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SUMMARY

During development, cranial motor neurons extend their
axons along distinct pathways into the periphery. For
example, branchiomotor axons extend dorsally to leave the
hindbrain via large dorsal exit points. They then grow in
association with sensory ganglia, to their targets, the
muscles of the branchial arches. We have investigated the
possibility that pathway tissues might secrete diffusible
chemorepellents or chemoattractants that guide cranial
motor axons, using co-cultures in collagen gels. We found
that explants of dorsal neural tube or hindbrain roof
plate chemorepelled cranial motor axons, while explants
of cranial sensory ganglia were weakly chemoattractive.
Explants of branchial arch mesenchyme were strongly
growth-promoting and chemoattractive for cranial motor
axons. Enhanced and oriented axon outgrowth was also
elicited by beads loaded with Hepatocyte Growth Factor

(HGF); antibodies to this protein largely blocked the
outgrowth and orientation effects of the branchial arch on
motor axons. HGF was expressed in the branchial arches,
whilst Met, which encodes an HGF receptor, was expressed
by subpopulations of cranial motor neurons. Mice with
targetted disruptions of HGF or Met showed defectsin the
navigation of hypoglossal motor axons into the branchial
region. Branchial arch tissue may thus act as a target-
derived factor that guides motor axons during
development. Thisinfluenceis likely to be mediated partly
by Hepatocyte Growth Factor, although a component
of branchial arch-mediated growth promotion and
chemoattraction was not blocked by anti-HGF antibodies.
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INTRODUCTION

During neural development, axons navigate with precision to
their targets. This process depends on the exact deployment in
space and time of molecules that bind to axona surface
receptors. Axon guidance cues may act in a contact-mediated
fashion, or via diffusion, and may display positive or negative
interactions (reviewed by Tessier-Lavigne and Goodman,
1996). The current balance of evidence favours the idea that
directional information is imparted to growth cones by
diffusible molecul es which are chemoattractants, luring growth
cones towards their targets, or chemorepellents, deflecting
them from inappropriate territory. Examples of molecules
mediating these effects are members of the Netrin and
Semaphorin families of guidance molecules; individual
molecules within these families may possess dual function
(reviewed by Varela-Echavarria and Guthrie, 1997; Bagnard et
al., 1998). In addition, membrane-associated molecules such as
the Ephrinsand their Eph receptors play extensiverolesin axon
guidance (reviewed by O’Leary and Wilkinson, 1999).

We have investigated the possible influence of diffusible
molecules on axon pathfinding of subpopulations of crania
motor neurons in the rat embryo. Within the midbrain and
hindbrain, motor neuronsform aventral columninthebasal plate
on either side of the floor plate. Cranial motor neurons may be
categorised as somatic motor (SM), branchiomotor (BM) or
visceral motor (VM), based on the position of their cell bodies
within the dorsoventral and mediolateral axes, their axona
trgjectories, and eventual synaptic targets. More than one of these
neuronal classes may co-exist within a single nucleus or
rhombomere. Craniadd motor nuclei lie in the midbrain
(oculomotor nucleus, 111 — SM) and in the hindbrain where they
occupy single segments (rhombomeres) or pairs of rhombomeres
(Fig.1A; Lumsden and Keynes, 1989; Gilland and Baker, 1993).
Within the hindbrain, the SM nuclel of the trochlear (1V),
abducens (V1) and hypoglossal (XI1) lie within rhombomere 1
(r1), r5 and r8 respectively. Of the BM and VM nucle the
trigemind (V — BM) liesin r2/3, the facial (VII — BM/VM) in
r4/r5, the glossopharyngeal (IX — BM/VM) in r6 and the vagus
(X =BM/VM) and cranial accessory (XI —BM) inr7/r8.



1752 A. Caton and others

Initially, motor axons grow away from the midline floor
plate, before segregating along either ventral or dorsa
pathways. SM axons exit the neural tube ventrally in small
groups, with the exception of the trochlear nerve, which exits
dorsaly (Fig. 1A). BM and VM axons project to large single
dorsal exit points within rhombomeres 2, 4, 6 and 7 (Fig. 1A).
Motor axons from two adjacent rhombomeres converge on a
single exit point; for example the trigeminal nucleus occupies
r2 and r3, but al axons exit in r2. Once in the periphery, BM
and VM axons grow in association with the cranial sensory
ganglia. Then BM axons navigate towards the muscle plates of
the branchial arches (Fig. 1C), whilst VM axons grow rostrally
towards the parasympathetic ganglia (VM). SM axons project
towards extra-ocular or tongue muscles, which are derived
from paraxia or prechordal plate mesoderm (extra-ocular
muscles) or the occipital somites (tongue muscles).

Among the pathway tissues implicated in axon guidance, the
floor plate is known to produce diffusible chemorepellents that
exclude motor axons from the midline (Guthrie and Pini, 1995;
Tucker et a., 1996). The expresson patterns of the
chemorepellents Netrin 1 and Semaphorin 3A, together with the
chemosensitivity of motor neuron subpopulations to these
molecules make them promising candidates to mediate this
effect (Kennedy et a., 1994; Colamarino and Tessier-Lavigne,
1995; Pischel et a., 1995; Varela-Echavarria et al., 1997). The
exit point also seemsto play arolein motor axon guidance since
following reversal of rostrocaudal polarity of rhombomere 3 or
5, themajority of axons originating in the reversed rhombomere
still grew towards the appropriate exit point (Guthrie and
Lumsden, 1992). This suggests that signals from the exit point
specific to appropriate motor neuron subsets may predominate
over intrinsic polarity cues within the segment.

Candidate tissues producing chemoattractant cues thus
include the dorsal neural tube (alar plate) that contains the exit
point, and the sensory ganglia (Figure 1C). Possible sources
of exit point cues include a late-emigrating population of
neural crest cells, which form the interface between the
neuroepithelium and the sensory ganglion (Niederlénder and
Lumsden, 1996). Moreover, the roof plate might be
chemoattractive, or might limit motor axons dorsal trajectories
by repulsion, since in the spinal cord BMPs present in the roof
plate repel commissural axons (Augsburger et al., 1999). Lastly,
the peripheral targets of cranial motor axons such asthe muscles
of the branchial arches might be the origin of chemoattractant
guidance cues. This possibility is supported by the finding that
in the trunk, spinal motor axons are attracted by their targets,
the somitic sclerotome and the limb buds (Ebens et al., 1996).
In this study, limb bud-mediated chemoattraction was attributed
to Hepatocyte Growth Factor (HGF), a protein originaly
identified as a mitogen for hepatocytes and a motility
enhancing-factor for epithelial cells (Nakamura et al., 1989;
Stoker et a., 1987). HGF influences the growth of a number of
neuronal types (reviewed by Maina and Klein, 1999). It is a
survival and outgrowth-promoting factor for spina motor
neurons (Ebens et al., 1996; Yamamoto et a., 1997), aswell as
enhancing the survival and outgrowth of sensory neurons
(Mainaet al., 1997) and the outgrowth of sympathetic neurons
(Maina et al., 1998). These properties make HGF a promising
candidate to influence cranial motor axon pathfinding.

We have explored the role of diffusible guidance molecules
by culturing tissue explants containing subsets of cranial motor

neurons together with pathway tissues in collagen gels.
Explants containing motor neurons were isolated from the
ventral third of the neural tubes of E12 rat embryos at midbrain,
hindbrain or spinal cord levels (Fig. 1B). Tissues selected for
co-culture were the dorsal neural tube and the roof plate of the
hindbrain, the cranial sensory ganglia, and the branchial arches
(Fig. 1D). We tested the possibilities that these tissues might
provide diffusible signals that guide cranial motor axons.

MATERIALS AND METHODS

Dissection of embryonic tissues for co-culture

Sprague-Dawley rat embryos were obtained at E12 and E13. Motor
neuron-containing  explants were dissected using Dispase
(Boehringer) and tungsten needles, as described previously (Guthrie
and Pini, 1995; Varela-Echavarria et al., 1997). Tissues were washed
in Hank’s Balanced Salt Solution (HBSS; Gibco) and kept on ice
until needed. Midbrain and hindbrain explants were bilateral,
encompassing the ventral third of the neuroepithelium on either side
of and including the floor plate. Unilateral explants containing SM
spinal motor neurons were isolated from the cervical spinal cord (Fig.
1B). Oculomotor explants consisted of the caudal part of the midbrain
whilst trochlear explants consisted of the rostral part of rl. Other
hindbrain explants contained r2/r3, r4/r5, r6 or r7/r8. For cultures of
abducens or hypoglossal neurons labelled from their ventral exit
points, r5 or r7/8 explants respectively were used.

Pathway tissues were dissected as shown in Fig. 1D. Dorsal neural
tube explants were two rhombomeres long consisting of the dorsal
third of the neura tube including the exit points. The explants used
were taken from r2/r3 or r4/r5 axia levels. Roof plate explants
consisted of the entire roof of the fourth ventricle from a single
embryo. Trigeminal gangliawere isolated by making transverse body
sections of E12 embryos at trigeminal level and then dissecting the
ganglion free of its adjacent tissues. First or second branchial arches
were dissected into pieces one third to one half of an arch in size, and
the ensheathing ectoderm was removed.

Retrograde labelling of cranial nerves before culture

E12 rat embryos were pinned ventral side up in Sylgard dishes, and
the dorsal or ventral nerve roots (Fig. 1A) were transected.
Fluorescein dextran crystals (Molecular Probes, Oregon) were diluted
in PBS and alowed to dry to a viscous consistency before being
applied to the cut ends of the nerves using fine forceps. Embryos were
then incubated in Earle’'s Balanced Salt Solution (Gibco) in a95% Op,
5% CO_ atmosphere for 3 hoursto allow retrograde transport of tracer
before dissection of tissues.

HGF beads and anti-HGF neutralising antibodies

Heparin-acrylic beads were incubated in a solution of human
recombinant HGF (200 pg/ml; R & D Systems) protein or in HBSS
alone for 3 hours at room temperature. Beads were then washed
several times in HBSS before use as clusters of 5-10 beads as a focal
source of HGF in co-cultures. Neutralising antibodies against human
HGF (R & D Systems), at 20 pg/ml, were used in selected cultures
with HGF-loaded beads. Neutralising antibodies against murine HGF
(IW66, kind gift from E. Gherardi) were made up at 20-30 pg/ml and
added to the medium in selected cultures at the beginning of the
culture period.

Collagen gels and orientation of explants

Rat tail collagen was prepared and made into gels as described
previously (Guthrie and Lumsden, 1994). Tissue pieces and/or beads
were placed in the gels in various combinations, with 100-500 pm
separation between the tissues. Tissue pieces were cultured in medium
consisting of 75% OptiMEM with GLUTAMAX (Gibco) and 25% F12
(Gibco) supplemented with 5% foetal calf serum, 40 mM glucose and



Fig. 1. Schematic diagrams of
hindbrain and surrounding
tissues. (A) Schematic diagram
of arrangement of motor nuclei
in the E12 rat embryo brainstem
and spinal cord shown in flat-
mount view. Somatic motor
neurons are depicted on the | eft
of the diagram and
branchiomotor and visceral
motor neurons are depicted on
the right. Neurons with ventral
trajectories are shown in red and
those with dorsal trajectoriesin
blue. R2, r4, and r6 show the
positions of rhombomeres.

FP, floor plate; M, midbrain;

H, hindbrain; SC, spinal cord;
111, oculomotor nucleus;

1V, trochlear nucleus; |
V, trigeminal nucleus;

V|1, abducens nucleus; VI, facial
nucleus; 1X, glossopharyngeal
nucleus; X, vagus nucleus,

X1, cranial accessory nucleus,
XI1, hypoglossal nucleus.

(B) Schematic diagram of
explants dissected from E12 rat
embryo brainstem, shown as a
flat mount. Regions are shown
by coloured shading, and motor
nuclei included in each explant
areindicated in the key.
Midbrain and hindbrain explants
were all bilateral, including the
floor plate. Spinal cord explants
were unilateral, not including the
floor plate. (C) Schematic
diagram of transverse section
through the hindbrain and
adjacent branchia arches,
showing branchiomotor and
visceral motor axon pathways (in
blue). N, neuroepithelium; FP,
floor plate; G, sensory ganglion;
BA, branchia arch; M, muscle
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plate. (D) Similar transverse section to that in C, showing tissues dissected for co-culture experiments. Light gray, ventral explants containing
motor neurons; dark gray, aar plate; black spots, roof plate; white spots, ganglion explant; chequer-board shading, branchial arch.

1% penicillin/streptomycin (Colamarino and Tessier-Lavigne, 1995).
All explants dissected from hindbrain levels were hilateral, and were
oriented with one lateral (dorsal) side, or in some cases with the
rostral/caudal edge, facing the pathway explant. Midbrain explantswere
also oriented with one lateral edge adjacent to the test explant.
Unilateral spinal cord explants grew radially under control conditions,
and were oriented at random with respect to cell aggregates. In all cases,
the explant border facing the pathway explant was considered as side
1, and the side facing diametrically away was considered as side 2.

Quantitation of axon outgrowth

Semi-quantitative analysis

Axon outgrowth was observed at regular intervals throughout the
culture period and semi-quantitative data was obtained by observation

of live cultures under phase contrast immediately before fixation, at
36-40 hours. A graticule with cross hairs was aligned diagonaly to
the sides of, and centred on, the neura tube explant, and axon
outgrowth was judged semi-quantitatively within each quadrant (side)
based on the number and the length of axons, on a scale of 0-5. On
this scale, 0 represented no outgrowth, whilst 5 represented some
hundreds of axons, attaining lengths of 400-500 pm. For examples of
this scoring system, see Fig. 2. Blind assessments of outgrowth were
made in most experiments, and in co-cultures of branchia archeswith
and without anti-HGF antibodies.

For each explant, the outgrowth from the side facing towards the
target minus the outgrowth from the side facing away from the target
was calculated, giving a positive or negative integer that indicated
chemoattraction or chemorepulsion respectively. Thus, for explantsin
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lateral orientation, growth from the lateral sides was counted, whilst
for explants co-cultured in rostral/caudal orientation, growth from
rostral and caudal sides was counted. For each category of co-culture,
the percentage of explants in a particular category on the -5 to +5
scale was represented in abar chart (see Figs 4, 5). If the mgjority of
explants gave avalue of 0 thisindicates symmetrical outgrowth. If the
majority of explants show positive or negative values this indicates
chemoattraction or chemorepulsion respectively. These relative values
for each explant were pooled and presented as bar charts for each
tissue combination. For each explant category, the values obtained
were compared with symmetrical outgrowth, using the Wilcoxon test
or Mann-Whitney U-test (see Tables 1 and 2). In addition, pairwise
comparisons of the distribution of values for explant categories was
made where relevant, for example, hindbrain and arch cultures with
and without anti-HGF antibodies.

Quantitative analysis

Some gels containing a hindbrain explant cultured aongside a
branchia arch, or a hindbrain explant placed with its rostral/caudal
border adjacent to an arch explant were analysed by computerised
methods. Immunostained explants were photographed and images
were scanned into Photoshop. The explant tissue was del eted from the
image so that only pixels representing axon outgrowth remained.
Cross hairs were placed on the image to denote quadrants containing
explant borders facing arch explants, and those facing away.
Quadrants were pasted into ImageTool and converted to black and
white. For each explant, black pixels were counted in towards and
away-facing quadrants and the data recorded in Excel. Subtraction of
away-facing values from towards facing values for each explant gave
a point of comparison with the semi-quantitative analysis, using the
Mann-Whitney U-Test. To present these results graphicaly, we
calculated aratio for axon outgrowth towards and away from the target
explant in each co-culture and then derived a mean for each category.
Wherethisvalueis1 it denotes symmetrical outgrowth, whilst avalue
exceeding 1 shows chemoattraction (see Fig. 6E).

Immunostaining of collagen gels

Some gels were fixed for immunostaining as described previously
(Guthrie and Lumsden, 1992; Varela- Echavarria et al., 1997) using
monoclonal antibody 2H3 (Developmental Studies Hybridoma Bank)
which recognises the 165 kDa neurofilament protein (Dodd et al.,
1988). Gels were mounted under propped coverslips in 90%
glycerol/10% PBS and photographed using Nomarski optics. For
explants in which motor neurons were prelabelled with fluorescein
dextran, gels were observed using blue epifluorescence or imaged
using a laser-scanning confocal microscope. Counts of fluorescently
labelled axons were made from explant quadrants facing towards and
away from target explants, to give an indication of chemoattraction or
chemorepulsion.

In situ hybridisation of embryos for HGF, Islet 1 and Met
expression

Whole-mount in situ hybridisation was performed on E11-12 rat
embryos or E10-13 mouse embryos, or on E4 chick embryos. The
Islet 1 probe was a 1.5 kb rat fragment kindly provided by T. Jessell.
The Met probe was transcribed from two mouse Met fragments
(nucleotides 301-1576 and 1673-2730; GenBank Y 00671) subcloned
from a Met clone provided by E. Audero and C. Ponzetto. The chick
and rat HGF probes were obtained from C. Stern and T. Braun
respectively.

Embryos or dissected brainstems were fixed overnight in 4%
paraformaldehyde, 0.1% Tween 20, followed by permesbilisation
with ethanol or methanol and proteinase K. Preparations were then
postfixed (20 minutes in 4% paraformal dehyde, 0.1% glutaral dehyde,
0.1% Tween 20) and prehybridised for 1 hour at 70°C in 1.3x SSC,
50% formamide, 2% Tween 20, 0.5% Chaps, 5 mM EDTA and 50
pa/ml yeast RNA. Hybridisation was performed overnight with DIG-
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Fig. 2. Diagrammatic representation of the system used for scoring
cranial motor axon outgrowth. In each case a graticule with cross-
hairs was superimposed on a diagonal relative to the explant (not
shown) and the outgrowth from each quadrant was recorded.
Examples of different patterns of outgrowth areillustrated for control

explants (A-C) and co-cultures with branchial arch explants (D-F) in
lateral orientation (D,E) and rostrocaudal orientation (F).

or fluorescein-labelled riboprobes in the same buffer. For the mouse
Met-specific probe, post-hybridisation washes were followed by
RNase A treatment (10 pg/ml in 0.5 M NaCl, 10 mM Tris (pH 7.5)
and 0.1% Tween 20, 1 hour at 37°C), and other washes with
hybridisation buffer. Embryos were then blocked in maleate buffer
containing 20% sheep serum or in PBT (PBS, 0.1% Tween 20) and
10% sheep serum, and incubated overnight at 4°C with AP-conjugated
antibody. After extensive washes, the colour reaction was performed
using NBT and BCIP (blue) or IBT/BCIP (red). Double in situ
hybridisations were performed sequentially using Islet 1 (red reaction
product) and Met (blue reaction product).

Analysis of HGF and MetPP mutant mice

The generation of mice carrying targetted disruptions of HGF and Met
has been described previously (Schmidt et al., 1995; Maina et d.,
1996). In HGF~~ embryos, exon 2 of the HGF gene encoding part of
the protein binding domain essential for receptor binding has been
replaced with the neomycin resistance gene (Schmidt et al., 1995).
MetP/® embryos carry mutations in two tyrosine residues in the Met
receptor necessary for downstream signal transduction, and manifest
defects identical to that in Met null mutants (Maina et al., 1996).
HGF~~ and Met®® E10.5 mouse embryos were fixed overnight at
4°C in Dent's fixative (1:4 DMSO/methanol) and immunostained
using anti-NF160 antibody (N-5264; Sigma) as described previously
(Mainaet al., 1997).

RESULTS

Analysis of cranial motor axon outgrowth in co-
cultures with pathway tissues

For hindbrain explants grown alone, motor axon outgrowth
occurred from the lateral and from the rostral/caudal borders
of the neuroepithelium (Fig. 3A). Based on previous retrograde
labelling experiments, it islikely that motor neurons constitute
most of the population of differentiated neurons in this region
of the neurepithelium at E12, and extend axons from latera
explant borders as they do in vivo (Guthrie and Pini, 1995;
Varela-Echavarria et al., 1997). Straighter, more fascicul ated
axons which extend from rostral and caudal edges of explants



probably represent axons that form the medial longitudinal
tractsin vivo. There was some variability in the axon outgrowth
observed in control explants (compare Fig. 3A with Fig. 5D).

Most co-culture combinations involved placing pathway
tissues lateraly, in the region where motor axons would
normally emerge. In some cultures, pathway tissues were
placed rostral/caudal of the hindbrain explant, since this
allowed for the possibility of axons growing directly towards
or away from a putative source of guidance cues. The field of
axon guidance is fraught with semantic difficulties. Many, but
not all axon guidance molecules have been shown both to
promote growth and chemoattract, or to inhibit and
chemorepel. In our experiments we did see effects of tissues
and molecules on the amount of axon growth as well as the
direction of guidance. Thus, in experiments with explants
placed in lateral orientation, the responses we saw were likely
to be acombination of these two aspects; for example branchial
arch explants elicited both promotion of growth and
chemoattraction. In experiments with explants placed in
rostral/caudal orientation, we could analyse directional effects
separately. For the purposes of representing these results
graphically, however, we have considered that irrespective of
explant orientation, greater axon outgrowth towards the
pathway tissue than away reflects ‘ chemoattraction’, whereas
greater outgrowth away from the pathway tissue than towards
reflects ‘ chemorepulsion’ (see Materias and Methods). Please
note that these terms are used largely for convenience.
Symmetrical outgrowth therefore gives a score of 0 and can
readily be compared with asymmetric outgrowth indicative of
chemorepulsion (negative values) or chemoattraction (positive
values). For control explants, 85.8% grew symmetrically, with
7.1% showing attraction and 7.1% showing repulsion; this
distribution is not significantly different from symmetry (Fig.
4A).

Responses of cranial motor axons to the dorsal
neural tube and the roof plate

Explants of dorsal neural tube from r2/r3 or r4/r5 axia levels
were combined with appropriate or inappropriate motor neuron
populations of the trigeminal or facial nucleus levels (r2/r3 or
r4/r5 hindbrain explants respectively). In these cultures more
explants showed chemorepulsion (44.6%) than showed
chemoattraction (14.3%; Fig. 4B). The distribution of these
data was significantly different from symmetry, implying that
the dorsal neural tube is inhibitory and/or chemorepellent for
cranial motor axons, and this was independent of whether
combinations of tissues were from the correct or the incorrect
axial level (Fig. 4B). These results were surprising, since
previous in vivo transplantation experiments had indicated that
the exit point region might play a chemoattractant role in
directing cranial motor axon outgrowth (Guthrie and Lumsden,
1992). However, cells a the exit point that produce
chemoattractants may exist in such small numbers that their
effect is undetectable in a collagen gdl, or these cells may be
lost during the tissue preparation. Chemorepulsion by the
dorsal neural tube may be explained by the inclusion of tissue
dorsal to the exit point which deflects motor axons (see bel ow).
Co-cultures with the hindbrain roof plate showed this tissue to
be inhibitory and/or chemorepellent for motor neurons at axial
levels of r2-8 (Figs 3B, 4B). Roof plate chemorepulsion was
observed in 60% of explants and was more pronounced than
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that elicited by the dorsal neural tube. In vivo, the roof plate
may thus act to exclude motor axons from dorsal regions,
perhaps via a gradient of inhibitory/chemorepellent molecules
that declines from the roof plate to the dorsal neural tube.

Cranial sensory ganglia chemoattract cranial motor
axons

Cranial sensory neurons may be the origin of guidance cues
since their axons extend into the hindbrain via entry points
which are shared with, or which lie in proximity to motor axon
exit points. In co-cultures with a trigemina ganglion, r2-r8
hindbrain explants showed increased axon outgrowth on the
side facing the ganglion and departed significantly from
symmetrical outgrowth (Fig. 3C; Table 1). Axons were also
seen to turn towards the ganglion explant. Retrograde labelling
before culture showed that fluorescently labelled axons of
dorsally projecting motor neurons grew towards ganglion
explants (Fig. 3D). Both E12 and E13 ganglia were effective,
but more explants exhibited increased growth and
chemoattraction in combination with E13 than with E12
ganglia (76.3% compared with 49%; Fig. 4D,C). When these
co-cultures were immunostained using pan-neuronal
antibodies, few neurons were evident within the ganglion,
possibly reflecting a lack of trophic factorsin the cultures. For
this reason we compared sensory neuron viability in co-
cultures incubated in medium supplemented with NGF. In
these cultures, large numbers of sensory neurons survived and
could be immunostained (data not shown). However, motor
axon outgrowth from explant borders facing the ganglion was
not increased relative to the outgrowth observed in cultures
lacking NGF (Fig. 4D). Thisimpliesthat enhanced motor axon
outgrowth and/or chemoattraction in response to ganglia
depends on cell types other than sensory neurons, such as
Schwann cells or mesenchyme cells (see below).

Branchial arches chemoattract and promote the
growth of cranial motor axons

Branchia arches are candidates for the production of axon
guidance molecules since they are the targets for BM neurons.
Branchial arches consist of an external sheath of ectoderm and
endoderm and an internal layer of mesenchymal cells, derived
from the paraxial mesoderm and the neural crest (reviewed by
Noden, 1988). During development, BM axons grow into the
muscle plate which differentiates from the paraxial mesoderm
and occupies the core of the arch, but avoid surrounding
regions of neural crest-derived mesenchyme (Simon et al.,
1994).

When r2-r8 hindbrain explants were placed with their
lateral edges facing an arch explant, there was a strong
promotion of axon outgrowth. This was reflected in a striking
increase in both the number and the length of axons extending
from explant borders adjacent to arch explants compared with
explant borders facing away (Fig. 5A). This effect was
observed over distances of 1-2 mm within the gels (Fig. 5B).
Outgrowth patterns were significantly different from
symmetrical outgrowth (Fig. 4E; Table 1). 80.4% of explants
cultured with arches exhibited more outgrowth towards the
arch than away from it. Our observations suggest that the
effect of the arch was both chemoattractive and growth-
promoting. However, in this study we have concentrated on
quantitating the chemoattractive rather than the growth-
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Fig. 3. Responses of cranial motor axonsto
roof plate, and sensory ganglion explants. A-C
are co-cultures stained with anti-neurofilament
antibodies. D is a confocal image of
retrogradely labelled motor axons. (A) Control
hindbrain explant showing symmetrical
outgrowth. Midline floor plate regionis
indicated (FP). (B) Hindbrain explant cultured
with roof plate explant (RP). (C) Hindbrain
explant co-cultured with trigeminal ganglion
explant (VG). (D) Lower right portion of
hindbrain explant showing labelled motor
axons growing towards atrigeminal ganglion
explant (VG). Scale bar, 300 um (A-C), and
150 um (D).

promoting effect of the branchial arch (see Materials and
Methods).

To ascertain whether this activity was capable of reorienting
axons, branchial arch explants were juxtaposed to the rostral
or the caudal end of hindbrain explants. In these cultures, some
motor axons deflected from lateral paths and arced towards the
arch tissue; there was a large increase in the number of axons
extending from therostral or caudal end of the explant adjacent
to the arch (Fig. 5C,E). For hindbrain controls, growth
quantitated from the rostral and caudal explant edges was
symmetrical, compared with the highly asymmetrica
outgrowth along the rostrocaudal axis in the presence of the
branchial arch (Fig. 6B).

In order to test further the case for chemoattraction, we
cultured hindbrain explants in tandem alongside a branchial
arch explant (Fig. 5F). This experimental paradigm has
previously been used by Lumsden and Davies (1983) to
distinguish between a chemoattractive and a growth-promoting
effect of a secreted molecule. The basis of this assay is that
a molecule with chemoattractive properties should €licit
outgrowth from the near side of the distal explant that is greater
than outgrowth from the far side of the proximal explant. Such
a pattern of outgrowth was observed for explants of spinal
motor neurons displaying chemoattraction in response to limb
bud or sclerotome explants (Ebens et al., 1996). Semi-
quantitative analysis showed that in control cultures of
hindbrain explants in tandem, growth was symmetrical from
each explant (Figs 5D, 41,J; Table 2). In co-cultures of tandem
hindbrains with branchial arch, proximal explants displayed
enhanced outgrowth relative to distal explants. In addition,
proximal explants were chemoattracted by the arch, showing
asymmetrical outgrowth that was significantly different from
controls. Among distal explants, chemoattraction was also
observed, but to a lesser extent and in fewer cases (Figs 5F,
41,J). When tested statistically, the chemoattraction shown by
distal explants was not significantly different from symmetry
(Table 1) and some explants exhibited chemorepulsion (Fig.
6C).

This observation may be accounted for by the fact that axons

a the near side of the distal explant are affected by both
chemoattraction from the arch, and chemorepulsion by the
floor plate of the proximal explant, in some cases this resulting
in symmetrical outgrowth or even chemorepulsion. This
phenomenon may also increase the apparent chemoattraction
in the proximal explant, since outgrowth from the far side of
this explant would be expected to be repelled by the floor plate
of the distal explant. Chemorepulsion was not observed in
cultures of tandem controls, probably because the overall level
of outgrowth was lower (Fig. 5D). Therefore, anaysis of
tandem co-cultures was not as straightforward as with explants

Fig. 4. Quantitation of results of chemoattraction and
chemorepulsion in co-culture experiments. Results for co-cultures
based on the semi-quantitative 0-5 scale of scoring are shown in each
bar chart. Hindbrain explants were taken from axial levels r2/3, r4/5,
r6 and r7/8. For each co-culture category, axon outgrowth of
hindbrain explants in the presence of various tissues is shown. The x
axisisthe value obtained for outgrowth from the side facing the co-
cultured explant minus outgrowth from the side facing away. Thus 0
represents symmetrical outgrowth, negative values represent
chemorepulsion and positive values chemoattraction. Along they
axis, each bar represents the percentage of explants showing a
particular value. Numbers of explants tested are shown in brackets
above each chart. (A) Hindbrain controls. (B) Hindbrain co-cultures
with dorsal neural tube and roof plate. (C) Hindbrain co-cultures
with E12 trigeminal ganglia. (D) Hindbrain co-cultures with E13
trigeminal ganglia, and with E13 trigeminal gangliain the presence
of NGF. (E) Hindbrain co-cultures with branchial arch placed
laterally and with branchial arch in the presence of anti-murine
(mHGF) antibodies. (F) Spinal cord co-cultures with branchia arch
and with branchial arch in the presence of anti-mHGF antibodies.
(G) Hindbrain co-cultures with control (buffer-loaded) beads.

(H) Hindbrain co-cultures with human HGF (hHGF)-loaded beads
placed laterally and with hHHGF-loaded beads in the presence of anti-
hHGF antibodies. (1,J) Hindbrain co-cultures with two explants
cultured in tandem as controls, or in same configuration with
branchia arch placed laterally. HB1 tandem with arch represents
explant proximal to the arch, whereas HB2 tandem represents
explant distal to the arch. HB1 and HB2 tandem controls are
designated arbitrarily.



of trigeminal ganglia or spinal motor neurons which grow
radially in vitro (Lumsden and Davies, 1983; Ebens et dl.,
1996). In these cultures, axons from the far sides of explant
reoriented in response to chemoattraction, by growing across
the tissue explant, whereas in our hindbrain explants axon
tracing shows that motor axons did not cross the floor plate

mHB Controls (n=85)

Cranial motor axon chemoattraction 1757

(e.g. Fig. 5G,H). We attempted to overcome these problems by
removing the floor plate tissue from ventral explants and
dissecting each explant into a number of small fragments,
which were then co-cultured with the branchial arch. However,
in these cultures motor axons still grew out in a highly
polarised fashion, to some extent irrespective of the position of

mHB + dorsal neural tube (n=56)

mHB + roof plate (n=80)
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Table 1. Statistical testing of chemoattraction and chemorepulsion in co-cultureswith different tissues, using semi-
guantitative analysis

Isthe pattern of
Does the pattern outgrowth in the
of outgrowth presence of anti-
changein the HGF antibody
Is outgrowth presence of anti- different from
asymmetrical ? HGF antibody? symmetry?
Type of co-culture (P<0.05) (P<0.05) (P<0.05)
HB controls 0
HB + dorsal neura tube O
HB + roof plate O
HB + E12 V ganglion O
HB + E13V ganglion O
HB + E13 V ganglion+NGF O
HB + branchia arch O O O
HB controls (rostral/caudal) ad
HB + branchial arch (rostral/caudal) O O O
HB 1 tandem control ad
HB 2 tandem control O
HB 1 tandem + arch O
HB 2 tandem + arch O
HB + control beads ad
HB + HGF beads g g g
HB + control beads (rostral/caudal) ad
HB + HGF beads (rostral/caudal) O O O
SC+ branchial arch O O ad

All co-culturesin lateral orientation unless otherwise stated.

Data was compared statistically using Wilcoxon or Mann-Whitney U-test. For numbers in each category of co-culture see Figs 3 and 4. HB, hindbrain explant;
V ganglion, trigeminal ganglion; SC, spinal cord explant. Blank squares are where comparisons were inappropriate or were not made.

Table 2. Statistical testing of chemoattraction in co-
cultures, using semi-quantitative and quantitative analysis

Semi-quantitative

Quantitative scoring

scoring (pixel counting)

Is outgrowth Is outgrowth

significantly significantly

different from different from

symmetry? symmetry?

Type of co-culture (P<0.05) (P<0.05)
HB controls (lateral) O O
HB+arch (lateral) ad ad
HB controls (rostral/caudal) O O
HB+arch (rostral/caudal) ad ad
HB+control beads (lateral) O O
HB+HGF beads (lateral) O O
HB+control beads (rostral/caudal) O O
HB+HGF beads (rostral/caudal) ad ad

Data were compared statistically using Wilcoxon or Mann-Whitney U-test.
For numbersin each category of co-culture see Figs 3 and 4.

the branchial arch explant, asif responding to directional cues
within the neuroepithelium (data not shown). We therefore
conclude that arch-derived chemoattractant molecules are
incapable of predominating over cues intrinsic to the
neuroepithelium, and can only reorient cranial motor axons
within the collagen gel (Fig. 5C,E).

Branchial arch-mediated chemoattraction can be
demonstrated using semi-quantitative and
guantitative methods

To provide a comparison with our semi-quantitative analysis
of cultures, images of immunostained gels were scanned into
the computer and axon outgrowth was measured by counting

pixels (see Materials and Methods). Mean numbers of pixels
in quadrants facing towards and away from co-cultured tissues
was derived (Fig. 6E), and differences between outgrowth from
towards and away facing quadrants were tested statistically
(Table 2). For hindbrain controls, outgrowth was symmetrical
when counted from either lateral or rostral/caudal borders.
Growth from the lateral or rostral/caudal sides of hindbrains
juxtaposed to branchial arches was significantly greater than
that from the away-facing sides (Fig. 6E; Table 2).

Several cranial motor axon subpopulations are
chemoattracted by the branchial arch

Trigemina or facial motor neuron explants co-cultured either
with their appropriate branchial arch targets (arch 1 or 2
respectively) or with the inappropriate target showed no
apparent preference for outgrowth towards the correct target
(data not shown). Since only BM axons (trigeminal, facial,
glossopharyngeal, vagus and cranial accessory) innervate the
branchia arches, this raises the question of whether only these
neurons respond to the branchial arch chemoattractant.
Responses of dorsally directed axons (BM and VM classes) was
confirmed by retrograde labelling from their exit points, which
yielded larger numbers of fluorescently labelled axons growing
from the explant side facing the arch tissue than from the away-
facing side (Fig. 5G,H). The trigeminal nucleus (r2/r3 explants)
contains only BM neurons, showing that neurons of this class
respond to the arch influence, but the common pathway of BM
and VM axons and the lack of any markersthat distinguish these
neuronal types means that we are unable to confirm
unequivocally whether VM axons respond to the arch influence.
However, we were able to test the responses to branchial arch
explants of SM neurons by retrograde axonal labelling before
culture. We found that abducens and hypoglossal neuronsin r5



Fig. 5. Responses of crania motor
axons to branchial arch explants.

(A-F) Co-cultures immunostained
using anti-neurofilament antibodies.
(G-I) Co-culturesin which motor axons
were retrogradely labelled before co-
culture and confocal images obtained
after culture. (A,B) Hindbrain explants
cultured with branchial arch explant
placed lateraly. (C,E) Hindbrain
explant cultured with branchial arch
explant placed rostrally or caudally of
the hindbrain explant. Branchial arch
explant is below. (D) Tandem control
hindbrain explants. (F) Tandem
hindbrain explants cultured with
branchial arch explant.

(G,H) Hindbrain explant in which
dorsally projecting motor axons have
been retrogradely labelled before
culture. (G) Facia motor neuronsin an
r4/5 explant and (H) glossopharyngeal
motor neuronsin an ré explant.

(I Hindbrain explant in which ventrally
projecting hypoglossal motor axons
have been retrogradely labelled before
culture of an r8 explant, positioned in
rostral/caudal orientation. (J) Hindbrain
explant co-cultured with branchial arch
explant placed laterally, in the presence
of anti-mHGF antibodies.

(K) Hindbrain explant cultured in the
presence of branchial arch explant
placed rostral/caudal, in the presence of
anti-mHGF antibodies. BA, branchial
arch; FP, floor plate. Scale bar, 500 pm J
(A-H), 300 um (1).

and r7/8 explants respectively displayed chemoattraction to the
arch, and reorientation of hypoglossal axons was seen in r7/8
explants placed with rostral/caudal edges facing the arch (Fig.
51). In addition, trochlear and oculomotor neurons both
responded to the branchial arch influence (data not shown).
Taken together, these data suggest that outgrowth of a number
of groups of cranial motor neurons is affected by a factor
produced in the branchia arches, and possibly in other target
tissues of the head.

Cranial and spinal motor axons show reciprocal
interactions with the branchial arches and the limb
buds

We next asked whether this chemoattractant effect was specific

Cranial motor axon chemoattraction 1759

to the branchial arches. Spinal motor neurons have been shown
to respond to a chemoattractant secreted by limb bud tissues,
raising the possibility that the same chemoattractant could be
present in the head and affect cranial motor axons (Ebens et
a., 1996). We repeated experiments involving spinal cord
explants and limb bud explants and found that whereas spinal
cord explants cultured alone showed radial outgrowth (Fig.
7A), in co-cultures with limb bud tissue many explants showed
chemoattraction (Fig. 7C). Furthermore, spina motor axons
were chemoattracted by the branchial arches (Figs 7D, 4F). In
reciprocal experiments, limb bud tissue was capable of exerting
a chemoattractive influence on hindbrain explants (Fig. 7B).
These results demonstrate that cranial and spinal motor axons
are capable of responding to the chemoattractive influence of
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Fig. 6. Quantitation of chemoattraction in hindbrain-branchial arch
co-culture experiments. Quantitation of results asin Fig. 4.

(A) Hindbrain controls, co-cultures with branchial arch and co-
cultures with branchial arch in the presence of anti-mHGF antibody,
al inlateral orientation. In each case growth from lateral explant
edges has been quantitated. Data set asin Fig. 4 for comparison.

(B) Hindbrain contrals, co-cultures with branchia arch and co-
cultures with branchial arch in the presence of anti-mHGF
antibodies, al in rostral/caudal orientation. In each case growth from
therostral and caudal explant edges has been quantitated.

(C) Hindbrain co-cultures with control (buffer-loaded) beads, co-
cultures with hHGF-loaded beads and co-cultures with hHHGF-loaded
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beads in the presence of anti-hHGF antibodies, all in lateral orientation. In each case growth from lateral explant edges has been quantitated.
Data set asin Figure 4 for comparison. (D) Hindbrain co-cultures with control (buffer-loaded) beads, co-cultures with hHHGF-loaded beads and
co-cultures with HGF-loaded beads in the presence of anti-hHGF antibodies, all in rostral/caudal orientation. In each case growth from rostral
and caudal explant edges has been quantitated. (E) Graph showing quantitative data (computer scoring) from hindbrain-branchial arch co-
cultures. X axis shows category of co-culture. Y axis shows axon outgrowth from facing side/away facing side expressed as amean ratio. L HB
con (n=203), L HB + BA (n=18), L con bead (n=15), L HGF bead (n=21), r/c HB con (n=10), r/c HB + BA (n=20), r/c con bead (n=10), r/c
HGF bead (n=10). L, lateral orientation; r/c, rostral/caudal orientation; con, control; HB, hindbrain; BA, branchial arch..

the other’s target, and imply that limb bud may contain the
same chemoattractant (s) as the branchial arch.

Is Hepatocyte Growth Factor the branchial arch
chemoattractant?

The chemoattractant effect of limb bud tissues on spinal motor
neurons could be blocked by neutralising antibodies to HGF
(Ebens et a., 1996), suggesting that HGF is produced in the
periphery. Given that cranial and spinal motor neurons can both
respond to limb and arch-secreted factors, it is possible that the
arch-secreted factor is also HGF. To test this possibility, human
HGF protein was loaded on to heparin-acrylic beads, which
were co-cultured lateral to hindbrain explants. Cranial motor
axons showed increased outgrowth in the presence of HGF-
loaded beads when compared with responses to control beads
incubated in buffer (Figs 4G,H, 7E,F). There was a striking
reorientation of axons towards HGF-loaded beads when the
latter were cultured in rostro-caudal orientation relative to

hindbrain explants (Fig. 7H). This chemoattractant effect was
significant, compared with no effect on direction of axon
outgrowth by control beads placed in rostrocaudal orientation
(Figs 6D, 7H,1). These effects of HGF-loaded beads in both
orientations were also significant when compared using
guantitative methods (Fig. 6E; Table 2). When an antibody to
human HGF was applied to cultures with HGF-loaded beads
placed either in lateral or in rostrocaudal orientation, HGF-
mediated outgrowth and chemoattraction was completely
blocked since axon outgrowth was not significantly different
from controls (Figs 4G,H, 6C,D, 7G,J; Table 1).

To test the idea that the branchial arch chemoattractant
is HGF, we investigated whether the arch-mediated
chemoattraction could be blocked using a neutralising antibody
against murine HGF (kind gift from E. Gherardi) which aso
recognises rat HGF (Ebens et a., 1996). Co-cultures of
hindbrain and branchia arch explants with and without
antibody were scored blind. The results showed that the
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chemoattractive effect of the branchial arch tissue placed  expression of HGF was observed in regions of the branchial
lateral to the hindbrain explant was significantly reduced by  arches corresponding to the muscle masses and in two of the
these anti-HGF antibodies (Figs 4E, 5J). However, the  extraocular muscles (Fig. 8D).

outgrowth of hindbrain explants cultured with branchial arches Localisation patterns of the HGF receptor, Met, were

in the presence of neutralising antibodies to HGF
was still significantly different from symmetrical
outgrowth, with 37.7% of explants dtill
displaying chemoattraction (Fig. 4E; Table 1).
We based the concentration of antibody used on
previous studies (20-30 pg/ml; Ebens et d.,
1996), and found that increasing the
concentration of antibody in the cultures to 75
pg/ml failed to achieve a more complete block of
chemoattraction (data not shown). Similarly,
varying the amount of arch tissue used in the co-
cultures did not make an appreciable difference
to the degree of antibody block obtained. Closely
similar results were obtained when anti-HGF
antibodies were applied to cultures of hindbrain
explants with branchial arches in rostrocaudal
orientation. The dramatic redirecting of axons
towards the branchial arch was strongly reduced,
but not entirely eliminated in the presence of
these antibodies (compare Fig. 6K with 5C and
E). As with the experiments in latera
juxtaposition, the distribution of outgrowth along
the rostrocaudal axis was significantly reduced,
but still differed from symmetry (Fig. 6B;
Table 1).

To provide a comparison, we applied anti-
HGF antibodies to spinal cord explants co-
cultured with branchial arches. In contrast with
the incomplete block obtained in hindbrain and
branchial arch cultures, the chemoattractant
effect of branchial arch tissue on spinal motor
axons was completely blocked, i.e. reduced to a
level equivalent to symmetry by application of
antibodies, implying that this effect is mediated
by HGF (Fig. 4F; Table 1; Ebens et al., 1996).
The residual chemoattraction from the arch on
cranial motor axons in the presence of antibody
argues for the existence of a separate factor or
factors in the branchia arches which may be
specific in its effects on cranial motor neurons.

Expression of HGF and Met in early
embryos

Expression patterns of HGF in early rat and chick
embryos were examined using in situ
hybridisation. In E11-12 rat embryos, we found
that HGF was expressed in the limb buds as
reported previously (Ebens et al., 1996) and in
the first branchia arch (Fig. 8A-C). At E12,
stripes of expression were observed in branchial
arches 1-3in central regionslikely to be occupied
by myogenic cells (Fig. 8B). An additiona stripe
of expression appeared to coincide with the
region of the cardiac outflow tract. No expression
was observed in the extraocular muscles,
possibly owing to the small size of the muscle
anlage a this stage. In E4 chick embryos,

Fig. 7. Responses of spinal cord
and hindbrain motor axons to
branchial arch, limb bud,
buffer-loaded beads and HGF-
loaded beads. All cultures have
been stained with anti-

o - neurofilament antibodies, and
| @0 B J = al co-cultures arein lateral
o al= orientation with the exception

of H, | and Jwhich arein
rostral/caudal orientation. (A) Spinal cord explant control. (B) Hindbrain explant co-
cultured with limb bud explant (LB). (C) Spinal cord explant co-cultured with limb
bud explant (LB). (D) Spinal cord explant co-cultured with branchial arch explant
(BA). (E) Hindbrain explant co-cultured with control, buffer-loaded beads (CB).
(F) Hindbrain explant co-cultured with hHGF-loaded beads (HGFB). (G) Hindbrain
explant co-cultured with hHGF-loaded beads in the presence of anti-hHGF antibodies
(HGFB + Ab). (H) Hindbrain explant co-cultured with hHGF-loaded beads (HGFB;
rostral-caudal orientation). (I) Hindbrain explant co-cultured with control, buffer-
loaded beads (CB; rostral-caudal orientation). (J) Hindbrain explant co-cultured with
hHGF-loaded beads in ther presence of anti-hHGF antibodies (HGFB + Ab; rostral-
caudal orientation). Scale bar, 500 pm.
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Fig. 8. Expression patterns of HGF in rat and chick embryos.

(A) Transverse section through the region of the hindbrain (HB) and
the first branchial arches (BAs) in an E11 rat embryo in situ
hybridised for HGF. Signal is widespread throughout the arches.
(B) Transverse section through the region of the hindbrain (HB) and
the second branchial arches (BAs) in an E12 rat embryoin situ
hybridised for HGF. Signal is restricted to specific regions within the
branchial arches. (C) Transverse section through the region of the
forelimb bud (LB) in an E12 rat embryo. (D) Whole-mount HGF in
situ hybridisation of stage 21 chick embryo showing stripes of
expression in the branchial arches (BAs), in the limb buds (LB) and
in two regions close to the eye that may correspond to two of the
extra-ocular muscles (white asterisks). Scale bar, 150 pm (A), 350
pum (B,C), 500 um (D).

compared with those of Islet 1 in the brainstem of mouse
embryos, using single and double in situ hybridisation (Fig. 9).
Since Idet 1 is expressed by all crania motor neurons at
early stages in development (Varela-Echavarria et al., 1996)
this alowed us to assess whether al motor neurons or a
subpopulation expressed the receptor. At E10 no Met
expression was observed in the brainstem (data not shown), but
from E11-13 domains of Met expression could be recognised
within the regions corresponding to some of the cranial motor
nuclei, with the exception of the oculomotor nucleus. At E12
for example Idlet 1 is clearly expressed in the region of the
oculomotor nucleus (labelled 111; Fig. 9E), but Met is not
detectable in thisregion (Fig. 9B). There was a clear positional
registration between the cells expressing Met and those
expressing 191, for example in the region of the trigeminal
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Fig. 9. Expression patterns of Met and Islet 1 in mouse embryos
from E10-E12. All panels show dorsal views of the midbrain and
hindbrain region of mouse embryosin situ hybridised for Met (A-C),
Islet 1 (D-F) or double-labelled with Met (blue) and Islet 1 (red)
probes (G-1). Embryonic stages are E11 (A,D,G), E12 (B,E,H), and
E13 (C,F)). Islet 1 labels differentiating motor neurons. The various
motor nuclei arelabelled in E. These are I11, oculomotor;

IV, trochlear; V, trigeminal; VI, facial and superior sdivatory;

IX, glossopharyngeal; X, vagus; XI, cranial accessory and

XIlI, hypoglossal. The VIth nucleus (abducens) is not apparent as it
coincides with the facial nucleusin rhombomere 5. Met signal
corresponds to a subset of the regions occupied by developing motor
neurons as shown by the double in situ hybridisations (G-H).
Arrowhead in A shows superior salivatory nucleusin r5 containing
VM VIlth nerve neurons. Scale bar, 1 mm.

nucleus (V; Fig. 9A,B,E,H). In other cases, Met expression
within a motor nucleus appeared to be restricted to a subset of
neurons. For example, Met expression was absent from the
facial motor nucleus (labelled VII in Fig. 9E), which forms a
crescent extending from r4 to r6, corresponding to a stream of
neurons migrating in a posterior direction (Studer et al., 1996).
However, lateral to the facial motor nucleus, Met is expressed
in a group of cells which represent the superior salivatory
nucleus in r5 (arrow in Fig. 9A). In addition, Isl1-positive
trochlear motor neurons (marked 1V in Fig. 9E) could
correspond to the region of Met expression just caudal to
the midbrain-hindbrain boundary (Fig. 9B) but these cells



Fig. 10. Neurofilament staining of mouse embryos with targetted
disruptions of HGF or Met. All views of embryos are lateral with
rostral to theright. (A-D) E10.5 embryos, (E-H) E11.5 embryos.
Arrowheads in A-F show position of the hypoglossal nerve.

(A) HGF** control embryo showing morphology of the cranial
nerves. V, trigeminal; VII, facial; IX, glossopharyngeal; X/XI, vagus;
cranial accessory; XlI, hypoglossal. (B) HGF mutant embryo. All
cranial nerves are normal with the exception of the hypoglossal nerve
which istruncated, and has failed to grow rostrally through the
branchial arches. (C) Met*/* control embryo. Cranial nerves labelled
asin (A). (D) MetP’® mutant embryo. All cranial nerves are normal
with the exception of the hypoglossal, which has a morphology
closely similar to that in the HGF mutant. (E) Higher magnification
of Met*/* control embryo. (F) Higher magnification of Met™~
embryo. (G) Camera lucida drawing of normal hypoglossal pathway
in Met*/* embryo. (H) Camera lucida drawing of truncated
hypoglossal nerve in MetP/D embryo. Scale bar, 500 pm (A,B); 330
pumin (C,D) and 250 um (E,F).

appeared to form a more diffuse cluster than those defined by
Isl1 staining. The more caudal groups of motor neurons, the
glossopharyngeal, vagus and crania accessory (1X, X and XI)
and hypoglossal nuclel (XI11) aso express Met (Fig. 9B,E,H).
The pattern of Met expression observed at E13 (Fig. 9C) was
closely similar to that at E12. Staining was also observed in
dorsal regions in rhombomere 1, which may correspond to the
developing cerebellum (Fig. 9A,B).

BM and VM neurons undergo a medial to lateral migration
within the brainstem during their maturation (Simon et a.,
1994). The localisation of Met in lateral regions therefore
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suggests that this receptor is expressed in older motor neurons
that have aready extended axons into the periphery. If this
cohort of neurons represents only a subpopulation within each
nucleus, then it may be the earliest cohort to differentiate,
representing the pioneer neurons that first extend axons
peripherally. Axon tracing coupled with expression studies
would be needed to clarify thisaswell asto confirm expression
by particular neuronal subpopulations. This far it appears that
at least a subpopulation of each motor nucleus, with the
exception of the oculomotor and the facial motor nucleus,
express Met.

Cranial nerve morphology in mice with targetted
disruptions of HGF and Met

In order to further investigate a possible role for HGF
signalling in cranial motor axon pathfinding we examined mice
with targetted disruptions of the genes encoding HGF (Schmidt
et a., 1995) or Met (the MetP’D mutant; Maina et al., 1996).
Anti-neurofilament staining of E10.5 embryos revealed the
axonal pathways in the crania region of wild-type embryos
(Fig. 10A,C). In HGF~/~ embryos these nerve pathways |ooked
superficialy similar, except for the hypoglossal nerve, which
was truncated (arrow in Fig. 10B). Thisreflects afailure of this
nerve to grow along its normal course rostrally through the
branchial arches (Fig. 10C,E,G). A closely similar phenotype
was observed in Met®® embryos (Fig. 10D,F,H). Since HGF-
Met signalling is required for correct migration of a subset of
tongue myoblasts (Bladt et al., 1995), this defect might be
interpretable in terms of a loss of the synaptic targets of
hypoglossal axons. However, in the MetCrbZGrb2 mytant these
muscles develop correctly, and yet a defect in the hypoglossal
nerve is still observed (F. M. and R. K., unpublished data). In
addition, HGF expression may not be restricted to myogenic
precursors, since it is present along the pathway of the
hypoglossal nerve in Met mutants which lack these migrating
cells (Dietrich et al., 1999). This suggests that aberrant
hypoglossal nerve outgrowth is due to a direct effect of loss of
HGF-Met signalling on axon guidance. Observation of HGF~
I~ embryos at later stages of development, however, indicate
that the delay in hypoglossal outgrowth is compensated at later
stages of development, perhaps by other guidance mechanisms.
Other crania nerve pathways appeared normal in the mutant
embryos, suggesting that additional guidance mechanisms
operate, perhapsincluding branchial arch chemoattractantsthat
are distinct from HGF.

DISCUSSION

In this study we have explored the possible influences of
diffusible guidance molecules produced by pathway tissues on
cranial motor axon navigation. Our major conclusion isthat the
branchial arches exert agrowth-promoting and chemoattractant
influence on motor axons as they extend towards their
peripheral targets. Since anti-HGF antibodies block this
interaction in vitro, this effect is at least partially mediated by
HGF. HGF isexpressed in regions corresponding to developing
muscles, including those of the branchial arches, and is capable
of causing increased outgrowth and orientation of motor axons
of all classes, suggesting that it is a general cue for axon
outgrowth in the head, rather than asignal that governs specific
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wiring of cranial motor axons to their targets. The HGF
receptor Met is present in only a subset of cranial motor
neurons, and disruption of HGF or Met gene function produces
only minor defects in cranial motor axon pathfinding. Thus,
additional arch-derived chemoattractants or other guidance
molecules areimplicated in pathfinding to the branchial arches.
The neuroepithelium of the dorsal neural tube, which
contains the exit point, fails to chemoattract motor axons, and
so cannot account for the navigation of axons towards this
region. Both the dorsal neural tube and the roof plate are
inhibitory and/or chemorepellent, and may provide a stop
signal that limitsthe dorsal growth of cranial motor axons. The
growth promoting and/or chemoattractant effect of the crania
sensory ganglia on cranial motor axons may depend upon
mesenchymal cells isolated together with the ganglia.

HGF is a guidance cue for cranial motor axons

We have shown that cranial motor axons exhibit increased
growth and chemoattraction in response to branchia arch
tissues, and that anti-HGF antibodies partially block arch-
mediated chemoattraction. Coupled with observations of
hypoglossal nerve defects in HGF7~ and MetP’® mutant
embryos, thisimpliesthat HGF is an important factor produced
by the arches which participates in motor axon guidance. In
support of this idea were our findings that HGF presented on
beads can chemoattract cranial motor axons. These data are
consistent with previous studies showing that chemoattraction
of spinal motor axons by the limb bud depends on HGF (Ebens
et al., 1996), and that mouse embryos mutant for HGF or Met
display defects in motor nerve branching within the limbs, as
well asin sensory innervation of the limbs and thorax (Ebens
et a., 1996; Maina et al., 1997). Our findings extend the
repertoire of known roles for HGF, which in addition to
influencing the growth of motor neurons, promotes the
outgrowth and survival of DRG sensory neurons (Mainaet al.,
1997) and the outgrowth of sympathetic neurons (Mainaet al.,
1998).

The precise localisation of HGF in the tissues of the head
requires further investigation, including double labelling
studies using muscle markers. We found HGF to be expressed
by branchia arch tissues in both rat and chick embryos (see
also Théry et d., 1995), and in the | atter, this region overlapped
with the muscle plate containing immigrant myogenic
precursors. In the limb, HGF is not expressed by muscle cells,
but is confined to the lateral plate mesoderm (Ebens et al.,
1996). Recent studies also showed the expression of HGF
along the pathway of tongue muscle precursors in the absence
of these cells, pointing to additional mesenchymal cell
populations as a source of HGF (Dietrich et al., 1999).
Certainly, awider axon guidance role of HGF than is reflected
simply by its production by the branchial archesisalsoimplied
by the expression of this factor by the extra-ocular muscles
(Fig. 8D). Possibly HGF is involved in pathfinding of many
motor axon populations, but close spatiotemporal regulation
prevents axons growing aberrantly. Consistent with this were
findings that branchial arches chemoattracted both BM axons
(their normal innervation) and SM axons. Diffusion of HGF
might be limited by tissues such as the presumptive cartilage,
which acts as a barrier to motor axon outgrowth (Tosney,
1991), or by hinding to components of the extracellular matrix.

Insights into the role of HGF will also come from studying,

in more detail, the regulation of Met expression during motor
neuron development, since we observed restricted Met
expression by subpopulations of cranial motor neurons at a
later phase of their pathfinding into the periphery. In the spina
cord Met is also expressed in arestricted pattern, being present
at high levels within brachial level motor neurons destined to
innervate the limbs, and at much lower levelsin spinal motor
neurons at other axial levels (Ebens et a., 1996; Yamamoto et
al., 1997).

Is there an additional chemoattractant activity in the
head?

A number of hindbrain explants cultured with branchia arches
and anti-HGF antibodies exhibited a significant degree of
chemoattraction. We believe that this effect is unlikely to be
due to degradation of the antibody in the culture system, since
in tests we found that the degree of chemoattraction manifest
was equivalent at 24 hours and at 36-40 hours after the
beginning of culture, and increasing the antibody concentration
did not inhibit the chemoattraction more completely. The
observation that chemoattraction of cranial motor axons by
HGF-loaded beads was completely blocked by antibodies also
shows that technical constraints are unlikely to account for the
absence of block observed in branchial arch co-cultures. These
data therefore lead to the conclusion that an additional
chemoattractive factor may be generated by the branchia
arches.

Two other lines of evidence support the idea of additional
chemoattractants. First, only a subset of cranial motor neurons
expressed the HGF receptor Met, despite the fact that all motor
axon subpopulations tested were chemoattracted by the arch.
It seems unlikely that HGF acts on cranial motor axons by
binding to areceptor other than Met; thereisaclose correlation
between the phenotypes of animals mutant for Met and for
HGF (Bladt et a., 1995; Schmidt et al., 1995; Uehara et a.,
1995). Secondly, mice carrying targetted disruptions of HGF
and Met showed modest defects in the pathfinding of the
hypoglossal nerve, indicating arole for HGF-Met signalling in
hypoglossal nerve outgrowth. However, the integrity of other
cranial nerve pathways was preserved, pointing to the existence
of additional axon guidance factors. We will aim to test this
possibility by co-culturing cranial motor axons with branchial
arches derived from HGF~/~ mice, and investigating whether
chemoattraction is still present.

What is the role of the exit point, roof plate and
cranial sensory ganglia?

The roles of tissues other than the branchia arches in crania
motor axon guidance deserve to be investigated further. The
dorsal neura tube, which may contain elements of the exit
point, proved to be inhibitory and/or chemorepellent, despite
previous evidence of its chemoattractive role (Guthrie and
Lumsden, 1992). This may not be surprising, given that exit
point-forming cells might be too few in number to exert
chemoattraction in collagen gels. Exit point signals might arise
from a late-emigrating population of hindbrain neural crest
cells, which in the chick form the dorsal exit points
(Niederlénder and Lumsden, 1996). These cells, or adjacent
mesenchymal cells, might be lost during preparation of dorsal
neural tube explants. Studies on the dorsal root entry zone of
the spinal nerves in the chick have shown that similar clusters



of ‘boundary cap’ cellsarelikely to beinvolved in the guidance
of incoming dorsal root afferents and the establishment of a
non-permissive region for later axon ingrowth (Golding
and Cohen, 1997). If they do not act exclusively by
chemoattraction, boundary cap cells might guide outgrowing
motor axons by contact-mediated interactions. In the case of
chemoattraction by the cranial ganglia, we believe that
this is not a phenomenon distinct from branchia arch
chemoattraction, but instead is most likely to be due to
contaminating mesenchyme cells which are difficult to remove
and aso proliferate extensively in collagen gel cultures.
Among these cells may be myogenic precursors or other
mesenchymal cells which express HGF. Possible candidates
to mediate dorsa neural tube/roof-plate  dependent
chemorepulsion may be Semaphorin 3D (previously collapsin
2), based on its localisation on either side of the roof plate in
the spinal cord (Luo et a., 1995), or BMPs, based on their
expression in the roof plate and ability to repel commissural
axons (Liem et al., 1995; Augsburger et al., 1999).

Sequential steps in cranial motor axon guidance

Early cranial motor axon pathway choices reflect the BM/VM
or SM phenotypes of neurons that differentiate in response to
graded activity of Sonic Hedgehog (SHH) protein (reviewed
by Tanabe and Jessell, 1996). An early step in SHH induction
is the expression of the transcription factor MNR2, which is
required for the differentiation of SM but not BM/VM neurons
(Tanabe et al., 1998). In addition, Pax6 is expressed in a
dorsoventral gradient in response to SHH signalling, and whilst
BM/VM neurons differentiate within a ventral, Pax6-negative
domain of the neuroepithelium, SM neurons differentiate
within a more dorsal domain of low Pax6 expression (Ericson
et al., 1997). In mice and ratslacking Pax6, ventrally projecting
hindbrain SM neurons fail to differentiate and may assume the
fates of BM/VM neurons (Ericson et a., 1997; Osumi et al.,
1997). However, Pax6 appears to act indirectly, by controlling
the expression of Nkx2.2, since in mice mutant for this gene,
spinal ventral interneurons assume the fates of more dorsal
motor neurons (Briscoe et al., 1999). In the hindbrain, BM/VM
neurons normally derive from the Nkx2.2-positive domain, but
were unaffected in the mutant, and the authors speculate that
another transcription factor (perhaps Nkx2.9) assumes the
function of assigning motor neuron fatesin thisregion (Briscoe
et a., 1999).

Downstream of these early events, dorsal or ventral motor
axon pathway choices appear to be under the control of LIM
homeodomain transcription factors, which are expressed in a
combinatorial manner among motor neuron subpopulationsin
the chick embryo (Tsuchidaet al., 1994; Varela-Echavarria et
al., 1996). In mouse embryos deficient for two of these
factors, Lhx3 and Lhx4, ventrally projecting motor neurons
change their identity and form dorsal axon projections,
whilst misexpression of Lhx3 in dorsaly projecting
neurons causes them to reorient their projections ventrally
(Sharma et a., 1998). Formation of an exit point therefore
appears cell autonomous in the case of ventrally projecting
neurons, even if additional cells are recruited to the exit site
once formed.

An early hallmark of differentiation for ventrally or dorsally
projecting neurons is presumably expression of receptors for
chemorepellents expressed at the midline, since motor axons
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are repelled by the floor plate (Guthrie and Pini, 1995).
Moleculesinvolved in midline repulsion are likely to be Netrin
1 Semaphorin 3A and Slit, (Colamarino and Tessier-Lavigne,
1995; Varela-Echavarriaet al., 1997; Brose et ., 1999). Spinal
motor neurons express the Slit receptors, Robo 1 and 2 (Brose
et a., 1999), but so far there has not been a detailed analysis
of the localisation of Robo or of receptors for Netrins and
Semaphorins among cranial motor neurons. Since dorsally
projecting cranial motor neurons respond to both Netrin 1 and
Semaphorin 3A, whereas ventrally projecting cranial motor
neurons respond only to the latter molecule (Varela-Echavarria
et a., 1997), the expression of receptors for the repulsive
effects of Netrin 1 might be more restricted.

For somatic motor neurons of the abducens and hypoglossal
nuclei, other cues are required to account for the longitudinal
pathways taken. Possibly, HGF is produced by the target
muscles of these neurons, the lateral rectus and the tongue
muscles respectively. In the case of abducens guidance cues
include early contact with the muscle anlage of latera rectus
and coordinate growth/migration of nerve and muscle to their
destination adjacent to the eye (Wahl et a., 1994). BM and VM
neurons may respond to as yet unidentified polarity cuesin the
neuroepithelium which guides their course dorsaly, and
rostrally in the case of axons orginating in odd-numbered
rhombomeres. Their dorsal trgjectory is limited by repulsion
by the roof plate and dorsal neura tube. Dorsally projecting
axons grow out via the exit points, which already form
pathways for incoming sensory axons. Chemoattraction from
some component of the exit point and/or contact guidance by
sensory neurons is likely to be required for their egress from
the neural tube. Oncein the periphery, BM axons grow towards
the muscle plates of the branchial arches under the influence
of HGF and other factors.

Although HGF is one important guidance cue for cranial
motor axons, other axon guidance cues are required in this
scheme to account for the selectivity and shaping of
projections. Notably, Semaphorin 3A appearsto beinvolved in
channelling motor axonsinto the cores of the branchial arches,
since in mice mutant for Semaphorin 3A or its receptor
Neuropilin 1, widespread defasciculation of nerves into
inappropriate arch regions is observed (Taniguchi et al., 1997;
Kitsukawa et a., 1997). Furthermore, little is known of the
mechanisms that segregate nerve branches to individual
muscles later in development. Understanding how HGF and
other guidance cues act in vivo will involve a detaled
consideration of how these molecules are organised
spatiotemporally and interact with each other, in relation to the
pathways of different cranial motor nerves.
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