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INTRODUCTION
In the vertebrate nervous system, rapid communication occurs
among diverse cell types separated by large distances. Many
studies have illuminated the mechanisms that direct the outgrowth
of axons to distant targets (Raper and Mason, 2010). Much less is
known about the cues that guide migrating Schwann cells, the glial
cells that associate with axons in peripheral nerves (Nave and
Salzer, 2006). Schwann cells derive from multipotent neural crest
cells (Jessen and Mirsky, 2005). In zebrafish, some neural crest
cells coalesce at the ganglion of the posterior lateral line nerve
(PLLn) and become Schwann cell precursors that migrate with
growing axons (Gilmour et al., 2002; Grant et al., 2005). In the
PLLn, migrating Schwann cells each associate with many axons
and bundle them into one fascicle (Gilmour et al., 2002; Raphael
et al., 2010). After axonal and Schwann cell migration is
completed, Schwann cells proliferate to generate the large number
of cells required to myelinate the many axonal segments in a nerve.
As they mature, myelinating Schwann cells insert processes into
the bundle, pluck out one axon to ensheathe, and then wrap their
membrane around the axon to form myelin (Jessen and Mirsky,
2005). The balance among survival, proliferation and migration of
Schwann cells is tightly regulated by neurons to achieve the 1:1
relationship between myelinating Schwann cells and their
associated axonal segments (Sherman and Brophy, 2005).
Although recent studies have made progress in defining the

pathways that initiate Schwann cell differentiation, the molecular
nature of the axonal signals that coordinate Schwann cell migration
in vivo has not been defined (Britsch et al., 2001; Dong et al.,
1995; Garratt et al., 2000).

Recent studies in zebrafish have demonstrated that signaling
through ErbB receptor tyrosine kinases is required continuously for
directed migration of Schwann cells along the PLLn. When ErbB
signaling was inhibited during migration, some Schwann cells
retained their motility but deviated from their original path (Lyons
et al., 2005). This suggests that ErbB signaling has a specific role
in directed migration in addition to other known roles in Schwann
cell development, including proliferation and myelination (Garratt
et al., 2000). Proliferation is not required for migration, and thus it
seems likely that these two processes, which must be tightly
coupled in nerve development, are regulated distinctly (Lyons et
al., 2005).

Neuregulin 1 (Nrg1) signals through ErbB receptors and
functions throughout Schwann cell development, influencing cell
fate specification, motility, proliferation, survival and myelination
(Garratt et al., 2000; Mahanthappa et al., 1996; Meyer et al., 1997;
Michailov et al., 2004; Taveggia et al., 2005). In mammals, there
are over 15 isoforms of Nrg1 (Falls, 2003). In the peripheral
nervous system (PNS), an important isoform is Nrg1 type III,
which signals through the ErbB2-ErbB3 heterodimer (Ho et al.,
1995; Meyer et al., 1997; Nave and Salzer, 2006). Its unique
cysteine-rich domain (CRD) functions as a transmembrane domain,
allowing the type III isoform to act primarily as a juxtacrine signal
(Falls, 2003; Wang et al., 2001). Mouse mutants revealed that Nrg1
type III is required for Schwann cells to fully populate spinal
nerves (Meyer et al., 1997; Wolpowitz et al., 2000), although it is
not known whether this is due to aberrant Schwann cell migration
or diminished proliferation (Jessen and Mirsky, 2005). Nrg1 type
III regulates whether an axon is ensheathed by a non-myelinating
or myelinating Schwann cell, and also controls myelin sheath
thickness (Michailov et al., 2004; Nave and Salzer, 2006; Taveggia
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SUMMARY
During peripheral nerve development, each segment of a myelinated axon is matched with a single Schwann cell. Tight
regulation of Schwann cell movement, proliferation and differentiation is essential to ensure that these glial cells properly
associate with axons. ErbB receptors are required for Schwann cell migration, but the operative ligand and its mechanism of
action have remained unknown. We demonstrate that zebrafish Neuregulin 1 (Nrg1) type III, which signals through ErbB
receptors, controls Schwann cell migration in addition to its previously known roles in proliferation and myelination. Chimera
analyses indicate that ErbB receptors are required in all migrating Schwann cells, and that Nrg1 type III is required in neurons for
migration. Surprisingly, expression of the ligand in a few axons is sufficient to induce migration along a chimeric nerve
constituted largely of nrg1 type III mutant axons. These studies also reveal a mechanism that allows Schwann cells to fasciculate
axons regardless of nrg1 type III expression. Time-lapse imaging of transgenic embryos demonstrated that misexpression of
human NRG1 type III results in ectopic Schwann cell migration, allowing them to aberrantly enter the central nervous system.
These results demonstrate that Nrg1 type III is an essential signal that controls Schwann cell migration to ensure that these glia
are present in the correct numbers and positions in developing nerves.
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et al., 2005). Additionally, in vitro experiments implicate an Nrg1
ligand in Schwann cell migration, although the specific isoform
and mechanism are unknown (Cornejo et al., 2010; Eckert et al.,
2009; Grossmann et al., 2009; Hayworth et al., 2006; Meintanis et
al., 2001).

In this study, we report that nrg1 type III is expressed in the
zebrafish posterior lateral line ganglion (PLLg) and is required for
Schwann cell proliferation and migration. Analysis of genetic
chimeras shows that Nrg1 type III is required in neurons, and that
ErbB receptors are required in all Schwann cells for migration.
Schwann cells can, however, migrate along and fasciculate nrg1
type III mutant axons if wild-type neurons are also present in a
chimeric nerve. Furthermore, ectopic pan-neuronal expression of
human NRG1 type III can draw Schwann cells into the spinal cord,
indicating that this signal can direct migration and also instruct
Schwann cells to overcome boundaries that normally exclude them
from the central nervous system (CNS) (Coulpier et al., 2010;
Fraher, 1992; Kucenas et al., 2009; Vermeren et al., 2003). These
results define a key role for Nrg1 type III in controlling migration,
show that this signal is sufficient to allow Schwann cells to trespass
within the CNS, and provide novel insights into the control of
axonal fasciculation.

MATERIALS AND METHODS
Fish strains
S1101:Gal4, Foxd3:GFP and Olig2:dsRed transgenic fish and erbb2st50

mutants were described previously (Gilmour et al., 2002; Kucenas et al.,
2008; Lyons et al., 2005; Scott et al., 2007).

Genotyping
A derived cleaved amplified polymorphic sequence (dCAPS) assay using
the restriction enzyme Hpy81 was used to score the erbb2st50 mutation (the
wild-type fragment is shorter than the mutant). The nrg1z26 mutation
eliminates an HpyCH4V restriction enzyme recognition site, and was
scored with primers flanking the lesion (see Table S1 in the supplementary
material).

In situ hybridization and immunohistochemistry
In situ hybridization and immunohistochemistry were performed using
standard procedures. sox10 (Dutton et al., 2001), foxd3 (Odenthal and
Nüsslein-Volhard, 1998), krox20 (Oxtoby and Jowett, 1993), olig2 (Park et
al., 2002), mbp (Lyons et al., 2005) and nrg1 type III (Monk et al., 2009)
probes were previously described. After in situ hybridization, embryos
were equilibrated in 30% sucrose and frozen in O.C.T. embedding medium
(Tissue-Tek). Transverse sections (10 mm) were prepared on a cryostat
microtome and imaged on a Zeiss Axioplan 2 fluorescence microscope.

An antisense riboprobe recognizing all zebrafish nrg1 isoforms (Honjo
et al., 2008) was PCR amplified (909 bp) from 48 hpf zebrafish cDNA,
cloned into pBluescript II KS+ (Stratagene), sequenced, linearized with
EcoRV and transcribed with T7 RNA polymerase.

The human NRG1 type III (Open Biosystems clone ID #3161700,
accession number BC007675) open reading frame was cloned into
pBluescript KS II+; an antisense probe was made by cutting with SalI and
transcribing with T7 RNA polymerase.

For primers and probes described above, see Table S1 in the
supplementary material.

The following antibodies were used: anti-acetylated tubulin at 1:1000
(Sigma), anti-Mbp at 1:50 (Lyons et al., 2005), anti-phospho-Histone H3
(pH3) (Ser10) at 1:500 (Millipore) and anti-Sox10 at 1:100 (Anaspec).
Fluorescent images were collected on a Zeiss Pascal LSM5 or Leica DM
6000B confocal microscope.

Morpholino injections and small-molecule inhibitor
An antisense morpholino oligonucleotide that knocks down all isoforms of
Nrg1 [NCBI ref seq NM_001044911.1 (Honjo et al., 2008)] targets the
exon-intron boundary of the first exon of the common EGF domain (Gene

Tools) (Milan et al., 2006). Nrg1 type III [GenBank ID FJ593489.1 (Honjo
et al., 2008)] was knocked down by a morpholino (Gene Tools) that targets
the boundary of the type III isoform-specific exon and following intron.
Embryos were injected with Phenol Red and Danieau’s buffer or 6.4 ng of
morpholino. For morpholino sequences, see Table S1 in the supplementary
material.

ErbB signaling was inhibited by treating fish with AG1478 (EMD
Chemicals; 2 mM in 1% DMSO) from 10-26 hpf (Lyons et al., 2005).

Molecular analysis of nrg1z26

Standard methods (Talbot and Schier, 1999) established linkage between
the nrg1z26 mutation and the nrg1 gene on linkage group 10. Sequence
analysis of wild-type and mutant genomic DNA revealed the lesion.

Transmission electron microscopy
Electron microscopy was performed as previously described (Lyons et
al., 2008). At least three nerves from three distinct embryos were
observed in each condition. Images were obtained using a JEOL
TEM1230 microscope.

Transplantation
Genetic chimeras were generated by labeling donor embryos with 1%
Texas Red-Dextran (Molecular Probes) and transplanting labeled cells into
erbb2st50 or nrg1z26 mutant hosts. Embryos were analyzed for the presence
of Foxd3:GFP+ Schwann cells along the PLLn, imaged at 57 hpf and
genotyped. A subset of nrg1z26 chimeras was imaged live at 76 hpf and
then processed for electron microscopy.

Generation of hNRG1type III:UAS transgenic fish
Human NRG1 type III was cloned into pBH mcs (Williams et al., 2010)
that was modified to include 14 UAS recognition sites and an E1b basal
promoter (Matthew G. Voas and W.S.T., unpublished). Supercoiled plasmid
and transposase RNA (25 pg each) were injected into embryos at the one-
cell stage (Kawakami, 2004). All experiments were performed with the
same transgenic line, which contains more than one insertion of the
transgene.

Time-lapse imaging
Embryos were anesthetized in 0.016% (w/v) Tricaine, mounted in 1.5%
low-melting-point agarose and imaged on a Zeiss LSM 700 confocal
microscope. Time-lapse imaging took place at room temperature with scans
obtained every 5 minutes for at least 6 hours. The yz plane was visualized
using the Ortho-Select function of Zen 2009 software (Zeiss).

RESULTS
Nrg1 is required for Schwann cell migration
To determine whether Neuregulin 1 (Nrg1) ligands are expressed
during Schwann cell migration, we performed in situ hybridization
using a probe that recognizes all known zebrafish nrg1 isoforms.
During migration (33 hpf), the probe strongly labeled the PLLg,
which contains the cell bodies of the neurons that form the PLLn
(Fig. 1A,B,B�, arrowhead). A probe specific for the type III isoform
revealed an almost identical staining pattern (Fig. 1C,D,D�).
Common region probes and type III-specific probes also detected
similar expression patterns at 24 hpf, 48 hpf, 72 hpf and 4 dpf (data
not shown). These results indicate that nrg1 type III is expressed at
the right time and place to control Schwann cell migration and
myelination in zebrafish.

To determine whether Nrg1 is required for Schwann cell
migration, all nrg1 isoforms were knocked down by an antisense
morpholino oligonucleotide that targets the common EGF
domain (Holmes et al., 1992; Honjo et al., 2008). Embryos
injected with the nrg1 morpholino had comparable morphology
to control-injected embryos, but RT-PCR analysis demonstrated
that the nrg1 transcripts were improperly spliced (Fig. 1E,F; see
Fig. S1A in the supplementary material). The Foxd3:GFP
transgene, which marks a subset of neural crest derivatives, was
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used to visualize Schwann cells (Gilmour et al., 2002). Schwann
cells are detected as elongated, Foxd3:GFP+ cells (Fig. 1, white
arrowheads) that are associated with PLLn axons; nearby
pigment cells also express GFP but are not associated with the
nerve and have a stellate morphology (Fig. 1, white asterisks).
There is a dramatic reduction of Schwann cells along the PLLn
of morphants (Fig. 1H,H�; n68/68) as compared with control-
injected embryos (Fig. 1G,G�; n48/48). Neural crest cells,
which are the precursors of Schwann cells, were able to migrate
to the ganglion, as has been observed in erbb mutants (Lyons et
al., 2005), but most did not migrate from the ganglion. This
indicates that Nrg1 signaling is required for Schwann cells to
occupy the PLLn, supporting the possibility that Nrg1 signals
direct Schwann cell migration via ErbB receptors.

nrg1z26 specifically disrupts the Nrg1 type III
isoform
In the absence of Schwann cells, supernumerary neuromasts form
in the posterior lateral line (Grant et al., 2005). A screen for
mutants with supernumerary neuromasts uncovered a mutation,
nrg1z26, that mapped to the nrg1 locus. Sequence analysis showed
that nrg1z26 mutants harbor a T-to-C transition that converts a
cysteine in the CRD to an arginine (Fig. 2A-D). This cysteine,
which is conserved from fish to human, is within the N-terminal
transmembrane segment required for membrane localization of
Nrg1 type III (Cabedo et al., 2002; Ho et al., 1995; Wang et al.,
2001). The presence of the bulky charged residue in the
transmembrane segment is likely to disrupt folding or localization
of the mutant Nrg1 type III protein. In genotyping studies, all
nrg1z26 mutants were homozygous for the T-to-C mutation (n134
mutants), confirming that this lesion is tightly linked to the nrg1z26

mutation. Gross morphology of mutants is normal at 5 dpf (Fig.
2E,F) and a few homozygous mutant adult fish are viable, although
small. Schwann cells are absent from the PLLn in nrg1z26 mutants
at all stages examined from 26 hpf to 5 dpf (n156/156). During
initial axon outgrowth, Schwann cells are present at the PLLg in
nrg1z26 mutants, but fail to migrate along growing axons (Fig. 2H;
n45/45). A morpholino targeted specifically to the type III isoform
knocked down the transcript and similarly reduced Schwann cell
migration in otherwise morphologically normal animals (see Fig.
S1B,D,F in the supplementary material; n51/51). Taken together,
these data indicate that the z26 mutation specifically disrupts the
nrg1 type III isoform, and that Nrg1 type III is required for
Schwann cell migration.

To further compare the phenotypes of erbb and nrg1z26 mutants,
we examined marker expression and proliferation in Schwann cells.
As in erbb mutants (Pogoda et al., 2006), early (sox10, see Fig.
S2C,D in the supplementary material) and late (mbp mRNA, see
Fig. S2E,F in the supplementary material; Mbp protein, see Fig.
S2G,H in the supplementary material) markers of Schwann cells
are absent along the PLLn of nrg1z26 mutants. In the PLLg at 53
hpf, Sox10-expressing cells are present at reduced numbers in
nrg1z26 mutants (Fig. 2I,J; see Fig. S3A in the supplementary
material; an average of 16.2 cells in controls versus 8.3 cells in
mutants; P<0.0001). To determine whether diminished Schwann
cell proliferation causes this reduction in Schwann cell number, we
examined the proliferation marker phospho-Histone H3. At 26 hpf,
there were fewer proliferating Schwann cells in the ganglia of
nrg1z26 mutants (Fig. 2L; see Fig. S3B in the supplementary
material) as compared with control siblings (Fig. 2K; see Fig. S3B
in the supplementary material; an average of 1.3 cells in controls
versus 0.9 cells in mutants; P<0.05). This reduction in proliferating
Schwann cells is similar to that observed in embryos that lack all
ErbB signaling or all Nrg1 function (see Fig. S3B in the
supplementary material). These data show that Nrg1 type III is
required for Schwann cell proliferation and further indicate that
Nrg1 type III is the major Schwann cell mitogen acting through
ErbB receptors at this stage.

Ultrastructural analysis of nrg1 type III mutants
The PLLn initially grows out within the epidermis above the
basement membrane, and Schwann cells are required for the nerve
to transition to its mature location beneath this basement membrane
(Raphael et al., 2010). At 5 dpf the nerve is normally located
beneath the basement membrane and Schwann cells have begun to
myelinate axons (Fig. 3A,A�; n10). In the absence of Schwann
cells, erbb mutant nerves remain in the epidermis and become
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Fig. 1. Neuregulin 1 is required for Schwann cell migration. 
(A-D�) nrg1 (A,B,B�) and nrg1 type III (C,D,D�) mRNA expression at 33
hpf, shown in dorsal (A,C) and lateral (B,D) views. (B�,D�) Higher
magnification of the boxed regions in B,D. Arrowheads mark the PLLg
and asterisks mark motoneurons. (E,F)Lateral views of control-injected
(E) and nrg1 morpholino-injected (F) zebrafish embryos at 29 hpf. 
(G-H�) Lateral views of control-injected (G,G�) and morphant (H,H�)
embryos carrying the Foxd3:GFP transgene (green) and stained with
anti-acetylated tubulin (acTub, red) at 29 hpf. Schwann cells are marked
by arrowheads and stellate-shaped pigment cells by asterisks. In lateral
views, anterior is to the left and dorsal is up. In dorsal views, anterior is
to the left. ALLg, anterior lateral line ganglion; PLLg, posterior lateral
line ganglion. Scale bar: 50mm.
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defasciculated (Raphael et al., 2010). To determine whether nrg1z26

mutant nerves resemble erbb mutant nerves at the ultrastructural
level, we examined transverse sections of the PLLn by
transmission electron microscopy (TEM). As in other mutants
lacking Schwann cells (Raphael et al., 2010; Voas et al., 2009),
nrg1z26 nerves fail to transition across the basement membrane and
are defasciculated (Fig. 3B,B�; n4).

By Foxd3:GFP transgene analysis we observed a small
number of ‘escaper’ Schwann cells in the nrg1z26 mutants at 2
dpf. In wild-type larvae, more than 75 Foxd3:GFP+ Schwann
cells stretch from the ganglion to the end of the PLLn, whereas
in nrg1z26 mutants an average of 2.3 Schwann cells reach, on
average, somite 3. The greatest number of Schwann cells
observed in a mutant nerve was seven, and the farthest somite
reached was somite 7 (data not shown; n25 nrg1z26 mutants).
Similarly, by TEM we occasionally observed these escaper
Schwann cells along nrg1z26 mutant nerves at the level of somite
5. These Schwann cells were sufficient to transition the nerve
across the basement membrane, but did not myelinate the axons
within their bundle (Fig. 3C,C�; n2). These results indicate that
mutants for erbb receptors and nrg1 type III have similar
ultrastructural phenotypes.

In contrast to Schwann cells in the PNS, oligodendrocytes did
form myelin in the CNS of nrg1z26 mutants. We did not observe a
difference in myelination between the spinal cords of nrg1z26

mutants and control siblings (Fig. 3D,E; n3 for both). We cannot,
however, exclude a role for Nrg1 type III in CNS myelination in
other locations or at different stages.

Nrg1 type III is required in neurons and ErbB2
receptors are required in all Schwann cells for
Schwann cell migration
Expression analyses alone do not distinguish whether Nrg1 type III
is required in neurons or in glia. Although we (Fig. 1C,D) and
others (Ho et al., 1995; Meyer et al., 1997) primarily observed nrg1
type III expression in neurons, nrg1 type III expression has been
detected in rat Schwann cells (Rosenbaum et al., 1997) and in adult
zebrafish nerve, in which most mRNAs derive from Schwann cells
(data not shown). To determine whether Nrg1 type III is required
in neurons or Schwann cells, we made genetic chimeras. Wild-type
cells labeled with a lineage tracer were transplanted into nrg1z26

mutant hosts carrying the Foxd3:GFP transgene to mark mutant
Schwann cells (Fig. 4A). As a few Schwann cells are seen in
nerves of nrg1z26 mutants (never more than seven Schwann cells,
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Fig. 2. nrg1z26 specifically disrupts the Nrg1 type III isoform. (A)Protein structure of zebrafish Nrg1 type III. The z26 lesion in the cysteine-rich
domain (CRD) of the type III-specific domain (dark blue) changes a conserved cysteine (C) at position 95 to an arginine (R). TM, transmembrane
domain. Scale bar: 40 amino acids. (B)Comparison of zebrafish and human Nrg1 type III CRD sequences. The conserved cysteine mutated by the
z26 lesion is shaded in blue. (C,D)Sequence traces from wild-type and z26 mutant zebrafish larvae illustrating the T-to-C lesion. (E,F)Lateral views
of 5 dpf wild-type and nrg1z26 mutant sibling embryos. (G,H)Lateral views of 30 hpf nrg1z26/+ siblings (G) and nrg1z26 mutants (H) stained with
anti-acetylated tubulin (acTub, red). Arrowheads mark the PLLg, asterisks mark pigment cells. Embryos were genotyped after imaging. (I,J)PLLg of a
53 hpf nrg1z26/+ sibling (I) and nrg1z26 mutant (J) stained with anti-Sox10 (red) and anti-acTub (blue). Asterisks mark Schwann cells associated with
the ganglion. (K,L)PLLg of 26 hpf nrg1z26/+ sibling (K) and nrg1z26 mutant (L) stained with anti-phospho-Histone H3 (pH3) (red) and anti-acTub
(blue). Arrowhead marks Foxd3:GFP+ cells that are co-labeled with pH3. (G-L)Schwann cells are marked by Foxd3:GFP (green, arrows). Anterior is to
left, dorsal is up. (I-L)Embryos were genotyped before imaging and images are a projection of either three (I,J) or four (K,L) 3mm sections taken at
the middle of each PLLg. Scale bars: 50mm in G,H; 25mm in I-L.
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an average of 2.3), we only counted a chimera as having rescued
Schwann cell migration if at least ten Schwann cells were present
in the nerve. All chimeras with at least ten nrg1z26 mutant Schwann
cells in the nerve had wild-type neurons in the PLLg (Fig. 4B-B�;
n8 nerves from eight different chimeras). The rescued chimeras
had, on average, 3.8 wild-type neurons (range 1-6) and 15.4
Schwann cells (range 11-29), which extended on average to somite
15.9 (range 11-27). The number of rescued Schwann cells did not
directly correlate with the number of wild-type neurons (e.g. six
neurons rescued 11 or 29 Schwann cells in different chimeras). In
addition, six of the eight chimeras with rescued mutant Schwann
cells had no wild-type Schwann cells, indicating that the Nrg1 type
III signals that direct migration come from neurons, not Schwann
cells.

In complementary experiments, we also analyzed chimeras to
determine the site of action of ErbB receptors during Schwann
cell migration. Schwann cells that are directly migrating with
axonal growth cones exhibit more protrusions, which is
characteristic of cells that are actively migrating, whereas those
that are migrating behind them show no protrusions (Gilmour et
al., 2002; Gompel et al., 2001). This has led to the suggestion
that the dynamic Schwann cells at the leading edge are directing
the following Schwann cells (Gilmour et al., 2002), but it has
been unclear whether these different Schwann cell populations
have distinct genetic requirements during migration. To
determine if ErbB receptors are required in all Schwann cells or
only in a subset, we analyzed genetic chimeras. Dye-labeled
cells from Foxd3:GFP+ embryos were transplanted into erbb2st50

mutant hosts, which also carried the Foxd3:GFP transgene (Fig.
4C). All Schwann cells that migrated in mutant hosts were wild-
type (i.e. labeled with the Dextran lineage tracer; Fig. 4D-D�;
n8 nerves from six different chimeras). This analysis indicates
that all Schwann cells autonomously require ErbB2 receptors to
migrate, and that wild-type Schwann cells are not able to rescue
the migration of their erbb2st50 mutant neighbors. Collectively,

the chimera analyses indicate that all Schwann cells
autonomously require ErbB2 receptors, which respond to
neuronal Nrg1 type III ligands.

Overexpressing human NRG1 type III leads to
ectopic expression of Schwann cell markers
Although previous studies (Lyons et al., 2005) supported a role for
ErbB receptors in directing Schwann cell migration, it has not been
determined whether Nrg1 ligands act to promote Schwann cell
motility, direct their migration, or both. To investigate if Nrg1 type
III is an instructive signal for migration, we tested whether ectopic
expression could misdirect Schwann cell migration. We expressed
human NRG1 (hNRG1) type III in all neurons under the control of
a pan-neuronal GAL4 driver (Scott et al., 2007). Zebrafish embryos
with both the hNRG1typeIII:UAS and the s1101:GAL4 pan-
neuronal driver transgenes displayed robust expression of hNRG1
type III in the brain and spinal cord, although there was variability
in expression between embryos and within individuals (Fig. 5B;
n18/18). Control embryos that lacked either transgene showed no
hNRG1 type III expression (Fig. 5A; n125/125).

Double-transgenic embryos also had expanded expression of the
neural crest marker foxd3 around the hindbrain and spinal cord as
compared with control embryos (Fig. 5C,D; n7/7 controls, n6/6
double transgenics). mbp expression was similarly expanded in
double-transgenic embryos (Fig. 5E,F; n7/7 controls, n7/7
double transgenics). Expression of the oligodendrocyte marker
olig2 was somewhat increased in the spinal cord, but this expansion
was not sufficient in extent or location to account for the expanded
mbp expression (Fig. 5G,H; n8/8 controls, n4/4 double
transgenics).

These expression patterns raised the possibility that Schwann
cells were present in the spinal cord of embryos overexpressing
Nrg1 type III. Accordingly, expression of krox20 (egr2 – Zebrafish
Information Network), a marker of Schwann cells initiating
myelination, was strongly expanded in the spinal cord, correlating
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Fig. 3. Nrg1 type III is required for myelin formation in the peripheral but not central nervous system. (A-C�) Transmission electron
microscopy (TEM) images of transverse sections through the posterior lateral line nerve (PLLn) of zebrafish larvae of the indicated genotypes. (A,A�)
At 5 dpf, nrg1z26/+ nerves are beneath the epidermal basement membrane (black arrowheads) and Schwann cells (SC) have begun to myelinate
axons (asterisks). (B,B�) nrg1z26 mutant nerves that lack Schwann cells fail to transition across the basement membrane (black arrowheads) and
remain in the epidermis where they are unmyelinated and defasciculated (open arrowheads). (C,C�) nrg1z26 mutant nerves with ‘escaper’ Schwann
cells are correctly positioned beneath the epidermal basement membrane (black arrowheads), but Schwann cell processes (arrows) fail to myelinate
axons within the bundle. (A�,B�,C�) Higher magnification of the boxed regions in A,B,C. (D,E)TEM of transverse sections through the ventral spinal
cord of nrg1z26/+ (D) and nrg1z26 mutant (E) siblings. Insets show myelin around the Mauthner axon. All images were taken at the level of the fifth
somite. Scale bars: 2mm in A,B,C; 1mm in A�,B�; 0.5mm in C�; 1mm in D,E; 0.5mm in D,E insets.
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with the upregulation of mbp (Fig. 5I,J; n18/18 controls, n19/20
double transgenics). Sectioned double-transgenic embryos had
krox20-expressing cells located within the ventral neural tube (Fig.
5L,M, black arrowheads), as well as more dorsally located krox20-
expressing cells just outside the neural tube (Fig. 5L,M, asterisks).
Together, these data indicate that expressing hNRG1 type III in all
neurons leads to the ectopic presence of Schwann cells in the CNS.

Overexpressing human NRG1 type III leads to
ectopic Schwann cell migration
The above analysis suggests that ectopic Neuregulin expression can
either direct Schwann cells to migrate into the CNS or direct CNS-
resident cells to differentiate as myelinating Schwann cells
(Zawadzka et al., 2010). To determine whether Schwann cells enter
the spinal cord via ectopic migration upon neuronal overexpression
of hNRG1 type III, we performed time-lapse imaging. Schwann
cell migration along the lateral line is complete by ~40 hpf. In
control embryos, we observed little Schwann cell movement along
the lateral line or motor nerves from 51-55.5 hpf (Fig. 6A-C; see
Movie 1 in the supplementary material; n4 time-lapse movies).
By contrast, Schwann cells in embryos overexpressing hNRG1
type III exhibited unusual migratory behaviors during the same
time (Fig. 6D-I; n9 time-lapse movies). Strikingly, Schwann cells
moved up motor nerves and into the spinal cord, bypassing the
normal barriers that exclude Schwann cells from the CNS
(Coulpier et al., 2010; Fraher, 1992; Kucenas et al., 2009;
Vermeren et al., 2003) (see Movie 2 and Fig. S4 in the
supplementary material; n16/39 motor nerves in eight time-lapse
movies). For example, the Schwann cell marked by the open
arrowhead in Fig. 6D-I can be seen within the Olig2:dsRed-
expressing spinal cord in an orthogonal view of the yz plane of a
single scan at 125 minutes (Fig. 6K,K�; another example is shown
in Fig. S4B,B� in the supplementary material). No Schwann cells
are seen within the spinal cords of control embryos (Fig. 6J,J�; see
Fig. S4A,A� in the supplementary material).

After entering the spinal cord, individual Schwann cells moved
back and forth within it (n9 time-lapse movies). In two time-lapse
movies, Schwann cells moved from the lateral line nerve onto
motor nerves and into the spinal cord (data not shown). None of
these behaviors was seen in control movies. Thus, it seems that
hNRG1 type III not only increases the motility of Schwann cells,

but also directs their migration into the spinal cord. In addition,
15% of motor nerves in embryos overexpressing hNRG1 type III
(88 among 607 motor nerves, n23 embryos) had excess Schwann
cells compared with controls (0 among 604 motor nerves, n23
embryos), which is likely to be due to a combination of misdirected
migration and excess proliferation (Fig. 6L,M). Motor nerves with
excess Schwann cells in transgenic embryos were distributed at
many points along the anteroposterior axis. These data indicate that
Nrg1 type III can promote Schwann cell motility and proliferation,
direct ectopic migration of Schwann cells, and allow Schwann cells
to bypass boundaries that normally exclude them from the CNS.

Schwann cells can migrate along and fasciculate
chimeric nerves that are mostly mutant for nrg1
type III
Using genetic chimeras, we found that Nrg1 type III is required in
neurons to control the migration of Schwann cells. However, we
did not know whether the Schwann cells selectively migrated along
wild-type axons, or whether the presence of wild-type axons could
rescue migration along neighboring nrg1z26 mutant axons. To
address this question, we generated chimeras as described above,
live-imaged Schwann cells in chimeric nerves via the Foxd3:GFP
transgene (Fig. 7A), and analyzed the ultrastructure of the nerves
in the same embryos by TEM. To avoid confounding effects from
escaper Schwann cells in the mutants (which never migrated farther
than somite 7), the TEM data were acquired at the level of somite
10 (Fig. 7A, open arrowhead).

At 3 dpf, nerves of control genetic chimeras (in which wild-type
cells were transplanted into wild-type or heterozygous hosts) were
properly localized with respect to the basement membrane and
Schwann cells had already begun to myelinate axons within the
nerve (Fig. 7B,B�; n3). In nrg1z26 mutant chimeras with wild-type
neurons, the nerves on the contralateral side, which lacked wild-type
neurons, did not contain visible Schwann cells or Schwann cell
processes and did not transition across the basement membrane (Fig.
7C,C�; n3). By contrast, Schwann cell bodies or processes did
associate with the nerves that contained wild-type neurons, as
expected from the analysis of the transgenic reporter (Fig. 7A,D,D�;
n3). In nerves with visible Schwann cell bodies or processes, some
or all of the axons were properly localized beneath the basement
membrane. In the mutant genetic chimera shown in Fig. 7A, for

RESEARCH ARTICLE Development 138 (21)

Fig. 4. Nrg1 type III is required in neurons and ErbB
receptors are required in all Schwann cells. (A)Wild-
type cells marked with a Texas Red-Dextran lineage
tracer were transplanted into nrg1z26 mutant hosts
carrying the Foxd3:GFP (green) transgene at the blastula
stage. (B-B�) Lateral view of genetic chimera generated
by transplanting wild-type cells (red) into the nrg1z26

mutant. Arrowheads point to nrg1z26 mutant Schwann
cells, which have migrated along axons (arrows) of wild-
type neurons (asterisks). Open arrowhead marks a wild-
type Schwann cell. (C)Wild-type cells carrying the
Foxd3:GFP transgene (green) labeled with a Texas Red-
Dextran lineage tracer were transplanted into erbbst50

mutant hosts also carrying the Foxd3:GFP transgene at
the blastula stage. (D-D�) Lateral view of genetic chimera
generated by transplanting wild-type cells (red) into the
erbbst50 mutant. All Schwann cells (arrowheads) are
labeled by the wild-type lineage tracer. Anterior is to the
left and dorsal is up in all images; embryos were
genotyped after imaging. Scale bars: 50mm.
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example, there were six wild-type neurons transplanted into the
otherwise mutant PLLg (arrowhead). Strikingly, Schwann cell
processes in this chimera extended around many more than six axons
(Fig. 7D�), indicating that Schwann cells can extend processes
around nrg1z26 mutant axons in the presence of wild-type axons.
These chimera analyses therefore indicate that the presence of Nrg1
type III-expressing axons within a bundle can allow Schwann cells
to associate with and fasciculate nrg1z26 mutant axons.

DISCUSSION
Before Schwann cells can myelinate peripheral nerves, they must
migrate along outgrowing axons and then proliferate to ensure that
there is a Schwann cell to wrap each segment of every axon to be

myelinated (Jessen and Mirsky, 2005). Previously, we determined
that ErbB receptor tyrosine kinases are essential for the migration
of Schwann cells in developing nerves (Lyons et al., 2005). Here,
we show that ErbB receptors are required in all Schwann cells to
respond to Nrg1 type III, which is required in neurons for Schwann
cell migration. Nrg1 type III stimulates Schwann cell proliferation
and motility and serves as an attractant that directs migration, in
some cases instructing Schwann cells to overcome PNS-CNS
boundaries. In embryos overexpressing Nrg1 type III in all
neurons, some Schwann cells abandon peripheral nerves and
preferentially migrate towards high levels of expression in the
spinal cord. Further analysis of chimeric nerves reveals a
mechanism that ensures that all axons are fasciculated, regardless
of Nrg1 type III expression.

There are many distinct Nrg1 isoforms (Falls, 2003), and a priori
one might postulate that different isoforms control different aspects
of Schwann cell development. The type III isoform, however, has
been implicated in the control of Schwann cell proliferation
(Morrissey et al., 1995; Salzer et al., 1980), initiation of
myelination and in the regulation of myelin thickness (Michailov
et al., 2004; Taveggia et al., 2005). Our analysis in zebrafish
defines Nrg1 type III as an endogenous guidance cue controlling
Schwann cell migration. Thus, the collective evidence implicates
Nrg1 type III in many aspects of Schwann cell development,
including proliferation, differentiation (Birchmeier and Nave, 2008)
and, now, migration.

It remains unclear how one signal can control so many distinct
processes in Schwann cell development. Nonetheless, the level
of Nrg1 type III expressed on an axon is likely to be a critical
determinant of different outcomes. Previous reports show that an
axon must have a certain level of Nrg1 type III expression to be
myelinated by a Schwann cell, and that Nrg1 type III levels
beyond this threshold determine the thickness of its myelin
sheath (Michailov et al., 2004; Taveggia et al., 2005). Recent
studies have determined that even higher levels of Nrg1 can
inhibit myelin formation (Syed et al., 2010). We propose that
low levels of Nrg1 type III, beneath the threshold that allows
myelination, control Schwann cell migration along an axon,
defining a new threshold level of Nrg1 type III signaling. Our
genetic chimera data demonstrate that a few wild-type neurons
are sufficient to rescue migration, but not myelination, around a
bundle of mostly nrg1z26 mutant axons. It therefore seems that
these chimeric nerves have enough Nrg1 type III to support
migration, but not enough to promote myelination. Together, the
present analysis and previous studies suggest that low levels of
axonal Nrg1 type III are required for Schwann cell migration,
intermediate levels are required for Schwann cells to select
single axons, and higher levels are required for a Schwann cell
to initiate myelination (Michailov et al., 2004; Raphael et al.,
2011; Syed et al., 2010; Taveggia et al., 2005). In this sense,
different threshold levels of Nrg1 type III over time might
govern the developmental progression of a Schwann cell in a
manner somewhat analogous to increasing concentrations of a
morphogen determining different cell fates (Dale and Jones,
1999). Whereas a classical morphogen acts at a distance to
differentially specify cell fates by varying concentration across
a field, the combined data suggest that Nrg1 type III is a
juxtacrine signal that varies in concentration on the surface of an
axon over time to coordinate the developmental progression of
an axon and its closely associated Schwann cell. Although there
is good evidence that different levels of Nrg1 type III are
important for different aspects of Schwann cell development, it
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Fig. 5. Overexpression of human NRG1 type III in all neurons
leads to expression of Schwann cell markers in the spinal cord.
(A-J)Lateral views of human NRG1 (hNRG1) type III-overexpressing
transgenic zebrafish embryos (B,D,F,H,J) and control siblings (A,C,E,G,I)
stained by in situ hybridization for the indicated genes. Anterior is to
the left and dorsal is up. Embryos were genotyped before imaging.
Transgenic embryos have expanded foxd3 (C,D), mbp (E,F) and krox20
(I,J) expression in dorsal hindbrain (brackets) and spinal cord
(arrowheads). olig2 is only slightly expanded in hNRG1 type III-
overexpressing embryos (G,H). (K-M)Cryosections of embryos showing
krox20 expression. krox20-expressing cells are present within the neural
tube (black arrowheads) and along nearby nerves (asterisks) of hNRG1
type III-overexpressing embryos (L,M), but not in control embryos (K).
The PLLn is marked by open arrowheads.
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is also likely that other stage-specific factors, such as cAMP
signaling, influence the response of Schwann cells to Nrg1 type
III (Arthur-Farraj et al., 2011; Monje et al., 2008; Monk et al.,
2009; Newbern and Birchmeier, 2010).

Chimeric nerve analysis not only revealed that lower levels of
Nrg1 type III within a nerve are sufficient to support migration,
but also demonstrated that expression in a subset of neurons
could affect the organization of an entire nerve. Our experiments
uncover a mechanism that allows axons with different levels of
Nrg1 type III to remain fasciculated. We were surprised to
observe that Schwann cells do not preferentially migrate along
the subset of wild-type axons in genetic chimeras (Fig. 7).
Rather, Schwann cell processes extended around the entire
bundle of wild-type and mutant axons. Intriguingly, all Schwann
cells require ErbB receptors to migrate, but Nrg1 type III is only
required in a subset of axons to support the migration and
fasciculation of all axons. It therefore appears that there is a
mechanism that allows Schwann cells to establish and maintain
the integrity of the axon bundle that does not require all axons
to express nrg1 type III. In a developing wild-type nerve, this
mechanism might ensure that all axons, regardless of Nrg1 type
III levels, associate with Schwann cells.

Our analysis provides some insight into the mechanisms that
control Schwann cell migration. In principle, Nrg1 type III
signaling could act in several ways to allow Schwann cells to move
into the developing nerve. Possible modes of action, which are not
necessarily mutually exclusive, include: promoting Schwann cell
proliferation, which could populate nerves by directed division;
stimulating Schwann cell motility; and serving as a directional cue.
Nrg1 type III is required for proliferation, but our previous work
has shown that proliferation itself is not required for migration
(Lyons et al., 2005). These data support the possibility that Nrg1
type III has parallel functions in proliferation and migration, such
that Nrg1 type III might control the balance between these two
processes during peripheral nerve development. Examination of
Schwann cell migration in embryos overexpressing Nrg1 type III
indicates that excess ligand does stimulate increased motility of
Schwann cells along nerves, but increased motility alone is not
sufficient to fully explain the migratory behavior of these cells.
Misexpression of Nrg1 type III causes Schwann cells to move from
one axon to another, towards high levels of ectopic signal in the
CNS. During their ectopic migration, Schwann cells always
remained associated with axons, consistent with previous evidence
that Nrg1 type III functions as a juxtacrine signal (Nave and Salzer,
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Fig. 6. Overexpression of hNRG1 type III in all neurons leads to the ectopic migration of Schwann cells into the spinal cord.
(A-K�) Images from in vivo time-lapse movies. Schwann cells are marked by the Foxd3:GFP transgene (green) and oligodendrocytes and
motoneurons are marked by Olig2:dsRed (red). Numbers at top right denote time (minutes) elapsed since the start of the movie. (A-C)Schwann
cells (carets) along motor nerves undergo little movement in the control embryo; asterisks mark motor nerves on the contralateral side. 
(D-I)Embryos overexpressing hNRG1 type III in all neurons. The open arrowhead follows a Schwann cell that migrates up a motor nerve and into the
spinal cord; the white arrowhead follows a Schwann cell that divides and produces one daughter that moves into the spinal cord; and blue and
purple asterisks follow Schwann cells already present in the spinal cord as they migrate along spinal axons. (J,K)Lateral views of single scans from in
vivo time-lapse movies of control (J) and transgenic (K) embryos at 125 minutes. (J�,K�) Orthogonal view of the yz plane indicated by the vertical red
lines in J and K. The open arrowhead marks the Schwann cell that is tracked by the open arrowhead in D-I. (L,M)Excess Schwann cells (arrows) are
present along motor nerves of embryos overexpressing hNRG1 type III (M) as compared with control embryo (L) at 2 dpf. Anterior is to the left,
dorsal is up. Comparable regions over the yolk extension were imaged. Embryos were genotyped after imaging. Scale bars: 50mm in A-I,L-M;
20mm in J,K.
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2006). Our analysis therefore indicates that Nrg1 type III acts as a
juxtacrine signal that promotes Schwann cell motility and also
attracts Schwann cells to ectopic locations.

Although it is clear that Nrg1 type III acts in neurons to control
Schwann cell migration, it is also possible that Schwann cell-to-
Schwann cell communication reinforces this signal and propagates
the directional information along the chain. Communication
between Schwann cells might be part of the mechanism that directs
Schwann cells towards the end of the PLLn, even if they are
located far from the neuronal cell bodies or axonal growth cones.
Furthermore, there are two morphologically distinct populations of
Schwann cells, termed leaders and followers, and it has been
proposed that the actively migrating leaders are the pathfinders for
the followers (Gilmour et al., 2002). Our analysis of chimeric
nerves, however, demonstrates that all migrating Schwann cells
autonomously require ErbB2, indicating that all Schwann cells
directly respond to ErbB ligands. This result does not exclude a
role for Schwann cell-to-Schwann cell communication, but does
highlight the essential role of ErbB ligands originating from the
axon.

Myelinating Schwann cells have been reported in the spinal cord
in some cases of CNS remyelination (Kaneko et al., 2006), and
recent work has shown that oligodendrocyte progenitors can
differentiate as myelinating Schwann cells in this context
(Zawadzka et al., 2010). Our analysis demonstrates that Schwann
cells are also capable of moving from the periphery into the CNS
under the influence of misexpressed guidance cues, bypassing
boundaries that normally delineate the border of the PNS and CNS.
These results highlight the possibility that restricted expression of
Nrg1 type III could be part of the mechanism that distinguishes
PNS and CNS domains, and demonstrate that ectopic expression
of this signal can induce Schwann cells to migrate into normally
nonpermissive territory. Together, these results demonstrate a role
for neuronal Nrg1 type III in directing Schwann cell migration
within the PNS, as well as in directing ectopic migration, even
allowing peripheral glia to trespass within the CNS.
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