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Inhibition of �-site APP cleaving enzyme 1 (BACE1) is being pursued as a therapeutic target for treating patients with Alzheimer’s disease
because BACE1 is the sole �-secretase for generating �-amyloid peptide. Knowledge regarding the other cellular functions of BACE1 is
therefore critical for the safe use of BACE1 inhibitors in human patients. BACE1 deficiency in mice causes hypomyelination during
development and impairs remyelination in injured sciatic nerves. Since BACE1 is expected to be ubiquitously expressed, we asked
whether axonal or Schwann cell BACE1 is required for optimal remyelination. By swapping sciatic nerve segments from BACE1-null mice
with the corresponding wild-type nerve segments or vice versa, we tested how a deficiency of BACE1 in Schwann cells or axons affects
remyelination. Our results show that BACE1 in axons and Schwann cells is similarly important for remyelination of regenerated axons.
Nerve injury induces BACE1 transcription and protein levels are elevated in Schwann cells. Expression of type I neuregulin 1 (Nrg1),
rather than type III Nrg1, was induced by Schwann cells, and the abolished Nrg1 cleavage in BACE1-null Schwann cells contributed to
decreased remyelination of regenerated axons. Hence, this study is the first to demonstrate the equal importance of axonal and Schwann
cell BACE1 for remyelination of injured nerves.
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Introduction
�-site APP cleaving enzyme (BACE1) was initially discovered as a
membrane-anchored aspartyl protease for cleaving APP to gen-
erate the �-amyloid (A�) peptide (Hussain et al., 1999; Sinha et
al., 1999; Vassar et al., 1999; Yan et al., 1999; Lin et al., 2000).
Aberrant accumulation of A� is linked to the pathogenesis of
Alzheimer’s disease (AD; Selkoe, 1994; Tanzi and Bertram, 2005).
Mice completely deficient in BACE1 show abolished A� produc-
tion (Cai et al., 2001; Luo et al., 2001; Roberds et al., 2001),
confirming that BACE1 is a critical and indispensable protease
for A� release. Hence, the inhibition of BACE1 activity is a highly
important therapeutic target for treating and preventing AD
(Yan and Vassar, 2014).

As a protease, BACE1 cleaves other cellular substrates in ad-
dition to APP. Shortly after the molecular cloning of BACE1,
many membrane-anchored proteins, such as the signaling mole-
cules neuregulin-1 (Nrg1; Hu et al., 2006, 2008; Willem et al.,

2006; Fleck et al., 2013) and Jagged-1 and Jagged-2 (Hu et al.,
2013; He et al., 2014), voltage-gated channel proteins such as
sodium channel protein �-subunits (Wong et al., 2005; Kim et al.,
2007, 2011), and potassium channel proteins KCNE1 and
KCNE2 (Hitt et al., 2010; Sachse et al., 2013), as well as the neural
cell adhesion molecule close homolog of L1 (Hitt et al., 2012;
Kuhn et al., 2012; Zhou et al., 2012), have been identified as
BACE1 substrates. Processing of these substrates by BACE1 has
been shown to affect various brain functions, as BACE1 is more
profoundly expressed in neurons than in peripheral cells (Vassar
et al., 2014).

Among the identified BACE1 substrates, Nrg1 receives con-
siderable attention due to its critical roles in neural and cardio-
vascular development (Holmes et al., 1992; Mei and Nave, 2014).
During development, the binding of axonal Nrg1 to ErbB2/
ErbB3 on Schwann cells or ErbB4 on oligodendrocytes induces
phosphorylation of its downstream signaling molecule Akt and
regulates myelination (Lemke, 2006). Nrg1 has multiple spliced
isoforms, which all have an EGF-like domain for receptor bind-
ing, but only types I and III �1 Nrg1 isoforms are implicated for
regulating myelination (Falls, 2003; Nave and Salzer, 2006;
Britsch, 2007; Fischbach, 2007; Mei and Xiong, 2008). Both types
I and III �1 Nrg1 isoforms contain BACE1 cleavage sites in their
N-terminal regions (Hu et al., 2008; Fleck et al., 2013). Further-
more, both Nrg1 and BACE1 are localized in axons and are trans-
ported along axons (Kamal et al., 2001; Park et al., 2001; Lazarov
et al., 2005; Buggia-Prévot et al., 2013; Deng et al., 2013). In
BACE1-null (BACE1�/�) mice, Nrg1 is no longer cleaved at this
site by BACE1, and this abrogated cleavage appears to cause hy-
pomyelination in peripheral and central nerves during mouse
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development (Hu et al., 2006; Willem et al., 2006) and impaired
remyelination following nerve injury (Hu et al., 2008).

Although earlier studies suggest that axonal Nrg1 is required
for optimal myelination (Michailov et al., 2004; Taveggia et al.,
2005, 2008; Tao et al., 2009), the potential contribution of BACE1
in myelinating cells to proper myelination has never been inves-
tigated, especially considering the fact that BACE1 is ubiquitously
expressed. To address this question, we performed nerve trans-
plantation experiments by swapping sciatic nerve Schwann cells
from BACE1-null mice with those of wild-type (WT) mice, and
vice versa according to well established procedures (Aguayo et al.,
1976; Haney et al., 1999). After comparing the myelin sheath
thickness of transplanted sciatic nerves, we discovered that
BACE1 in axonal and Schwann cells was equally important for
optimal remyelination, as lacking either source of BACE1 im-
paired remyelination. Hence, this study is the first to provide
evidence that optimal remyelination requires Schwann cell
BACE1. As such, non-neuronal BACE1 and its substrates con-
tribute significantly to nerve functions.

Materials and Methods
Transplantation procedure. BACE1-null mice were generated as de-
scribed in the original publication (Cai et al., 2001). For myelination
studies, BACE1-null mice were backcrossed to C57BL/6 mice for
more than eight generations and maintained in this genetic back-
ground. Transplantation procedures were first described and submit-
ted for approval by the Institutional Animal Care and Use Committee
at the Lerner Research Institute, in compliance with the guidelines
established by the Public Health Service Guide for the Care and Use of
Laboratory Animals. Briefly, under deep anesthesia, sciatic nerve seg-
ments (8 mm long) were removed from donor mice. Sciatic nerves of
recipient mice were transected at mid-thigh level, and the donor seg-
ments were microsutured into the gap. Surgery was performed under
sterile conditions, and mice were housed in a sterile environment
until they were killed 8 weeks after transplantation. For WT or
BACE1-deficient recipient mice of either sex, cyclosporin A was in-
jected daily at a dose of 17 mg/kg for immunosuppression, which does
not affect nerve regeneration. At 8 weeks after surgery, mice were
perfused with 4% formaldehyde fixative, and the proximal trans-
planted graft and distal segments identified by the presence of micro-
sutures were dissected out. Each portion of the nerve was embedded

Figure 1. Nerve transplantation within the same mouse genotype. A, Schematic illustration of nerve transplantation among different genotypes of mice. The transplanted nerve segment (8 mm)
is flanked by the proximal and distal segments, and is indicated by a different color. The genotype of each segment is specified. B, One nerve segment from a WT mouse was transplanted into another
WT recipient. After 8 weeks of recovery, mice were fixed for electron microscopy. Fixed sciatic nerves were dissected out, and the segment within the transplanted region was used for visualizing
myelin sheath thickness. C, D, One BACE1-null nerve segment was similarly replaced by another BACE1-null segment. The relative thickness of the myelin sheath can be compared based on g-ratio
calculations. A scatterplot of the g-ratios of remyelinated axons shows quantitative evidence of hypomyelination in the transplanted nerves. Scale bar, 5 �m.
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and analyzed by electron microscopy (EM), as described below, to
provide g-ratios (sheath thickness relative to axon diameter), myelin
thickness, and numbers of myelinated axons. When used for Western
blot analysis, dissected segments were subjected to protein extraction
(see Western blotting and antibodies).

Western blotting and antibodies. Proteins were extracted from WT
and BACE1-null mice in radioimmunoprecipitation buffer [50 mM

Tris-HCl at pH 7.4, 1% NP40, 0.25% sodium deoxycholate, 150 mM

NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na3VO4, and a protease inhib-
itor cocktail (Roche)]. Equal amounts of protein (50 �g) were re-
solved on a NuPAGE Bis-Tris gel (Invitrogen) and transferred onto
nitrocellulose membranes (Invitrogen) for Western blot analysis. HRP-
conjugated secondary antibodies were used and visualized using enhanced
chemiluminescence (Thermo Scientific). TuJ1 (1:1000) was purchased from
Biolegend. GFAP (1:1000) and �-actin (1:10,000) were purchased from

Sigma. Type I neuregulin-1 antibody (1:200) was purchased from Santa
Cruz Biotechnology.

Morphological analyses. For confocal experiments, 4% parafor-
maldehyde-fixed frozen nerve tissues from the indicated genotypes of
mice were cut on a cryostat (Microm International GmbH). Serial 12 �m
sections were immunostained with specific primary antibodies. After
washing with PBS three times, sections were incubated with the second-
ary antibody goat anti-mouse or anti-rabbit IgG (1:400) conjugated with
Alexa Fluor 488 or 568 (Invitrogen). For EM experiments, animals were
first subjected to transcardial perfusion with 4% paraformaldehyde and
2.5% glutaraldehyde for fixation. Sciatic nerves were then surgically re-
moved and immersed in fixative solution overnight at 4°C, and then
processed for EM examination.

Quantification of g-ratios. The g-ratios of axons from the sciatic nerve
were determined as previously described (Hu et al., 2006). ImageJ soft-

Figure 2. Nerve transplantation between wild-type and BACE1-null mice. A, C, A nerve segment from a BACE1-null mouse was transplanted into the same region of a WT sciatic nerve (A) or vice
versa (C). The fixed nerve segments were examined by electron microscopy to compare the thickness of the myelin sheath. B, D, E, A scatterplot of the g-ratio of the correspondingly indicated
segment was calculated and compared with that from WT controls. Scale bar, 5 �m.
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ware (NIH Image; National Institutes of Health) was used for digital
tracing. The myelinated axonal diameter and circumference were mea-
sured by digitally tracing the inner and outer layers of the myelinated
fiber. The g-ratio was calculated by dividing the inner circumference of
the axon (without myelin) by the outer circumference of the total fiber
(including myelin). The g-ratio data are displayed as a scatterplot against
axon diameter.

In situ hybridization. Total RNA was extracted from WT mouse hip-
pocampal tissue using TRIzol Reagent (Invitrogen). The extracted RNA
was subsequently digested with an RNase-free DNase I (Sigma) before
RT-PCR. Single-stranded cDNA was synthesized from total RNA using
the High Capacity cDNA Reverse Transcription Kit (Life Technologies).
DNA templates for BACE1, type I Nrg1, and type III Nrg1 containing the
sequences of T7 and T3 promoters were produced by PCR using the
Expand High Fidelity PCR System (Life Technologies). The primers
were selected as BACE1_249 (forward primer: AATCAGTCCT
TCCGCATCAC; reverse primer: AACAAACGGACCTTCCACTG), type
I Nrg1_194 (forward primer: AAGAAGAAGGACCGGGGA; reverse
primer: TCAGCTCATTCCCGTTCTT), and type III Nrg1_268 (forward
primer: GCCAGGACCCTGTTATTT; reverse primer: GTTCCTGACT-
TGGGTGT). Forward primers had a T3 sequence inserted into the 5� end
(AATTAACCCTCACTAAAGGG), and reverse primers had a T7 se-
quence inserted into the 5� end (TAATACGACTCACTATAGGG).
There was no cross talk between T3 and T7. The promoters could be
included in the same DNA fragment, enabling the synthesis of both
sense and antisense cRNA probes from the same DNA fragment.
Antisense and sense cRNA probes labeled with DIG were synthesized
using DIG RNA Labeling Kit (Roche).

Statistical analyses. Statistical analyses were performed using Microsoft
Excel software. All data were analyzed for statistical significance using an
F test for equal variance followed by a two-tailed Student’s t test or
verified by ANOVA. Significant p values are denoted by the use of aster-
isks in the text and figures (*p � 0.01). All data values are expressed as the
mean � SEM.

Results
Remyelination of sciatic nerves after
nerve transplantation
Injured sciatic nerves will normally be re-
generated and remyelinated by Schwann
cells during recovery. We have previously
shown that BACE1 deficiency in mice im-
pairs remyelination of sciatic nerves and
that regenerated axons in these mice are
hypomyelinated (Hu et al., 2008). Here,
we investigated the question of whether
this hypomyelination is due to a defi-
ciency of BACE1 in axons and/or in
Schwann cells. To answer this question of
cell autonomy, we transplanted an 8 mm
donor sciatic nerve segment into a recipi-
ent mouse, as illustrated in Figure 1A. In
such a transplantation experiment, axons
and myelin rapidly degenerate in the
grafted segment and in the recipient distal
nerve stump due to Wallerian degenera-
tion. This nerve injury induces Schwann
cells native to each nerve segment to di-
vide and to occupy the basal laminae by
forming “Schwann tubes.” Regenerating
axons from the proximal stump grow into
and along these Schwann tubes within
the grafted segment, associating with
Schwann cells from the donor animal, and
then into Schwann tubes in the distal

stump. During nerve regeneration, the same set of axons is remy-
elinated within the graft by donor Schwann cells and in the distal
stump by recipient Schwann cells. After 8 weeks of postsurgical
recovery, the donor segment was examined for axonal regenera-
tion and myelin sheath thickness by electron microscopy.

We showed that transplantation of one WT nerve segment
into another WT recipient resulted in nerve regeneration and
remyelination (Fig. 1B). When a BACE1�/� nerve segment was
similarly transplanted into another BACE1�/� mouse recipient,
remyelination also occurred, but the myelin sheath thickness was
clearly reduced (Fig. 1C). The calculated g-ratio was 0.712 �
0.069 in the WT ¡ WT swap (n � 184 axons) versus 0.812 �
0.063 in the BACE1�/� ¡ BACE1�/� swap (n � 204 axons; Fig.
1D; p � 0.001, Student’s t test). These parameters from the same
genotyping swaps would then serve as controls for the subsequent
comparisons.

For a BACE1-null nerve segment transplanted into a WT
mouse recipient (BACE1�/� ¡ WT), the regenerated axon was
extended from the WT proximal segment into the BACE1�/�

Schwann tube and beyond during the recovery stage. Axons re-
generated from the WT proximal stump were remyelinated from
the transplanted BACE1�/� Schwann cells (Fig. 2A). However,
they were less effectively ensheathed when compared with that
from WT ¡ WT transplantation, as the g-ratio was increased to
0.761 � 0.057 (Fig. 2B; n � 221 axons, p � 0.001). This observa-
tion suggests that BACE1�/� Schwann cells did not have the
same remyelination capacity as WT Schwann cells. This obser-
vation would not be expected if axonal BACE1 is exclusively
critical for remyelination, as BACE1 is fully functional in ax-
ons. In the reverse transplantation experiment (WT ¡
BACE1 �/�), remyelination was also less effective when com-
pared with WT ¡ WT transplantation (Fig. 2C) and the

Figure 3. Observed myelin sheath thickness in transplanted nerve. Schwann cell and the nucleus are depicted in large circles.
Part of the Schwann cell plasma forms the myelin sheath (shown in black circle) that wraps around axons. The thickness of the inner
circles represents the thickness of the myelin sheath.
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g-ratio of the donor segment was 0.768 � 0.068 (Fig. 2D; n �
161 axons; p � 0.001).

The g-ratios in the two different swapping conditions were
almost identical (Fig. 2E; p � 0.137, Student’s t test), implying
that a lack of BACE1 in either axons or Schwann cells was suffi-
cient to significantly affect remyelination. As illustrated in Figure
3, BACE1 in both Schwann cells and axons appears to play an
equally important role for optimal remyelination.

Induced expression of BACE1 in Schwann cells
If both sources of BACE1 in sciatic nerves are necessary for prop-
erly ensheathing regenerated axons, it is important to confirm
whether BACE1 is truly expressed by Schwann cells. Three lines
of experiments were conducted to validate BACE1 expression in
Schwann cells. First, we cultured Schwann cells from both WT
and BACE1-null postnatal day 5 mouse sciatic nerves and exam-
ined BACE1 expression in protein lysates. BACE1 in this Western
blot preparation was barely detected in WT Schwann cells (data
not shown). Nevertheless, we could not completely exclude re-

sidual fibroblast cells contained in the cultures as potential
sources of BACE1.

We then conducted nerve crush experiments in which distal ax-
ons normally degenerate shortly after injury, while Schwann cells
remain in the distal segments. Using confocal microscopy, we
showed that axons labeled by SMI-31 were largely degenerated 3 d
after nerve crush, while axons in proximal segments remained intact
(Fig. 4A), confirming similar levels of Wallerian degeneration be-
tween the two genotypes of mice. Axons in all examined distal seg-
ments were almost completely removed 5 d following nerve crush
(data not shown), which is consistent with our prior observations
(Hu et al., 2008). Schwann cells labeled by S100� antibody, on the
other hand, similarly remained in both WT and BACE1-null distal
segments (Fig. 4B). BACE1 was clearly detected in WT, but not in
BACE1-null, Schwann cells (Fig. 4B). Therefore, both sets of exper-
iments suggested the expression of BACE1 by Schwann cells.

To further verify this observation, we conducted in situ hy-
bridization experiments to detect BACE1 mRNA in Schwann
cells. To ensure specific expression, we first examined brain sam-

Figure 4. Expression of BACE1 in Schwann cells. A, Mouse sciatic nerves were crushed, followed by 3 d of recovery. Then injured nerves were dissected out for confocal microscopy. Monoclonal
antibody Smi-31 was used to label axons. B, Mice with similarly injured nerves were allowed to recover for 5 d, and fixed nerves were dissected out for confocal analyses. An antibody specific to s100�
was used to mark Schwann cells. An antibody specific to BACE1 was used to verify the expression of BACE1 in Schwann cells. C, D, Brain samples (C) and crushed nerve samples (D) were used for in
situ hybridization to detect BACE1 mRNA expression. Antisense probe was used to detect BACE1 mRNA, while the sense probe was used as a negative control. BACE1-null samples were used to verify
specific hybridization to the BACE1 mRNA. Scale bars: A, B, 30 �m; C, D, 20 �m.
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ples by using two different BACE1 anti-
sense probes. As expected, BACE1 mRNA
was predominantly expressed in WT neu-
rons, but not in BACE1-null neurons, as
detected by two different antisense probes
(see example in Fig. 4C); reversely tran-
scribed sense probes were negative. Using
the nerve crush samples, we clearly observed
BACE1 mRNA in Schwann cells, which
were labeled by S100� (Fig. 4D). On the
other hand, BACE1 mRNA was not readily
detected in the proximal segments. Hence,
we showed that the expression of BACE1 in
Schwann cells can be induced in response to
injury.

Differential expression of neuregulin-1
in Schwann cells
To explore potential BACE1 substrates
contributing to remyelination, we exam-
ined the expression of Nrg1 in Schwann
cells, as this is a validated BACE1 substrate
and is important for myelination (Nave
and Salzer, 2006). Confocal staining re-
sults showed that type I Nrg1 was strongly
expressed by Schwann cells after nerve
crush in both WT and BACE1-null sam-
ples (Fig. 5A), which is consistent with the
notion that Wallerian degeneration in-
duces de novo expression of type I Nrg1 in
Schwann cells (Stassart et al., 2013). Inter-
estingly, the commercial antibody for de-
tecting type III Nrg1 expression was also
positive in Schwann cells from both geno-
types of mouse samples, although its ex-
pression was weaker (data not shown).

To confirm Nrg1 expression in Schwann
cells, we conducted similar in situ hybrid-
ization experiments to detect mRNA ex-
pression. In brain, both types I and III
Nrg1 were similarly expressed by neurons
(see examples of brainstem samples in Fig.
5B). In crushed sciatic nerve samples, type
I Nrg1 mRNA was clearly detected by the
antisense probe but not by the sense probe
(Fig. 5C). In the proximal segment, type I
Nrg1 was not detectable, suggesting that
the transcription of type I Nrg1 mRNA
was also induced due to nerve injury.
Consistent with a prior report (Stassart et
al., 2013), type III Nrg1 mRNA was not

Figure 5. Expression of type I Nrg1 (I-Nrg1) but not type III Nrg1 (III-Nrg1) by Schwann cells. A, The distal segments from
crushed sciatic nerves were used for staining with an antibody specific to I-Nrg1 in green and s100� in red for Schwann cells. B,

4

Antisense probes for I-Nrg1 and III-Nrg1 were generated for
detecting types I and III Nrg1 mRNA in mouse brains. Enlarged
views show staining of the probes in neuronal cytoplasm. Neu-
rons from 2-month-old mouse brainstem appear to similarly
express both types of Nrg1. Sense probes failed to detect any
signals and were not shown. C, D, Crushed nerve samples from
the distal and proximal segments were used for detecting
types I and III Nrg1. Expression of type I Nrg1 was clearly ele-
vated in Schwann cells, while type III Nrg1 mRNA was not de-
tectable. Scale bars: A, B, 30 �m; C, D, 20 �m.
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detected in Schwann cells (Fig. 5D). Hence, nerve crush induces
differential expression of Nrg1 isoforms, and type I Nrg1 is pre-
dominantly expressed in Schwann cells.

Cleavage of type I Nrg1 by BACE1
After sciatic nerve crush and 5 d of recovery, protein levels as
measured by GFAP and s100� were significantly elevated (Fig.
6A), reflecting that Schwann cells in the distal segments were
actively proliferating in response to Wallerian degeneration. To
determine whether Nrg1 processing was affected in BACE1-null
mice, we examined protein levels of Nrg1 in 5 d post-crushed
distal sciatic segments, which contain mainly Schwann cells,
while axons are already degenerated. Clearly, full-length Nrg1
was elevated in BACE1-null segments compared with the corre-
sponding segments in WT mice (Fig. 6A), indicating an abro-
gated cleavage of Nrg1 by BACE1. A separate recent study
(Stassart et al., 2013) showed that loss of axonal contact triggers
denervated Schwann cells to transiently express Nrg1, and sug-
gests that type I Nrg1 serves as an autocrine/paracrine signal to
promote Schwann cell differentiation and remyelination. To-
gether, these results support this notion that BACE1 cleaves Nrg1
in Schwann cells and secreted Nrg1 N-terminal fragments by
producing autocrine signals for myelination.

Discussion
Proper myelination and remyelination after nerve injury are crit-
ical for salutatory conduction. The thickness of the myelin sheath
is tightly controlled by instructive signals. It has always been an
actively investigated topic as to whether the instructive signals
come from axons and/or from Schwann cells in the peripheral
nervous system. The collective prior and current results clearly
show that axonal type III Nrg-1 is required for developmental
myelination but that type I Nrg1 is likely required for remyelina-
tion after nerve injury. Proteolytic cleavage of Nrg1 to release the
EGF-containing N-terminal domain is essential for mediating
the Nrg1–ErbB2/3 signaling cascade, and BACE1 is present in
both axons and Schwann cells to execute this cleavage.

BACE1, as a type I transmembrane aspartyl protease, cleaves
Nrg-1 at the ectodomain Phe-Met site, which is evolutionarily
conserved, is present only in the �1 isoforms, and is shared by
type III Nrg1 (Hu et al., 2008). BACE1 may also cleave an addi-
tional site within the N-terminal side of type III Nrg1 to release an
EGF-containing domain (Fleck et al., 2013). Although Nrg1 can
also be shed by ADAM10 and ADAM17 (La Marca et al., 2011;
Luo et al., 2011), the cleavage of Nrg1 by BACE1 is more critical
for AKT activation, as demonstrated by observations in BACE1-
null mice and chemical inhibition. Earlier studies demonstrated
that axonal type III Nrg1 and BACE1 are both richly expressed by
neurons (Vassar et al., 2009; Liu et al., 2011) and that instructive
signals from axonal type III Nrg1 are critical for myelination
(Nave and Salzer, 2006). For remyelination, axonal type III Nrg1
does not appear to be necessary (Fricker et al., 2013). Contrary to
expectations, we found that both axonal and Schwann cell
BACE1 are equally important for optimal remyelination of in-
jured sciatic nerves.

BACE1 in normal Schwann cells was barely detectable. In-
triguingly, nerve injury significantly induced the transcription of
BACE1 and the expression of BACE1 protein (Fig. 4B,D). Such
an induction is likely associated with its necessity for ensheathing
remyelinated axons. How BACE1 transcription is induced re-
mains to be investigated, but BACE1 is known as a stress-induced
protease, and inflammation can induce the transcription of
BACE1 (Chami and Checler, 2012). Transcription and transla-
tion of its substrate type I Nrg1, but not type III Nrg1, is similarly
enhanced (Fig. 5). A recent study (Stassart et al., 2013) showed
that mutant mice lacking a functional Nrg1 gene in Schwann cells
are fully myelinated but exhibit impaired remyelination follow-
ing injury. The induction of both protease and its substrate
appears to provide enhanced signaling initiated from a Nrg1-
soluble fragment to mediate an autocrine instruction for remy-
elination, and this enhancement is consistent with the reported
need of the Nrg1 gene in Schwann cells. We indeed found cleav-
age of Nrg1 by BACE1 in Schwann cells, as the level of full-length
Nrg1 was elevated in BACE1-null Schwann cells within distal

Figure 6. Expression of Nrg1 in Schwann cells after nerve injury. A, Sciatic nerve segments were dissected out from the indicated genotypes of mice for the preparation of protein lysates. Equal
amounts of protein from each sample were loaded for Western blot analyses. Actin antibody was used to detect �-actin to serve as a loading control. B, Bar graphs show expression of the indicated
proteins, which were normalized to the �-actin loading control. N � 2 in each group, and three separate experiments were conducted. *p � 0.01, ANOVA test.
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segments (Fig. 6). It is likely that decreased Nrg1 signaling activity
in Schwann cells contributes to reduced remyelination.

Despite the important contribution of Schwann cell Nrg1 to
remyelination, we still do not know the answer to why axonal and
Schwann cell BACE1 provides similar contributions to the remy-
elination of injured sciatic nerves. Axonal Nrg1 is not essential for
remyelination based on a study using a conditional KO mouse
model (Fricker et al., 2013), despite its indispensable role in my-
elination during early development. Axonal BACE1 is clearly re-
quired for optimal remyelination, as WT Schwann cells failed to
wrap BACE1-null or WT regenerated axons equally (Fig. 2A).
Perhaps, another molecular BACE1 substrate in BACE1-null re-
generated axons may contribute to remyelination. For example,
we cannot totally exclude the contribution of Nrg3 signaling ac-
tivity to remyelination, as axonal Nrg3 is cleavable by BACE1 to
activate ErbB receptors on Schwann cells (Hu et al., 2008). Alter-
natively, another unidentified BACE1 substrate may be impor-
tant for this remyelination, and investigation of this will require
future studies.

In summary, we have demonstrated that BACE1 from both
axonal and Schwann cells is required for remyelination of regen-
erated axons, and that Nrg1 in both axons and Schwann cells
differentially contributes to remyelination. Our future studies
will explore whether chemical inhibition of BACE1 similarly af-
fects remyelination.
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