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To investigate the role of erbB signaling in the interactions between peripheral axons and myelinating Schwann cells, we generated
transgenic mice expressing a dominant-negative erbB receptor in these glial cells. Mutant mice have delayed onset of myelination,
thinner myelin, shorter internodal length, and smaller axonal caliber in adulthood. Consistent with the morphological defects, transgenic
mice also have slower nerve conduction velocity and defects in their responses to mechanical stimulation. Molecular analysis indicates
that erbB signaling may contribute to myelin formation by regulating transcription of myelin genes. Analysis of sciatic nerves showed a
reduction in the levels of expression of myelin genes in mutant mice. In vitro assays revealed that neuregulin-1 (NRG1) induces expres-
sion of myelin protein zero (P0). Furthermore, we found that the effects of NRG1 on P0 expression depend on the NRG1 isoform used.
When NRG1 is presented to Schwann cells in the context of cell– cell contact, type III but not type I NRG1 regulates P0 gene expression.
These results suggest that disruption of the NRG1– erbB signaling pathway could contribute to the pathogenesis of peripheral neuropa-
thies with hypomyelination and neuropathic pain.
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Introduction
Myelin maximizes action potential conduction velocity in verte-
brate axons (Waxman, 1997). In peripheral nerves, myelin is a
product of Schwann cells. Myelination is a complex process, in-
volving reciprocal neuron– glia interactions. For example, axon
signals regulate myelin production (Friede and Samorajski, 1967)
and thickness and length of the myelin sheath (Elder et al., 2001),
whereas myelin affects axon diameter (Friede and Bischhausen,
1982), formation of the node of Ranvier (Poliak and Peles, 2003),
and conduction velocity (Waxman, 1980). Whereas significant
progress has been made in understanding the structure of my-
elinated fibers (Arroyo and Scherer, 2000), the mechanisms that
regulate gene expression and morphology in myelinating
Schwann cells remain poorly understood.

Neuregulin-1 (NRG1) and the erbB receptors have emerged
as key mediators of axon–Schwann cell interactions and regula-

tors of Schwann cell development. In vitro studies showed that
NRG1 induces neural crest cells to adopt the Schwann cell fate
(Shah et al., 1994), induces Schwann cell proliferation (Mar-
chionni et al., 1993), promotes the survival of embryonic
Schwann cell precursors (Dong et al., 1995) and immature
Schwann cells (Syroid et al., 1996), and induces Schwann cell
migration (Mahanthappa et al., 1996). In vivo studies showed
that NRG1, erbB2, and erbB3 are essential for Schwann cell de-
velopment (Lee et al., 1995; Meyer and Birchmeier, 1995; Rieth-
macher et al., 1997). However, these knock-out (KO) mice pro-
vided no information about the roles of NRG1– erbB signaling in
the postnatal period, the time at which myelination occurs, be-
cause of their early lethality. Evidence for the importance of this
pathway in myelination came from mice in which the erbB2 ex-
pression was eliminated in myelinating Schwann cells by condi-
tional homologous recombination (Garratt et al., 2000) and mice
with either one copy of nrg1 gene or overexpressing NRG1 in
neurons (Michailov et al., 2004). These studies indicated that
NRG1– erbB signaling is essential for generating myelin with nor-
mal thickness. However, because most of these analyses were
performed in animal models with reductions (hypomorphs)
rather than complete elimination of erbB signaling, the contribu-
tions of erbB signaling to myelin formation remained poorly de-
fined. Furthermore, the mechanisms by which NRG1– erbB sig-
naling regulates myelin thickness were not explored.

To elucidate the roles of erbB receptor signaling in myeli-
nating Schwann cells, we generated transgenic (Tg) mice that
express a dominant-negative erbB receptor (DN-erbB4) under
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the control of the promoter for 2�, 3�-cyclic nucleotide 3�-
phosphodiesterase (CNPase), an enzyme expressed only in my-
elinating cells (Scherer et al., 1994; Yin et al., 1997; Gravel et al.,
1998). Expression of DN-erbB4 completely blocks erbB2, erbB3,
and erbB4 receptor signaling (Rio et al., 1997; Chen et al., 2003;
Prevot et al., 2003; Stankovic et al., 2004). Analysis of CNP-DN-
erbB4 mice shows that erbB signaling in myelinating Schwann
cells is necessary for the regulation of both thickness and length of
myelin sheaths as well as for the regulation of axonal caliber. In
addition, although nerve conduction velocity in adult transgenic
mice is severely reduced, these mice display enhanced sensitivity
to mechanical stimulation, suggesting that defects in NRG1–
erbB signaling could be implicated in peripheral neuropathies
that involve allodynia/hyperalgesia. To get insights into how erbB
signaling regulates myelin structure, we measured the levels of
expression of myelin genes and found a reduction in the levels of
myelin protein zero (P0), peripheral myelin protein 22 (PMP22),
and MBP. Furthermore, in vitro assays revealed that NRG1 in-
duces transcription of the P0 gene in Schwann cells in an isoform-
specific manner. In the context of cell– cell contact, type III but
not type I NRG1 increases P0 gene expression. These results dem-
onstrate that NRG1– erbB signaling regulates morphology and
gene expression of myelinating Schwann cells during the process
of myelination and suggest that defects in this cell– cell contact
signaling pathway could underlie the basis of peripheral neurop-
athies involving pain.

Materials and Methods
Generation of transgenic mice. A plasmid containing the CNP promoter
(Chandross et al., 1999) close to the 5� end of a multiple cloning site (Ling
et al., 2004) was cut with HindIII, blunt ended, and then cut with NotI.
Then, the 2.2 kb NotI-SmaI DN-erbB4 DNA was ligated into the plasmid,
and clones were isolated and sequenced. The DNA fragment containing
the CNP, promoter, DN-erbB4, and simian virus 40 polyadenylation
signal was excised with AseI and MluI, gel purified, and used for the
generation of transgenic FVB/N mice using standard procedures. Ani-
mals carrying the transgene were identified by PCR as described previ-
ously (Prevot et al., 2003). Two transgenic lines, CNP3 and CNP48,
which express high levels of DN-erbB4 in peripheral nerves, were carried
to homozygosity and used for additional analysis. The genotypes of ho-
mozygous mice were confirmed by analyzing the progeny of presumptive
homozygote mice backcrossed to wild-type (WT) mice or by real-time
quantitative PCR. The use of animals was approved by the Animal Care
and Use Committee of Children’s Hospital Boston.

Western blot analysis. Sciatic nerves were dissected and homogenized
with a Dounce homogenizer in radioimmunoprecipitation assay buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and
0.25% sodium deoxycholate) containing a mixture of protease inhibitors
(Roche, Mannheim, Germany) at 4°C. Homogenates were centrifuged
for 20 min at 14,000 rpm at 4°C. Equal amounts of protein from each
supernatant (measured with the BCA Protein Assay; Bio-Rad, Hercules,
CA) were size fractionated by SDS-PAGE, transferred to nitrocellulose or
polyvinylidene difluoride membranes, and immunoblotted. The follow-
ing antibodies were used: rabbit anti-Flag (1:2000; Santa Cruz Biotech-
nology, Santa Cruz, CA), rabbit anti-P0 (1:2000; kindly provided by Dr.
Marie Filbin, Hunter College, New York, NY), rabbit anti-mouse PMP22
(1:500; kindly provided by Dr. Haiying Xia, Spring Bioscience, Fremont,
CA), goat anti-MAG (1:1000; R & D Systems, Minneapolis, MN), rabbit
anti-MBP (1:200; Abcam, Cambridge, MA), mouse anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (1:500; Chemicon, Temecula,
CA), rabbit anti-NRG1 (1:2000; Santa Cruz Biotechnology), and mouse
anti-phosphotyrosine (4G10, 1:5000; kindly provided by Dr. Tom Rob-
erts, Dana-Farber Cancer Institute, Harvard Medical School, Boston,
MA). Detection was performed with HRP-conjugated secondary anti-
bodies (1:10,000; Jackson ImmunoResearch, West Grove, PA), followed
by the ECL Western blotting detection system (Renaissance; DuPont

NEN, Boston, MA). Signals were detected with a Fujifilm (Tokyo, Japan)
Intelligent Dark Box II LAS-3000 plus, followed by quantitation using IP
Lab Gel H software. The levels of myelin proteins were normalized using
GAPDH signal.

In vivo proliferation and cell death analysis. Cell proliferation was mea-
sured by bromodeoxyuridine (BrdU) incorporation assay. Mice were
injected intraperitoneally with a BrdU solution in PBS (50 mg/kg BrdU)
4 h before intracardial perfusion with 4% paraformaldehyde in PBS.
Sciatic nerves were dissected, cryoprotected, cut in 15 �m sections, and
processed for BrdU immunostaining. Briefly, sections were washed three
times in PBS, treated with 2N HCl for 30 min at 37°C, washed three times
in PBS, and blocked in PBS containing 0.1% Triton X-100 and 4% don-
key serum. Sections were then incubated with a rat anti-BrdU antibody
(1:500; Accurate Chemicals, Westbury, NY) overnight at 4°C. Sections
were then washed with PBS, and detection was performed using the
appropriate fluorescent secondary antibodies. Apoptotic cells were de-
tected by using the Fluorescein In Situ Cell Death Detection kit (Roche).
Nuclei were counterstained with Hoechst 33342 (Invitrogen, Carlsbad,
CA). Data are expressed as percentages of either BrdU-positive or termi-
nal deoxynucleotidyl transferase-mediated biotinylated UTP nick end
labeling (TUNEL)-positive nuclei in three cross-sections made through
each sciatic nerve from three wild-type and three transgenic mice.

DN-erbB4 immunostaining. Cross-sections, 10 �m, of
paraformaldehyde-fixed sciatic nerves were blocked with 3% BSA in
0.1% Triton X-100 –PBS for 1 h at room temperature and incubated with
mouse anti-erbB4 (H4.77.16, 1:500; NeoMarkers, Fremont, CA) diluted
in blocking solution overnight at 4°C. Sections were washed with PBS,
and detection was performed using cyanine 3-conjugated secondary an-
tibodies (1:500; Jackson ImmunoResearch) for 1 h at room temperature.
Images were captured with a confocal microscope (LSM 510 Meta; Zeiss,
Oberkochen, Germany).

Morphological analysis of sciatic nerves. Mice were perfused with 2%
paraformaldehyde, 2.5% glutaraldehyde, and 0.03% picric acid in 0.1 M

cacodylate buffer, pH 7.2. Tissues were dissected and immersed in the
same fixative solution overnight at 4°C, washed in PBS, osmicated, de-
hydrated, and embedded in epoxy. One-micrometer-thick sections were
stained with toluidine blue. The nerve size was determined by measuring
the surface area of cross-sections of sciatic nerves, and the number of
myelinated axons was counted by using OpenLab software (Improvision,
Conventry, UK). At least three sections through each nerve were used for
measurements. Nerve size is presented as the average of the surface area
of cross-section. The number of myelinated axons is presented as the
average of myelinated axons per cross-section.

Ultrathin sections were subsequently cut, collected on cellodin-coated
single-slot grids, stained with uranyl acetate and lead citrate, and photo-
graphed with a Jeol (Peabody, MA) 1200EX electron microscope. Micro-
graphs were scanned in a flat-bed scanner and analyzed using Meta-
Morph (version 6.0; Molecular Devices, Sunnyvale, CA). At least 50
randomly chosen myelinated fibers were analyzed in each sciatic nerve,
and, for each one, the axonal and fiber (axon including myelin sheath)
areas were measured. Then, g ratio was determined by dividing the axon
diameter by the fiber diameter. Three to six sciatic nerves from at least
three animals for each genotype were used for the measurement.

Preparation of single nerve fibers and measurement of internode length.
Sciatic nerves were removed from perfused mice (see above, Morpholog-
ical analysis of sciatic nerves). The connective tissue around the nerves
was striped off, and the nerves were osmicated with 2% osmium tetroxide
for 6 h at room temperature, dehydrated with an ethanol series, and then
transferred to epoxy. The nerves were separated into single fiber with
thin-tipped forceps, which were transferred into a droplet of epoxy on
another slide and coverslipped. Images of single fiber were obtained with
a Nikon (Tokyo, Japan) microscope (Eclipse E800) using Spot advanced
image software (version 3.4.4), and internode length was measured using
OpenLab software. At least 40 internode lengths were measured in each
nerve. Data represent the average of the lengths of internodes from at
least three sciatic nerves of each genotype.

Measurement of tail nerve conduction velocity. Mice were anesthetized
by intraperitoneal injection of 40 mg/kg ketamine and 30 mg/kg xylazine.
Two subcutaneous monopolar needle electrodes (stimulating anode and
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cathode) were positioned at the base of the tail and another two 40 mm
distal to the first pair. A pair of ring recording electrodes was positioned
around the tail 20 –25 mm (G1) distal to the distalmost stimulation point
and separated by 10 mm (G1–G2). A portable Synergy Electromyogra-
phy unit (Oxford Instruments, Old Working, Surrey, UK) was used for
stimulation, recording, and data storage. Body temperature was con-
trolled via a rectal probe feeding back into the output to a warming
blanket. Additionally, the temperature of the tail was monitored via a
thermocouple positioned 30 mm distal to the base of the tail and main-
tained to 37°C using radiant heat. Supramaximal stimulation was deliv-
ered through the proximal and distal pair of stimulating electrodes. Sev-
eral stimuli were given, and the motor responses were superimposed for
consistency. Conduction velocity (meters per second) was calculated by
dividing the conduction distance between stimulation sites (40 mm) into
the difference in onset latencies from proximal to distal stimulation sites.
Nine animals of each genotype were used for the study.

Sensory testing. Animals were kept in the animal facility with access to
food and water ad libitum. Behavioral experiments were always per-
formed at the same time of the day in a quiet environment. To test
mechanical sensitivity, animals were placed on an elevated wire grid, and
the plantar surface of a hindpaw was stimulated with a series of von Frey
hairs (Touch-test Sensory Evaluator kit; Stoelting, Wood Dale, IL). The
threshold was taken as the lowest force capable of evoking a brisk with-
drawal response in at least 2 of 10 repetitive stimuli to both hind legs.
Both the percentage of responsive mice at an indicated force and the
average thresholds from wild-type and transgenic mice were analyzed.
The hot-plate test was performed using a Controlled Hotplate Analgesia
Meter (Columbus Instruments, Columbus, OH) heated to 55°C. Time
between start of stimulus and start of foreleg licking or jumping was
recorded. Cutoff time of 30 s was set for the hot-plate test to minimize
tissue damage. Nine animals of each genotype were tested in the above
tests.

Generation of cell lines expressing isoforms of NRG. HEK-293 cells were
transfected with pcDNA3.1 plasmids encoding for either full-length type
I �a NRG1 (a gift from Dr. Dwanzi Wen, Amgen, Thousand Oaks, CA)
or type III �a NRG1 cloned from rat embryonic day 15 DRG cDNA.
Stably transfected cells were selected with 0.5 mg/ml G418. Cell lines were
maintained in DMEM with 10% fetal bovine serum and G418.

Primary Schwann cell culture. Schwann cells were obtained from sciatic
nerves of postnatal day 0 (P0) to P2 rats. Briefly, nerves were dissected
from 20 –25 pups and incubated in 1% collagenase in L-15 medium for
30 min at 37°C and 30 min more after adding trypsin (0.25%). Then,
nerves were mechanically dissociated, and cells were plated onto poly-L-
lysine (PLL)-coated 10 cm dishes in DMEM with 10% fetal bovine se-
rum, penicillin/streptomycin, and 2 mM L-glutamine [Schwann cell me-
dium (SCM)]. Next day, media were changed by fresh SCM containing
10 �M cytosine arabinoside. After 3 d, cells were resuspended by
trypsinization, incubated with anti-Thy1.1 antibody (Serotec, Raleigh,
NC) and rabbit complement to eliminate remnant fibroblasts, and re-
plated in fresh SCM. Schwann cells were further maintained in a prolif-
erative state by addition of 1 nM epidermal growth factor (EGF)-like
domain of NRG1 and 5 �M forskolin to SCM. For real-time quantitative
reverse transcription (RT)-PCR, 80,000 Schwann cells were plated onto
PLL-coated 24-well plates in the same medium. After 24 h, medium was
changed with fresh SCM without mitogens and maintained for another
24 h, and then treatments were started by addition of DMEM supple-
mented with B27 alone (control) or with 1 nM EGF-like domain, a sus-
pension of HEK-293 cells, or type I- or type III-expressing HEK-293 cells
(50,000 cells per well). After 48 h, total RNA was extracted and subjected
to real-time quantitative RT-PCR. For luciferase assay, Schwann cells
plated onto PLL-coated 48-well plates were transfected with pGL3P0
plasmid, which contains luciferase under the control of P0 promoter
(Slutsky et al., 2003) and TK-renilla plasmid using FUGENE 6 transfec-
tion kit (Roche, Indianapolis, IN). After 24 h, Schwann cells were incu-
bated with vehicle or 1 nM EGF-like domain of NRG1 for 48 h. Luciferase
assays were performed using the Dual Assay Luciferase kit (Promega,
Madison, WI) following the instructions of the manufacturer. For the
erbB phosphorylation assay, HEK-293 cells or type I- or type III-
expressing cells were added to primary cultures of Schwann cells for 20

min. After that, media were aspirated, cells were lysed, and the level of
phosphorylation of a band of 185 kDa (p185) was determined by West-
ern blot using an anti-phosphotyrosine antibody (4G10).

Real-time quantitative RT-PCR. Total RNA from primary cultures of
Schwann cells was isolated using RNeasy mini kit (Qiagen, Valencia,
CA). Real-time quantitative RT-PCR was performed on an iCycler iQ
Real-Time Detection System (Bio-Rad) using QuantiTect SYBR Green
RT-PCR kit (Qiagen). Expression levels of P0, PMP22, MBP, and MAG
in mouse sciatic nerve were determined and normalized as for 18S. Ex-
pression levels of P0 in cultured rat Schwann cells were normalized as for
GAPDH. Standard curves for every set of primers were performed to
assess amplification efficiency and dynamic range. Rat-specific primers
were used for coculture experiments to specifically amplify Schwann cell
cDNA to avoid amplification of cDNA derived from the human cell line.
Each sample was measured in quadruplicates. Data were expressed as
average of normalized gene expression of at least three independent ex-
periments as described previously (Stankovic and Corfas, 2003). The
following forward (F) and reverse (R) primers were used for real-time
quantitative RT-PCR: P0, F, 5�-ACCAGACATAGTGGGCAAGACCTC-
3�; R, 5�-AAGAGCAACAGCAGCAACAGCACC-3�; PMP22, F, 5�-
GCTCTGTTCCTGTTCTTCTGCCAG-3�; R, 5�-CACTGTGCCTCA-
CTGTGTAGATGG-3�; MBP, F, 5�-ATCCAAGTACCTGGCC-
ACAG-3�, R, 5�-CCTGTCACCGCTAAAGAAGC-3�, MAG, F, 5�-
GGAATCAGGAGACATCCCCAAC-3�; R, 5�-TTATCCAAAACAGCG-
GCAGG-3�; GAPDH, F, 5�-GTGCCAGCCTCGTCTCATAG-3�; R, 5�-
TGATGGCAACAATGTCCACT-3�, 18S, F, 5�-CGGCTACCACATC-
CAAGGAA-3�, R, 5�-GCTGGAATTACCGCGGCT-3�.

Statistical analysis. Data are expressed as mean � SEM and were eval-
uated by Student’s t test or by one-way ANOVA followed by post hoc tests
depending on the experimental design. Axonal diameter distribution was
analyzed by � 2 test. Differences among groups were considered signifi-
cant if p � 0.05.

Results
Disruption of erbB signaling in myelinating Schwann cells
in vivo
To specifically abolish erbB receptor signaling in myelinating
Schwann cells, we generated transgenic mice expressing a
dominant-negative erbB4 receptor (DN-erbB4) under the con-
trol of the promoter for CNPase (Sprinkle, 1989; Gravel et al.,
1998; Chandross et al., 1999). DN-erbB4 is a human erbB recep-
tor in which the entire tyrosine kinase domain and all tyrosine
phosphorylation sites have been replaced by a Flag epitope tag
(Rio et al., 1997). Expression of DN-erbB4 blocks erbB2, erbB3,
and erbB4 receptor signaling in all cells tested, including
Schwann cells in culture (data not shown), without affecting sig-
naling through other receptors such as the EGF receptor (Rio et
al., 1997; Prevot et al., 2003) or Notch (Patten et al., 2003). Several
transgenic lines expressing DN-erbB4 were generated, and two
expressing high levels of the transgene in peripheral nerves
(CNP3 and CNP48) were used for additional experiments.

Western blot analysis showed that DN-erbB4 follows essen-
tially the same time course of expression as CNPase in sciatic
nerves (Vogel and Thompson, 1988). The expression of DN-
erbB4 is undetectable by birth, increases gradually during post-
natal development, and reaches the highest levels by postnatal
day 21 (P21) (Fig. 1a). By P28, several days after the completion
of myelination, immunostaining of transverse sciatic nerve sec-
tions with antibodies against the extracellular domain of the hu-
man erbB4 showed that DN-erbB4 is expressed specifically by
myelinating Schwann cells (Fig. 1b).

Loss of erbB signaling in myelinating Schwann cells results in
myelin defects
Transgenic mice appeared grossly normal for at least the first 24
months after birth. However, by P28, it was evident that sciatic
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nerves of mutants were thinner than those of age-matched wild-
type mice ( p � 0.01; n � 3) (Fig. 2a,b). Because in our previous
work in which DN-erbB4 was specifically expressed in nonmyeli-
nating Schwann cells we found nerve thinning along with exten-
sive Schwann cell proliferation and death (Chen et al., 2003), we
measured Schwann cell proliferation and death in wild-type and
CNP-DN-erbB4 transgenic mice at P28. We found no differences
in BrdU incorporation (WT, 3.11 � 0.40%; Tg, 4.6 � 0.90%; n �
3) and TUNEL staining (WT, 1.64 � 0.43%; Tg, 1.79 � 0.37%;
n � 3) between genotypes, indicating that disruption of erbB
signaling does not affect the survival or proliferation of adult
myelinating Schwann cells.

During the process of peripheral nerve myelination, which
occurs between birth and P21, Schwann cells commit to produce
myelin sheath by associating with single large-diameter axons.
We compared the ultrastructure of transgenic and wild-type sci-
atic nerves at different times after expression of DN-erbB4 was
detectable. As expected, in sciatic nerves of P7 wild-type mice,
Schwann cells had already associated with the majority of large-
caliber axons, and, in many cases, myelin sheaths became appar-
ent (Fig. 2c). In contrast, in transgenic mice, although the major-
ity of large-caliber axons showed the 1:1 relationship with
Schwann cells, much fewer axons had incipient myelin sheaths
(Fig. 2d). Furthermore, the number of myelinated axons in sciatic
nerves of transgenic mice was significantly reduced (WT, 1238 �
156 axons per cross-section; Tg, 684 � 284 axons per cross-sec-
tion; p � 0.05; n � 3). This indicates that DN-erbB4-expressing
Schwann cells are able to associate with axons, but the onset of
myelin formation is impaired. At P28, an age at which myelina-
tion is normally complete, a strikingly reduced myelin sheath
thickness was observed in nerves of transgenic mice (Fig. 2e,f).
Quantitative analysis showed that the g ratio was increased by
22% in sciatic nerves of mutants (WT, 0.680 � 0.013; Tg, 0.827 �
0.005; p � 0.001; n � 3) (Fig. 2g). This increase in g ratio was seen
in both ventral and dorsal roots, demonstrating that the hypomy-
elination occurs in both motor and sensory axons (data not
shown). Furthermore, at P28, the number of myelinated axons in
sciatic nerves of transgenic mice was 27% smaller than in those of
wild types (WT, 2023 � 140; Tg, 1483 � 149; p � 0.05; n � 3),
indicating that the disruption of erbB signaling in myelinating
Schwann cells leads to failure of a significant number of axons to

be myelinated. Importantly, Remak bundles, composed of un-
myelinated axons and nonmyelinating Schwann cells, appeared
normal (Fig. 2e,f), indicating that NRG1– erbB signaling between
unmyelinated axon and nonmyelinating Schwann cells remains

Figure 1. Time course and expression pattern of DN-erbB in the postnatal sciatic nerve. a,
Western blot analysis of sciatic nerves from CNP-DN-erbB4 mice with anti-Flag antibody shows
that DN-erbB4 expression begins after birth and increases gradually, achieving maximal levels
by P21. �-Actin was used as a loading control. b, Immunofluorescence staining of sciatic nerve
cross-sections from a 4-week-old transgenic mouse with antibodies against erbB4 shows that
DN-erbB4 is localized to myelinating Schwann cells. Scale bar, 20 �m.

Figure 2. Sciatic nerves of CNP-DN-erbB4 mice are thinner and show alterations in myelin
and axonal morphology. a, Photomicrograph of freshly dissected sciatic nerves of 4-week-old
WT and Tg mice. Scale bar, 370 �m. b, Cross-section surface area of sciatic nerve from 4-week-
old transgenic was 45% thinner than that of wild-type mice (**p � 0.01; n � 3). c, d, Electron
photomicrographs of sciatic nerve cross-sections of P7 wild-type (c) and CNP-DN-erbB4 (d) mice
show that, in wild type, most large axons have segregated to form a 1:1 relationship with a
Schwann cell and most large-caliber axons have formed significant myelin sheaths (c). In con-
trast, in the nerves of transgenic mice, most large-caliber axons have not formed myelin sheath
(arrowheads), although they have been sorted and associated with Schwann cells (d). Scale bar,
2 �m. e, f, Electron microphotograph of sciatic nerve cross-sections of P28 wild-type (e) and
transgenic (f ) show that myelin is thinner in the mutant. Scale bar, 1 �m. g, g ratio in sciatic
nerve fibers of P28 transgenic mice is larger than in wild type (***p � 0.001; n � 3). h,
Distribution of axonal caliber in sciatic nerves. The proportion of small-diameter axons (�3
�m) is increased, whereas that of large-diameter axons (�5 �m) is decreased in transgenic
mice ( p � 0.001, � 2 test).
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normal. Furthermore, there were no significant differences in the
total number of unmyelinated axons between wild-type and
transgenic mice (data not shown). However, it is important to
note that sciatic nerves contain at least twice as many unmyeli-
nated axons as myelinated ones. Therefore, even if all axons that
fail to get myelinated in mutant mice became part of Remak
bundles, it would lead to a relatively small increase (�10%) in the
total number of unmyelinated axons. Given that variation in the
number of unmyelinated axons between individual nerves is
�10%, such a change could have gone undetected.

Reduction of axonal caliber, internode length, and nerve
conduction velocity in transgenic mice
A clear correlation between myelin thickness, internode length,
and axonal caliber has been demonstrated (Friede and
Bischhausen, 1982; Friede and Beuche, 1985; Friede, 1986). We
therefore tested whether the alterations of myelin thickness in
DN-erbB4-expressing Schwann cells occur in concert with
changes in the other two metrics. Analysis of axonal size distri-
bution in P28 nerves showed that the proportion of small-
diameter myelinated axons (smaller than 3 �m) was significantly
increased in sciatic nerves of transgenic mice compared with
nerves of wild types (WT, 26.65 � 4.85%; Tg, 55.26 � 2.10%; p �
0.01; n � 3). At the same time, the number of large-diameter
myelinated axons (�5 �m) in nerves of transgenic mice was
decreased (WT, 18.16 � 4.78%; Tg, 5.00 � 1.40%; p � 0.01; n �
3) (Fig. 2h). Analysis of single-teased fibers of sciatic nerves from
wild-type and mutant mice revealed a 42% reduction of inter-
node length in transgenic nerves (WT, 638 � 34; Tg, 362 � 34
�m; p � 0.001; n � 3) (Fig. 3a,b). Consistent with the shorter
Schwann cells, nerves of adult transgenic mice contained more
Schwann cells (405 � 38 nuclei per cross-section) than those of
wild type (257 � 13 nuclei per cross-section) ( p � 0.01; n � 3).
This likely reflects the fact that more shorter Schwann cells would
be needed to cover nerves of normal length.

Myelin sheath thickness and internode length have been
shown to correlate with nerve conduction velocity (Waxman,
1980; Friede, 1986; Court et al., 2004). Therefore, we measured
conduction velocity of the tail nerve of 6-week-old wild-type and
transgenic mice and found that the mean nerve conduction ve-
locity was reduced dramatically in mutant mice (WT, 32.0 � 2.7
m/s; Tg, 18.3 � 1.3 m/s; p � 0.01; n � 9) (Fig. 3c).

Disruption of NRG1– erbB signaling in myelinating Schwann
cells leads to hypersensitivity to mechanical stimuli
The morphological and electrophysiological abnormalities of
myelinated axons in transgenic mice led us to test the possibility

of abnormalities in axon function. We used the von Frey mech-
anoreception and the hot-plate thermal nociception tests to com-
pare sensory behaviors that are primarily driven by myelinated
and unmyelinated axons, respectively. Transgenic mice displayed
an increased response to mechanical stimulation (Fig. 4a).
Whereas the probability of wild-type mice responding to a stim-
ulus of 0.6 g of force was small (11%), the probability of response
of transgenic mice to the same stimulus intensity was �75%.
Furthermore, some transgenic mice (22%) even responded to
stimuli as little as 0.4 g, which did not elicit responses in wild
types. On average, the force required to evoke response from
transgenic mice was significantly lower (0.69 � 0.11 g) than from
wild-type mice (1.09 � 0.09 g) ( p � 0.05; n � 9). In contrast to
mechanoreception, thermal nociception was normal in trans-
genic mice (Fig. 4b), indicating that unmyelinated axons retain
normal function in transgenic mice.

Reduction of myelin gene expression in transgenic mice
Because myelin thickness and length were reduced in these mu-
tant mice, it could be expected that the whole program of myeli-
nation would be defective and that the levels of expression of all
myelin proteins could be reduced. We measured mRNA levels of
P0, PMP22, and MBP in sciatic nerves of wild-type and trans-
genic mice and found that DN-erbB4 transgenic mice have lower
expression of these myelin genes. The reduction in mRNA levels
was 38.1% for P0 ( p � 0.01; n � 3), 36% for PMP22 ( p � 0.05;
n � 3), and 30.2% for MBP ( p � 0.05; n � 3) (Fig. 5a). MAG
mRNA was the only myelin gene we tested that was unchanged
(data not shown). In agreement with the quantitative PCR re-
sults, measurements of levels of myelin proteins in sciatic nerves
by semiquantitative Western blot revealed a reduction of P0
(63%; p � 0.01; n � 3), PMP22 (37%; p � 0.05; n � 3), and MBP
(17%; p � 0.01; n � 3) protein levels in transgenic mice (Fig. 5b).
Similar to mRNA measurements, MAG protein levels remained
unchanged (data not shown).

P0 gene expression is specifically regulated by type III NRG1
The reduction of myelin gene expression in sciatic nerves of DN-
erbB4 transgenic mice prompted us to investigate whether
NRG1– erbB signaling directly regulates the expression of myelin
genes in Schwann cells in culture. We focused this analysis on P0
because it is the major myelin protein of peripheral nervous sys-
tem, because it has been shown that P0 expression is actively
regulated by the presence of axons (Lee et al., 1997), and because
P0 was the myelin protein most strongly downregulated in DN-

Figure 3. Reduction of internode length and nerve conduction velocity in CNP-DN-erbB4
mice. a, Microphotograph of an osmium-stained single sciatic nerve fiber of a 4-week-old
mouse. The nodes of Ranvier are indicated by arrows and shown at higher magnification on the
left. b, Internode length in transgenic mice is shorter than in wild type (***p � 0.001; n � 3).
c, Tail nerve conduction velocity in 6-week-old transgenic mice is slower than in wild types
(**p � 0.01; n � 9).

Figure 4. Transgenic mice have hypersensitivity to mechanical stimuli. a, Six-week-old mice
were tested for mechanosensitivity using calibrated von Frey filaments. Transgenic mice show
lower response threshold than wild-type mice. b, Transgenic and wild-type mice do not differ in
their sensitivity to noxious thermal stimuli as measured by the hot-plate test.
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erbB4 mice. Stimulation of Schwann cells
in culture with soluble EGF-like domain of
NRG1 for 48 h resulted in a twofold in-
crease in P0 mRNA levels ( p � 0.01; n �
9) (Fig. 6a, left). P0 mRNA levels appeared
to be regulated at the transcriptional level
because we observed a similar increase in
P0 promoter activity by using a luciferase
assay ( p � 0.01; n � 9) (Fig. 6a, right).

Whereas the soluble EGF-like domain
of NRG1 is commonly used for in vitro
studies, in vivo NRG1 is expressed mostly
as a transmembrane protein that contains
other domains beyond the EGF-like do-
main (Buonanno and Fischbach, 2001;
Falls, 2003). Furthermore, alternative
splicing of the NRG1 gene generates sev-
eral different isoforms, which differ in
these additional domains (Buonanno and
Fischbach, 2001; Falls, 2003). Type I and
type II NRG1 contain an Ig-like domain,
whereas type III NRG1 contains a
cysteine-rich domain (CRD). To test
whether the isoforms differ in their ability
to regulate myelin gene expression, we
generated HEK-293 cell lines stably ex-
pressing either type I�a or type III�a full-
length NRG1 (Falls, 2003). Western blot
analysis of cell lysates showed that both cell
lines expressed NRG1 of the expected mo-
lecular weights (Fig. 6b, top). Two lines of
evidence showed that NRG1 isoforms
were inserted into the cell membrane in
the right orientation. First, immunostain-
ing with antibodies directed against the in-
tracellular domain of NRG1 labeled cells
only after permeabilization (data not
shown). Second, addition of a suspension
of the NRG1-expressing HEK-293 cells to
Schwann cells resulted in rapid erbB phos-
phorylation in the glial cells (Fig. 6b,
bottom).

We then tested whether the different
NRG1 isoforms have different effects on
the expression of P0. Schwann cells were
cocultured for 48 h with the different cell
lines, and mRNA levels of these genes were measured by real-time
quantitative RT-PCR with primers that amplify murine but not
human transcripts. As shown in Figure 6c, only the contact with
type III NRG1-expressing cells increased P0 mRNA levels in
Schwann cells ( p � 0.05; n � 6).

Discussion
The results described above show that erbB signaling in myelinat-
ing Schwann cells is necessary for the normal progression of my-
elination and provide insights into the mechanisms by which this
occurs. erbB2 and erbB3 receptors are expressed at all of the
stages of Schwann cell development, from neural crest cells to
fully differentiated Schwann cells, and their function is critical for
their development (Corfas et al., 2004). Similarly, the CNPase
promoter has been shown to drive transgene expression at all
stages of Schwann cell development (Chandross et al., 1999).
However, CNPase promoter activity is very weak before birth and

becomes intense only in the postnatal period, peaking �2–3
weeks after birth. This is in agreement with DN-erbB4 being
detected in sciatic nerves only by P3 and peaking at P21. These
observations provide an explanation for the postnatal nature of
the phenotypes observed in CNP-DN-erbB4 mice.

The hypomyelination resulting from the elimination of erbB
signaling by DN-erbB4 expression in myelinating Schwann cells
is very similar to that described in mice in which erbB2 expression
was specifically eliminated in these glial cells by conditional KO
technique (Garratt et al., 2000) and in mice with only one copy of
the nrg1 gene (Michailov et al., 2004). These results, together with
the observation that overexpression of NRG1 in neurons results
in increased myelin thickness (Michailov et al., 2004), indicate
that NRG1– erbB signaling is essential for normal myelination.
Importantly, whereas the reduction in the levels of NRG1 expres-
sion was found to alter myelin thickness but not internode length
and axonal caliber (Michailov et al., 2004), our mice in which

Figure 5. Reduction in the level of expression of myelin genes in sciatic nerves of transgenic mice. a, The levels of P0, PMP22,
and MBP mRNA in sciatic nerves of 4-week-old wild-type and DN-erbB4 mice were measured by real-time quantitative RT-PCR
using 18S rRNA as a normalizer. Expression of the three genes was reduced in transgenic mice (*p � 0.05; ** p � 0.01; n � 3).
b, Semiquantitative Western blot analysis of P0, PMP22, and MBP expression, using GAPDH as a normalizer, shows that the levels
of these proteins are reduced in transgenic mice (*p � 0.05; ** p � 0.01; n � 3).

Figure 6. NRG1 isoform-specific effects on P0 expression in Schwann cells in vitro. a, Schwann cells in culture were either left
untreated or were exposed to 1 nM EGF-like domain of NRG1 for 48 h, and the levels of P0 mRNA (left) or the activity of a
P0-luciferase reporter construct (right) were measured. Both the mRNA levels and the activity of P0 promoter were increased by
treatment with the EGF-like domain of NRG1 (**p � 0.01; n � 9). b, Top, Western blot analysis of HEK-293 cell lines stably
expressing either type I or type III NRG1 with antibodies against the intracellular domain of NRG1 shows bands of the expected
molecular weights. Bottom, Phosphotyrosine Western blot analysis of Schwann cells after coculture with the NRG1 HEK-293 cell
lines for 20 min shows that both NRG1-expressing lines induce erbB receptor phosphorylation (p185) in Schwann cells, whereas
the control cells do not. c, P0 mRNA in Schwann cells is increased fourfold by coculture with HEK-293 cells expressing type III NRG1,
but contact with cells expressing type I NRG1 has no effect (*p � 0.05; n � 6).
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erbB signaling is completely eliminated by DN-erbB4 show alter-
ations in all of these parameters. Therefore, we conclude that
erbB signaling is necessary for the elaboration of both normal
myelin thickness and length as well as the ability of myelinating
Schwann cells to control axonal caliber, and that the absence of
internode length and axonal caliber defects in the study by
Michailov et al. (2004) was probably attributable to the fact that
they studied hypomorphs rather than null phenotypes.

Our results also indicate that erbB signaling does not regulate
either cell proliferation or survival of myelinating Schwann cells.
Although the sciatic nerve of CNP-DN-erbB4 mice contains
more Schwann cells than wild type, this appears to reflect a com-
pensation for the shorter internode length, i.e., a larger number
of myelinating Schwann cells are necessary to cover the whole
length of myelinated axons when the myelin sheaths are shorter.
Thus, the roles of erbB signaling in the myelinating Schwann cells
are very different from those it plays in Schwann cell precursors,
in which it promotes cell proliferation and survival (Dong et al.,
1995; Syroid et al., 1996), or in adult nonmyelinating Schwann
cells, in which it inhibits proliferation but promotes their survival
and morphological stability (Chen et al., 2003). Hence, signaling
through erbB2 and erbB3, the two family members expressed by
all Schwann cells, elicits remarkably different biological effects
depending on the developmental stage of the cell or the pheno-
type a Schwann cell may have adopted.

In CNP-DN-erbB4 mice, the expression of several myelin
proteins was reduced, showing that production of normal levels
of those proteins depends on erbB signaling. Interestingly, MAG
mRNA and protein levels were unchanged in transgenic mice,
suggesting that the regulation of this gene is independent of erbB
signaling and different from the other myelin genes analyzed. The
MAG promoter has neither canonical TATA box nor initiator
motifs (Konat, 1996). Moreover, MAG gene activation involves
profound demethylation of two CpG dinucleotides upstream of
the promoter core (Konat, 1996). These unique characteristics of
the MAG promoter may be the reason why this gene was not
affected in CNP-DN-erbB4 mice. We were unable to test whether
NRG1 regulates MAG expression in Schwann cells in culture
because MAG mRNA was undetectable under our experimental
conditions.

The ways in which erbB signaling affects Schwann cells appear
to depend not only on the stage of development but also on the
specific isoform of the ligand that binds the receptors. erbB re-
ceptor activation by the EGF-like domain of NRG1 is sufficient to
induce P0 expression by Schwann cells in culture, the presence of
the CRD (type III NRG1) results in an even greater induction,
whereas inclusion of the Ig-like domain (type I NRG1) com-
pletely eliminates this effect. Interestingly, a recent study by
Taveggia et al. (2005) also provided evidence that type III NRG1
is the one that promotes myelination in vitro. These results sug-
gest that the Ig-like and CRD domains of NRG1 have important
modulatory effects on the functional core of this factor, the EGF-
like domain, their presence or absence changing the downstream
effects of the erbB signaling. This raises the possibility that the
Ig-like and CRD domains change the way in which NRG1 inter-
acts and activates erbB receptors or that they help recruit other
membrane proteins to the erbB receptor complex, which could
alter the ways in which the receptors signal.

The specific alterations in sensory responses, i.e., transgenic
mice having defects in the mechanosensory modality but not in
thermal nociception, together with the fact that Remak bundle
structure is preserved in CNP-DN-erbB4 mice provide evidence
for the specificity of expression of DN-erbB4 to myelinating

Schwann cells. Therefore, this hypersensitivity is most likely at-
tributable to alterations of the myelinated fibers, which have been
shown to mediate �90% of withdrawal reactions to light-touch
stimulation (Shir and Seltzer, 1990) and the mechanical hyper-
sensitivity observed in tactile allodynia (Koltzenburg, 1998;
Woolf et al., 1998). Thus, our results suggest that reductions in
NRG1– erbB signaling may be involved in pathogenesis of pe-
ripheral neuropathies with hypomyelination and neuropathic
pain. Pain and excessive sensitivity in human peripheral demy-
elinating and degenerative diseases are usually associated with
damage of sensory nerves (Pentland and Donald, 1994; Woolf,
2004). Our results indicate that changes in cytoarchitecture of
myelinating Schwann cells could be responsible for hyperalgesic
or allodynic states and spontaneous pain observed in peripheral
neuropathies such as Charcot-Marie-Tooth disease type 1 and
type 4 (Carter et al., 1998; Guilbot et al., 2001; Takashima et al.,
2002), Guillain-Barre syndrome (Moulin, 1998), and after nerve
injury (Schaible and Richter, 2004). However, it should be noted
that hypomyelination does not always result in neuropathic pain.
Such is the case of mice heterozygous for the P0 gene, which have
demyelination and decreased conduction velocity but, in con-
trast to the CNP-DN-erbB4 mice, have reduced rather than in-
creased responses to mechanical stimuli (Samsam et al., 2002).
The mechanisms underlying neuropathic pain are not precisely
determined yet (Woolf, 2004), but the deregulation of voltage-
gated sodium channel expression certainly can contribute to the
etiology of this condition (Black et al., 2004; Hains et al., 2004).
erbB2 has been shown to be highly localized in Schwann cell
microvilli (Guertin et al., 2005) in which they appear as a com-
pact halo surrounding voltage-gated sodium channels at the
nodes of Ranvier (Yang et al., 2004). Thus, alterations in erbB
signaling at nodes of Ranvier may result in changes in sodium
channel expression, localization, or function, which could con-
tribute to the sensory phenotype.
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