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Motor Nerve Arborization Requires Proteolytic Domain of
Damage-Induced Neuronal Endopeptidase (DINE) during
Development
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Damage-induced neuronal endopeptidase (DINE)/endothelin-converting enzyme-like 1 (ECEL1) is a membrane-bound metalloprotease,
which we originally identified as a nerve regeneration-associated molecule. Abundant expression of DINE is observed in regenerating
neurons, as well as in developing spinal motor neurons. In line with this, DINE-deficient (DINE KO) embryos fail to arborize phrenic
motor nerves in the diaphragm and to form proper neuromuscular junctions (NMJ), which lead to death shortly after birth. However, it
is unclear whether protease activity of DINE is involved in motor nerve terminal arborization and how DINE participates in the process.
To address these issues, we performed an in vivo rescue experiment in which three types of motor-neuron specific DINE transgenic mice
were crossed with DINE KO mice. The DINE KO mice, which overexpressed wild-type DINE in motor neurons, succeeded in rescuing the
aberrant nerve terminal arborization and lethality after birth, while those overexpressing two types of protease domain-mutated DINE
failed. Further histochemical analysis showed abnormal behavior of immature Schwann cells along the DINE-deficient axons. Coculture
experiments of motor neurons and Schwann cells ensured that the protease domain of neuronal DINE was required for proper alignment
of immature Schwann cells along the axon. These findings suggest that protease activity of DINE is crucial for intramuscular innervation
of motor nerves and subsequent NMJ formation, as well as proper control of interactions between axons and immature Schwann cells.
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Introduction
Damage-induced neuronal endopeptidase (DINE) is a memb-
rane-bound metalloprotease that we originally identified as a
nerve injury-associated gene (Kiryu-Seo et al., 2000). One of the
hallmarks of DINE is acute and specific induction of mRNA ex-

pression in neurons in the CNS and PNS in response to a variety
of nerve injuries (Kiryu-Seo et al., 2000, 2008; Kato et al., 2002;
Ohba et al., 2004). Under normal conditions, DINE is expressed
exclusively in neurons, but not in glia; expression is localized to
some neuronal subsets, such as cranial and spinal motor neurons,
from early development (Nagata et al., 2006). Recently, intrigu-
ing evidence has shown that mutations in endothelin-converting
enzyme-like 1 (ECEL1), a human homolog of DINE, cause
autosomal-recessive congenital distal arthrogryposis type 5D
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Significance Statement

Damage-induced neuronal endopeptidase (DINE) is a membrane-bound metalloprotease; expression is abundant in developing
spinal motor neurons, as well as in nerve-injured neurons. DINE-deficient (KO) embryos fail to arborize phrenic motor nerves in
the diaphragm and to form a neuromuscular junction, leading to death immediately after birth. To address whether proteolytic
activity of DINE is involved in this process, we performed in vivo rescue experiments with DINE KO mice. Transgenic rescue of
DINE KO mice was accomplished by overexpression of wild-type DINE, but not by protease domain-mutated DINE. Immature
Schwann cells were abnormally aligned along the DINE protease-deficient axons. Thus, the protease activity of DINE is crucial for
motor axon arborization, as well as the interaction between axons and immature Schwann cells.
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(DA5D) (Dieterich et al., 2013; McMillin et al., 2013), suggesting
that mutations or deletions of the DINE gene in the rodent are
associated with the disease phenotype in humans. DINE-
deficient (KO) mice, which we previously generated, die imme-
diately after birth as a result of respiratory failure. The aberrant
terminal arborization of phrenic motor nerves in the diaphragm
and poor formation of the neuromuscular junction (NMJ) dur-
ing the embryonic period were shown to be the reason for death
(Nagata et al., 2010). Results from human and rodent studies
suggest that DINE is involved in motor neuron development, in
particular motor nerve arborization and NMJ formation.

In general, motor neurons develop in response to numerous
proteins and peptides, whose activation is regulated by proteases,
and innervate the appropriate position in the muscle (Roelink et
al., 1995; Feng et al., 2000; Haase et al., 2002; Lieberam et al.,
2005; Gatto et al., 2014). It is therefore likely that multiple pro-
teolytic events are involved in motor neuron development. DINE
belongs to the M13 family, whose member protein is a Type II
membrane-associated endopeptidase, and its protease active site
faces the lumen or extracellular side of membranes. Among the
family members, neprilysin (NEP) and endothelin-converting
enzyme (ECE) have been well studied, and potential substrates
have already been identified as amyloid-� and big-endothelin,
respectively (Yanagisawa et al., 1988; Iwata et al., 2000). A sub-
strate of DINE has not yet been identified, although efforts have
been devoted to identify one. However, results have shown that
some membrane-bound metalloproteases, such as NEP and
ADAM19, have different functions other than proteases (Sumi-
tomo et al., 2005; Yumoto et al., 2008). ADAM19, which exhibits
proteolytic activity for various ligands, including neuregulins,
binds EphA4 and blocks internalization of the ephrinA5/EphA4
complex at the NMJ to stabilize the NMJ in a protease activity-
independent manner (Yumoto et al., 2008). The question there-
fore arises whether DINE functions as a protease.

ErbB2/3 and neuregulin 1 (Nrg1) mutant mice lacking
Schwann cell precursors (SCPs) show a similar phenotype to
DINE KO mice, where motor axons project to target muscle, but
lead to aberrant axon terminal arborization and subsequent ax-
onal degeneration (Riethmacher et al., 1997; Lin et al., 2000; Wol-
powitz et al., 2000; Yang et al., 2001). The Nrg/ErbB axis is
considered to be most important for interactions between axons
and Schwann cells during embryonic development (Birchmeier,
2009). Biologically active Nrg1 is generated by proteolytic shed-
ding of membrane-bound metalloproteases from axons (Hu et
al., 2008; Freese et al., 2009; La Marca et al., 2011). In this context,
it is likely that proteolytic processing is involved in regulating the
interaction between axons and Schwann cells, although the
events are complicated and the mechanisms involved remain to
be shown.

To address these issues, we generated three types of mice in which
either wild-type (WT) or protease-inactive DINE was transiently
expressed in embryonic motor neurons with the DINE KO back-
ground. Using these mice, we demonstrated that protease domain of
DINE was necessary for arborization of developing motor nerves
and formation of the NMJ in vivo. We also provided possible insight
that protease activity of DINE was involved in the interaction be-
tween axons and immature Schwann cells.

Materials and Methods
Animals and genotyping. For the generation of DINE transgenic mice (TgWT,
Tgmut, and TgE613V) pHb9-MCS-IRES-EGFP was obtained from Addgene
(#16283). This plasmid contained a �9 kb fragment comprising the 5� up-
stream region of the murine Hb9 gene (Arber et al., 1999), a 5� splicing

substrate (Choi et al., 1991), an internal ribosome entry sequence (IRES),
EGFP, and a bovine polyA signal. Full-length DINE (DINEWT) or two types
of mutant DINEs (DINEmut or DINEE613V) was cloned into the PmeI/SpeI
site. DINEmut was constructed by a deletion of five amino acids in the puta-
tive active site of DINE (His-Glu-Leu-Thr-His at amino acid positions 612–
616), and a conversion of Glu672 to Val. DINEE613V was constructed by a
conversion of Glu613 to Val. Transgenic constructs were linearized and frag-
mented (�14 kb) using XhoI before pronuclear injections into BDF1 fertil-
ized oocytes (SLC). Founders for Hb9:DINEWT-EGFP (Tg WT), Hb9:
DINEmut-EGFP (Tgmut), and Hb9:DINEE613V-EGFP (TgE613V) transgenic
mice were identified by PCR using transgene-specific primers: 5�-GATGC-
CCAGAAGGTACCCCATTG-3� and 5�-CTTGTACAGCTCATCCA
TGCC-3�. The lines that expressed EGFP specifically in embryonic spinal
motor neurons were selected.

DINE KO mice have been previously generated (Nagata et al., 2010) and
maintained on a C57BL/6 background. To obtain DINE KO mice carrying
either transgene (KO;TgWT, KO;Tgmut, or KO;TgE613V), TgWT, Tgmut, or
TgE613V mice was crossed with DINE heterozygous (het) mice, and DINE
het;TgWT, DINE het;Tgmut, or DINE het;TgE613V male offspring were used
in timed mating with DINE het females. Noon on day of detection of the
vaginal plug was considered to be embryonic day 0.5 (E0.5). Pregnant mice
were anesthetized and embryos were removed from the dams. Tail lysate was
used for genotyping with the above-described transgene-specific primers
and DINE targeting allele-specific primers: 5�-CCCCACCAGCCCCGGT
TATGTTATCC-3�, 5�-GCTGGGGGACAGGTGGGAGCTGATGA-3�,
and 5�-CGCATCGCCTTCTATCGCCTTCTTGACGAG-3�.

All animal protocols were performed in accordance with the Univer-
sity Animal Committee Guidelines for the care and use of laboratory ani-
mals and were approved by the Nagoya University Institutional Animal
Care and Use Committee. All possible efforts were made to minimize
suffering.

Immunohistochemistry. For cryosections, E15.5-E17.5 embryos were
removed from pregnant mice. Embryos and spinal cord at postnatal day
8 were immersed in 4% PFA in phosphate buffer (PB) at 4°C overnight or
were fresh-frozen in powdered dry ice. The samples were embedded in
OCT compound and cut into serial 16-�m-thick sections using a cryo-
stat. Adult mice were transcardially perfused with 2% PFA in PB contain-
ing 0.2% picric acid, and dissected diaphragm was cut into free-floating
30-�m-thick sections. For paraffin sections, dissected diaphragms from
E17.5 embryos were dehydrated, embedded in paraffin, and cut into
serial 4-�m-thick sections.

The fresh-frozen sections were fixed in 2% PFA in PB for 20 min and
washed before blocking. Paraffin sections were subjected to antigen re-
trieval by boiling in citrate buffer, pH 6.0, for 10 min and washed before
blocking. All the sections were incubated in blocking buffer (1% BSA,
0.3% Triton X-100 in PB) for 1 h, followed by 4°C overnight incubation
with primary antibodies: goat anti-DINE (ECEL1; 1:1000, Santa Cruz
Biotechnology, PRID: AB_2097871) and rabbit anti-Oct-6 (1:500, Ab-
cam, PRID: AB_11130256), antibodies for fresh-frozen sections, rabbit
anti-GFP (1:1000, MBL, PRID: AB_591819), goat anti-ChAT (1:200,
Millipore, PRID: AB_262156), and rabbit anti-PGP 9.5 (1:1000, Ultra-
Clone, AB_2313685) antibodies for fixed sections, and rabbit anti-p75
(1:1000, Promega, PRID: AB_430853) and mouse anti-neurofilament
200 (1:1000, Sigma-Aldrich, PRID: AB_260781) antibodies for par-
affin sections. After rinsing with PBS, sections were incubated with
AlexaFluor-488- or AlexaFluor-594-conjugated secondary antibodies
(1:1000, Invitrogen), DAPI (1:10,000, Dojindo), or AlexaFluor-594-
conjugated �-bungarotoxin (BTX; 1:500, Invitrogen) in PBS at room
temperature for 2 h. Following another wash step, the sections were
mounted and visualized by a fluorescent microscope (BX53 and FV10i;
Olympus).

Whole-mount immunohistochemistry. Whole-mount immunohisto-
chemistry was performed as previously described (Nagata et al., 2010).
Briefly, E13.5–17.5 embryos were removed from the pregnant mice and
immersed in 2% PFA at 4°C overnight. Diaphragm and latissimus dorsi
(LD) were dissected, washed with PB, and incubated with 0.1 M glycine in
PB for 1 h. After rinsing with 0.5% Triton X-100 in PBS, the muscles were
incubated in blocking buffer (3% BSA, 5% NGS, 1% Triton X-100, 0.5 M

NaCl in 0.01 M PB) at room temperature for 4 h, and then incubated with
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rabbit anti-peripherin (1:1000, Millipore, PRID: AB_90725) in blocking
buffer at 4°C overnight. After washing with 0.5% Triton X-100 in PBS,
the muscles were incubated with AlexaFluor-488-conjugated secondary
antibody (1:500) and AlexaFluor-594-conjugated BTX (1:300) at 4°C
overnight. The muscles were then rinsed in 0.5% Triton X-100 in PBS
and were visualized using a fluorescent microscope (BZ9000; Keyence).

Subcellular fractionation and Western blotting. Ventral portion of spi-
nal cord from E13.5 embryo was homogenized in hypotonic buffer (10
mM Tris-HCl, pH 7.5, 1 mM MgCl2, 0.25 M sucrose, and 0.1 mM PMSF)
and centrifuged at 8000 � g for 10 min. The resulting supernatant was
centrifuged at 105,000 � g for 1 h in a Beckman TLA 55 rotor (Beckman
Coulter). The pellet dissolved in hypotonic buffer (membrane fraction)
and supernatant (cytosol fraction) were assayed by SDS-PAGE followed
by Western blotting. For subcellular fractionation, the membrane frac-
tion was loaded onto the top of a sucrose step gradient comprised of 0.6
ml of 2.0 M sucrose, 0.8 ml of 1.5 M sucrose, 0.8 ml of 1.0 M sucrose, and
0.8 ml of 0.5 M sucrose prepared in 10 mM Tris-HCl, pH 7.5. The gradi-
ents were centrifuged at 28,000 rpm for 2 h in a Beckman SW41Ti rotor
(Beckman Coulter). Eleven 350 �l of fractions were collected from top of
the gradient and were analyzed by Western blotting. The following anti-
bodies were used: anti-DINE, anti-GFP, rabbit anti-calreticulin (1:2000,
Thermo Fisher Scientific, PRID: AB_325990), mouse anti-N-cadherin
(1:2000, BD Biosciences, PRID: AB_2077527), and rabbit anti-MEK1/2
(1:1000, Cell Signaling, PRID: AB_10695880) antibodies and HRP-
conjugated secondary antibodies (1:5000, GE Healthcare).

Semithin diaphragm sections. E17.5 embryos were removed from preg-
nant mice, perfused with 2.5% glutaraldehyde in 0.1 M PB, and postfixed
with 2% osmium tetraoxide in 0.1 M PB for 1 h at 4°C. Dissected dia-
phragms were dehydrated and embedded in Durcupan ACM Fulka
(Sigma-Aldrich). Then, 1-�m-thick semithin sections were cut using a
glass knife, stained with 1% toluidine blue, and examined by light micro-
scope (BX41; Olympus).

Digoxigenin (DIG)-labeled in situ hybridization. The DIG-labeled RNA
probe for Oct-6 was prepared using T7 polymerase (Promega), and the
DIG RNA Labeling Mix (Roche). In situ hybridization was performed as
previously described (Matsumoto et al., 2012). Briefly, fresh-frozen sec-
tions were fixed in 4% PFA, treated with HCl and proteinase K (Roche),
acetylated, and dehydrated. Sections were incubated with DIG-labeled
Oct-6 antisense RNA probe in 50% formamide at 50°C overnight. After
washing with standard saline citrate buffer, the sections were treated with
RNase, washed again, and incubated with alkaline phosphatase-
conjugated anti-DIG Fab fragments (1:2000, Roche) in blocking buffer
(Roche) at 4°C overnight. After rinsing, the signals were developed using
alkaline phosphatase substrate.

RNA preparation and qRT-PCR. Total RNA was extracted from sciatic
nerves of 12 embryos at E18.5 using RNeasy Lipid Tissue Mini Kit
(QIAGEN). Total RNA was converted to cDNA with Superscript Reverse
Transcriptase III (Invitrogen) and nucleotide oligo-dT. Quantitative PCR
was performed on a StepOnePlus unit (Applied Biosystems) using SYBR
Green PCR Master Mix (Applied Biosystems). The following primers were
used: Oct-6 forward: 5�-GTTCTCGCAGACCACCATCT-3�; Oct-6 reverse:
5�-GTCTCCTCCAGCCACTTGTT-3�; Sox10 forward: 5�-AGATGGGAAC
CCAGAGCAC-3�; Sox10 reverse: 5�-CTCTGTCTTTGGGGTGGTTG-3�;
NFATc4 forward: 5�-GAGCAGCTGGAGCTGAGG-3�; NFATc4 reverse: 5�-
TGTAGCCTAGGAGCTTGAC-3�; Id2 forward: 5�-TGAACGACTGC
TACTCCAAGCTCA-3�; Id2 reverse: 5�-GTGCTGCAGGATTTCCATCT
TGGT-3�; Id4 forward: 5�-GCAGTGCGATATGAACGACTGCTA-3�; Id4
reverse: 5�-TAACGTGCTGCAGGATCTCCACTT-3�; HDAC1 forward: 5�-
GTGGCCCTGGACACAGAGAT-3�; HDAC1 reverse: 5�-GCTTG
AAATCCGGTCCAAAGT-3�; HDAC2 forward: 5�-TGAAATTAAACC
GGCAACAAACT-3�; HDAC2 reverse: 5�-CAGAACCCTGATGCTTCT
GACTT-3�; Dnmt1 forward: 5�-CTAGTTCCGTGGCTACGAGG-3�;
Dnmt1 reverse: 5�-AGTTCCCCTCTTCCGACTCT-3�; Dnmt3a forward:
5�-GCGGGAGGATGATCGAAAGG-3�; Dnmt3a reverse: 5�-GGGGTGT
CACTGCTTTCCAC-3�; Dnmt3b forward: 5�-CCCATCCATAGTGCCT
TGGG-3�; Dnmt3b reverse: 5�-AATGCACTCCTCATACCCGC-3�; cyc-
linD1 forward: 5�-GCGTACCCTGACACCAATCT-3�; cyclinD1 reverse: 5�-
CACAACTTCTCGGCAGTCAA-3�; cyclinE1 forward: 5�-GCGAG
GATGAGAGCAGTTC-3�; cyclinE1 reverse: 5�-AAGTCCTGTGCCAAG

TAGAAC-3�; Cdk4 forward: 5�-ATGGCTGCCACTCGATATGAA-3�;
Cdk4 reverse: 5�-TCCTCCATTAGGAACTCTCACAC-3�; Cdk6 forward:
5�-GGCGTACCCACAGAAACCATA-3�; Cdk6 reverse: 5�-AGGTA
AGGGCCATCTGAAAACT-3�; Cdk2 forward: 5�-CCTGCTTATCAATG
CAGAGGG-3�; Cdk2 reverse: 5�-TGCGGGTCACCATTTCAGC-3�; p21
forward: 5�-CCTGGTGATGTCCGACCTG-3�; p21 reverse: 5�-CCAT
GAGCGCATCGCAATC-3�; actin forward: 5�-GCCTTCCTTCTTGGG
TATG-3�; actin reverse: 5�-ACCACCAGACAGCACTGTG-3�.

Coculture of motor neurons and Schwann cells. E12.5 embryos were
transferred into L15 medium (Sigma-Aldrich), and their tails were used
for genotyping. The ventral portion of the spinal cord, which contains
motor neurons, was dissected, minced, and collected in L15 medium.
Collected tissue was dissociated by trypsin (Invitrogen) and DNaseI
(Roche) and subsequently triturated. The suspension, including motor
neuron, was then transferred to poly-L-lysin-laminin-coated glasses in
24-well plate containing Neurobasal medium (2% B27, Glutamax, P/S,
10 �g/ml of BDNF, GDNF, CNTF, NT3, and NGF) and incubated at
37°C. After 5 d, the motor neurons were either fixed in 4% PFA for
immunocytochemistry or were cocultured with Schwann cells. For
Schwann cell primary cultures, postnatal day (P) 2 Sprague-Dawley rats
were killed and sciatic nerves were dissected. The nerves were incubated
with 1 mg/ml collagenase in PBS for 40 min and were subsequently
trypsinized, and triturated in DMEM, followed by an overnight incuba-
tion in DMEM (10% FBS, P/S). The following day, the medium was
exchanged to DMEM (10% FBS, P/S, 10 �M AraC). After 6 d, the cells
were subcultured in DMEM (10% FBS, P/S, 10 �M forskolin) in poly-D-
lysin-coated dishes for cell proliferation. Forskolin was removed from
the medium after the cells were confluent. For the coculture experiment,
the proliferated Schwann cells were added to the motor neuron mixed
culture. After 2 d, the cocultured cells were fixed with 4% PFA and
immunostained. The following antibodies were used for immunocyto-
chemistry: mouse anti-neurofilament (2H3, 1:1000, DSHB, PRID:
AB_531793) and rabbit anti-S100 (1:1000, DAKO, PRID: AB_10013383)
antibodies.

BrdU incorporation assay. Pregnant mice at E13.5 and E16.5 were in-
traperitoneally injected with 100 �g BrdU per gram of body weight. One
hour later, the embryos were dissected and frozen in powdered dry ice,
and their tails were used for genotyping. Cryosections of embryos were
fixed in methanol, denatured with 2 N HCl at 37°C for 20 min, and
neutralized in 0.1 M sodium borate, pH 8.5, for 10 min. After incubating
in blocking buffer (1% BSA, 0.3% Triton X-100 in PB) at room temper-
ature for 1 h, the sections were immunostained using rat anti-BrdU
(1:200, AbD Serotec, PRID: AB_609567) antibody and DAPI.

Quantification of nerve arborization. For quantification of embryonic
phrenic and thoracodorsal nerve elongation, we determined the total
length of nerves using whole-mount immunostained diaphragm and LD
that were stained with anti-peripherin antibody. We defined the point at
which the nerve trunk penetrated muscles and initially branched as the
“branching point.” All branches distal to the branching point were
traced, and the length of each branch was measured using ImageJ
(National Institutes of Health, Bethesda, MD) and summed to determine
total length. For quantification of the complexity of phrenic nerve ar-
borization, we performed a Sholl analysis using peripherin-stained hemi-
diaphragm samples (right side). The concentric circles, whose center was
located at a branching point, were spaced 0.1 mm apart, and the number
of intersections by a phrenic nerve was quantified. For quantification of
the complexity of thoracodorsal nerve arborization, we counted the cross
point of nerve terminal branches where each branch subdivided or
merged using peripherin-immunostained LD.

Results
Generation of DINE transgenic mice
DINE expression is especially abundant in embryonic spinal mo-
tor neurons (Fig. 1A) (Nagata et al., 2006). As described in our
previous work (Nagata et al., 2010), whole-mount immunohis-
tochemical staining using anti-peripherin antibody and BTX as
markers for embryonic nerve and acetylcholine receptors in
the NMJ, respectively, reveal that phrenic motor nerves reach
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branching points in the diaphragm to arborize and form the
NMJ during the prenatal stage in WT mice (Fig. 1A). Conversely,
DINE KO embryos exhibit aberrant arborization of phrenic mo-
tor nerves and abnormal formation of the NMJ in the diaphragm,
leading to death immediately after birth. In the present study, we
attempted to determine whether DINE protease activity was a
requirement for nerve arborization by using the DINE KO
mouse. We first generated two types of DINE transgenic mice
(DINE Tg) for an in vivo rescue experiment: mice overexpressing
WT DINE (Hb9:DINEWT Tg mouse (Tg WT)) and mice overex-
pressing mutated DINE without putative protease activity (Hb9:
DINEmut Tg mouse (Tg mut)). In the construct, exogenous DINE
was followed by IRES and EGFP under control of the Hb9 pro-
moter, which drove specific expression in spinal motor neurons
during development (Fig. 1B). To obtain the protease inactive
type of DINE (DINE mut), we deleted His-Glu-Leu-Thr-His at the
position of 612– 616 amino acids and converted Glu 672 to Val.
The amino acid alignment around the His-Glu-Leu-Thr-His mo-
tif is highly conserved among the M13 family members of met-
alloendopeptidase (Turner and Tanzawa, 1997). Previous studies
have shown that mutations in the active site and conserved Glu
residue at C terminus abolish protease activity (Devault et al.,
1988a, b; Le Moual et al., 1991; Shimada et al., 1996).

We obtained 8 and 10 founders of Tg WT and Tg mut mice,
respectively. From these founders, we selected one line each (line
#5 for Tg WT and line #3 for Tg mut), which transmitted the trans-
gene and expressed comparable levels of GFP in the embryonic
spinal cord. We then examined the expression pattern of exoge-
nous GFP protein in Tg WT and Tg mut mice. Immunohistochem-
ical staining showed intense GFP signals in the ventral horn of the
embryonic spinal cord in both Tg WT and Tg mut mice. The signals
colocalized with ChAT, a motor neuron marker (Fig. 1C). More
than 85% of ChAT-positive motor neurons expressed GFP in the
spinal cord in both Tg WT and Tg mut mice (90.9 � 3.5% and
85.0 � 0.2%, respectively) (Fig. 1D). The expression of DINE
protein was observed in the membrane fraction in WT, Tg WT,
and Tg mut mice (Fig. 1E). DINE protein expression levels in
Tg WT and Tg mut were similar and more abundant than in WT
mice, although exogenous GFP expression in the cytosol fraction
was slightly increased in Tg mut mice compared with Tg WT mice.
Using these membrane fractions from Tg WT and Tg mut, the de-
tailed subcellular localization of DINE protein was examined by
sucrose density gradient fractionation (Fig. 1F). The result re-
vealed that both Tg WT and Tg mut expressed DINE similarly in the
ER (calreticulin-positive fractions) and the plasma membrane
(N-cadherin-positive fractions), although the samples included
endogenous and exogenous DINE proteins (Fig. 1F). We also
confirmed that both exogenous DINE WT and DINE mut showed
the same subcellular localization in COS-7 cells (data not shown).
The data suggest that DINE mut maintains proper protein con-
formation. To further examine the effect of additional overex-
pression of DINE WT or DINE mut on phrenic motor nerve
arborization, we prepared whole-mount stainings of the
diaphragm from Tg WT and Tg mut embryos (Fig. 1G). Results
showed no obvious difference in nerve terminal arborization be-
tween Tg WT and Tg mut mice, and the total length of phrenic
nerves in the diaphragm was similar among WT, Tg WT, and
Tg mut mice (Fig. 1H). These results indicated that Tg WT and
Tg mut mice expressed sufficient and similar levels of exogenous
DINE and that neither DINE WT nor DINE mut overexpression
affected arborization of phrenic motor nerves.

Protease activity-deficient DINE failed to rescue
abnormalities in DINE KO mice
To examine whether DINE protease activity was required for
motor nerve arborization, we generated DINE KO mice carry-
ing either of the transgenes (KO;Tg WT, KO;Tg mut) for the in
vivo rescue experiment. As expected, whole-mount peripherin
staining of the diaphragm at the embryonic stage of E13.5-
E17.5 demonstrated striking differences between KO;Tg WT

and KO;Tg mut mice, which overexpressed either DINE WT or
DINE mut in the KO mice. As shown in Figure 2A, phrenic
nerves from KO;Tg WT mice reached branching points, ar-
borized, and formed the NMJ, although the KO phenotype
was not completely rescued by exogenous DINE WT expres-
sion. Conversely, KO;Tg mut mice did not show any apparent
arborization of phrenic nerves after reaching the branching
point. The KO;Tg mut phenotype was completely consistent
with the KO mice throughout the embryonic stage. We subse-
quently quantified the total length of phrenic nerves by tracing
nerves (Fig. 2B) and the complexity of nerve arborization us-
ing the Sholl assay (Fig. 2C). Total length and complexity of
phrenic nerves at E17.5 showed no significant differences be-
tween WT and KO;Tg WT mice, although total length at earlier
embryonic days (E13.5–E15.5) was slightly decreased in
KO;Tg WT mice compared with WT mice ( p � 0.05). The KO;
Tg mut mice completely lost nerve length and complexity,
which was similar to the KO mice. Expression of exogenous
DINE protein in the embryonic spinal cord of both KO;Tg WT

and KO;Tg mut mice was examined using DINE antibody, and
expression of exogenous DINEs was immunohistochemically
identified (Fig. 2D). To confirm whether a subset of motor
neurons innervating the diaphragm within the motor neuron
pool expressed exogenous DINE, we used octamer-binding
transcription factor 6 (Oct-6/Pou3f1/Scip) as a marker of
phrenic motor neurons, as previously described (Philippidou
et al., 2012). Although Oct-6 positive phrenic motor neurons
expressed exogenous DINE in KO;Tg WT and KO;Tg mut mice,
expression was slightly less than in WT mice (Fig. 2D), which
probably led to a moderate rescue effect of the KO phenotype
in KO;Tg WT mice. To further quantify cell number of motor
neurons, we counted ChAT-positive motor neurons in the
spinal cord at E17.5. Results showed no significant difference
in cell number between WT, KO, KO;Tg WT, and KO;Tg mut

mice (Fig. 2E). These findings suggested that DINE protease
activity is critical to form proper arborization of phrenic
nerves, which is essential for diaphragm function.

Additionally, differences in lethality were apparent immedi-
ately after birth between KO;Tg WT and KO;Tg mut mice. During
the embryonic stage, all genotypes, including KO, KO;Tg WT, and
KO;Tg mut, were seen in a normal Mendelian manner. However,
all KO and KO;Tg mut pups exhibited cyanosis and died within 30
min after birth. Pups of other genotypes, including KO;Tg WT,
were viable (Fig. 3A,B). Next, we examined the survival rate of
WT, KO, KO;Tg WT, and KO;Tg mut mice from E18.5 to 8 weeks.
As shown in Figure 3C, KO;Tg WT mice avoided lethality and
reached adulthood, although the survival rate of KO;Tg WT mice
was slightly less than in WT mice. The transgenic expression of
DINE WT in motor neurons of KO;Tg WT mice disappeared at
postnatal day 8 because the Hb9 promoter was used to express
exogenous DINE protein (Fig. 3D). Even though DINE protein
expression was shut down thereafter, the KO;Tg WT mouse devel-
oped and formed proper NMJs (Fig. 3E).
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Figure 1. Generation of DINEWT and DINEmut transgenic mice. A, Phenotype observed in spinal cord and diaphragm of DINE KO mice. Top column, DINE immunoreactivity observed in embryonic
spinal cord (E17.5) in WT and DINE-deficient (KO) mice. Bottom column, Whole-mount preparation of diaphragm of WT and KO embryos at E17.5, indicating the phrenic nerve arbor. Anti-peripherin
antibody (green) and BTX (red) were used to identify nerves and synaptic structures of NMJ, respectively. No DINE-positive motor neurons are observed in the spinal cord of KO mice, and the phrenic
nerve arbor is strikingly poor in the diaphragm of KO mice. Asterisks indicate branching point. B, Constructs of Hb9:DINEWT (Tg WT) and Hb9:DINEmut (Tg mut) transgenic mice. Either cDNA encoding
DINEWT or DINEmut was inserted downstream of an �9 kb Hb9 promoter, followed by IRES, EGFP, and polyA to express DINE and EGFP simultaneously in embryonic spinal motor neurons. In the
DINE mut construct, 5 amino acids (HELTH) were deleted and C-terminal Glu 672 (E) was converted to Val (V). C, Coronal sections of the spinal cord at E17.5 of Tg WT and Tg mut mice. The sections were
immunostained with anti-GFP (green) and anti-ChAT (red) antibodies. Both transgenic mice express GFP specifically in spinal motor neurons, and GFP intensity appears to be similar between Tg WT

and Tg mut mice. D, The ratio of GFP-positive cells in ChAT-positive motor neurons is similar between Tg WT and Tg mut mice. Almost all motor neurons in the cervical spinal cord at E17.5 express the
transgene in both Tg mice. No statistically significant difference was seen. E, Western blotting analysis of membrane (M) and cytosol (C) fractions using ventral spinal cord lysate from WT, KO, Tg WT,
and Tg mut embryos at E13.5. N-Cadherin (N-Cadh) and MEK1/2 were used as positive controls for membrane and cytosol protein, respectively. F, Sucrose gradient fractionation using ventral spinal
cord lysate from Tg WT, and Tg mut embryos at E13.5. Calreticulin and N-Cadh were used as ER and plasma membrane markers, respectively. G, Whole-mount immunohistochemistry of diaphragm
was performed using E17.5 Tg WT and Tg mut mice. Both Tg WT and Tg mut mice exhibit similar arborization patterns of the phrenic nerve compared with WT mice. H, Total length of the phrenic nerve,
which is the sum of each branch length distal to the branching point (* in G), was measured using diaphragms from E17.5 WT, KO, Tg WT, and Tg mut mice. There are no significant differences between
WT, Tg WT, and Tg mut mice. **p � 0.01. cc, Central canal. Scale bars: A, C, 200 �m; G, 500 �m. n.s., Not significant. Error bars indicate SD.
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Proper innervation of other skeletal muscles was impaired in
KO;Tg mut mice
We confirmed that DINE protease activity was required for nerve
arborization and NMJ formation using another motor nerve. We
performed whole-mount immunohistochemistry on the LD of
E15.5 and E17.5 embryos and visualized the thoracodorsal nerve
terminal projecting to the LD. Results showed that the KO;Tg WT

nerve terminal arborized and was sufficiently elongated to form

the NMJ with no obvious difference from WT mice (Fig. 4A).
However, the KO;Tg mut mice exhibited several axons that elon-
gated from the nerve trunk to form the NMJ but did not properly
arborize, which was a similar phenotype to the KO mice at E15.5
and E17.5. To quantify these phenotypes, we measured the total
length of thoracodorsal nerves and counted the points where
nerve branches subdivided or merged (termed as the cross point).
The length and number of cross points in KO;Tg WT mice were

Figure 2. Exogenous DINE WT expression rescues aberrant arborization of phrenic nerves observed in KO mice, whereas DINE mut expression fails to rescue the KO phenotype. A, Whole-mount
immunohistochemistry reveals the phrenic nerve arbor in the diaphragm of WT, KO, KO;Tg WT, and KO;Tg mut mice at E13.5 (top), E15.5 (middle), and E17.5 (bottom) using anti-peripherin (green)
antibody and BTX (red). The phrenic nerve of KO;Tg WT mice moderately recovers intramuscular arborization and forms a significant number of NMJs. However, the KO;Tg mut mice are lacking
arborization throughout all examined embryonic stages and exhibit a similar pattern to the DINE KO mouse. B, Total length of phrenic nerve was determined as the sum of each branch length distal
to the branching point (* in A) at E13.5, E15.5, and E17.5. Although recovery of the total length appears slightly worse in E13.5 and E15.5 of KO;Tg WT mice, the nerve length is recovered in E17.5.
Conversely, the KO;Tg mut mouse exhibits no recovery at all stages. t test compared with WT of equivalent embryonic day was performed. *p � 0.05. **p � 0.01. C, Sholl analysis of phrenic nerve
arborization was performed using the diaphragm of E17.5 WT, KO, KO;Tg WT, and KO;Tg mut mice. Nerve arbor complexity of KO;Tg WT mice is as similar as that of WT mice, whereas it was significantly
less in KO;Tg mut mice. **p � 0.01. D, Coronal sections of cervical spinal cord at E17.5 of WT, KO, KO;Tg WT, and KO;Tg mut mice were immunostained by anti-DINE (green) and anti-Oct-6 (red)
antibodies for detection of either endogenous or exogenous DINE and phrenic motor neurons, respectively. Expression of exogenous DINE was detected in spinal motor neurons in KO;Tg WT and
KO;Tg mut mice, but the expression was slightly weak in phrenic motor neurons labeled with Oct-6 (arrows) compared with endogenous DINE in WT mice. E, The number of ChAT-positive motor
neurons in the cervical spinal cord was quantified, with no significant difference between WT, KO, KO;Tg WT, and KO;Tg mut mice at E17.5. cc, Central canal. Scale bars: A, 500 �m; D, 200 �m. n.s.,
Not significant. Error bars indicate SD.
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similar to WT mice but were significantly reduced in the KO;
Tg mutmice (Fig. 4B,C). These results suggested that proper
DINE protease activity is critical for intramuscular arborization
and NMJ formation of the motor nerve terminal during
development.

A single mutation of DINE failed to rescue abnormalities in
DINE KO mice
To further assess the significance of the protease activity of DINE
in the motor nerve arborization, we generated another mutant
DINE (DINEE613V) transgenic mouse (Tg E613V) (Fig. 5A), which
carried a single point mutation at the catalytic HELTH motif; we
used this point mutation because previous in vitro studies showed
that proteolytic activities of NEP or ECE were abolished by a
single point mutation of glutamate residue in the catalytic
HExxH motif (Devault et al., 1988a; Shimada et al., 1996).
Tg E613V mice expressed enough amounts of exogenous GFP in
ChAT-positive motor neurons in developing spinal cord (Fig.
5B). The resulting mouse strain from crossing a DINE KO mouse
with Tg E613V mouse (KO;Tg E613V) expressed similar amounts of
exogenous DINE to KO;Tg WT mice (Fig. 5C). The phrenic nerve
in diaphragm of KO;Tg E613V mouse showed aberrant arboriza-
tion in similar manner to that of KO mouse (Fig. 5D,E). The
thoracodorsal nerve terminal in the LD muscle showed abnormal
arborization in KO;Tg E613V mouse, although the abnormality
was milder in KO;Tg E613V mouse than that in the KO mouse (Fig.

5D,F). These findings suggest that the protease activity of DINE
is critical for motor nerve arborization during development, but
a single point mutation in DINE may be insufficient to com-
pletely inactivate protease activity in vivo.

Axonal DINE deficiency affects interactions between axons
and immature Schwann cells
We next analyzed the detailed morphological appearance of
phrenic nerves between WT and KO mice. Toluidine blue-
stained semithin diaphragm sections from E17.5 embryos
showed that phrenic nerves in WT mice reached the dia-
phragm and then extended axon tips into the middle layer of
the diaphragm thickness where connective tissue space was
present (Fig. 6A). In the KO mice, the primary trunk similarly
reached the muscle. However, the phrenic nerves lost the elon-
gation direction and eventually stopped. We also found that
morphological appearance of cells along the axons was differ-
ent between WT and KO mice. In the WT mice, spindle-
shaped cells were aligned along the axon, whereas numerous
round-shaped cells were observed along DINE-deficient axons
in the KO mice (Fig. 6A). These cells were assumed to be
immature Schwann cells. Previous work has presumed that
axons are initially guided to the target muscle, independent of
the migration of SCPs (Lin et al., 2000). However, once axons
arrive at the muscle, axons and SCPs communicate with each
other, which promotes the transition from SCPs to immature

Figure 3. Embryonic rescue of DINE expression is sufficient for KO;Tg WT mice to survive and develop normally. A, The appearance of WT, KO, KO;Tg WT, and KO;Tg mut mice at P0. WT and KO;Tg WT

mice were viable, whereas KO and KO;Tg mut mice exhibited cyanosis and died immediately after birth. B, The table shows the number of littermates from each genotype at E18.5 and P0, as well as
the proportion of surviving pups to total pups when crossing with mice carrying the DINEWT or DINEmut transgene, respectively. Before birth, all genotypes were observed at a Mendelian ratio, but
KO and KO;Tg mut pups died immediately after birth. C, Kaplan–Meier survival curve of WT, KO, KO;Tg WT, and KO;Tg mut mice from E18.5 to 8 weeks were analyzed by log-rank tests ( p � 0.001). D,
The immunohistochemical staining of DINE in spinal motor neurons of WT and KO;Tg WT at P8. E, NMJs in the diaphragm from adult WT and KO;Tg WT mice were immunostained using antibodies
specific for PGP9.5 (green) and BTX (red). Scale bars: D, 200 �m; E, 50 �m.
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Schwann cells, as well as neurite extension and myelination
after birth. Because DINE was not expressed in Schwann cells
at any developmental stage, we hypothesized that axonal
DINE deficiency caused abnormal interactions between axons
and immature Schwann cells, as well as abnormal differentia-
tion of immature Schwann cells, which led to aberrant nerve
terminal arborization of DINE KO mice. Immunohistochem-
ical staining of embryonic diaphragm sections at E17.5
showed that p75-positive immature Schwann cells existed
around phrenic motor axons in WT and KO mice (Fig. 6B),
suggesting that SCPs had successfully migrated along the axon
during the early developmental stage. However, consistent
with results from semithin sections, we found that morpho-
logical appearance and alignment of these immature Schwann
cells were different between WT and KO mice. In the WT
mice, alignment of immature Schwann cells was well orga-
nized; DAPI-stained nuclei of Schwann cells were flat and
aligned along the axon in the same direction. However, nuclei
of immature Schwann cells in the KO mice appeared round
and more widely spread from the axon-rich region. These
results suggest that DINE deficiency affects proliferation or
differentiation of immature Schwann cells.

Axonal DINE deficiency affects immature Schwann cells
during late embryonic development
We then examined the number of SCPs or immature Schwann
cells along the axons between WT and DINE KO mice at E13.5
and E16.5. The number of DAPI-stained nuclei per 1 � 10 4

�m 2 of spinal nerve sections did not change between WT and
KO mice at both ages (Fig. 7A). To further ensure the prolif-

eration status of SCPs/immature Schwann cells, pregnant
mice were intraperitoneally injected with BrdU and then killed
1 h later for proliferation analysis. Proliferation was examined
using the ratio of BrdU-positive nuclei to total nuclei coun-
terstained with DAPI (Fig. 7B). Both WT and KO mice had
�13%-16% BrdU-positive cells in the ventral root of spinal
motor nerves at both ages, suggesting that DINE deficiency
does not affect proliferation of the nerve cells (Fig. 7 B, C). In
addition, immunohistochemical analysis revealed that Sox2,
Sox10, and ErbB3 were expressed in embryonic spinal nerves
from WT and KO mice in a similar manner (data not shown);
furthermore, SCPs/immature Schwann cells in embryonic sci-
atic nerves expressed cell cycle related-genes similarly between
WT and KO mice (Fig. 7D). These data suggested that SCPs
and/or immature Schwann cells along axons proliferate simi-
larly in WT and KO mice.

We next examined the differentiation status of immature
Schwann cells in spinal nerves of WT and KO mice. The SCP/
immature Schwann cells require coordinated changes in mo-
lecular expression for differentiation (Jessen and Mirsky,
2005). Although the detailed molecular mechanisms remain
poorly understood, some factors have been implicated in the
control of early Schwann cell development (Jessen and Mirsky,
2005). We compared mRNA expression of those molecules in
E18.5 embryonic sciatic nerves of WT and KO mice (Fig. 7E).
Of the genes examined, mRNA expression of Oct-6, a
transcription factor that activates promyelin pathways and
initiates myelinations in immature Schwann cells, was signif-
icantly less in nerves from KO mice than in WT mice. In situ
hybridization and immunohistochemical analysis further

Figure 4. Arborization of the thoracodorsal nerve in the LD muscle in KO mouse is rescued by exogenous DINE WT expression, but not by DINE mut expression. A, Whole-mount immunohisto-
chemistry using the LD of WT, KO, KO;Tg WT, and KO;Tg mut mice at E15.5 (top) and E17.5 (bottom). Thoracodorsal nerve and postsynaptic structure of NMJ were immunostained using anti-peripherin
antibody (green) and BTX (red), respectively. Nerve terminal of KO;Tg WT mice shows similar terminal arborization patterns to WT mice, whereas KO;Tg mut mice exhibit much less secondary, tertiary,
and quaternary branches compared with KO mice. B, Total length of the thoracodorsal nerve was determined as the sum of each branch length distal to the branching point (* in A) at E15.5 and E17.5.
There is no significant difference in nerve length between WT and KO;Tg WT mice, whereas nerve lengths of KO and KO;Tg mut mice significantly decrease compared with WT mice. **p � 0.01. C, The
cross point where each branch divides or merges was quantified in the LD muscle of WT, KO, KO;Tg WT, and KO;Tg mut mice at E15.5 and E17.5. Similar levels of cross points are observed in WT and
KO;Tg WT mice, with significantly less in KO and KO;Tg mut mice. **p � 0.01. Scale bar: A, 500 �m. n.s., Not significant. Error bars indicate SD.
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confirmed decreased Oct-6 mRNA and protein expression in
the ventral root of spinal nerves in KO embryos compared
with WT embryos (Fig. 7F ). Collectively, DINE deficiency in
axons did not affect proliferation of SCPs/immature Schwann
cells, but Oct-6 expression was altered, suggesting that the
differentiation process of SCPs/immature Schwann cells may
be impaired by DINE deficiency in axons.

DINE deficiency alters interactions between axons and
Schwann cells in vitro
Finally, we investigated the interaction between axons and Schwann
cells using primary motor neuron cultures prepared from the spinal
ventral column of E12.5 embryos and Schwann cell cultures. We
initially compared neurite elongation activity of cultured motor
neurons between WT and KO mice. As shown in Figure 8A, B, there
was no significant difference in neurite elongation between WT and
KO mice. We next added separately cultured rat Schwann cells to
WT or KO motor neuron cultures and measured neurite length. The
addition of Schwann cells had no significant difference in elongation
between WT and KO neurites (Fig. 8B). We then examined whether

DINE deficiency affected contact and alignment of Schwann cells
with axons. When normal Schwann cells are added to motor neuron
cultures, Schwann cell processes generally make contact with axons,
associate and align to them, and eventually proliferate in response to
axonal signals. Consistent with this, we observed that Schwann cells
extended their processes along the neurites and formed a bipolar
morphology to establish axonal contacts in cultures with WT motor
neurons (Fig. 8C). We termed the bipolar-shaped and axon-
associated Schwann cells as “aligned Schwann cells.” In contrast to
WT, cultures using KO motor neurons showed reduced numbers of
aligned Schwann cells (Fig. 8C), and quantification analysis revealed
a significantly decreased proportion of aligned Schwann cells along
KO neurites (Fig. 8D). We further examined whether axonal DINE
protease activity was involved in the change in Schwann cell mor-
phology using motor neurons from KO;TgWT and KO;Tgmut mice.
From the results obtained in Figure 5, we used the DINEmut Tg with
a deletion in the HELTH active motif in vitro study to ensure com-
plete loss of protease activity. The proportion of aligned Schwann
cells in cocultures using KO;TgWT mice was not different from WT
mice. However, in cocultures using KO;Tgmut mice, we observed a

Figure 5. Point-mutated DINE E613V fails to rescue the DINE KO phenotype. A, Constructs of Hb9:DINEE613V (Tg E613V) transgenic mice. cDNA encoding DINEE613V was inserted downstream of an �9
kb Hb9 promoter, followed by IRES, EGFP, and polyA to express DINE and EGFP simultaneously in embryonic spinal motor neurons. In the DINE E613V construct, Glu 613 (E) was converted to Val (V). B,
Coronal section of the spinal cord at E17.5 of Tg E613V mouse was immunostained with anti-GFP (green) and anti-ChAT (red) antibodies. Most of ChAT-positive motor neurons expressed exogenous
GFP specifically in spinal motor neurons. C, Coronal sections of the spinal cord at E17.5 of KO;Tg WT and KO;Tg E613V mice were immunostained with anti-DINE antibody (green). D, Whole-mount
immunohistochemistry reveals the phrenic nerve arbor in the diaphragm (top) and the thoracodorsal nerve arbor in LD (bottom) of WT, KO, KO;Tg WT, and KO;Tg E613V mice at E17.5 using
anti-peripherin (green) antibody and BTX (red). E, F, Total length of phrenic nerve (E) or thoracodorsal nerve (F ) was determined as the sum of each branch length distal to the branching point (*
in D) at E17.5. **p � 0.01. *p � 0.1. cc, Central canal. Scale bars: B, C, 200 �m; D, 500 �m. n.s., Not significant. Error bars indicate SD.
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decreased proportion of aligned Schwann cells compared with WT
mice (Fig. 8D). These data suggested that axonal DINE protease
activity influenced interactions of Schwann cells with axons, rather
than axonal elongation.

Discussion
The present study attempted to address the question of whether
the putative proteolytic domain of DINE is necessary to form
proper nerve arborization in skeletal muscle and subsequent
NMJ formation. Other proteases, such as ADAM, whose primary
structure is also a membrane-bound metalloprotease, function as
adhesion molecules, not as proteases in the formation of the NMJ
(Yumoto et al., 2008). The present rescue experiment used trans-
genic mice that express DINE with a mutation in the putative
protease domain. Results showed that the DINE protease domain
is required for intramuscular arborization of motor nerves and
subsequent NMJ formation during embryonic development.
Further evidence showed that the DINE protease domain muta-
tion suppresses differentiation of immature Schwann cells, as
well as interactions between axons and immature Schwann cells.

In DINE KO mice, a significant loss of intramuscular ar-
borization of the phrenic motor nerve in the diaphragm has been
observed, although the trajectory of the phrenic nerve from the
cervical spinal cord to the diaphragm is normal (Nagata et al.,
2010). There was no significant phenotypic difference in phrenic
nerve arborization in the diaphragm between WT, DINE het, and
DINE-overexpressing (Tg WT or Tg mut) mice. DINE protein ex-
pression levels did not seem to affect the phenotype in the present
study. These findings suggest that proteolytic activity of DINE
may be the critical factor, rather than the amount of protein.
Despite the wide permissive amounts of DINE protein, phrenic
nerve arborization was not completely rescued in the KO;Tg WT

mice. This is likely due to significantly lower exogenous DINE
protein expression in the phrenic motor pool of KO;Tg WT mice
compared with that of DINE het mice.

Intriguingly, embryonic rescue of DINE deficiency in spinal
motor neurons was sufficient for the mice to avoid lethality and
develop normally after birth, even without DINE protein expres-
sion after postnatal 8 d. This suggests that DINE expression dur-
ing the embryonic period is critical for motor neurons to
properly innervate and that other proteins are not able to com-
pensate for DINE deficiency during embryonic development. Af-
ter the period, DINE could have additional functions in motor
neurons because DINE is continuously expressed in adult spinal
motor neuron. The mechanisms involved in the regulation of
DINE expression during development remain poorly under-
stood. Considering the phenotypic similarity of developing
phrenic nerves in the Hox5-deficient mice (Philippidou et al.,
2012) and DINE KO mice, Hox5 might be a potential regulator of
DINE expression during development.

In the present study, we have found that proteolytic activity of
DINE is important for motor nerve arborization using the two
types of mutant DINE transgenic mouse strains, which encoded a
deleted HELTH motif and a mutated Glu 672 or a single point-
mutated Glu 613. After crossing the DINE KO with the both mu-
tant Tg mice, the resulting mouse strains exhibited aberrant
arborization of the phrenic nerve. However, KO;Tg E613V showed

Figure 6. DINE deficiency causes morphological alterations in immature Schwann cells
along the phrenic nerve. A, Semithin sections of the sagittal diaphragm at E17.5 of WT and KO
mice stained with toluidine blue (top) and higher magnification of toluidine blue-stained sec-
tions of diaphragm (bottom). Dashed line indicates border between phrenic nerve and muscle.
Phrenic nerve of WT mouse has spindle-shaped cells (white arrowheads), whereas the cells in
the KO mouse are rounded (black arrowheads). B, Sagittal sections of paraffin-embedded dia-
phragm at E17.5 from WT and KO mice immunostained with anti-p75 (green) and anti-
neurofilament (NF, red) antibodies and DAPI (blue). Bottom three rows represent higher
magnification of white frame in the top. Most DAPI-stained nuclei possibly indicate

4

p75-positive immature Schwann cells. The shapes of DAPI-stained nuclei are flat in the WT
mouse (white arrowheads) but rounded in the KO mouse (open arrowheads). Dashed line
indicates outline of phrenic nerve. Scale bars: A, B, 20 �m.
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milder abnormalities of the thoracodorsal nerve than KO and
KO;Tg mut. We therefore suspected that proteolytic activity of
DINE E613V was not completely abolished in vivo, although previ-
ous in vitro studies showed that such single point mutation of a
glutamate residue in the catalytic HExxH motif did not exhibit
proteolytic activity (Devault et al., 1988a; Shimada et al., 1996;
Lee et al., 1999). The identification of DINE substrates will pro-
vide an exact answer in the near future.

The current study focused on the interaction between axons
and Schwann cells during motor nerve development as a possible
mechanism of DINE. Previous reports have defined several steps
in the developmental progression of SCPs leading to Schwann
cells (Jessen and Mirsky, 2005; Monk et al., 2015). During em-
bryogenesis, SCPs comigrate with axons in the developing PNS,
differentiate into immature Schwann cells, and align along the
axon to initiate myelination. Although SCPs and immature
Schwann cells are associated with axons, the detailed mechanisms
remain unclear. Several studies have demonstrated that SCPs
cover the growth cone at the nerve terminal and guide axons by
controlling exposure to the extracellular environment (Wanner
et al., 2006a, b). Raphael et al. (2010) found that Schwann cells

assisted axons in invading the epidermal basement membrane in
zebrafish. The findings suggest that SCPs and immature Schwann
cells regulate axonal behavior during motor nerve development.

The majority of mice lacking the NMJ formation-related
genes exhibit overarborization and overelongation of nerves in
the diaphragm (Gautam et al., 1996; Okada et al., 2006; Yumoto
et al., 2012). However, mice lacking SCPs exhibit similar pheno-
types with DINE KO mice. ErbB2/3- or NRG1-deficient mice
exhibit a complete loss or marked reduction of SCPs in the pe-
ripheral nerve, respectively (Riethmacher et al., 1997; Lin et al.,
2000; Wolpowitz et al., 2000; Yang et al., 2001). The loss of SCPs
in developing peripheral nerves results in axon defasciculation,
followed by a defect in peripheral axon projection and neuronal
death. A similar phenotype is also observed in Sox10-deficient
mice (Britsch et al., 2001). Although these phenotypes are more
severe than in DINE KO mice, it is likely that DINE protease
activity is involved in the interaction between Schwan cells and
axons that express DINE.

In DINE KO mice, NMJ formation occurs within a group of
muscles in which primary or secondary branches of nerves are
superficially located. The intercostal muscles, for instance, are

Figure 7. DINE deficiency alters differentiation status of immature Schwann cells, but not proliferation. A, The number of DAPI-stained nuclei per 10 4 �m 2 in cervical spinal ventral root sections
of WT and KO mice at E13.5 and E16.5 are shown. There is no significant difference in the number of stained nuclei between WT and KO mice. B, BrdU was intraperitoneally injected into pregnant
mice and was incorporated in proliferating cells of E13.5 and E16.5 embryos. Longitudinal sections of spinal ventral root at the cervical level were immunostained by anti-BrdU antibody (green) and
DAPI (blue). C, The percentages of BrdU-positive nuclei in DAPI-stained nuclei of WT and KO mice. There is no significant difference between WT and KO mice with regard to the number of
BrdU-positive proliferating cells in the spinal nerve. D, Expression of cell cycle-related genes in sciatic nerves of WT and KO mice at E18.5. Actin expression is served as a reference. Data are shown as
a fold induction compared with mRNA expression in WT mice. All genes show no significant difference in mRNA expression between WT and KO mice. E, Quantified expression levels of genes
associated with differentiation of immature Schwann cells in embryonic sciatic nerve of WT and KO at E18.5. Data are shown as a fold induction compared with expression in WT mice. Expression of
Oct-6 is significantly decreased in the sciatic nerve of KO embryos. **p�0.01. F, In situ hybridization using DIG-labeled RNA probe confirms increased expression of Oct-6 mRNA in WT mice compared
with KO mice (top); immunohistochemistry using anti-Oct-6 antibody (red) and DAPI (blue) confirms considerably induced Oct-6 expression in WT mice at E17 compared with KO mice (bottom). Scale
bars: B, 20 �m; F, 100 �m. n.s., Not significant. Error bars indicate SD.
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not drastically affected in DINE KO mice at E18.5 (Nagata et al.,
2010). Similar differences in defect severity between phrenic and
intercostal innervation have also been observed in ErbB2-
deficient mice (Lin et al., 2000), which could suggest that the
depth of the final motor branches in a muscle correlates with
more severely affected muscle innervation (Couesnon et al.,
2013). In this respect, protease activity of DINE may be necessary
for axons to penetrate deeper into muscle. After reaching the
diaphragm, phrenic nerves are associated with extracellular ma-
trix and/or membrane-associated fibers, such as collagens XIII/
XXV and laminin; collagen Type XIII and XXV are abundant in
the NMJ and muscle, respectively, and their deficiencies affect
NMJ formation and maintenance (Latvanlehto et al., 2010;
Tanaka et al., 2014).

The present study examined the proteolytic role of DINE and
the mechanisms involved in the differentiation of immature
Schwann cells and their adhesion to axons. DINE is a membrane-
bound metalloprotease that belongs to the NEP family, whose
members cleave neuropeptides, such as amyloid-�, somatostatin,
and endothelin (Yanagisawa et al., 1988; Barnes et al., 1995; Iwata
et al., 2000). Previous studies were not able to show that DINE
functions as a protease. However, results from the present study
confirmed a role for DINE as a protease, although DINE could be
an orphan metallopeptidase. It remains to be shown whether a
substrate cleaved by DINE in axon might be involved in the mat-
uration of immature Schwann cells and adhesion between axons
and immature Schwann cells.

Multiple mutations in ECEL1 (human homolog of DINE)
have also been found in human DA5D (Dieterich et al., 2013;
McMillin et al., 2013). Recently, a mutation in the adhesion
G-protein-coupled receptor GPR126 was identified in human ar-

throgryposis (Glenn and Talbot, 2013; Ravenscroft et al., 2015).
Further, GPR126 is associated with Schwann cell development
(Mogha et al., 2013). Interestingly, activation of GPR126 signal-
ing in Schwann cells is regulated by proteolysis to alter the bind-
ing effect with extracellular collagen and laminin (Paavola et al.,
2014; Petersen et al., 2015). Although we did not address the
possibility that DINE is involved in GPR126 activation in the
present study, proteolytic regulation might influence the interac-
tion between axons and immature Schwann cells, as well as sub-
sequent NMJ formation.

In conclusion, results from the present study clarified that the
DINE protease activity domain is critical for intramuscular ax-
onal branching during the late embryonic stage. Proper interac-
tion of motor axons with the external muscle environment is
necessary to form robust nerve arborization and sufficient num-
ber of NMJs. DINE protease activity would be essential in pro-
cesses, such as differentiation of immature Schwann cells and
interactions between axons and Schwann cells or the intramus-
cular environment. The identification of a DINE substrate will
help to elucidate new mechanisms that underlie nerve arboriza-
tion in muscles and NMJ formation, as well as shed further light
on the pathogenesis and treatment of motor neuron diseases,
including DA5D, in which patients carry a DINE mutation.
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