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Neuregulin 1 (NRG1) plays a critical role in myelination. However,
little is known about regulatory mechanisms of NRG1 signaling.
We show here that Erbin, a protein that contains leucine-rich
repeats (LRR) and a PSD95-Dlg-Zol (PDZ) domain and that interacts
specifically with ErbB2, is necessary for NRG1 signaling and my-
elination of peripheral nervous system (PNS). In Erbin null mice,
myelinated axons were hypomyelinated with reduced expression
of P0, a marker of mature myelinating Schwann cells (SCs), whereas
unmyelinated axons were aberrantly ensheathed in Remak bun-
dles, with increased numbers of axons in the bundles and in
pockets. The morphological deficits were associated with de-
creased nerve conduction velocity and increased sensory threshold
to mechanistic stimulation. These phenotypes were duplicated in
erbin�C/�C mice, in which Erbin lost the PDZ domain to interact with
ErbB2. Moreover, ErbB2 was reduced at protein levels in both Erbin
mutant sciatic nerves, and ErbB2 became unstable and NRG1
signaling compromised when Erbin expression was suppressed.
These observations indicate a critical role of Erbin in myelination
and identify a regulatory mechanism of NRG1 signaling. Our results
suggest that Erbin, via the PDZ domain, binds to and stabilizes
ErbB2, which is necessary for NRG1 signaling that has been impli-
cated in tumorigenesis, heart development, and neural function.

ErbB2 � PDZ � protein stability � Schwann cells � Akt

Myelin sheath wraps axons to ensure the velocity and timing of
action potential propagation and insulates neuronal activity.

Impaired myelin formation and maintenance have been implicated
in various neurological and psychiatric disorders including schizo-
phrenia, multiple sclerosis, and Charcot–Marie–Tooth neuropathy
disease (1, 2). Myelination is a tightly controlled, complex process.
In the peripheral nervous system (PNS), neuregulin 1 (NRG1) has
emerged as a key axon-derived factor that regulates myelination.
Disruption of NRG1 signaling by ablating either the EGF domain
that is contained in all isoforms or type III isoform leads to an
almost complete loss of SCs and of the sensory and motor neurons
that they support (3, 4). Recent studies have suggested that the level
of NRG1 in the axon is critical for myelination (5, 6).

NRG1 acts by stimulating a family of single transmembrane
receptor tyrosine kinases called ErbB proteins (1). Although NRG1
was isolated as a ‘‘ligand’’ to activate ErbB2, it does not interact with
the receptor (7). However, ErbB3 can bind NRG1 but its ho-
modimers are catalytically inactive, indicating impaired kinase
function (8). Therefore, ErbB2 and ErbB3, major ErbB proteins in
SCs, need to form heterodimers with each other to be functional
(9). This notion is supported by mouse genetic studies that mutation
of NRG1, ErbB2, or ErbB3 genes causes severe deficits of periph-
eral neurons and SCs (3, 4, 10–13). Disruption of NRG1/ErbB
signaling by a dominant negative approach led to deficits in
myelinating and nonmyelinating SCs (14, 15). Intracellularly,
NRG1 stimulates various cascades including the PI3K/Akt pathway
that have been implicated in myelinaton (16). Although much is
known about the role of NRG1 signaling in SC myelination, less is
known about its regulatory mechanisms.

Erbin is an adapter protein of the LAP family that contains
leucine rich repeats (LRR) and a PSD95-Dlg-Zol (PDZ) domain
(17, 18). Via the PDZ domain, Erbin interacts specifically with

ErbB2 (17, 18), and several other proteins including integrin�4 (19)
and �-catenin (20), but not ErbB3 or ErbB4 (17, 18). The N-
terminal LRR domain interacts with the Sur-8/Ras/Raf complex
(21, 22) and Nod2, an intracellular sensor of specific bacterial cell
wall components (23). The region between the LRR and PDZ
interacts with EBP50 (24) and Smad3 (25). In vitro studies suggest
that Erbin may have a broad range of functions by binding to various
partners (26).

Here, we studied the role of Erbin in NRG1 signaling using periph-
eral myelination as a model. We examined axon myelination and
ensheathment of sciatic nerves in Erbin null mutant mice and discov-
ered deficits in both myelinated and unmyelinated axons, compromised
nerve conduction and increased sensory threshold to mechanistic
stimulation. Similar phenotypes were observed in erbin�C/�C mice that
express an Erbin mutant without the PDZ domain. We have also
investigated molecular mechanisms by a combination of in vivo and in
vitro experiments. The results indicate that Erbin plays a pivotal role in
NRG1 signaling and ErbB2 stability and identify a function of Erbin in
peripheral myelination. In light of broad functions of NRG1, these
results may have implications in tumorigenesis, heart development, and
neural function.

Results
To study the function of Erbin, we examined Erbin expression in
various tissues. As shown in Fig. 1A, Erbin expression in sciatic
nerves was higher than that in dorsal root ganglions (DRG); and in
the brain, it was expressed at higher levels in the white matter than
in the gray matter. These results suggest that Erbin is enriched in
regions where myelinated axons are abundant. This notion was
supported by immunohistochemical staining of transverse cross-
sections of sciatic nerves. Erbin immunoreactivity was detected
almost exclusively in myelin rings, not in axons, of sciatic nerves
(Fig. 1B). To study the role of Erbin in myelination, we generated
Erbin null mutant mice [erbin�/� (SI Materials and Methods and Fig.
S1)] and examined electron micrographs of sciatic nerve cross
sections of erbin�/� mice at 1 month old. Unless otherwise indi-
cated, control mice were age-controlled wild-type littermates. Re-
markably, myelin of axons was significantly thinner in erbin�/� mice
in comparison with that of erbin�/� littermates (Fig. 1C), suggesting
impaired myelination in Erbin mutant mice. To analyze the deficits
quantitatively, we measured g-ratios, i.e., axon diameters/fiber
diameters of myelinated axons. Averaged g-ratio in erbin�/� mice
was 0.656 � 0.0135 (n � 278), in agreement with the reports in refs.
5, 6, and 15. Significantly, it was increased to 0.740 � 0.0153 in
erbin�/� mice (n � 206, P � 0.001), indicating reduced myelin
thickness in erbin�/� mice. The reduction in myelin thickness was
observed in axons of different sizes ranging from 1 to 7 �m as
revealed by the scatter plot of g-ratios of individual fibers versus of
axon diameters (Fig. 1D). The ultrastructure and periodicity of
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compact myelin showed no apparent difference from that of control
littermates (Fig. 1C, Lower), suggesting that impaired myelination in
erbin�/� sciatic nerves results from the reduced number of myelin
lamellae, but not radial sorting (the 1:1 association of SCs to axons),
myelin initiation or compaction. In agreement, erbin�/� sciatic nerves
at postnatal day 8 (P8) showed deficits in myelination and increased
g-ratios (Fig. S2 A and B); however, many SCs associated with single
axons, indicating proper radial sorting (Fig. S2A). Importantly, at this
stage, the number of myelinated axons was similar between erbin�/�

and control littermates (Fig. S2C), suggesting that myelin initiation
might be normal in erbin�/� mutant mice.

Consistent with myelin deficits in morphologic studies, the ex-
pression of P0, a major structural protein for peripheral compact
myelin (2), was significantly lower in erbin�/� sciatic nerves than
that in wild-type littermates during development (Fig. 1 E and F).
Thus, myelination is impaired when Erbin is mutated in mice. To
investigate whether Erbin mutation alters nerve function, action

potentials propagating along tail nerves were recorded under a
condition that eliminated influence by nonnerve tissues and tem-
perature variation. As shown in Fig. 1G, nerve conduction velocity
was significantly reduced in erbin�/� mice, suggesting functional
impairment. In addition, sensory threshold, smallest strength of
Von Frey Hair to generate 80% hindpaw response, was increased
in erbin�/� mice (Fig. 1H). Together, these results demonstrate that
Erbin is essential for myelination and proper function of peripheral
nerves.

In addition to large (�1 �m), myelinated axons, there are small
axons, such as C fibers that conduct nociceptive signal and are
ensheathed by nonmyelinating SCs (6, 14). We investigated whether
Erbin is necessary for ensheathment of unmyelinated axons. As
shown in Fig. 1I, in wild-type mice, unmyelinated axons are
clustered in Remak bundles that were sporadically located among
myelinated fibers. Most bundles contained �20 axons; and 90% of
axons were ensheathed into individual pockets (Fig. 1 I to K). In

Fig. 1. Hypomyelination and aberrant entheathment of axons in erbin�/� sciatic nerves. (A) Erbin expresses higher in myelin-enriched tissues. DRG, sciatic nerves,
white matter (medulla and corpus callosum) and gray matter (top layers of cortex) were isolated from an adult mouse and homogenized. Homogenates were subjected
to SDS/PAGE and probed for Erbin. GADPH was probed to indicate equal loading. (B) Localization of Erbin in myelin rings. Sciatic nerves were isolated from an adult
mouse, cross-sectioned, and stained with polyclonal antibodies against Erbin and monoclonal antibodies against neurofilament. (C) Thinner myelin in erbin�/� sciatic
nerves. EM images of sciatic nerve cross sections were shown at 2 different magnifications. (Lower Insets) Interperiod lines and ultrastructures of myelin sheath. (D)
Increased g-ratio of myelinated axons in erbin�/� sciatic nerves. Three pairs of littermates, and �250 axons for each mouse, were analyzed as described in SI Materials
and Methods. (E) Reduced expression of the P0 protein in erbin�/� sciatic nerves. Homogenates of sciatic nerves from erbin�/� or age-controlled littermates were
subjected to SDS/PAGE and probed for the P0 protein, and �-actin to indicate equal loading. For all immunoblotting results, shown are representative blots from 3 or
more independent experiments. (F) Quantitative analysis of data in E. n � 3, *, P � 0.05; **, P � 0.01. (G) Reduced nerve conduction velocity in erbin�/� mice. Nerve
conductionwasmeasuredasdescribed inSIMaterialsandMethods.n�4,**,P�0.01. (H) Increasedthreshold in sensory response.VonFreyHairassayswereperformed
as described in SI Materials and Methods. Shown are percentages of mice responding to Von Frey Hair stimulation at different strengths. n � 8 mice in each group.
(I) Abnormal axonal segregation in Remak bundles in erbin�/� sciatic nerves. Shown are EM images of sciatic nerve cross sections. (Lower) Higher magnification of
squared areas of Upper. Arrowheads indicate adjacent axons that were naked and without proper ensheathment. (J) Increased number of unmyelinated axons in
Remakbundles inerbin�/� sciaticnerves.Remakbundlesanalyzedwere255forerbin�/� and216forerbin�/�. (K) Increasednumberofunmyelinatedaxons inSCpockets
in erbin�/� sciatic nerves. Pockets analyzed were 1602 for erbin�/� and 1245 for erbin�/�. (L) Reduced transverse surface areas of unmyelinated axons in erbin�/� mice.
n � 204 for erbin�/�, n � 225 for erbin�/�. ***, P � 0.001. The age of mice was P30 days in C, D, and I-L and P60 in G and H.
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contrast, the number of unmyelinated axons was significantly
increased in Remak bundles in erbin�/� sciatic nerves. Quantitative
analyses indicate a right-ward shift of the distribution of the number
of axons per bundle (Fig. 1J). Furthermore, the percentage of
pockets containing more axons was significantly increased in
erbin�/� sciatic nerves (Fig. 1K) where axons were compacted to
each other and not completely segregated (Fig. 1I Lower, arrow-
heads). In addition, the averaged size of unmyelinated axons was
smaller in sciatic nerves of erbin�/� mice (Fig. 1L), presumably
because of lack of support from nonmyelinating SCs. These results
indicate deficient ensheathment by nonmyelinating SCs in erbin�/�

mice, suggesting a critical role of Erbin in this event.
To investigate mechanisms by which Erbin deficiency impairs

myelination and ensheathment, we examined expression of Erbin-
interacting proteins. Erbin, via the PDZ domain, interacts with
integrin�4, a receptor for laminins, which are the components of
extracellular matrix (19), �-catenin, a member of the p120 catenin
family, which is critical for adherence junction formation (20), and
ErbB2 (27), all of which are implicated in myelin formation or
regeneration (10, 28, 29). It also interacts with EBP50, an adherence
junction protein implicated in SC motility (24, 30). As shown in Fig.
2A, temporal expression of Erbin did not correlate with that of
integrin�4, �-catenin, and EBP50 in developing wild-type sciatic
nerves. Moreover, levels of the 3 proteins showed no difference
between wild-type and erbin�/� sciatic nerves (Fig. 2 A and B). In
contrast, ErbB2 expression pattern was similar to that of Erbin, both
of which peaked at P5 and gradually reduced after that (Fig. 2A).
Intriguingly, levels of ErbB2 were reduced in erbin�/� sciatic nerves
(Fig. 2 A and B). Considering that ErbB2 is a key component of
NRG1 receptor in SCs and NRG1 is important for myelination (1,
9), these results suggest that ErbB2 may be a target of Erbin
deficiency. The reduction of ErbB2 did not appear to result from
impaired transcription of the ErbB2 gene because ErbB2 mRNA
levels were similar between wild-type and erbin�/� sciatic nerves
(Fig. 2 C and D), suggesting that the reduction of ErbB2 proteins

in erbin�/� sciatic nerves was due to a posttranscriptional mecha-
nism. ErbB3, the other ErbB kinase in SCs that forms a het-
erodimer with ErbB2, was also reduced in erbin�/� sciatic nerves
(Fig. 2 A and B). These results suggested that NRG1 signaling that
is critical for SC development and myelination (5, 9) was compro-
mised in the mutant mice. The idea was supported by observations
that similar myelin deficits exhibit in type III NRG1 hypomorphic
mice and mice that express a dominant negative (DN) ErbB4
mutant (5, 6, 14, 15). Note that Erbin deletion did not alter NRG1
expression (Fig. 2 E and F). Levels of full length NRG1 and its
C-terminal fragment (NRG1-CTF) in erbin�/� sciatic nerves
were similar to those in wild-type littermates. These results
indicate that Erbin mutation specifically reduces NRG1 recep-
tors in developing SCs.

To investigate mechanisms by which Erbin deficiency reduces
ErbB2, Erbin levels were manipulated to examine if ErbB2 stability
is altered. Cells were transfected with 4049-shRNA (21), short
hairpin RNA that inhibits Erbin expression (Fig. 3A and B). Such
transfected cells expressed less ErbB2 (Fig. 3 A and B), in agree-
ment with in vivo studies. Remarkably, ErbB2 degraded faster in
4049-shRNA-expressing cells in comparison with cells transfected
with control lacZ-shRNA (Fig. 3C). Quantitative analysis revealed
that the half-life of ErbB2 in control cells was 7.99 � 1.45 h (n �
3), which became significantly shorter (2.70 � 0.374 h, n � 3, P �
0.01) in 4049-shRNA-transfected cells (Fig. 3D), indicating that
ErbB2 was less stable in cells that express less Erbin. To test this
hypothesis further, we transfected cells with Erbin and found that
ErbB2 became more stable in cells that overexpressed Erbin (Fig.
3 C and D). Its levels barely changed within 4 h of experiments. The
positive correlation between Erbin levels and ErbB2 stability
suggest a necessary role of Erbin in maintaining ErbB2 stability.

Degradation of transmembrane proteins is initiated by internal-
ization (27). To explore mechanisms by which Erbin regulates
ErbB2 stability, we examined if ErbB2 internalization changes with
Erbin levels. In the absence of NRG1, internalized ErbB2 was

Fig. 2. Specific reduction of ErbB2 and ErbB3 in
erbin�/� sciatic nerves. (A) Reduction of ErbB2 and
ErbB3 in erbin�/� sciatic nerves. Sciatic nerves at differ-
ent ages were homogenized and analyzed for expres-
sion of indicated proteins by immunoblotting. �-actin
was probed to indicate equal loading. (B) Quantitative
analyses of data in A. n � 3, **, P � 0.01. (C) No
difference in the erbB2 mRNA between erbin�/� and
control littermate sciatic nerves. Total RNA was puri-
fied and subjected to RT-PCR using specific primers of
erbB2 and gapdh. (D) Quantitative analyses of data in
C. n � 3. (E) Similar levels of full length NRG1 and
NRG1-CTF between erbin�/� and control sciatic nerves.
(F) Quantitative analyses of data in E. n � 3.
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higher in 4049-shRNA-transfected cells in comparison with that in
lacZ-shRNA-transfected cells (Fig. 3 E and F). In contrast, less
ErbB2 was internalized in cells overexpressing Erbin (Fig. 3 E and
F). These results suggest Erbin could regulate constitutive ErbB2
internalization. To investigate whether Erbin also regulates NRG1-
induced ErbB2 endocytosis, cells were stimulated by NRG1 for
indicated time before biotin cleavage. In agreement with previous
reports (31), NRG1 stimulated ErbB2 internalization (Fig. 3 E and
F). Intriguingly, NRG1-induced ErbB2 internalization was accel-
erated and enhanced in 4049-shRNA-transfected cells in compar-
ison with that in control cells (Fig. 3 E and F). The amounts of
NRG1-induced endocytosed ErbB2 in Erbin-overexpressing cells
appeared to be less than those in control cells although no statistical

significance was observed in quantitative analysis. These results
suggest that the level of Erbin regulates both constitutive and
NRG1-stimulated ErbB2 internalization.

NRG1 activates various intracellular pathways including PI3K/
Akt, MAPK, and JNK (1). Among them, the PI3K/Akt pathway
appears to be a major effecter of NRG1 to regulate myelination
(16). Having demonstrated that Erbin regulates ErbB2 stability and
internalization, we next tested if Erbin deficiency alters intracellular
signaling by NRG1. Primary SCs were transfected with control
shRNA or 4049-shRNA, which suppressed Erbin expression in SCs
(Fig. S3 A and B). Akt activation was assayed by specific antibody
against active Akt. Expression of any of the constructs had no effect
on Akt levels (Fig. 3 G and H). In cells transfected with control

Fig. 3. Repression of Erbin expression destabilizes
ErbB2 and suppresses NRG1 signaling. (A) Reduced
ErbB2 levels in cells transfected with the Erbin shRNA.
HEK293 cells were transfected with 4049-shRNA and
control LacZ-shRNA. Seventy-two hours after transfec-
tion, cells were lyzed and lysates were probed for
indicated proteins. (B) Quantitative analyses of data in
A. n � 3; **, P � 0.01 compared with lacZ-shRNA-
transfected cells. (C) Reduced ErbB2 half-life in cells
expressing 4049-shRNA. HEK293 cells were transfected
with Flag-ErbB2 and indicated shRNA constructs or
Erbin-myc. Seventy-two hours after transfection, cells
were cultured in a medium containing 50 mM CHX for
indicated time, and lyzed. Lysates were probed for
indicated proteins. (D) Quantitative analyses of data in
C. n � 3; **, P � 0.01, compared with lacZ-shRNA-
transfected cells. (E) Increased ErbB2 internalization in
4049-shRNA-transfected cells. COS7 cells were trans-
fected with Flag-ErbB2 and ErbB3 and indicated con-
structs. Seventy-two hours after transfection, cells
were starved for 28 h and then incubated with sulfo-
NHS-SS-biotin to label surface protein, and incubated
at 37 °C for indicated time with or without NRG1 (10
nM) to allow endocytosis to occur. After cleaving sur-
face biotin, cells were lyzed and lysates incubated with
streptavidin beads to isolate internalized ErbB2, which
was revealed by immunoblotting. Lysates were also
probed for ErbB2 (total). (F) Quantitative analyses of
data in E. n � 3; **, P � 0.01 in comparison with time
0; ##, P � 0.01 in comparison with lacZ-shRNA-
transfected cells; &&, P � 0.01 in comparison between
cells treated with or without NRG1. (G) Impaired acti-
vation of Akt in Erbin-suppressed SCs. Transfected pri-
mary SCs were starved for 28 h and then stimulated
with or without NRG1 (5 nM), and probed for active
Akt (pAkt) by immunoblotting. Total Akt and �-actin
were also blotted to indicate equal amounts of pro-
teins. (H) Quantitative analyses of data in G. n � 3; *,
P � 0.05; **, P � 0.01 in comparison with cells trans-
fected with lacZ-shRNA. (I) Impaired activation of Akt
in PDZ-expressing SCs. Active Akt was assayed as in G.
(J) Quantitative analyses of data in I. n � 3; **, P � 0.01
in comparison with cells transfected with vehicle vec-
tor (myc). (K) Reduced Akt activity in developing sciatic
nerves of erbin�/� mice. Sciatic nerves from erbin�/�

and erbin�/� littermate mice at deferent ages were
homogenized. Homogenates were subject to SDS/
PAGE and probed for pAkt. Total Akt and �-actin were
also probed to indicate equal amounts of proteins. (L)
Quantitative analyses of data in K. n � 3; *, P � 0.05; **,
P � 0.01.
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shRNA, NRG1 elicited rapid activation of Akt, which remained at
high levels 60 min after stimulation. In contrast, suppression of
Erbin expression inhibited Akt activation by NRG1, which was
delayed and more transient, returning to basal level within 60 min
of stimulation. The altered kinetics of Akt activity and ErbB2
endocytosis suggest that Erbin controls the time and amplitude of
NRG1 signaling. To eliminate the possibility of off-target effect of
4049-shRNA, we overexpressed the PDZ domain of Erbin (myc-
Erbin/PDZ), which functions in a dominant negative manner to
prevent ErbB2 from interacting with endogenous Erbin. As shown
in revised Fig. 3 I and J, expression of the PDZ domain had similar
effect on Akt activation to that by shRNA. The similar effects by
these 2 different approaches (dominant negative inhibition and
shRNA knockdown) provide strong evidence that Erbin regulates
NRG1 signaling in SCs. Note that expression of 4049-shRNA and
PDZ did not appear to alter NRG1-induced ErbB phosphorylation
(Fig. S3 D–F), suggesting that Erbin acts by stabilizing surface ErbB
proteins. To determine whether Akt activation is altered in erbin�/�

mice, we measured active Akt in sciatic nerves of erbin�/� and
control mice. Significantly, phospho-Akt was consistently lower in
erbin�/� sciatic nerves than that in control littermates during
development (Fig. 3 K and L). Together, these observations indi-
cate a critical role of Erbin in NRG1 activation of PI3K/Akt in SCs.

If Erbin regulation of myelination depends on maintaining
ErbB2 stability and NRG1 signaling, in vivo deletion of the PDZ
domain that interacts with ErbB2 should duplicate the phenotypes
of erbin�/� mice. To this end, we characterized erbin�C/�C mice that
were generated by gene trapping (Fig. S4 A–F). Erbin in erbin�C/�C

mice was replaced by a mutant protein with C-terminal truncation

(Erbin1–693�gal). Remarkably, erbin�C/�C mice showed similar my-
elin deficits of erbin�/� mice. First, myelinated axons had thinner
myelin without apparent changes in ultrastructure and periodicity
(Fig. 4A). Averaged g-ratio of myelinated axons increased from
0.644 � 0.0196 (n � 169) in wild-type to 0.738 � 0.0134 (n � 277,
P � 0.001) in erbin�C/�C mice, regardless of axonal size (Fig. 4B). P0
protein levels were lower in erbin�C/�C sciatic nerves than those in
littermates (Fig. 4 C and D). Functionally, erbin�C/�C mice had
reduced nerve conduction velocity (Fig. 4E) and elevated mechan-
ical sensory threshold (Fig. 4F). Second, similar deficits were
observed in unmyelinated fibers. Remak bundles in erbin�C/�C mice
contained more unmyelinated axons (Fig. 4G). Quantitative anal-
yses indicate a substantial increase in the number of bundles
containing 20 or more axons (Fig. 4 G and H). Axons in Remak
bundles were segregated completely (Fig. 4G) and smaller in size
(Fig. 4 G and J), resulting increased number of axons in SC pockets
(Fig. 4 G and I). These observations demonstrate similar deficits in
myelination and ensheathment of sciatic nerves in erbin�/� and
erbin�C/�C mice. The phenotypic similarity provides strong genetic
evidence that the null mutation and C-terminal truncation share
mechanism of action and indicates a critical role of the PDZ domain
of Erbin in regulation of myelination. This idea is supported by
biochemical studies that ErbB receptors were reduced at protein
(Fig. S5 A and B), but not mRNA, levels (Fig. S5 C and D) in
erbin�C/�C sciatic nerves. Note that NRG1 levels were similar in
mutant mice (Fig. S5 E and F).

Discussion
This article presents evidence for a critical role of Erbin in regu-
lating NRG1 signaling and in peripheral myelination. First, both

Fig. 4. Similar deficits in myelination and entheathment of axons in erbin�C/�C mice. (A) Thinner myelin in erbin�C/�C sciatic nerves. EM images of sciatic nerve
cross-sections were shown at 2 different magnifications. (Lower Insets) Interperiod lines and ultrastructures of myelin sheath. (B) Increased g-ratio of myelinated axons
in erbin�C/�C sciatic nerves. Two pairs of littermates, and �250 axons for each mouse, were analyzed as described in SI Materials and Methods. (C) Reduced expression
of the P0 protein in erbin�C/�C sciatic nerves. Homogenates of sciatic nerves from erbin�C/�C or control littermates were subjected to SDS/PAGE and probed for the P0
protein, and �-actin was used to be loading control. (D) Quantitative analysis of data in C. n � 3, *, P � 0.05, **, P � 0.01. (E) Reduced nerve conduction velocity in
erbin�C/�C mice. Nerve conduction was measured as described in SI Materials and Methods. n � 4, **, P � 0.01. (F) Increased threshold in sensory response. Von Frey
Hair assays were performed as described in SI Materials and Methods. Shown are percentages of mice responding to Von Frey Hair stimulation at different strengths.
n � 8 mice in each group. (G) Abnormal axonal segregation in Remak bundles in erbin�C/�C sciatic nerves. Shown are EM images of sciatic nerve cross sections. (Lower)
Higher magnification of squared areas of Upper. Arrowheads indicate adjacent axons that were naked and without proper ensheathment. (H) Increased number of
unmyelinated axons in Remak bundles in erbin�C/�C sciatic nerves. Remak bundles analyzed were 359 for erbin�/� and 272 for erbin�C/�C. (I) Increased number
of unmyelinated axons in SC pockets in erbin�C/�C sciatic nerves. Pockets analyzed were 2852 for erbin�/� and 1988 for erbin�C/�C. (J) Reduced transverse surface areas
of unmyelinated axons in erbin�C/�C mice. n � 97 for erbin�/�, n � 102 for erbin�C/�C. ***, P � 0.001. The age of mice was P30 in A, B, and G-J and P60 in E and F.
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myelinated and unmyelinated axons of sciatic nerves became ab-
normal in erbin�/� mice. Myelinated axons were hypomyelinated
with reduced expression of P0, a marker of mature myelinating SCs.
Deficits were also observed in ensheathment of unmyelinated axons
and formation of Remak bundles. Second, associated with mor-
phological deficits were compromised nerve conduction and in-
creased sensory threshold to mechanistic stimulation. These results
corroborate to underscore an important role of Erbin in myelina-
tion. Third, the similarity of phenotypes in both null and erbin�C/�C

mice indicate a necessary role of the PDZ domain in Erbin
regulation of myelination in vivo and suggest that a target protein
of Erbin may be the substrates of the PDZ domain. Indeed, fourth,
we showed that ErbB2 was reduced at protein, but not mRNA,
levels in erbin�/� and erbin�C/�C mice. ErbB2 stability and inter-
nalization were altered when Erbin levels were decreased and
consequently, Akt activation was reduced and/or delayed. These
observations indicate a critical role of Erbin in myelination and
identify a novel regulatory mechanism of NRG1 signaling. Our
results suggest that Erbin, via the PDZ domain, binds to and
stabilizes ErbB2, which is necessary for NRG1 signaling.

NRG1 is also thought to be an axon-derived signal for oligoden-
drocyte development. Disruption of NRG1 signaling by DN-ErbB4
or kinase dead ErbB1 impairs oligodendrocyte differentiation in
transgenic mice (32, 33). However, myelination deficits in the
central nervous system (CNS) are relatively minor and limited to
frontal brain regions in hypomorphic mutants of type III NRG1
(34). These observations suggest unique NRG1 signaling mecha-
nisms in oligodendrocyte-dependent myelination. However, no
consistent changes were observed in optical nerve myelination and
levels of MBP, a key CNS myelin protein, in erbin�/� and erbin�C/�C

mice (Fig. S6), suggesting that Erbin is specifically involved in PNS,
but not CNS, myelination. The specificity may be due to enriched
expression of ErbB4, but not ErbB2 and ErbB3, in CNS myelin.
However, peripheral myelin expressed mostly ErbB2 and ErbB3,
but not ErbB4 (10). Erbin does not interact with ErbB4 (18);
therefore, it may be unable to regulate NRG1 signaling in oligo-

dendrocytes. In agreement with this idea, ErbB3 is dispensable for
CNS myelination (35). Alternatively, mild CNS myelin deficits
could be due to functional redundancy of Densin-180, a protein
with similar domain structure that is expressed in the brain (18).

ErbB2 stability is regulated by complex mechanisms. We show
that ErbB2 levels were lower in both erbin�/� and erbin�C/�C mice,
suggesting that the maintenance of ErbB2 levels require the inter-
action with Erbin. Deletion of key residues in the C-terminal
PDZ-binding motif accelerates degradation of surface ErbB2 (36),
whereas Erbin expression increases surface ErbB2 (18). However,
Erbin regulation of ErbB2 stability appeared to be specific because
levels of other Erbin-interacting proteins including integrin�4,
�-catenin and EBP50 (19, 20, 24) were not altered in sciatic nerves
of both mutant mice (Fig. 2A). These observations could suggest
the involvement of additional mechanisms.

In summary, this article provides evidence for a key role of Erbin
in PNS myelination. Our results are consistent with a model that
Erbin gates the intensity of NRG1 signaling by regulating the
stability of ErbB2 and ErbB3. In light of NRG1/ErbBs’ roles in
tumorigenesis, heart development, neural development and synap-
tic transmission (1, 27), the observations identify a potential target
of therapeutic interventions of related disorders.

Materials and Methods
Reagents, generation of erbin�/� and erbin�C/�C mice, EM stuides, Schwann cell
culture, nucleofection, RT-PCR, immunostaining, immunoblotting, immunopre-
cipitation,conductionvelocityandVonFreyfiber/sensorytest,endocytosisassays,
and statistic analysis are described in SI Materials and Methods.
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