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Defects in pathfinding by cranial neural 
crest cells in mice lacking the neuregulin 
receptor ErbB4
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Mouse embryos with a loss-of-function mutation in the gene encoding the receptor tyrosine kinase ErbB4 exhibit 
misprojections of cranial sensory ganglion afferent axons. Here we analyse ErbB4-deficient mice, and find that 
morphological differences between wild-type and mutant cranial ganglia correlate with aberrant migration of a 
subpopulation of hindbrain-derived cranial neural crest cells within the paraxial mesenchyme environment. In 
transplantation experiments using new grafting techniques in cultured mouse embryos, we determine that this 
phenotype is non-cell-autonomous: wild-type and mutant neural crest cells both migrate in a pattern consistent with the 
host environment, deviating from their normal pathway only when transplanted into mutant embryos. ErbB4 signalling 
events within the hindbrain therefore provide patterning information to cranial paraxial mesenchyme that is essential 
for the proper migration of neural crest cells.

uring vertebrate development, cranial neural crest cells
(NCCs) migrate along highly stereotyped routes within the
mesenchyme and contribute to the forming bone, cartilage

and peripheral nervous system of the developing head. From the
outset, NCC migration pathways are segmented, mirroring the
underlying segmentation of the hindbrain neuroepithelium into
lineage-restricted compartments called rhombomeres1. Thus,
NCCs from rhombomeres (r)2, r4 and r6 migrate laterally through
the cranial mesenchyme in three distinct, sharply defined streams
that do not enter the intervening mesenchyme adjacent to r3 or r5
(refs 2–5). Similarly, at slightly later ages, primary sensory afferent
axons of the trigeminal and geniculate/cochleovestibular ganglia
grow through cranial mesenchyme and into the hindbrain through
distinct entry sites in r2 and r4, respectively.

The results of previous studies have indicated that the mesen-
chyme adjacent to r3 and r5 may contain an activity that excludes
NCCs6,7. So far, relatively few molecules that influence the pathfind-
ing of craniofacial NCCs have been identified, but examples include
ephrins and their receptors, Eph proteins8,9, and evidence is emerg-
ing to indicate that collapsin-1/semaphorin-III might also be
involved10. Ephrins and semaphorin-III also can affect the pathfind-
ing of axons11,12, including cranial ganglion axons in the case of sem-
aphorin III12. Hence it appears that molecules influencing NCC
migration may also be used for axon guidance.

Another molecule required for pathfinding by cranial ganglion
axons is the receptor tyrosine kinase ErbB4 (ref. 13), which has cog-
nate ligands that include the neuregulins14–17, betacellulin18 and
heparin-binding epidermal growth factor15,19. In the developing
mouse hindbrain, ErbB4 is expressed within r3 and r5 from embry-
onic day (E) 8. By E9, expression shifts to the margins of r3 and r5,
where it becomes concentrated throughout the dorsoventral extent
of the pial surface at the rhombomere boundaries20,21. Unlike in the
developing central nervous system, ErbB4 expression has not been
detected during the period of cranial neurogenesis in migrating
NCCs, developing cranial ganglia, or paraxial mesenchyme in either
mice or chicks20,22.

In mice with a loss-of-function mutation in the ErbB4 gene, a
subset of centrally projecting trigeminal and geniculate/cochleoves-
tibular ganglia afferent axons become misdirected and grow through
r3-adjacent mesenchyme towards each other’s entry sites20. Further-

more, the trigeminal ganglion and the geniculate/cochleovestibular
ganglia complex of ErbB4 mutant embryos at E10 are displaced
towards each other20, perhaps as a consequence of the aberrant axon
projections between them, but also raising the alternative possibility
that cranial ganglion precursor cells, which derive from the neural
crest and ectodermal placodes23, may show abnormalities in path-
finding or migration. Hence, ErbB4, like ephrins and semaphorin-
III, may have a role in the pathfinding of both axons and NCCs. Here
we analyse ErbB4-deficient mice further, and find that ErbB4 signal-
ling events within the hindbrain are indeed essential for the correct
migration of a subpopulation of NCCs.

Results
Anatomical changes in cranial ganglia of ErbB4-deficient embryos.
To assess abnormalities in the cranial ganglia of ErbB4-deficient
(ErbB4–/–) embryos at E10, we performed whole-mount in situ
hybridization analysis using the neuronal marker NeuroD24. This
analysis revealed highly reproducible differences in the distribution
of neurons between ErbB4 mutants and control littermates. The
trigeminal (gV) and geniculate/cochleovestibular (gVII/gVIII) gan-
glia were closer together in all mutant embryos (n > 30) than in
wild-type littermates, although these ganglia always remained dis-
crete and were never fused into a single ganglion (Fig. 1). In mutant
embryos there was a caudal extension of the trigeminal ganglion
into the dorsal mesenchyme adjacent to r3 (Fig. 1a–f). The genicu-
late ganglion (gVII) was also modestly elongated, a feature that was
more clearly observed using a Phox2b probe (Fig. 2e–h). In some
cases (~25%), an ectopic geniculate ganglion was present more
ventrally, near the geniculate epibranchial placode (Fig. 1d, h, small
arrow). In contrast, the size and position of the cochleovestibular
ganglion (gVIII) was the same in both wild-type and mutant
embryos.

NeuroD is transiently expressed by all terminally differentiating
cranial ganglion neurons24. Therefore, to help us to resolve the ori-
gins of sensory neurons populating the abnormal regions of mutant
ganglia, we used three more markers, namely Neurogenin-1, which
labels neurons derived from neural crest, otic placode and trigemi-
nal placode25; Neurogenin-2, which labels neurons within the epi-
branchial placodes26; and Phox2b, which labels placodal-derived
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cells within the geniculate, petrosal and nodose ganglia27. In E10
mutant embryos, Neurogenin-1 revealed a similar caudal extension
in the trigeminal ganglion (gV) to that seen with NeuroD (compare
Fig. 2a, b with Fig. 1). The geniculate ganglion was not stained, as it
derives from the facial epibranchial placode23 (Fig. 2a, b). Neuro-
genin-2 showed a slightly more disorganized and diffuse staining
pattern at E8.5 in the mutant geniculate epibranchial placode

(pVII) (Fig. 2c, d), and Phox2b revealed both a rostral and a caudal
elongation of the geniculate ganglion (gVII) in mutants compared
with wild-type embryos at E10 (Fig. 2e–h).

Figure 1 Cranial ganglion abnormalities in ErbB4–/– embryos. Wild-type (a, c, 
e, g) and ErbB4–/– (b, d, f, h) mouse embryos at E10 were processed for whole-
mount in situ hybridization with the pan-neuronal marker NeuroD. a, b, Side views; 
c, d, more dorsal views of the cranial region at higher magnification; e–h, transverse 
sections. b and d show two different ErbB4–/–  embryos, to illustrate the range of the 
phenotype. In ErbB4–/– embryos, the NeuroD probe revealed a caudal extension of 
the trigeminal (gV) ganglion (large arrows in b, d; shown in transverse section in f; 
large arrow). The geniculate (gVII) ganglion was also elongated, mostly caudally 
(small arrow in b), and in some cases an ectopic gVII was formed just ventral to the 
cochleovestibular (gVIII) ganglion complex (small arrow in d); the ectopic gVII is more 
easily seen in transverse section (gVII is indicated by small arrows in g, h). Dotted 
lines in c, d show the planes of the sections taken for e–h.
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Figure 2 Neural crest cells and placode-derived cells contribute to the 
ErbB4–/– phenotype. Wild-type (a, c, e, g, i) and ErbB4–/– (b, d, f, h, j) embryos were 
processed for whole-mount in situ hybridization with probes that identify NCCs and/or 
placodal-derived cells. a, b, The Neurogenin-1 probe revealed a caudal extension of 
the trigeminal ganglion (gV) in E10 ErbB4–/– embryos (arrow in b); this extension could 
consist of either neural crest or placodal cells. c, d, The Neurogenin-2 probe revealed 
a more diffuse geniculate epibranchial placode (pVII) in E8.5 ErbB4–/– embryos (arrow 
in d). e–h, Similarly, in E10 ErbB4–/– embryos, the Phox2b probe revealed an 
elongation of the placode-derived geniculate ganglion (gVII) (arrow in f), more clearly 
seen in longitudinal section (g, h; arrows in h). i, j, The ErbB3 probe, which identifies 
developing neural sheath cells, was expressed in gV and the gVII/gVIII complex of E10 
wild-type embryos (i). In ErbB4–/– E10 embryos (j), a band of ErbB3-expressing cells 
was present between gV and gVII/gVIII (arrow). In all cases, rostral is towards the top. 
OV, otic vesicle; gIX, petrosal ganglion; gX, nodose ganglion.
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In addition to these sensory neurons, we also studied glia by
examining the distribution of NCC-derived nerve sheath cells using
an ErbB3 probe28 (Fig. 2i, j). In wild-type embryos, ErbB3 labelled

cells in discrete ganglia (Fig. 2i). However, in mutant embryos
expression appeared in a continuous group of cells extending from
the trigeminal ganglion (gV) to the geniculate/cochleovestibular

Figure 3 A subpopulation of r4-derived neural crest cells is misguided in 
ErbB4–/– embryos. a–h, Whole-mount in situ hybridizations using the NCC markers 
CRABP1 (a–f) and Sox10 (g, h) on E9 wild-type (a, c, e, g) and E9 ErbB4–/– (b, d, f, 
h) embryos reveal that a subpopulation of r4-derived NCCs becomes deviated 
rostrally through r3-adjacent mesenchyme in ErbB4–/– embryos (arrows in b, d, h). In 

transverse section (e, f) at the level of r3, the aberrant CRABP1-expressing crest can 
be seen in ErbB4–/– embryos (f) within the mesenchyme (MES) lying adjacent to the 
neuroepithelial basal lamina. i, j, In situ hybridization at E10 using the NCC marker 
AP2 reveals the caudal extension of the trigeminal ganglion (gV) in ErbB4–/– embryos 
(arrow in j). OV, otic vesicle; ba1, branchial arch 1.
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Figure 4 DiI labelling confirms that the migration of only r4-derived neural 
crest cells is affected in ErbB4–/– embryos. a–f, NCCs in individual 
rhombomeres of wild-type (a, c, e) and ErbB4–/– (b, d, f) E8 embryos were labelled 
with DiI and then cultured for 24 h. No differences were seen in the migration patterns 
of r2 (a, b) or r3 (c, d) NCCs from wild-type or ErbB4–/– embryos (note that only in 
cases where r3 was overfilled with DiI, possibly labelling some of r2 and r4, were 
cells seen to migrate out into the adjacent r2 or r4 crest streams). Only when NCCs 
in r4 were labelled with DiI (e, f) could differences be seen in the patterns of migration 
of wild-type and ErbB4–/– NCCs. In ErbB4–/– embryos, r4-derived NCCs migrated 

aberrantly into r3-adjacent mesenchyme (arrow in f). g, h, When ErbB4–/– embryos 
injected with DiI in r4 were allowed to develop for a longer period, for 36 h, labelled 
NCCs were still detected in r3-adjacent mesenchyme (arrow in h); some labelled cells 
were also detected in r2-adjacent mesenchyme and in the first branchial arch 
(arrowheads in h). a–f, Whole-mount embryos; g, h show the same longitudinal 
section of a ErbB4–/– embryo, where g shows a bright-field image and h shows a 
superimposition of bright-field and DiI-fluorescence images. OV, otic vesicle; ba1, 
branchial arch 1; ba2, branchial arch 2.
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ganglia complex (gVII/gVIII) (Fig. 2j, arrow). This expression pat-
tern is consistent with the idea that sheath cells are associated with
the subpopulation of axons that misproject between the trigeminal
and geniculate/cochleovestibular ganglia in mutant embryos20.
Taken together, these data indicate that the cranial ganglia abnor-
malities in ErbB4 mutants may result from altered migration (or
premature differentiation) of placodal cells in the case of the genic-
ulate ganglion, and from altered migration of NCCs and/or placo-
dal cells in the case of the trigeminal ganglion.
A subpopulation of r4 NCCs migrate aberrantly in ErbB4–/–

embryos.  To determine whether NCC derivatives are involved in
establishing the mutant phenotype of the trigeminal ganglion, we
looked for variations in the pathways taken by migrating NCCs,
using CRABP1 as a marker29 (Fig. 3a–f). In mutant embryos,
CRABP1 revealed an aberrant stream of NCCs that branched off the
r4-derived neural crest stream at the dorsoventral level of the otic
vesicle. These NCCs projected rostrally through the mesenchyme
adjacent to r3 (Fig. 3b, d) in close association with the neuroepithe-
lial basal lamina (Fig. 3f).  CRABP1 is weakly expressed by r2 NCCs
and we therefore used another NCC marker, Sox10 (ref. 30), to
determine whether there were also any abnormalities in the pat-
terning of the r2-derived neural crest stream. As with CRABP1, the
Sox10 probe revealed an aberrant, rostrally migrating population of
r4 NCCs within r3-adjacent mesenchyme (Fig. 3h). However, we
detected no differences in Sox10-expressing r2 NCCs (compare Fig.
3g, h).  Analysis with another NCC marker, AP2 (ref. 31), showed
the caudal extension of the trigeminal ganglion in ErbB4 mutants at
later stages of development (E10) (Fig. 3j). The results of our anal-
yses of NCC markers support the idea that r4-derived neurogenic
NCC derivatives contribute to the caudal extension of the trigemi-
nal ganglion in ErbB4–/– embryos.
DiI tracing reveals the presence of misrouted NCCs originating
from r4. To determine directly whether the misrouted NCCs in
mutant embryos did indeed derive from r4, we DiI-labelled premi-
gratory NCCs in r2, r3 or r4 at E8. After culturing the embryos for
24 h we studied the migratory pathways that these cells had taken
(Fig. 4). We found no differences between the pathways taken by
r2-derived (Fig. 4a, b) or r3-derived (Fig. 4c, d) NCCs in wild-type
or mutant embryos. In both wild-type (n = 20) and mutant (n = 6)
embryos, relatively few NCCs were seen to migrate from r3; those
that did migrated rostrally and caudally to join NCCs in adjacent r2
and r4, as described previously4. In no cases were r3-derived NCCs
observed to migrate laterally into the adjacent r3 mesenchyme.

In wild-type embryos (n = 20), r4-derived NCCs migrated later-
ally and ventrally as a single stream into the second branchial arch
(Fig. 4e). In contrast, in mutant embryos (n = 18 out of 20), a sub-
population of DiI-labelled r4-derived NCCs migrated  rostrally
through the dorsal cranial mesenchyme adjacent to r3 and r2 (com-
pare Fig. 4e, f). In about half of the mutant embryos, some labelled
r4-derived NCCs also deviated caudally towards the otic vesicle
(Fig. 4f). In other embryos (n = 5), we deliberately injected r4 with
DiI caudally, away from the r3/r4 boundary, to ensure that r4-
derived, and not r3-derived, NCCs were labelled. After culturing
these embryos for 36 h (to E9.5), we could see clearly  that, in
mutant embryos, r4-derived NCCs had migrated rostrally through
the mesenchyme adjacent to r3 and r2, and that small numbers of
these cells had joined the stream of r2-derived NCCs and migrated
into the first branchial arch (Fig. 4g, h). Hence, in contrast to wild-
type embryos, in ErbB4 mutants r4-derived NCCs contribute to
derivatives of both the first and the second branchial arches.
Misdirected r4-derived NCCs are a late-migrating subpopulation.
r4-derived NCCs that migrated correctly into the second branchial
arch had always migrated further than the ectopic or misdirected r4
NCCs (Fig. 4e, f). To study the dynamics of the mutant NCC phe-
notype, we bred the ErbB4 mutation into a Hoxb2/lacZ transgenic
background (ML22 line32,33) that specifically expressed the reporter
gene in r4 and in r4-derived NCCs.  Hoxb2/lacZ ErbB4–/– and
Hoxb2/lacZ ErbB4+/– embryos were collected at ages ranging from

E8.5 to E10. At E8.5, X-gal staining showed no aberrant migration
of Hoxb2/lacZ-expressing r4 NCCs in ErbB4 mutants, even though
r4-derived NCCs had migrated normally into the second branchial
arch by this age (Fig. 5a, b). In contrast, by E9.5 a subpopulation of
r4-derived NCCs had migrated aberrantly adjacent to r3 (Fig. 5c,
d). These results indicate that the ErbB4 mutation may mainly affect
late-migrating neural crest cells. 

Interestingly, by E10, reporter expression in mutants appeared
to be lost specifically in those cells that migrated ectopically in an
anterior direction, as opposed to those that migrated laterally (Fig.
5e, f). The downregulation of reporter expression in the misdi-
rected stream adjacent to r3 could reflect a change in cell fate or the
elimination of the ectopic population, for example by cell death. To
investigate these possibilities, we studied the expression of the NCC
marker Sox10 in age-matched E10 embryos. In contrast to wild-
type embryos (Fig. 5g), mutant embryos showed strong Sox10
expression in an NCC stream adjacent to r3 (Fig. 5h), indicating
that misdirected NCCs were still present in the ectopic positions at
E10 in ErbB4–/– embryos. These results indicate that some aspects of
NCC identity may be specified by local environmental cues within
the cranial mesenchyme, as the expression of Hoxb2 is not main-
tained by r4-derived NCCs that migrate into the ectopic r3-adjacent
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Figure 5 Misguided r4-derived neural crest cells are a late-migrating 
subpopulation. a–f, Dorsal views of X-gal-stained ErbB4+/– (a, c, e) and ErbB4–/– (b, 
d, f) embryos expressing Hoxb2/lacZ reporters, which specifically label r4 and 
migrating r4-derived NCCs. Misguided r4-derived NCCs in Hoxb2/lacZ ErbB4–/– 
embryos are not seen at the earliest age studied (E8.5), but are observed later, at 
E9.5 (arrow in d). At E10, however, misguided cells can no longer be seen in Hoxb2/
lacZ ErbB4–/– embryos (compare d, f), even though cells within the r4 neural crest 
stream maintain lacZ expression at E10 (f). g, h, Whole-mount in situ hybridizations 
with Sox10 in age-matched E10 ErbB4+/– (g) and ErbB4–/– (h) embryos show the 
continued presence of misguided neural crest cells within r3-adjacent mesenchyme 
of mutant embryos (arrow in h).  Rostral is towards the top.
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mesenchyme position, even though Hoxb2 continues to be
expressed by appropriately located r4-derived NCCs in the second
arch. The idea that changes in environmental cues along the anter-
oposterior axis of the cranial mesenchyme can influence NCC iden-
tity is supported by the results of recent NCC-transplantation
experiments in mouse embryos34.
Migration pathway of r4 NCCs is determined by local environ-
mental cues. It was unclear whether the misguiding of certain r4-
derived NCCs in ErbB4–/– embryos resulted from altered patterning
cues within the mesenchyme environment or from changes intrin-
sic to the NCCs. To resolve this problem, we adopted a chimaeric
approach, taking advantage of a new and powerful cell-grafting
technique33,34 in combination with lineage tracing and embryo cul-
ture. First we tested whether the aberrant migration of r4-derived
NCCs was intrinsic to the mutant cells. We grafted wild-type or
ErbB4 mutant r4 cells into the premigratory r4 neural crest territory
of wild-type host embryos (Fig. 6a), and studied the subsequent
migration of the DiI-labelled cells. When either wild-type or ErbB4
mutant r4 cells were transplanted into wild-type host embryos, the
graft-derived NCCs migrated normally as a single stream within the
host mesenchyme and populated the second branchial arch  (Fig.
6b, c).  These results show that the mutant cells possess the ability
to respond to a normal environment.

Next, to determine whether the environment is altered in ErbB4
mutant embryos, we grafted wild-type r4 cells into the premigratory
r4 neural crest territory of ErbB4 mutant host embryos (Fig. 6d), and
studied their subsequent migration. In contrast to the previous situ-
ation, a subpopulation of wild-type r4 cells in the mutant back-

ground migrated aberrantly into the mesenchyme adjacent to r3
(Fig. 6e, arrow). Hence, these transplanted wild-type cells must no
longer be receiving the proper signals to direct their appropriate
migration. Together these results indicate that the ErbB4 mutation is
not NCC-autonomous, but instead affects guidance cues within the
mesenchymal environment through which r4 NCCs migrate. As
ErbB4 is expressed in the neuroepithelium, but not in the mesenchy-
mal environment20,35,36, its effects on guidance cues must involve sig-
nalling between the hindbrain and its adjacent mesenchymal tissue.

Discussion
We have shown previously that in mouse embryos with a loss-of-
function ErbB4 mutation, the trigeminal ganglion and geniculate/
cochleovestibular ganglia are displaced towards each other, and that
cranial ganglion axons from these ganglia misproject towards each
other through the intervening r3-adjacent mesenchyme20. We have
now provided evidence that the abnormal caudal extension of the
trigeminal ganglion of ErbB4–/– embryos correlates with the aberrant
migration of a subpopulation of r4-derived NCCs into dorsolateral
r3-adjacent mesenchyme. Furthermore, we have shown that this
phenotype is non-cell-autonomous and that aberrant migration is
accompanied by an apparent downregulation of Hox gene expres-
sion. These results underscore the importance of environmental sig-
nals in guiding NCC migration and in regulating NCC identity.

Several previously described mutations or experimental manip-
ulations that affect the pathfinding of neural-crest-derived cells in
the developing vertebrate head involve respecification of rhom-
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Figure 6 Environmental, not crest-intrinsic, cues control the misrouting of 
neural crest cells in ErbB4–/– embryos. a–e, Transplantation paradigms are 
summarized in a and d, while the corresponding whole-mount fluorescence 
photographs of cultured embryos are shown in b, c and in e, respectively. a–c, Wild-
type (WT; b) or ErbB4 mutant (c) r4 cells were grafted into the premigratory r4 neural 
crest territory of wild-type host embryos (as shown in a) and the subsequent 
migration of the DiI-labelled cells was monitored after 24 h of embryo culture. Both 
wild-type and mutant cells migrated normally in the wild-type hosts. d, e, Wild-type r4 
cells were grafted into the premigratory r4 neural crest territory of ErbB4 mutant 
host embryos as shown in d, and their subsequent migration was assessed after 24 
h in culture (e). The arrow in e denotes the aberrant migration of wild-type cells in the 
mutant host environment. f, Summary of the results shown in b, c, e, and model of 
the neural crest phenotype in ErbB4 mutant embryos. In wild-type embryos (left), 

ErbB4 is expressed within r3 neuroepithelium (blue), while an ErbB4 ligand, 
neuregulin-1, is expressed in the adjacent r2 and r4 (yellow). Thus, ErbB4-mediated 
cell signalling is probably focused at the r3/r2 and r3/r4 boundaries (indicated by 
the darker blue shading within r3), where it stimulates the secretion of putative NCC-
migration inhibitors/repellents (green dots) that accumulate in the adjacent r3 
mesenchyme. Thus, neural crest streams from r2 (purple) and r4 (red) remain 
segregated. In ErbB4–/– embryos (right), ErbB4 signalling is disrupted in r3 (lack of 
blue shading) and the inhibitory/repellent activity is not produced. A subpopulation of 
r4-derived NCCs migrates aberrantly through r3-adjacent mesenchyme (arrow) and 
contributes to an ectopic caudal extension of the trigeminal ganglion (gV). ba1, 
branchial arch 1; ba2, branchial arch 2; gV, trigeminal ganglion; gVII, geniculate 
ganglion; OV, otic vesicle. 
© 2000 Macmillan Magazines LtdNATURE CELL BIOLOGY | VOL 2 | FEBRUARY 2000 | cellbio.nature.com 107



articles
bomere segment identity. This may occur by, for instance, misex-
pression or overexpression of Hox genes37,38, or by exposure to
retinoic acid39,40. However, neither changes in Hoxb2 (Fig. 5) and
Hoxb1 (ref. 20) expression nor any morphological changes20 have
been observed within the hindbrain of ErbB4 mutant embryos that
might suggest rhombomere respecification. This raises important
questions with respect to how segmental identity and NCC pattern-
ing are coordinated.

So far, relatively few molecules have been identified that influ-
ence NCC migration in the developing vertebrate head. Those mol-
ecules that have been identified include members of the ephrin and
Eph families of guidance molecules8,9,11 and possibly collapsin-1/
semaphorin-III10,12. Ephrins and their Eph receptors are expressed
in complementary patterns by the neural crest and/or mesoderm of
the Xenopus second and third branchial arches, respectively8,9.
When either ephrin-B2 (ref. 9) or kinase-deficient EphA2 (ref. 8) is
overexpressed in the Xenopus hindbrain, migrating NCCs are no
longer constrained to their discrete pathways and intermingle
within the branchial arches. Furthermore, ephrin-B2 can inhibit
NCC migration in vitro41. Although we cannot exclude the possibil-
ity that ephrins/Eph receptors may be involved in the ErbB4 mutant
phenotype, the observation that, in ErbB4 mutant embryos, abnor-
mal NCC migration is confined predominantly to the dorsal mes-
enchyme, in proximity to the neuroepithelium, argues against this
idea. Another candidate for controlling NCC migration is col-
lapsin-1/semaphorin III. During the period of NCC migration, col-
lapsin-1 is regionally expressed within the avian hindbrain, initially
in r3 and r5 (ref. 42). In addition, migrating NCCs express the col-
lapsin-1 receptor, neuropilin-1, and avoid patterned stripes of col-
lapsin-1 in vitro10.

All of the molecules described above that regulate the migration
pattern of cranial NCCs also influence axon pathfinding in various
systems. In the case of ErbB4 and semaphorin III, cranial ganglion
axon misprojections have been described in the respective knock-
out mice12,20. Furthermore, members of the collapsin/semaphorin
gene family, as well as the Eph receptors and their ephrin ligands,
are well established as molecules that regulate axon guidance in sev-
eral areas of the developing nervous system43,44. Taken together,
these findings support the theory that similar molecular and cellu-
lar mechanisms are used for neural crest and axon pathfinding,
within the developing vertebrate head, and it will be important to
determine how these mechanisms and pathways are integrated to
control normal development.

In Fig. 6f, we propose a model in which ErbB4 has a role in NCC
migration, and show the phenotypic consequences arising from the
absence of ErbB4. As the cranial mesenchyme does not express
ErbB4 either before or during the period of NCC migration20,21,35,36,
it is unlikely to be the direct source of the ErbB4-dependent NCC-
patterning information we describe here. Instead, ErbB4-express-
ing neuroepithelial cells in r3 are ideally placed to provide pattern-
ing cues that restrict migrating NCCs from entering r3-adjacent
mesenchyme. These patterning cues could be either inhibitory mol-
ecules secreted directly from the neuroepithelium, or molecules
induced secondarily within the mesenchyme under the control of
neuroepithelial-derived signals. At least one ligand for ErbB4, neu-
regulin-1, is expressed in r2 and r4, where it could activate ErbB4
signalling pathways in r3 (ref. 28). Experiments in chick embryos
are consistent with the idea that a diffusible inhibitory activity is
released from r3. Thus, grafting experiments in which quail r2 or r4
tissue is transplanted into host chick mesenchyme reveal that donor
NCCs fail to migrate into mesenchyme adjacent to r3 or r5 (ref. 7).
In other experiments, when r3/r4-adjacent mesenchyme is surgi-
cally rotated before NCC migration, r4-derived NCCs can migrate
laterally into the ectopically placed r3 mesenchyme45, indicating
that the putative r3-derived inhibitory activity may need to be con-
tinually replenished within the mesenchyme adjacent to r3.

We have recently provided evidence that there is a neurite-
growth inhibitor in the r3-adjacent mesenchyme that patterns cen-

tral projections of cranial sensory axons and that this inhibitor
might be absent in ErbB4–/– embryos21. It is tempting to speculate
that this axon-growth-inhibitory activity is the same as that which
we propose restricts NCC migration into r3-adjacent mesenchyme.
However, as the pathfinding of r2-derived NCCs is unaffected in
ErbB4–/– embryos, it must be assumed that further, ErbB4-inde-
pendent signalling pathways operate.

In summary, our data emphasize the importance of hindbrain-
to-mesenchyme signals in regulating the appropriate pathways for
migrating NCCs and growing axons in the developing vertebrate
head. Future work will be directed at identifying the ErbB4-
dependent factor(s) that patterns cranial NCC migration, and
whether this factor(s) acts independently or cooperatively with
other patterning cues. h

Methods
Animals and embryo isolation for cultures.
Embryos were obtained from timed-pregnant matings of heterozygous ErbB4 mutants20, and from 

crosses of ErbB4 mutants with a transgenic line in which reporter expression is driven by an r4-specific 

enhancer from Hoxb2 (construct ML22; ref. 32). The ErbB4 mutant genotype of embryos was confirmed 

by polymerase chain reaction (PCR) analysis of yolk-sac genomic DNA using ErbB4-specific primers20.

Embryos for use in culture experiments were dissected from the uterus with an intact visceral yolk 

sac, amnion and ectoplacental cone46. Host embryos at E8.5 were cultured in vitro for 24 h in DR50 

medium in a 5% O2, 5% CO2, 90% N2 atmosphere and, if required, they were cultured for a further 12 h 

in DR75 in a 20% O2, 5% CO2, 75% N2 atmosphere47. To catch the earliest waves of migrating neural crest 

cells in lineage-tracing and rhombomere-grafting experiments, we used only donor and host embryos 

having six or fewer pairs of somites.

In situ hybridization.
The following mouse complementary DNA templates were used: NeuroD, Neurogenin-1, Neurogenin-2, 

Phox2b, Sox10, CRABP1, AP2 and ErbB3. Antisense digoxigenin-labelled riboprobes were synthesized 

from linearized templates by the incorporation of digoxigenin-labelled UTP (Boehringer), using either 

T3 or T7 RNA polymerase. Whole-mount in situ hybridizations were performed with 400 ng ml–1 

riboprobe according to ref. 48, using alkaline-phosphatase-conjugated anti-digoxigenin antibody and 

NBT-BCIP substrate (Boehringer).

NCC lineage-tracing experiments.
In both ErbB4–/– and wild-type embryos at E8.5, we focally injected the dorsal region of individual 

rhombomeres with a small quantity of DiI (0.05% w/v; Molecular Probes) as described49,50. These dye-

injected embryos were cultured in vitro for up to 36 h. Numbers of  injections were as follows: wild-type 

controls, n > 20  each for r2, r3 and r4;  ErbB4 mutants, r2: n = 10, r3: n = 6, r4: n = 20.

Isolation of rhombomeres.
Consistent neuromeric landmarks were used to identify the rhombomeric source of tissue to be grafted 

and the correct site of transplantation49. Finely polished alloy and glass needles were used to separate the 

neuroectoderm from adjacent tissues. Rhombomeres that could not be cleanly separated from adjacent 

tissues were then incubated in 0.5% trypsin, 0.25% pancreatin, 0.2% glucose and 0.1% 

polyvinylpyrolidone in PBS for 3 min at 37 °C or in 0.1% dispase for 3 min at 37 °C to ensure a pure 

population. Isolated rhombomeres were then washed in DMEM before being labelled with a 1:1 mix of 

DiI:DR50 for 2 min. The labelled tissue was again washed in DMEM before being dissected with glass 

needles into smaller fragments consisting of ~10–15 cells, suitable for transplantation into the dorsal 

region of the neural tube33.

Rhombomere-transplantation experiments.
Small groups of ~15 cells isolated from r4 of E8.5 embryos were reciprocally transplanted homotopically 

between wild-type CBA and ErbB4–/– embryos. These embryos were cultured for 24 h in vitro. Numbers 

of grafts were as follows: wild-type r4 into wild-type hosts, n  = 20; ErbB4 mutant r4 into wild-type hosts, 

n = 14; wild-type r4 into ErbB4 mutant hosts, n = 12. 
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