Plxnal was expressed near the midline in all
rhombomeres anterior to r5, but its pattern was not consistent with
specific expression in facial branchiomotor or visceromotor neurons
(compare Fig. 1C with F). In contrast, the patterns of Plxna2 (Fig. 1G),
Plxna3 (Fig. 1H) and Plxna4 (Fig. 11) were consistent with expression
by trigeminal and facial branchiomotor neurons; in addition, Plxna3
and Plxna4 were expressed in the r5 motor column, where facial
visceromotor neurons originate, and in posterior hindbrain motor
neurons (Figs. 1H, I). In summary, the expression patterns suggested
that all four plexins play a role in hindbrain development, with
PLXNA3 and PLXNA4 being the best candidate mediators of facial
motor neuron patterning.

PLXNA3 and PLXNA4 convey semaphorin signals to guide facial
branchiomotor axons

To determine the functional requirement for the A-type plexins in
facial nerve development, we examined axonal patterning in the
corresponding loss of function mouse mutants. We found that loss of
PLXNA1 or PLXNA2 did not obviously impair axon guidance or
fasciculation of the facial or trigeminal nerves (compare Fig. 2A with
D, G; 3/3 cases). In contrast, loss of PLXNA3 or PLXNA4 caused
defasciculation of the facial branchiomotor nerve (white arrowheads
in Figs. 2H, I; 3/3 and 4/4 cases, respectively). Loss of either plexin
also caused defasciculation of the ophthalmic branch of the
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Fig. 2. PLXNA3 and PLXNA4 convey semaphorin signals during axon guidance of facial branchiomotor neurons. Wholemount neurofilament staining of 11.5 dpc wild type (A) and
mutant embryos (B-I); a lateral view of the cranial nerves V (trigeminal) and VII (facial) is shown. The facial nerve segregates into 3 branches to form the facial branchiomotor nerve
(VIIpm), the chorda tympani (VII.) and the greater superficial petrosal nerve (Vllgs,). The trigeminal nerve is also organised into 3 main branches: the mandibular (Vyq), maxillary
(Vimx), and ophthalmic (V,;,) nerves. The facial (VIIg), vestibuloacoustic (VIIlg) and trigeminal (V) ganglia are indicated. Loss of PLXNA1 (D) or PLXNA2 (G) did not impair axon
guidance of these nerves. Loss of SEMA3F (B), NRP2 (E) or PLXNA3 (H) caused defects in the VI, (white arrowhead) and V,, (white arrows). Loss of SEMA3A (C), NRP1 (F) or PLXNA4
(I) also caused Vllpy, and Vo, defects, with the VI, defects being more severe than in mutants lacking SEMA3F, NRP2 or PLXNA3. Note that the V,, defect was mild in the particular
Plxna4-null mutant shown, but was stronger in other cases. Loss of SEMA3A, NRP1 or PLXNA4 also caused prominent defasciculation of the mandibular (black arrows) and maxillary

(black arrowheads) nerves (C, F, I). Scale bar: 250 um.

trigeminal nerve (white arrows in Figs. 2H, I; see Cheng et al., 2001;
Yaron et al. 2005); however, the severity was variable between
mutants of each genotype (data not shown). Interestingly, the
maxillary and mandibular branches of the trigeminal nerve were
defasciculated in Plxna4-null mutants (black arrows and arrowheads
in 2I), but were not obviously affected in Plxna3-null mutants
(compare Fig. 2A with H).

Consistent with the idea that PLXNA3 preferentially associates
with NRP2 to form the SEMA3F receptor (Yaron et al., 2005), mutants
lacking SEMA3F or NRP2 were similar to mutants lacking PLXNA3,
displaying defasciculation of the facial branchiomotor and ophthal-
mic trigeminal branch, but not maxillary or mandibular trigeminal
branches (compare Fig. 2H with B, E). On the other hand, mutants
lacking NRP1 or SEMA3A were more similar to those lacking PLXNA4,
with defasciculation of the facial branchiomotor nerve and the oph-
thalmic trigeminal branch, as well as the mandibular and maxillary
trigeminal branches (compare Fig. 21 with C, F).

Semaphorin expression during axon guidance of facial visceromotor
neurons

To examine if semaphorin-signalling through NRP/PLXN com-
plexes also guides the visceromotor component of the facial nerve, we
first characterised the axonal path of the greater superficial petrosal
nerve (GSPN). Between 10.5 and 12.5 dpc, GSPN axons extend from the
hindbrain through the facioacoustic ganglion (Fig. 2A) and then

anteriorly, towards the site where the sphenopalatine ganglion forms
(Figs. 3A-C). Anterograde Dil injection into the r5-derived hindbrain
region, which gives rise to the facial visceromotor neurons, confirmed
that these axons were indeed extended by facial visceromotor
neurons (compare Fig. 3A with B).

Using Phox2b as a marker, it was previously reported that
sphenopalatine ganglion neurons differentiate from 11.5 dpc onwards
and begin to form a ganglion at 12.0 dpc (Enomoto et al., 2001).
Consistent with this observation, we identified the anlagen of the
sphenopalatine ganglion at 12.5 dpc in wholemounts (circled in
Fig. 3F) and found that the ganglia were well established by 13.5 dpc
(see below, Fig. 5A). By 12.5 dpc, the GSPN nerve had arborated in the
area where the ganglion formed (compare Fig. 3C with F), presumably
to establish contact with neurons in the sphenopalatine ganglion.
Axon arborisation was present in most wild type embryos already at
11.5 dpc (Fig. 4A). In 11.0 dpc embryos, GSPN axons had reached the
target field, but had not yet arborised (Fig. 3B). Taken together, these
observations suggest that synaptic contact between presynaptic and
postsynaptic sphenopalatine neurons is initiated between 11.25 and
11.5 dpc.

Sema3a and Sema3f were both expressed in regions surrounding
the path of GSPN axons. Firstly, they were expressed bilaterally in
an area flanking the axons as they extended towards the midline of the
stomadeum (black arrows in Figs. 3D, E). This expression pattern was
consistent with their general role as repellent cues that channel
growing axons into fascicles. Secondly, both semaphorins were ex-
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Fig. 3. Semaphorin expression during facial visceromotor axon guidance. (A-C)
Wholemount visualisation of the GSPN nerve (VIlgp,) by neurofilament immunofluor-
escence (A, C) or anterograde Dil labelling (B) at 10.5 (A), 11.0 (B) or 12.5 dpc (C); ventral
view, anterior up. The lower jaw including the trigeminal nerve branches was removed
to afford better visualisation of the Vllgspn. At 10.5 dpc, Vllggp, axons extended from the
main nerve trunk (arrows in panel A) towards Rathke's pouch (circled in panel A), but
these axons had retracted by 11.0 dpc (arrows in panel B) and 12.5 dpc (arrows in panel
C). (D, E) Wholemount in situ hybridisation at 10.5 dpc for Sema3a (D) and Sema3f (E)
and at 12.5 dpc for the sphenopalatine ganglion (SPg) marker Phox2b (F). The Vllgspn
encounters two areas of high semaphorin expression as it extends towards its target
site, one in the second pharyngeal arch (arrows in panels D, E) and one surrounding
Rathke's pouch (arrowheads in panels D, E). At 12.5 dpc, Vlgp, axons arborated in the
area where the SPg had formed (compare circled areas in panel C with panel F). Scale
bars: (A-E) and (C, F) 500 pm.

pressed around the opening of Rathke's pouch, which is located
between the paired GSPN branches in the roof of the stomadeum
(black arrowheads in Figs. 3D, E). This expression pattern was con-
sistent with a role in repelling axons from the midline region; in
agreement with this idea, short axon branches, which extended from
each nerve towards the midline at 10.5 dpc, had retracted by 12.5 dpc
(compare white arrows in Fig. 3A with C).

PLXNA4 conveys SEMA3A/NRP1 signals to guide facial visceromotor
neurons

To test the hypothesis that NRP/PLXN signalling was essential for
the guidance of facial visceromotor axons, we examined the behaviour
of GSPN axons in loss of function mutants at 11.5 dpc by wholemount
neurofilament staining (Fig. 4). Whilst axons formed normal projec-
tions in 5/5 Nrp2-null and 3/3 Sema3F-null mutants (compare Fig. 4A
with B, E), we observed striking axon guidance errors in 5/5 Nrp1-null
and 5/5 Sema3a-null mutants (Figs. 4C, F). Specifically, there was
defasciculation (arrows in Figs. 4C, F) and midline crossing of ectopic
axons (arrowheads in Figs. 4C, F) near Rathke's pouch, consistent with
the idea that Sema3a normally provides repulsive cues for GSPN axons
(see Fig. 3D). Moreover, there was no arborisation in the area where

the sphenopalatine ganglion forms; rather, some axons appeared to
extend beyond the target area (compare Fig. 4A with Figs. 4C, F).

We next examined which plexin transduced SEMA3A/NRP1 signals
in facial visceromotor neurons. In PLXNA1 and PLXNA2 mutants, only
the GSPN branch in the faster developing left side of the embryo
had begun to arborate in the target area at 11.5 dpc, but axon path-
finding appeared intact (Figs. 4D, G); this observation is consistent
with an overall developmental delay rather than a specific defect in
axon guidance. In agreement with the idea that SEMA3F and NRP2
were not required for axon guidance of the GSPN, loss of PLXNA3 did
not impair the pathfinding of the GSPN nerve (Fig. 4H). Instead, the
defects of SEMA3A/NRP1 mutants were phenocopied by mutants
lacking PLXNA4 (compare areas indicated by arrows and arrowheads
in Figs. 4C, F with I). Taken together, the observations described in
Figs. 3 and 4 suggest that SEMA3A signals through NRP1/PLXNA4
to guide visceromotor axons towards the site of sphenopalatine
ganglion formation, preventing midline crossing and promoting target
innervation.

Defects in visceromotor axon guidance occur in the presence of the
sphenopalatine ganglion

It has been proposed that the sphenopalatine ganglion is essential
for the pathfinding of GSPN axons from the facial ganglion to the
target area (Jacob et al., 2000). We therefore asked if these pathfinding
errors were secondary to loss of the sphenopalatine ganglion. This was
also an important question, as the sphenopalatine ganglion is formed
from r4-derived neural crest cells, and at least one subpopulation of
r4-derived neural crest cells, which contributes to sensory ganglio-
genesis, migrates abnormally in Sema3a- and Nrpl-null mutants
(Schwarz et al.,, 2008). We found that the paired sphenopalatine
ganglia, even though mildly misshapen, were present in 4/4 Nrp1-null
mutant embryos at 13.5 dpc (compare Fig. 5A with B). Nevertheless,
the axonal trajectory of the GSPN was grossly abnormal in all those
cases (compare Fig. 5C with D). We conclude that the pathfinding
errors of visceromotor axons in mutants lacking SEMA3A, NRP1 or
PLXNA4 are not due to loss of the target ganglion.

PLXNA3 and PLXNA4 cooperate during facial nerve development

The observations described above suggest that PLXNA3 and
PLXNA4 independently transmit semaphorin signals to guide facial
and trigeminal axons. Consistent with this idea, the facial branchio-
motor nerve and all trigeminal nerve branches were more severely
mispatterned in double knockouts than in single mutants (compare
Fig. 6B with 4H, [; 6/6 cases). On the other hand, the facial visce-
romotor defects of double knockouts were not more severe than those
of single Plxna4 mutants (compare Fig. 6D with 4l; 4/4 cases). This
observation is in agreement with the finding that PLXNA3 is not
required for the patterning of this facial nerve branch (see Fig. 4).
Therefore, PLXNA3 and PLXNA4 synergise to pattern the facial nerve,
whereby both are required in branchiomotor neurons, but only
PLXNAA4 is essential in visceromotor neurons.

Discussion

Essential roles for class 3 semaphorins and their receptors in facial
branchiomotor axon guidance

We have previously shown that SEMA3A signalling through NRP1
patterns the axons of facial branchiomotor neurons in the second
branchial arch, affecting their pathfinding and fasciculation (Schwarz
et al., 2004). We now show that SEMA3F and NRP2 also contribute to
the patterning of facial branchiomotor neurons, because loss of either
molecule results in similar axonal defects as loss of SEMA3A or NRP1
(Fig. 2). Our observation that one type of neuron can respond to two
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wild type

i

Fig. 4. SEMA3A signals through NRP1 and PLXNA4 to guide the axons of facial visceromotor neurons. (A) Wholemount neurofilament staining of wild type mouse embryos at 11.5 dpc
reveals migrating facial branchiomotor neurons (VII,,), and their axons within the hindbrain, as well as the facioacoustic (VIIg) and trigeminal ganglia (V) and the greater superficial
petrosal nerve (Vllgspn) in the periphery. Vilgs,, axons arborate in the area where the sphenopalatine ganglion forms (circled); the white arrow denotes trigeminal axons that
innervate the sphenopalatine ganglion. The lower jaw was removed to afford better visualisation of Vllg,, axons. (B-I) Corresponding wholemount neurofilament staining of loss of
function mutants. Loss of SEMA3F (B) or NRP2 (E) did not affect Vllgs,, axons. Similarly, loss of PLXNAT (D), PLXNA2 (G) or PLXNA3 (H) did not impair their guidance. In contrast, loss
of SEMA3A (C), NRP1 (F) or PLXNA4 (I) caused defasciculation (arrows) and midline crossing (arrowheads) of Vllgsp,, axons; moreover, there was no arborisation in the area where the

sphenopalatine ganglion forms (compare panel A with panels C, F, I). Scale bar: 250 um.

different semaphorins is consistent with the previous finding that
hippocampal neurons respond two both SEMA3A and SEMA3F under
physiological circumstances (Chedotal et al., 1998). Two different
plexins were essential to transduce SEMA3A/NRP1 and SEMA3F/
NRP2 signals, PLXNA3 and PLXNA4 (Fig. 2). These findings are
consistent with previous observations in other model systems of
axon guidance, which showed that PLXNA3 and PLXNA4 preferen-
tially mediate SEMA3F and SEMA3A signals, respectively (Yaron et al.,
2005).

PLXNA1 and PLXNA2 were also expressed in the hindbrain at the
time of motor neuron differentiation, but their loss did not impair
fasciculation or path finding of facial branchiomotor axons. We did,
however, observe a delay in GSPN and trigeminal nerve branching in
the area where the sphenopalatine ganglion forms (Fig. 4). Because
this delay was not seen in Nrp1- or Nrp2-null mutants, it did not
reflect a cell-autonomous defect in the neuropilin-mediated guidance
of motor axons. Instead, it is likely an indirect consequence of an
overall developmental delay or a defect in the nerve environment.
Consistent with the latter possibility, PLXNA1 has been implicated as a
SEMAG6A-receptor in boundary cap patterning at the interface
between the central and peripheral nervous systems to assist the
ordered exit of axons form the neural tube (Mauti et al., 2007). It
would also be interesting to examine if PLXNA1 and PLXNA2 play a
role in SEMA3F-guided patterning events, for which PLXNA3 and
PLXNA4 are dispensable, for example the guidance of trunk neural
crest cells (Waimey et al., 2008).

In many model systems, SEMA3A acts as an environmental re-
pellent for growing axons (for example, Luo et al., 1993; Messersmith
et al,, 1995). In addition, SEMA3A expression by motor neurons in the
chick was previously shown to desensitise axons as they approach
their target field (Moret et al., 2007). SEMA3A and SEMA3F are both
expressed in the second pharyngeal arch from 8.5 dpc onwards, prior
to the extension of motor axons out of the hindbrain (Schwarz et al.,
2008). This observation is consistent with a model in which axon
patterning is achieved by repulsive guidance cues in the environment.
At subsequent developmental stages, SEMA3A is also expressed by the
facial branchiomotor neurons themselves (Schwarz et al., 2004).
Therefore, both paracrine and autocrine SEMA signalling through
NRP/PLXN complexes may contribute to axon patterning of facial
branchiomotor neurons, but these possibilities cannot be addressed
with existing mouse models.

Target-independent guidance of facial visceromotor axons by SEMA3A
signalling through NRP1/PLXNA4 receptors

In the vertebrate trunk, preganglionic and postganglionic sympa-
thetic axons pathfind in the absence of their target, suggesting that
guidance cues for sympathetic axons are derived from sources other
than their target ganglia (for example, Guidry and Landis, 1995; Yip,
1987). Whilst parasympathetic neurons share transcription factors
with sympathetic neurons to control their differentiation and have
similar trophic requirements (reviewed in Jacob et al., 2000), it is not
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wild type

Phox2b

neurofilaments

Fig. 5. Facial visceromotor axon guidance defects in the absence of SEMA3A/NRP1
signalling are not due to loss of the target ganglion. (A, B) Wholemount in situ
hybridisation with a probe specific for Phox2b identifies the sphenopalatine ganglion
(SPg) in wild type (A) and Nrp1-null mutant (B) littermates at 13.5 dpc (ventral view).
(C, D) Wholemount neurofilament staining of the developing palate of the same
samples after in situ hybridisation shows an abnormal trajectory of the VIlgp, in the
Nrp1-null mutant embryo (aberrant axons indicated with arrows in panel D). Note that
the alkaline phosphatase reaction product, which was deposited during in situ hybri-
disation, partially obscured the Vllgp,. Scale bar (A-D): 500 um.

clear if parasympathetic axons use guidance mechanisms that are
similar to those of sympathetic axons.

A previous study using a loss of function mutant for the
transcription factor Phox2a raised the possibility that facial viscer-
omotor, unlike sympathetic axons, use a target-dependent mechan-
ism of axon guidance, in which the sphenopalatine ganglion plays an
essential role (Jacob et al., 2000). Specifically, the sphenopalatine
ganglion was absent in these mutants, and this was accompanied by
loss of the GSPN. However, these studies were complicated by the fact
that Phox2a is not only essential for the formation of the sphenopa-
latine ganglion, but also for the formation of the geniculate ganglion
(Jacob and Guthrie, 2000; Morin et al., 1997), which provides an
intermediate target for facial visceromotor neurons en route from the
hindbrain to the sphenopalatine ganglion. Moreover, Phox2a is ex-
pressed by all hindbrain motor neurons (Tiveron et al., 1996),
including facial visceromotor neurons (Jacob et al., 2000). This
observation raises the possibility that Phox2a contributes to viscer-
omotor patterning in additional mechanisms that do not involve
signals from the sphenopalatine ganglion. For example, the geniculate
ganglion may be critical for pathfinding of facial visceromotor axons.
Alternatively, Phox2a might control the expression of receptors in
facial visceromotor neurons that are critical for nerve survival after
axons have reached their target ganglion. This possibility was not
addressed in the previous study, as the analysis of the GSPN was
performed at 13.5 dpc, well after the axons of this nerve had reached
the sphenopalatine ganglion in wild type mice and were likely to have
made synaptic contact (see Figs. 3, 4).

We now demonstrate that facial visceromotor axons home in on
their target area between 10.5 and 11.5 dpc, before the sphenopalatine
ganglion is formed at 12.5 dpc (Figs. 3, 4). Moreover, we show that loss
of SEMA3A signalling through NRP1/PLXNA4 impairs axon pathfind-
ing at 11.5 dpc, i. e. before the sphenopalatine ganglion has formed
(Figs. 4, 5). Finally, pathfinding errors in Nrp1-null mutants cannot be
explained by loss of the geniculate ganglion, as it forms in embryos

wild type
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Fig. 6. PLXNA3 and PLXNA4 cooperation during facial branchiomotor, but not visceromotor axon guidance. (A-D) Wholemount neurofilament staining of wild type (A, C) and
Plxna3/Plxna4 double null mutants (B, D) at 11.5 dpc reveals the vestibuloacoustic (VIIly), facial (VIIg) and trigeminal ganglia (V) as well as the three main facial and trigeminal
nerve branches. (A, B) A lateral view of the head in a wild type shows the three facial branches, the branchiomotor nerve (Vllyy), the chorda tympani (VIl,) and the greater
superficial petrosal nerve (Vllgpn), as well the mandibular (Vy,q), maxillary (Viy), and ophthalmic (Vo) branches of the trigeminal nerve. (B) The combined loss of PLXNA3 and
PLXNA4 disrupted the patterning of the facial branchiomotor nerve (white arrowhead) as well as the mandibular (black arrowhead), maxillary (black arrow) and ophthalmic
(white arrow) trigeminal nerve branches more severely than loss of either plexin alone (compare panel B with Figs. 2H, I). (C) A ventral view shows that Vllgp, axons normally
arborate in the area where the sphenopalatine ganglion forms (circled). (D) The combined loss of PLXNA3 and PLXNA4 caused defasciculation (arrows) and midline crossing
(arrowheads) of Vg, axons, and there was no arborisation in the area where the sphenopalatine ganglion forms; however, defects were not worse than those caused by loss
of PLXNA4 alone (compare panel D with Fig. 4I). Scale bar (A-D) 250 um. (E) Working model for facial nerve patterning: SEMA3A and SEMA3F cooperate to pattern facial
branchiomotor neuron (FBM) axons by binding to NRP1/PLXNA4 and NRP2/PLXNA3, respectively; SEMA3A also patterns facial visceromotor neuron (FVM) axons by binding to

NRP1/PLXNA4 complexes.
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lacking NRP1 (Schwarz et al., 2008). Taken together, our observations
suggest that preganglionic parasympathetic axons use target-inde-
pendent mechanisms of axon guidance to approach their target field,
and that the parasympathetic ganglia are more likely to play a role
during subsequent stages of visceromotor axon patterning, perhaps by
inducing axon arborisation or stimulating survival pathways.

Differential use of plexins during axon guidance of facial nerve
subdivisions

All A-type plexins have been implicated as signal transducers
for neuropilin-bound semaphorin signals during axon guidance
in vitro. Initially, truncated PLXNA1 protein was shown to block
SEMA3A-induced growth cone turning in cultured sensory neurons
(for example (Rohm et al., 2000; Takahashi et al., 1999). However,
subsequent knockout studies in mice did not confirm a direct role for
PLXNAT in sensory nerve axon guidance (Takegahara et al., 2006).
Rather, PLXNA4 was found to be the main physiological co-receptor
for NRP1 in several different SEMA3A-mediated axon patterning
events, such as sensory nerve fasciculation and sympathetic axon
guidance (Cheng et al., 2001; Suto et al., 2005; Yaron et al., 2005). We
found that all four A-type plexins were expressed in primary
embryonic motor neurons, and that facial motor neurons in situ
expressed PLXNA2, PLXNA3 and PLXNA4 (Fig. 1). However, despite its
expression in the motor column at r5-level, PLXNA2 was not essential
for facial branchiomotor or visceromotor guidance. This observation
may indicate that PLXNA2 expression in this domain has no functional
significance, or that it plays a role in another type of r5-derived motor
neuron, which forms the abducens nerve. On the other hand, PLXNA3
and PLXNA4 were essential for facial nerve development, as both
contributed to the patterning of facial branchiomotor axons (Fig. 2);
moreover, PLXNA4, but not PLXNA3, controlled facial visceromotor
axon guidance (Fig. 4). Accordingly, compound mutants lacking both
PLXNA3 and PLXNA4 showed more severe defects in facial branchio-
motor neuron patterning, whilst facial visceromotor axon guidance
was not affected any worse in these mutants relative to single Plxna4-
null mutants (compare with 2H, I and 4 H, I with Figs. 6B, D).

It has previously been proposed that PLXNA4 preferentially interacts
with NRP1 to form the main SEMA3A receptor, whilst PLXNA3 associates
with NRP2 to form the main SEMA3F receptor (Yaron et al., 2005). We
have made several observations that support this concept. Firstly, cranial
nerve defects in mice lacking SEMA3A or NRP1 are more similar to those
of mice lacking PLXNA4, whereas defects in mice lacking SEMA3F or
NRP2 are more similar to those of mice lacking PLXNA3 (Fig. 2). Secondly,
facial visceromotor neurons respond to SEMA3A and require NRP1 and
PLXNA4, but not NRP2 or PLXNA3 for their guidance (Fig. 5). Finally,
mutants lacking both PLXNA3 and PLXNA4 show a worse phenotype
than single mutants with respect to facial branchiomotor axon guidance,
which depends on both SEMA3A and SEMA3F, whereas they do not
show a worse phenotype with respect to facial visceromotor neuron
patterning, which relies on SEMA3A, but not SEMA3F (Figs. 2, 4, 6). We
therefore conclude that SEMA3A/NRP1/PLXNA4 and SEMA3F/NRP2/
PLXNA3 pathways co-operate in a non-redundant fashion during facial
nerve development (see model in Fig. 6E).

Whilst the Plxna4-null facial nerve phenotype was phenocopied in
Sema3a- or Nrp1-null mutants (Figs. 2, 4), SEMA3A/NRP1 may signal
through PLXNA3 in other axon types in the mouse (Cheng et al., 2001).
Moreover, in zebrafish, SEMA3AT1 signals through PLXNA3 to control
fasciculation and target selection of VIIth nerve motor axons (Tanaka et
al.,, 2007). Given the essential role of PLXNA3 in mediating semaphorin
signals in zebrafish and mouse, it is surprising that the chick genome
lacks a PLXNA3 homolog (Mauti et al., 2006). It therefore appears that
PLXNA3 and PLXNA4 have undergone species-dependent specialisa-
tion to mediate selective axon guidance events, which is exemplified
by the requirement for both plexins during distinct aspects of facial
nerve development in the mouse (see model in Fig. 6E).
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