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Abstract

The neuromuscular junction (NMJ) is a specialized synapse that is formed by motor axon innervation of skeletal
muscle fibers. The maintenance of motor-muscle connectivity is critical for the preservation of muscle tone and
generation of movement. Injury can induce a robust regenerative response in motor axons, but severe trauma or
chronic denervation resulting from neurodegenerative disease typically leads to inefficient repair and poor
functional recovery. The axon guidance molecule Semaphorin3A (Sema3A) has been implicated as a negative
regulator of motor innervation. Upon binding to a plexinA-neuropilin1 (Npn1) receptor complex, Sema3A initiates
a downstream signaling cascade that results in axonal repulsion. Here, we established a reproducible nerve crush
model to quantify motor nerve regeneration. We then used that model to investigate the role of SemaS3A signaling
at the adult NMJ. In contrast to previous findings, we found that Sema3A and Npn7 mRNA decrease in response
to denervation, suggesting that Sema3A-Npn1 signaling may regulate NMJ reinnervation. To directly test that
hypothesis, we used inducible knockout models to ubiquitously delete Sema3A or Npn1 from adult mice. Despite
demonstrating that we could achieve highly efficient gene deletion, disruption of Sema3A-Npn1 signaling did not
affect the normal maintenance of the NMJ or disrupt motor axon reinnervation after a denervating injury.
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Increased axonal growth and sprouting after a peripheral nerve injury are thought to signify the activation
of a robust regenerative response that results in more efficient recovery. The axon guidance factor Sema3A
has been proposed to generate a growth-inhibitory environment that reduces the regenerative capability of
motor nerves. We sought to directly test how the inducible deletion of Sema3A or its receptor Npn1 alters
muscle reinnervation after injury. Surprisingly, our work demonstrates that disruption of Npn1-Sema3A
signaling does not alter reinnervation of the NMJ. Thus, the utility of targeting this pathway to improve
Krecovery from denervating injuries may be more limited than suggested by earlier studies. /

ignificance Statement

Introduction

Complex motor function is achieved by communication
between motor neurons and the skeletal muscle at a
specialized synapse called the neuromuscular junction
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(NMJ). Maintenance of the NMJ requires the coordinated
effort of three main structures: the presynaptic motor
neuron terminal, the postsynaptic muscle apparatus, and
terminal Schwann cells (TSCs). In healthy animals, a de-
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nervating injury produces a regenerative response in
which both intrinsic and extrinsic factors act on motor
nerve terminals to stimulate growth and axonal sprouting
that result in subsequent muscle fiber reinnervation (Faw-
cett and Keynes, 1990; Chen et al., 2007). Because of
their role in establishing target innervation during devel-
opment, axon guidance molecules have been broadly
proposed to regulate peripheral nerve regeneration after
injury (Yaron and Zheng, 2007) and in response to neuro-
degenerative disease (Schmidt et al., 2009; Moloney
et al., 2014).

One such axon guidance molecule that has been impli-
cated in peripheral nerve regeneration is Semaphorin3A
(Sema3A), which belongs to the large family of sema-
phorins that are defined by the presence of a conserved
Sema domain at their amino-terminus (Yazdani and Ter-
man, 2006). Class Ill semaphorins, including Sema3A, are
secreted glycoproteins that signal through a multimeric
receptor complex. For Sema3A, this receptor complex is
composed of a class A Plexin (PIxA1-A4) and Neuropilin1
(Npn1). While PIXA receptors contain a large intracellular
domain that initiates downstream signaling, the Npn1
receptor serves as a high-affinity binding partner that acts
to stabilize the Plexin-Sema3 interaction (Janssen et al.,
2012). Importantly, both PIxAs and Npn1 are absolutely
required for Sema3A-mediated signal transduction (Taka-
hashi et al., 1999; Rohm et al., 2000; Yaron et al., 2005).

Originally discovered as a chemorepellent that pro-
motes sensory axon growth cone collapse (Luo et al.,
1993; Messersmith et al., 1995), Sema3A has since been
found to play a role in motor and sensory axon fascicu-
lation and pathfinding during development (Behar et al.,
1996; Taniguchi et al., 1997; Huber et al., 2005; Haupt
et al., 2010), pruning of hippocampal axons (Bagri et al.,
2003), inhibition of cortical axon collateral branching (Dent
et al., 2004), and control of dendritic development (Morita
et al., 2006; Shelly et al.,, 2011; Cheadle and Biederer,
2014). In the context of regeneration, Sema3A was found
to be elevated after nerve crush injury (Scarlato et al.,
2003; Ara et al., 2004; De Winter et al., 2006). Further-
more, upregulated Sema3A transcript specifically local-
ized to fast type llb/x muscle fibers, while slow type I/lla
muscle fibers did not express Sema3A (De Winter et al.,
2006). Intriguingly, while fast and slow motor units have
different metabolic and contractile properties (Kanning et al.,
2010), they also exhibit well-documented differences in re-
sponse to injury and neuropathology. Specifically, fast motor
units are more susceptible to neurodegenerative diseases
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such as amyotrophic lateral sclerosis (ALS), spinal muscular
atrophy (SMA), and even normal organismal aging (Frey
et al., 2000). Additionally, fast muscle fibers exhibit less
axonal sprouting and tend to repair poorly after injury, while
slow fibers exhibit heightened axonal sprouting and repair
more efficiently (Duchen, 1970; Lowrie et al., 1982; De Win-
ter et al., 2006). Taken together, this previous work suggests
a model in which the presence of Sema3A at the NMJ on
fast muscle fibers generates a growth-inhibitory environ-
ment that may serve to reduce axonal sprouting and repair in
response to injury.

In this study, we sought to directly test if there is a
functional role for Sema3A signaling during reinnervation
of the adult NMJ. To this end, we developed and charac-
terized a highly reproducible nerve crush model that al-
lows for the quantification of distinct phases of NMJ
reinnervation. Then, given the essential role of Sema3A
signaling during development, we generated inducible
knockout mice to genetically delete Sema3A or Npn1
from all tissues of interest in adult mice. Contrary to the
proposed role of Sema3A predicted by previous studies,
we found that Sema3A signaling appears to be largely
dispensable for normal NMJ reinnervation after injury.

Materials and Methods

Animals

All housing and procedures performed on mice were
approved by the Institutional Animal Care and Use Com-
mittee of the University of Michigan. Wild-type C57BL/6J
(000664), Thy1CreERTZ-EYFP (012708), and UBCC™ER™
(007001) mice were obtained from Jackson Laboratory.
Npn1™™ (Gu et al., 2003) or Sema3A™™ (Riken Biore-
source Center, RBRC01106) conditional mice were
crossed with UBCC™ERT2 mice to generate UBCC®tR"2,
Npn1™™ (Npn1YB°) and UBCC™®t"72;Sema3A™™ mice
(Sema3AYEC). All mice were genotyped according to pub-
licly available protocols except for Sema3A conditional
mice. New primers (forward 5'-CACTGGGATTGCCTG-
TCTTT-3' and reverse 5'-ACGGAGCAAGCACACAGCT-
A-3') were designed to detect a 363-bp wild-type band
and/or a 400-bp mutant band. For all experiments, both
male and female mice were analyzed in similar numbers.

Conditional deletion

Tamoxifen (TMX, Sigma-Aldrich) was administered at
a dose of 0.25 mg/g body weight to Npn1Y8C or
Sema3A"EC mice by oral gavage once a day for 5 d. Mice
were then given a resting period of 12-15 d to allow for
complete Cre-mediated recombination before performing
nerve crush experiments (Fig. 1). In all experiments, two
types of control littermates were used: (1) Cre wild-type
(UBCCERT2 negative mice treated with TMX) and (2) ve-
hicle only [UBC®"ER™2 mice treated with corn oil (CO)]. For
the Npni-conditional deletion, both control groups be-
haved similarly and therefore all results were averaged
and displayed as one wild-type control group (Npn1"").
For the Sema3A deletion, CO-treated mice exhibited a
partial reduction in Sema3A transcript levels (Fig. 5A), so
only Cre wild-type mice (Sema3A™T") were used.
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Figure 1. Characterization of the common peroneal crush methodology. A, Graphical depiction of the experimental paradigm. A
common peroneal nerve crush and contralateral sham operation were performed at day 0 (D0). Denervated (Den) and sham EDLs were
collected at various time points following injury (n = 3 for all time points except D30, n = 2). B, Representative whole-mount
immunofluorescent images of sham (left) and D2 denervated (right) EDL sections from Thy7-YFP mice demonstrate a total loss of
nerve innervation following the common peroneal nerve crush. Scale bar represents 250 um. C, Myelination at the D4 time point
following nerve crush was examined by immunofluorescent staining. gllI-Tubulin and acetylcholine receptors stained with bungaro-
toxin (BTX) are shown in green, while the myelin markers S100 calcium binding protein B (§100b) and myelin basic protein (MBP) are
shown in blue and magenta, respectively. Scale bar represents 50 um. D, Representative images illustrate the scoring system (0-5)
used to quantify NMJ reinnervation. BTX marks the endplate (magenta), Blll-tubulin allows for visualization of the motor nerve (green),
and synapsin stains the presynaptic nerve terminal (blue). Scale bar represents 10 um. E, The total number of neuromuscular
junctions (NMJs) analyzed per animal was consistent across all time points analyzed (n.s., one-way ANOVA). F, G, Reinnervation was
analyzed over the 30-d time course, and the percentage of NMJs scored as 0-5 is shown. Scoring was performed based on both
nerve BllI-tubulin staining (F) and presynaptic synapsin staining (G). Error bars represent the mean = SE.

Common peroneal nerve crush opening between the anterior compartment (tibialis ante-

Mice were deeply anesthetized with 2%-3% isoflurane  rior) and the posterior compartment (lateral gastrocne-
mixed with oxygen, and the surgical site was shaved and  mius). The exposed nerve was then crushed by applying
disinfected. A small incision was made along the lateral pressure with a pair of forceps for 40 s. Following the
aspect of the distal hindlimb from just above the ankle to  crush procedure, the site where the anterior and posterior
just below the knee. A dissecting microscope was usedto  muscles were separated was closed with a suture, and
expose the common peroneal nerve through a small then the skin was sutured at the incision site. In a small

May/June 2018, 5(3) e0155-17.2018 eNeuro.org



.“eu ro Negative Results 4 of 16
Table 1. Primer sequences used for real-time RT-PCR

Gene Forward Primer (5'-3’) Reverse Primer (5'-3) BP Source

B2M TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC 104 Tan et al., 2011
Npn1 GAGGACAGAGACTGCAAGTATG CTGAAGACACCACAGGAGAAG 115 Primer3

Sema3A ATATGCAAGAATGACTTTGGTGGAC AAGGAACACCCTTCTTACATCACTC 258 Primer3

GAP43 ATAACTCCCCGTCCTCCAAGG GTTTGGCTTCGTCTACAGCGT 201 Harvard PrimerBank
MuSK CCTCAGCCCGAGATTTCTTGG GTCTTCCACGCTCAGAATGGT 111 Harvard PrimerBank
PO CATCTCTTTTACCTGGCGCTAC TGTAAGGTTGTCCCTTGGCATA 83 Harvard PrimerBank
S100 CTTCCTGGAGGAAATCAAGGAG CTCATGTTCAAAGAACTCATGGC 148 Primer3

PlexinA1 GAGTGCAAGGAAGCTTTTGC TCCTCAATCCCAGGAAACAG 131 Fukuda et al., 2013
PlexinA2 TATAACTGCAGTGCCCACCA TGGGGACAGTCCTCTGAAAC 149 Primer3

PlexinA3 AGCATTCTGTGGTTTTCATCG CACCTGCTTCTCACTCAGGA 179 Primer3

PlexinA4 ATCTAGAGTGGCGACAAGGAAG TGGAGACAGTGGAGTTGTTCAC 189 Fukuda et al., 2013
MYH1 CTCTTCCCGCTTTGGTAAGTT CAGGAGCATTTCGATTAGATCCG 187 Harvard Primer Bank
MYH2 ACTTTGGCACTACGGGGAAAC CAGCAGCATTTCGATCAGCTC 155 Harvard Primer Bank
MYH3 CCAAAACCTACTGCTTTGTGGT GGGTGGGTTCATGGCATACA 149 Harvard Primer Bank
MYH4 CTTTGCTTACGTCAGTCAAGGT AGCGCCTGTGAGCTTGTAAA 139 Harvard Primer Bank
MYH6 TGCACTACGGAAACATGAAGTT CGATGGAATAGTACACTTGCTGT 204 Harvard Primer Bank
MYH7 GCTACGCTTCCTGGATGATCT CCTCTTAGTGTTGACAGTCTTCC 248 Harvard Primer Bank

number of experiments, a nerve cut was performed in-
stead of a nerve crush. In these instances, the same
procedure was performed except that a 3-5-mm piece of
nerve was excised as opposed to being crushed with
forceps.

RNA isolation and RT-qPCR

Tissues were harvested and snap-frozen in liquid nitro-
gen. Homogenization was performed in TRIzol reagent
(Thermo Fisher Scientific) using a TissueLyser Il (Qiagen)
set at 30 Hz for 5 min. Samples were then centrifuged at
12,000 X g for 10 min at 4°C. RNA was isolated by phase
separation with chloroform followed by isopropanol pre-
cipitation (per the manufacturer’s protocol). In some in-
stances, RNA was isolated with the Direct-zol RNA
MiniPrep Kit (Zymo Research) according to manufacturer
guidelines. The concentration of isolated RNA was deter-
mined by NanoDrop (Thermo Fisher Scientific), and 1 ug
cDNA was synthesized using the Superscript Il First-
Strand Synthesis SuperMix kit (Invitrogen). RT-gPCR was
performed using the 7900HT Fast Real-Time PCR System
(Applied Biosystems) with the appropriate primer set
(Table 1) and FastStart Universal SYBR Green Master Mix
(Roche). Primer sequences were obtained through the
Harvard Primer bank, Primer3, or from previously pub-
lished literature (Tan et al., 2011; Fukuda et al., 2013).
B2M was used as an internal control for all dCT calcula-
tions, and gene expression was calculated relative to the
control condition.

Npn1 immunoprecipitation

Muscle or spinal cord samples were dissected and
placed into immunoprecipitation buffer [10% glycerol,
COmplete protease inhibitors (Roche), and sodium vana-
date in Tris-buffered saline (TBS), pH 6.8]. Tissues were
homogenized with the Tissue Lyser Il (Qiagen) set at 30 Hz
for 5 min. Samples were then detergent extracted by the
addition of nonidet p-40 (1% final concentration) followed
by constant rotation for 30 min at 4°C, and insoluble
material was removed by centrifugation for 5 min at max-
imum speed in a Microfuge. Before Npn1 immunoprecipi-

May/June 2018, 5(3) e0155-17.2018

tation (IP), samples were first precleared with a mixture of
protein A/G agarose beads (Roche) for 1 h. Next, a control
IP was performed in which samples were incubated with
a nonspecific goat control antibody and protein A/G
beads for 2 h. Finally, the Npn1 IP was performed
overnight with a Npn1 antibody (AF566, R&D Systems)
and protein A/G beads. For all incubations, samples
were left under constant rotation at 4°C. The next day,
samples were lightly centrifuged (5000 rpm, 5 min), and
the supernatants were collected and denatured in 2X
sodium dodecyl sulfate (SDS) sample buffer (20% glyc-
erol, 4% SDS, 1% B-mercaptoethanol, and bromophe-
nol blue in TBS, pH 6.8) by heating for 10 min at 100°C.
Meanwhile, the immunoprecipitated products were
washed three times with immunoprecipitation buffer
followed by denaturation in the same manner as de-
scribed for the supernatants.

Protein isolation for Sema3A immunoblotting

We used many different methods of protein isolation
and various Sema3A antibodies to try to demonstrate
effective knockdown of Sema3A protein in Sema3AYEC
mice. However, most methods resulted in obtaining a
nonspecific protein band in the reported 95-105-kDa mo-
lecular weight range. The only methodology that we found
to be successful was when protein was copurified with
RNA using the Direct-zol RNA MiniPrep Kit (Zymo Re-
search). With this kit, after RNA binds to the RNA-binding
cup, protein in the flow-through was precipitated with
ice-cold acetone for 30 min on ice. Samples were then
centrifuged for 10 min at max speed to pellet the protein
precipitate. The protein was then washed with 100%
ice-cold ethanol, centrifuged again, and resuspended in
water. Finally, the protein was denatured by adding an
equal volume of 2X SDS sample buffer and heating for 10
min at 100°C.

Immunoblotting

All samples were resolved on a 7% SDS-PAGE gel and
transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked in 4% milk in TBS-T (TBS, pH
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7.4, and 0.1% Tween 20) for 1 h at room temperature.
Primary antibodies [a-tubulin (1:30,000, T9026, Sigma-
Aldrich), actin (1:1000, SC-1616-G, Santa Cruz Biotechnol-
ogies), Npn1 (1:1000, AF566, R&D Systems), or Sema3A
(1:1000, ab23393, Abcam)] were diluted in 3% bovine serum
albumin (BSA) and incubated overnight at 4°C. The following
day, membranes were washed and incubated with appro-
priate horseradish peroxidase (HRP)-linked secondary anti-
bodies (1:10,000) in 3% BSA (Jackson ImmunoResearch)
followed by visualization with a chemiluminescent substrate
(Thermo Fisher Scientific).

Tissue preparation

EDL muscles were fixed in 4% paraformaldehyde (Elec-
tron Microscopy Sciences) for 10 min at room tempera-
ture. Tissues were then washed 3Xx 20 min in PBS and
soaked overnight in 30% sucrose at 4°C. Muscles were
embedded in O.C.T compound (Tissue-Tek) and frozen at
—80°C. 50-um longitudinal cryosections were cut using a
CM1950 cryostat (Leica Biosystems) such that 3-5 sec-
tions ~300 um apart were placed on one slide.

Immunostaining

Sections were rehydrated in PBS and then permeabil-
ized/blocked in 0.3% Triton X-100, 1% BSA, 10% donkey
serum (Jackson ImmunoResearch), and MOM blocking
reagent (Vector Laboratories) for 1 h at room temperature.
Slides were then incubated in primary antibodies [anti-
synapsin-1 (5297S, Cell Signaling), anti-B-tubulin Ill (T8578,
Sigma-Aldrich), anti-S100 (RB044A0, Thermo Scientific Lab
Vision), anti-myelin basic protein (AB9348, EMD Millipore)] in
0.3% Triton X-100, 1% BSA overnight at 4°C. The following
day, sections were washed in PBS and stained with fluo-
rescently conjugated a-bungarotoxin and/or appropriate
secondary antibodies (Biotium) in 0.3% Triton X-100 for 1
h at room temperature. After final PBS washes, slides
were coverslipped with DAPI mounting medium (Southern
Biotech) and imaged on a confocal microscope (Leica
SP5).

Reinnervation analysis

Endplates identified by bungarotoxin staining were im-
aged at 20X magnification with high resolution (2048 X
2048) and a z-step size of 1.5 um. Every endplate on one
slide containing 3-5 sections was imaged. Maximum pro-
jection (LAS Software, Leica Biosystems) was applied to
all files, and every in-plane NMJ was scored from 0 to 5 to
reflect its innervation status. Two markers were used for
innervation scores: (1) B-tubulin Ill to reflect nerve rein-
nervation and (2) synapsin to reflect presynaptic differen-
tiation. All imaging and scoring was performed by a single
blinded observer that was unaware of the strain, geno-
type, and time point being analyzed.

Muscle force measurement

Mice were anesthetized with an initial intraperitoneal
injection of avertin (tribromoethanol, 250 mg/kg), and sup-
plemental injections were given as needed to maintain an
adequate level of anesthesia during the procedure. Iso-
metric contractile properties were measured in situ simi-
larly to Gumerson et al. (2013). The common peroneal
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nerve and distal third of the EDL muscle were carefully
exposed without damaging muscle, nerve, or blood ves-
sels during the dissection. The mouse was placed on a
platform maintained at 37°C, and the hindlimb was immo-
bilized by pinning through the knee and taping the foot to
the platform. The distal tendon of the EDL was severed
and then tied to the lever arm of a servomotor (300C-LR-
FP, Aurora Scientific) using 5-0 braided silk suture. A
continual drip of saline warmed to 37°C was administered
to the muscle to maintain temperature. Platinum elec-
trodes placed on either side of the midbelly of EDL pro-
vided direct muscle stimulation, while a pair of platinum
wire electrodes placed under the peroneal nerve provided
nerve stimulation. The muscle was adjusted to the opti-
mum length, and maximum twitch force was found for
both direct muscle and nerve stimulation. Maximum iso-
metric tetanic force was then determined by delivering a
train of constant-current pulses at a frequency of 220 Hz
for 300 ms, first directly to the muscle and then subse-
quently to the nerve. Each current pulse was 0.2 ms in
duration and was exceeded by ~25% of the intensity
required to elicit a maximum twitch response from each
tissue, respectively. Custom-designed software (LabVIEW
2014; National Instruments) controlled stimulus pulses
and recorded force responses. The sequence of direct
muscle stimulation followed by nerve stimulation was re-
peated an additional 3 times for a total of 4 maximum-
force measurements. Maximum isometric tetanic force
(P,) for both muscle and nerve stimulation was then de-
fined as the average of the 4 trials. Optimal muscle length
(L,) was measured with digital calipers, and the weight of
the muscle was recorded. Muscle fiber length (L) was
determined by multiplying the EDL muscle length by
0.44, a previously established L;-to-L, ratio (Brooks and
Faulkner, 1988). The physiologic cross-sectional area
(PCSA) was then estimated by dividing muscle mass by
the product of L; and the density of mammalian skeletal
muscle (1.06 g/cm®). Specific force was then calculated
by normalizing P, to the PCSA.

Statistical analysis

All statistical analyses were performed using Prism 7
software (GraphPad). One- or two-way ANOVA was used
for all analyses. Significant differences among pairwise
comparisons were identified by Tukey’s or Sidek’s post
hoc tests (Table 2). All graphs and error bars represent the
mean * standard error (SE).

Results

Characterization of the common peroneal crush
methodology

To directly examine whether Sema3A signaling plays a
role in NMJ reinnervation, we first established a reproduc-
ible nerve crush model that allowed for the quantification
of distinct phases of NMJ reinnervation. To this end, we
performed a nerve crush on the common peroneal branch
of the sciatic nerve that innervates the anterior muscles of
the distal hindlimb. This approach allowed us to examine
reinnervation in the EDL, which is a thin muscle amenable
to systematic and thorough analysis. Additionally, from
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Table 2. Statistical analysis
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Figure Data structure Type of test Post hoc test
1E Normal distribution One-way ANOVA Tukey
2A Normal distribution Repeated-measures two-way ANOVA Tukey
2B Normal distribution Repeated-measures one-way ANOVA Tukey
2C Normal distribution Repeated-measures two-way ANOVA Tukey
2D Normal distribution Repeated-measures two-way ANOVA Tukey
3A-G Normal distribution One-way ANOVA Tukey
4B Normal distribution Two-way ANOVA Sidek
4E Normal distribution Two-way ANOVA Tukey
4F,.G Normal distribution Two-way ANOVA Tukey
4L Normal distribution Two-way ANOVA Tukey
am Normal distribution Two-way ANOVA Tukey
5A Normal distribution Two-way ANOVA Sidek
5C Normal distribution Two-way ANOVA Tukey
5H Normal distribution Two-way ANOVA Tukey
5/ Normal distribution Two-way ANOVA Tukey

previously published studies, we could also predict the
approximate time course of initial muscle denervation and
subsequent reinnervation (Magill et al., 2007; Bauder and
Ferguson, 2012; Dalkin et al., 2016). The experimental
design we used to fully characterize this nerve crush
model is illustrated in Fig. 1A. Briefly, a common peroneal
nerve crush and a contralateral sham surgery were per-
formed on wild-type mice. Injured and control EDL mus-
cles were then collected at different time points (days
2-30) and processed to systematically collect longitudinal
sections from the entire muscle (see Materials and Meth-
ods). Immunostained sections were then analyzed to
quantify the extent of NMJ denervation or reinnervation.

To ensure that the nerve crush injury induced a com-
plete degeneration of motor axons from the EDL muscle,
we used Thy1CeERT2-EYFP mice that exhibit strong YFP
expression in peripheral nerves. Sham-injured and dener-
vated EDLs were collected 2 d after nerve crush, and
whole-mount imaging was used to broadly examine de-
nervation after injury. As expected, intact YFP™ innerva-
tion was observed in sham-injured EDLs, while a dramatic
and uniform loss of YFP signal was apparent 2 d after
nerve crush (Fig. 1B). In addition to loss of innervation, we
also examined myelination of motor axons after common
peroneal nerve crush (Fig. 1C). Day 4 (D4) sham-injured
and denervated EDLs were stained with a combination of
bungarotoxin (BTX) and Blll-tubulin (green), S100 calcium
binding protein (S100b, blue), and myelin basic protein
(MBP, magenta). In sham-injured muscle, BTX labeled
endplates were innervated by glll-tubulin® motor nerves
that exhibited normal myelination as indicated by S100b
and MBP staining (Fig. 1C, left panels). In contrast, at D4
after nerve crush, withdrawal of glll-tubulin™ motor nerves
was accompanied by a marked reduction of S100b, and
only fractured pockets of MBP staining was evident (Fig.
1C, right panels).

After demonstrating that this injury model produced a
reproducible and uniform denervation, we devised a scor-
ing system to quantify NMJ reinnervation. BTX (magenta)
was used to identify the endplate region, while BllI-tubulin
(green) and synapsin (blue) were used as markers for
nerve reinnervation and presynaptic differentiation, re-
spectively. Six different morphologic categories were cre-

May/June 2018, 5(3) e0155-17.2018

ated to reflect the innervation status of individual NMJs
(Fig. 1D): completely denervated (score 0); motor nerve is
approaching, but not innervating, an endplate (score 1);
<50% of the endplate area is innervated (score 2); >50%
of the endplate area is innervated (score 3); motor axon
extends throughout the endplate, but does not fill the
entire space (score 4); and completely reinnervated (score
5).

Next, we applied this scoring system to quantify rein-
nervation in C57BL/6 wild-type mice at various time
points following nerve crush. Importantly, the total num-
ber of individual NMJs analyzed was consistent across all
time points, with ~200-300 in-plane NMJs analyzed per
mouse (Fig. 1E). Furthermore, using Blll-tubulin (Fig. 1F)
and synapsin (Fig. 1G) staining to quantify the percentage
of NMJs scored as 0-5 demonstrated that this scoring
system could identify unique phases of denervation and
reinnervation throughout the time course. At D2 after
injury, almost all NMJs were completely denervated and
received a score of 0. By D4, early motor nerve reinner-
vation at some NMJs was evident, but no presynaptic
differentiation was observed (all synapsin-based scores
were 0). From D7 to D14, increasingly more NMJs be-
came reinnervated, while from D14 to D30, maturation of
the innervating motor nerve was observed as scores
shifted from 3 or 4 to an increasing number of 5s. Al-
though innervation at D30 began to approach that ob-
served in sham-injured EDLs, full recovery was not yet
histologically apparent. Taken together, our data demon-
strate that this common peroneal nerve crush model is
sufficient to carefully interrogate motor axon regeneration,
synaptogenesis, and remyelination after nerve injury.

Sema3A signaling family gene expression

Previous work examining Sema3A signaling at the NMJ
found that Sema3A mRNA was not detectable in normally
innervated muscle. However, an upregulation of Sema3A
was observed after nerve crush injury in the fast-twitch
fiber types of the gastrocnemius (GP) muscle, while the
slow-twitch fibers of the soleus (Sol) muscle showed no
response (De Winter et al., 2006). Similar to the GP, the
EDL is predominantly composed of fast-twitch fibers.
Therefore, we reasoned that patterns of Sema3A signaling
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should be similar in the two muscles. To directly examine
this, we isolated RNA from wild-type GP, Sol, and EDL
muscles and from the spinal cord (SC). RT-gPCR was
then used to analyze Sema3A and its signaling partners
(Fig. 2). First, as a control, we examined the expression of
different isoforms of myosin heavy chain (MyHC) that are
characteristic to fast- or slow-twitch fiber types (Agbulut
et al., 2003). As expected, the Sol muscle exhibited a
strong enrichment in the slow myosin isoforms Myhc-/
(GP, p = 0.006; EDL, p = 0.0033) and Myhc-lla (GP, p =
0.015; EDL, p = 0.0016), while the fast isoform Myhc-Ilb
was dramatically upregulated in the GP (p < 0.0001) and
the EDL (p < 0.0001). Furthermore, a similar level of
Myhc-Ild/x was observed in all three muscle groups, and
the embryonic Myhc (Mych-EMB) was barely detectable
in any of the adult muscles (Fig. 2A).

Once we established that proper Myhc isoform profiles
were expressed in the different muscle groups, we exam-
ined the expression levels of Sema3A, PIxA, and Npn
transcripts. In contrast to what had been previously re-
ported (De Winter et al., 2006), we could reproducibly
detect Sema3A mRNA in uninjured adult skeletal muscle
(Fig. 2B). More specifically, we found that Sema3A was
expressed at a similar level in the GP (1.00 = 0.17), EDL
(1.80 = 0.01), and SC (2.635 = 0.55), while a significant
reduction of transcript was observed in the slow-twitch
Sol (0.295 + 0.06) muscle compared to the GP (p =
0.014), EDL (p < 0.0001), and SC (p = 0.019). Addition-
ally, analysis of PIxA71-A4 (Fig. 2C) and Npn1-2 (Fig. 2D)
family members revealed that all receptor components
were expressed at similar levels within the different mus-
cles examined, except for PIxA1, which had the highest
expression in the GP and lowest expression levels in the
Sol.

May/June 2018, 5(3) e0155-17.2018

Npn2 ]

Npn1

Figure 2. Sema3A and its receptor components are expressed in skeletal muscle and spinal cord. Quantitative real-time PCR
(RT-gPCR) was performed on RNA isolated from the gastrocnemius/plantaris (GP), extensor digitorum longus (EDL), soleus (Sol), and
spinal cord (SC) tissues of C57BL/6J mice (n = 6). Individual gene expression was normalized to the B2-Microglobulin (B2M)
housekeeping gene. Myosin heavy chain (MyHC) isoforms (A), Semaphorin3A (Sema3A, B), class A plexin family members (PIxA71-4,
C), and neuropilin family members (Npn1-2, D) were examined. Error bars represent the mean = SE. #, p = 0.05; #* p = 0.01; ##x,
p = 0.001; = p < 0.0001.

To examine if Npn1 and Sema3A transcript levels change
in response to a denervating injury, a common peroneal
nerve crush was performed on wild-type mice. Uninjured (Ul)
and denervated EDLs were then collected at different time
points (D7-D50) after injury. In some cases, a nerve cut was
performed instead of a nerve crush, and tissue was col-
lected at D21 to examine how gene expression was altered
in the absence of reinnervation. Several control genes were
used to monitor the progression of the degenerative and
regenerative response to the nerve crush. Muscle-specific
kinase (MuSK), one of the main components of the post-
synaptic apparatus, and growth-associated protein 43
(GAP43), a gene associated with regenerating axons and
Schwann cells, are known to be induced by denervating
injuries (Valenzuela et al., 1995; Bowen et al., 1998; Xu
et al., 2008; Li et al., 2010). Conversely, myelin protein
zero (MPZ) and S100b have been reported to be reduced
following nerve crush (Gupta et al., 1988; Mitchell et al.,
1990; Magill et al., 2007; Li et al.,, 2010). As in these
previous studies, the common peroneal nerve crush
model led to similar changes in gene expression. MuSK
was significantly upregulated at D7 after nerve crush (Ul,
1.00 = 0.06; D7, 5.03 = 0.69, p < 0.0001), but returned to
baseline by D21 (D21, 0.84 + 0.07, n.s.). Furthermore,
preventing reinnervation resulted in a prolonged upregu-
lation of MuSK mRNA (8.50 + 0.69, p < 0.0001) at the
D21 time point (Fig. 3A). Similarly, a robust induction of
GAP43 mRNA was observed at D7 (Ul, 1.00 = 0.07; D7,
5.57 = 0.86, p < 0.0001) and when reinnervation was
prevented (D21 cut, 5.39 + 0.3654, p < 0.0001); however,
it exhibited a slower return to baseline uninjured levels
(D21, 4.77 = 0.62; D30, 1.98 = 0.35; D50, 1.46 = 0.10)
over the 50-d time course (Fig. 3B). Both MPZ (Fig. 3C)
and S700b (Fig. 3D) exhibited a similar change in gene
expression after denervation. In both cases, a significant
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Figure 3. Sema3A and Npn1 gene expression decrease in the EDL following common peroneal nerve crush. A common peroneal
nerve crush was performed and RNA was isolated at D7 (n = 9), D21 (n = 9), D30 (n = 4), and D50 (n = 4) from denervated and the
contralateral control EDL muscles. In some cases, a nerve cut was performed instead of a nerve crush, and tissues were collected
at the D21 time point (n = 8). A-D, Gene expression for the postsynaptic gene Muscle-specific kinase (MuSK, A), the regeneration
marker Growth-associated protein 43 (GAP43, B), and two myelin markers Myelin protein zero (MPZ, C) and S100 calcium binding
protein B (S100B, D) were used as controls to demonstrate the effectiveness of the nerve crush and how the regenerative response
changes over the examined time course. E, F, Gene expression for Neuropilin1 (Npn1, E) and Semaphorin3A (Sema3A, F) decrease
in response to nerve crush injury. Npn1 levels return to baseline over the time course, while Sema3A remains low even at the latest
time point examined. For all graphs, error bars represent the mean = SE, and letters represent significant differences (a-b, a-e: p <
0.0001; b-c: p = 0.001; a-d, b-d: p < 0.01; b-e, a—c: p < 0.05).

reduction in gene expression was observed at the D7 time
point (MPZ: Ul, 1.00 = 0.06, D7, 0.03 = 0.02, p < 0.0001;
S100b: Ul, 1.00 = 0.04, D7, 0.30 = 0.08, p < 0.0001), with
levels normalizing to that observed in the uninjured EDL
by D21 (MPZ: D21, 2.61 = 0.83; S100b: D21, 0.93 =+
0.15). Additionally, the restoration of MPZ and S700b
mRNA levels at the D21 time point could be prevented by
prolonged denervation after nerve cut (MPZ: 0.06 = 0.06,
p < 0.0001; S100b: 0.29 + 0.6, < 0.0001).

Given that Sema3A transcript levels are similar among
uninjured GP and EDL muscles, evidence from previous
studies suggested that common peroneal nerve crush
would induce enhanced Sema3A expression (Scarlato
et al., 2003; Ara et al.,, 2004; De Winter et al., 2006).
However, instead we observed a significant reduction in
both Npn1 (Ul, 1.00 = 0.04, D7, 0.51 = 0.04, p < 0.0001)
and Sema3A (Ul, 1.00 = 0.04, D7, 0.24 = 0.03, p <
0.0001) at the D7 time point (Fig. 3E,F). By D30 after the
initial injury, Npnt levels returned to baseline (0.97 =
0.06), while Sema3A mRNA levels partially rebounded by
D21 after injury (0.57 = 0.08, p = 0.0001), but remained
significantly reduced compared to the uninjured control
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muscle throughout the entire time course (D30, 0.59 =
0.08, p = 0.04; D50, 0.50 = 0.04, p = 0.003). Altogether,
these results suggest that there is decreased Sema3A
signaling in response to denervation. Despite these unex-
pected findings, whether Sema3A signaling plays a func-
tional role in the process of reinnervation remained an
unanswered question.

Direct examination of Npn1-Sema3A signaling during
motor reinnervation of the NMJ

Previous studies have localized Sema3a mRNA expres-
sion to terminal Schwann cells (De Winter et al., 2006) and
muscle stem cells (Tatsumi et al., 2009). Furthermore, al-
though motor nerves at the NMJ have been shown to ex-
press Npn1 protein (Venkova et al., 2014), many other cell
types that reside within the skeletal muscle (such as the
vasculature) express Npn1. Although we sought to better
define Npn1 and Sema3A localization in the neuromuscular
system, we could not achieve specific immunostaining with
commercially available antibodies. Therefore, to directly
examine if Sema3A signaling is required for reinnervation
of the NMJ, we chose a strategy that allowed for the
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ubiquitous deletion of Npn1 (Fig. 4) or Sema3A (Fig. 5)
from all adult tissues. Importantly, this allowed us to
bypass complex expression patterns and circumvent the
lack of tools required to demonstrate efficient, tissue-
specific knockdown.

We first disrupted Sema3A signaling through the dele-
tion of Npn1. As the high-affinity binding receptor for
Sema3A, deletion of Npn1 renders cells insensitive to
secreted SemaS3A (He and Tessier-Lavigne, 1997; Kitsu-
kawa et al., 1997; Kolodkin et al., 1997; Gu et al., 2003).
Npn1™™ mice were crossed to the Ubiquitin-CCeER™
(UBCC™ER™) mouse line to generate Cre-negative litter-
mates or Cre-positive conditional mutants (Npn1YE°). Ta-
moxifen (TMX) injections were then administered to
initiate Cre-mediated recombination, and after a resting
period of 12-15 d, a common peroneal nerve crush and
contralateral sham injury were performed. EDL muscles
were collected at various time points, and the extent of
reinnervation was quantified (Fig. 4A). In some cases,
Npn1YBC mice were treated with corn oil (CO) and used as
a vehicle control. Because Cre-negative and CO-treated
Npn1YBC€ mice behaved similarly by all parameters exam-
ined, both groups were combined into one Npn1"" con-
trol littermate group. GP muscle and spinal cord tissue
were collected from all mice examined in subsequent
reinnervation analyses to validate that efficient and ubig-
uitous deletion of Npn1 was achieved. RT-gPCR demon-
strated that Npn1YB€ mice had dramatically lower levels
of Npn1 expression than littermate controls (% knock-
down: GP, 93.66% = 1.20; SC, 91.44% = 3.69; Fig. 4B).
Furthermore, immunoprecipitation of Npn1 followed by
immunoblotting showed that there was no detectable
Npn1 protein in Npn1YB° muscle (Fig. 4C) or spinal cord
(Fig. 4D).

After global deletion of Npn1 in both spinal and muscle
tissues was established, we quantified reinnervation at
various time points after nerve crush. Similar to what we
observed in wild-type mice (Fig. 1E), ~200-300 NMJs
were scored at the various time points in both Npn1WT
and Npn1“B°¢ mice (Fig. 4E). Additionally, analysis of
sham-injured EDLs at the D21 time point found no signif-
icant differences in Blll-tubulin (Fig. 4F) or synapsin (Fig.
4G) scores between Npn1“T and Npn1YC mice. To-
gether, these results suggest that Npn1 is not integral for
the postsynaptic apparatus after injury or for the normal
maintenance of the NMJ.

To determine if Npn1 is involved in motor axon reinner-
vation, we examined lll-tubulin (Fig. 4H, /) and synapsin
(Fig. 4J, K) staining over the entire 50-d time course.
Npn1WT control littermates exhibited a pattern of reinner-
vation that closely resembled that observed in wild-type
C57BL/6 mice (Fig. 1F, G). Furthermore, the deletion of
Npn1 did not drastically alter the process of reinnervation
in Npn1YB€ mice. However, at the D30 time point, we did
observe a shift toward lower reinnervation scores, with
Npn1YB€ mice exhibiting more partially innervated NMJs
(Synapsin score 3: Npn1WT", 9.87% =+ 2.50; Npn1“EC,
17.67% = 2.38) and less fully innervated NMJs (Synapsin
score 5: Npn1WT, 60.00% =+ 8.08; Npn1YEC, 42.03% =+
2.65). To examine this more closely, the reinnervation data
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for scores 3-5 were replotted to directly compare Npn1""
and Npn1YBC genotypes (Fig. 4L, M). Examination of the
data in this manner revealed that there is a significant
reduction (+*, p = 0.0037) of NMJs that received a fully
reinnervated score of 5 based on synapsin staining at the
D30 time point. Taken together, these results suggests
that loss of Npn1 may slightly delay synaptic maturation
of the motor nerve at the reinnervating NMJ. This delay,
however, is only temporary, since both Npn1YE¢ and
Npn1WT mice exhibit similar levels of presynaptic synap-
sin staining at D50 after injury.

In addition to examining reinnervation following Npn1
deletion, we also assessed the effect of Sema3A deletion
on NMJ reinnervation. Sema3A™™ and UBC™""2 mouse
lines were crossed to generate Cre-negative littermates or
Cre-positive conditional mutants (Sema3AYEC). TMX or
CO injections were then administered to induce Cre-
mediated recombination before performing a common
peroneal nerve crush. RT-gPCR and immunoblotting were
again used to examine Sema3A gene and protein expres-
sion. Sema3AYBC mice treated with TMX exhibited signif-
icant knockdown of Sema3A transcript compared to Cre-
negative control littermates (% knockdown: GP, 94.12%
+ 0.69; SC, 89.29% = 3.71). We also observed that
CO-treated Sema3AYBC¢ mice showed a consistent, but
partial reduction in Sema3A levels (% knockdown: GP,
57.91% = 7.27; SC, 66.39% = 7.74; Fig. 5A). Deletion of
Sema3A protein was also demonstrated by immunoblot-
ting. A protein band corresponding to the expected mo-
lecular weight of Sema3A (95-105 kDa) was detected in
Sema3A"" mice but absent in TMX-treated Sema3AYE¢
GP muscle (Fig. 5B). Although the partial reduction of
Sema3A mRNA in CO-treated Sema3A“E° mice did not
appear to lead to a reduction in Sema3A protein (Fig. 5B),
we excluded that control group from subsequent reinner-
vation analysis. Importantly, Sema3A deletion before a
denervating injury did not impact reinnervation of the
NMJ. Loss of Sema3A did not alter the number of scored
NMJs at the various time points examined (Fig. 5C). Fur-
thermore, no differences in reinnervation were observed
at any time point (Fig. 5D-/).

Loss of Npn1 does not disrupt myelination or impair
functional recovery after injury

Because it has been reported that terminal Schwann
cells express Sema3A (De Winter et al., 2006), we ex-
plored whether the loss of Npn1 disrupted myelination of
newly extended motor axons. Npn1"T and Npn1YE€ EDL
sections from the D7 and D21 time points were immuno-
labeled with BllI-tubulin and BTX (green) to visualize the
motor nerve and the postsynaptic endplate region, while
S100b (blue) and MBP (magenta) staining were used to
visualize myelin proteins. Both innervation and myelina-
tion appeared normal in sham-injured sections (Fig. 6A),
while varying degrees of NMJ reinnervation can be appre-
ciated in both Npn1"" (Fig. 6B) and Npn1YEC mice (Fig.
6C) at the D7 time point after nerve crush. Furthermore,
reinnervating motor axons of both genotypes exhibited a
similar reduction in S100b immunofluorescence and the
absence of MBP staining. By the D21 time point, Npn1"T

eNeuro.org



.s euro Negative Results 10 of 16
A DENERVATION —> REINNERVATION Bc 1.5 = an1WT
= E o
»n 1.0
222 1 A S S S SR S
Collect denervated or contralateral sham 3
Nerve uninjured tissues w
Crush =
@
C IP: Control IP: Npn1
Npn1"T _ Npn1“8  Npn1"T _ Npn1Y8¢ WB: DIUSCIERESC
' E
130 - es Npn1 400 ERE D7
100 (] |
= 300 == 85‘11
Supernatant: 55-[@m— eweseaw—==| oTub =
5 200 D30
D IP: Control IP: Npn1 o = D50
Npn1"" _ Npn1“8 _Npn1"T _ Npn1Y8¢ WB: 8100 — Sham
(72}
130 ) Npn
100
Supernatant: 42-fs= et —| Actin
F , 100 —— G , =]
2 —= 1 2 —
£S 715 c= 75 — 2
A= — wZ — 3
o9 — 3 oo =
S o 50 = 4 & o 50 == 4
- €5 = 5
=3 5 == 5 08 25
= (7]
X ) E
an1WT an1UBC an1WT an1UBC
H 100 Npn1"T = 0 | 100 Npn1YB¢ = 0
€2 . = 1 €2, = 1
=2 — 2 =275 — 2
S350 = 3 a5 o = 3
2o == 4 = 4
E S = 5 o == 5
=) ]
S E
D7 D14 D21 D30 D50 D7 D14 D21 D30 D50
=4 =5  [=7] =3 [ne2] =4  [=4] [  [=5]  [n=4]

J 1 Npn1"T == (1J K ,110 Npn1Y8C — ?
] = 2 -
c= 75 = 2 s 75 = 2
dg 50 i = 3 3 50 = 3
] g 4 e g 4
“>).(g 25 i | H ﬁ mE 5 ">"8 25 mm 5

= M1 (10 8 A 2 4
D7 D14 D21 D30 D50 D7 D14 D21 D30 D50
=4 [n=5] [Tl =3 [n=2) =4 [n=4]  [n=4]  [n=5]  [n=4]
L . M
100 WT 0= == 100 WT -1--?-
@ Npn1 » Npn1
c = 75 an1UBC e g 75
S5z s Z
2 8o
S @ 50 o o 90
[T~ =
L Q i o
gg 25 %) 8 25
N S
D7 D14 D21 D30 D50 D7 D14 D21 D30 D50

Figure 4. Loss of Npn1 modestly impairs NMJ reinnervation after injury. A, Graphical depiction of the experimental paradigm.
Tamoxifen (TMX) was administered for 5 d, followed by an at least 10-d rest period to allow for Cre-mediated recombination. At DO,
a common peroneal crush was performed, and tissues were collected at the various time points. B, RT-qgPCR was used to assess
the level of Npn1 knockdown in GP muscle and SC from all mice used to examine reinnervation in subsequent experiments. The level
of Npn1 transcript detected in Npn1YBC mice (n = 21) is graphed relative to that observed in Npn1"T control littermates (n = 20), with
the average percentage knockdown in Npn1“B€ mice displayed above the bar graph. C, D, Control or Npn1 IP, followed by
immunoblotting for Npn1, was used to assess the amount of Npn1 protein in Npn1"T and Npn1YB¢ mice after TMX-mediated
deletion. Representative Western blots from the D30 time point demonstrate that Npn1YE€ mice have no detectable levels of Npn1
protein in either the GP muscle (C) or the whole SC (D). Supernatants immunoblotted for a-tubulin («Tub) or actin are provided as
loading controls. E, Npn1 deletion does not alter the total number of scored NMJs observed at different time points after nerve crush
injury (n.s., one-way ANOVA). F, G, The innervation status of sham-operated uninjured EDLs from Npn1YB€ (n = 4) and Npn1"T (n
= 4) mice was examined at the D21 time point. Scoring performed on the basis of nerve fiber (8lll-tubulin, F) or presynaptic terminal
(synapsin, G) staining demonstrates that loss of Npn1 does not perturb the normal maintenance of the NMJ. H-K, Reinnervation
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continued

following a nerve crush injury was examined in Npn1T littermate controls (H, J) and Npn1YEBC (I, K) mice. Innervation scores based
on nerve Blll-tubulin staining (H, I) or presynaptic synapsin staining (J, K) produced similar trends. Despite loss of Npn1, early
reinnervation (D7-D21) occurs normally. However, at D30, there appears to be a delay in motor nerve maturation as the number of
NMdJs scored as a 5 are decreased. This effect is only transient, as reinnervation is largely complete by the D50 time point. L, M,
Reinnervation data were replotted using only scores 3-5 to directly compare differences between the two genotypes. Error bars

represent the mean = SE. ###x p = 0.0001, **, p < 0.01.

(Fig. 6D) and Npn1YBC (Fig. 6E) motor axons displayed
strong S100b and MBP immunofluorescence, indicating
that the deletion of Npn1 does not affect the process of
axonal myelination.

Finally, we performed muscle force measurements to
examine functional recovery after the common peroneal
nerve crush. First, C57BL/6 wild-type mice were used to
demonstrate that we could effectively detect changes in
muscle force production after injury. Briefly, at D4 after
nerve crush, the common peroneal nerve and the EDL
muscle were carefully exposed. The nerve and muscle
were then independently stimulated to generate maxi-
mum isometric force (see Methods). As expected, the
specific force produced by normally innervated uninjured
contralateral EDL muscle was similar whether the con-
tractions were elicited with nerve (22.01 = 0.87 N/cm?) or
muscle (23.49 + 0.24 N/cm?) stimulation (Fig. 7A, black
bars). At D4 after nerve crush (Fig. 7A, gray bars), there
was no muscle force production generated after common
peroneal nerve stimulation (0.02 + 0.006 N/cm?), and
there was a significant reduction in specific force com-
pared with the contralateral control muscle during con-
tractions produced by muscle stimulation (12.05 = 2.36
N/cm?, p = 0.001). These results indicate that the nerve
crush resulted in complete denervation of the EDL mus-
cle, leading to alterations in the muscle that decreased
force generating capacity by about half. Next, by assess-
ing muscle force production at a later D50 time point, we
demonstrated that C57BL/6 wild-type mice exhibited full
re-innervation and functional recovery (Fig. 7B). Last, we
examined functional recovery after ubiquitous Npn1 de-
letion. The specific force produced by the contralateral
uninjured EDL was similar in both Npn1YE€ and Npn1""
littermates after nerve or muscle stimulation (Fig. 7C,
black bars), indicating that loss of Npn1 in adult mice
does not directly alter neuromuscular activity. Further-
more, both Npn1YB¢ and Npn1"" mice demonstrated a
full functional recovery at D50 after the common peroneal
crush (Fig. 7C, gray bars).

Discussion

It has long been appreciated that peripheral nerves
exhibit a remarkable degree of plasticity and regenerative
ability after injury. However, depending on the extent of
the trauma after an acute injury and in cases of chronic
denervation brought about by neurodegenerative dis-
eases such as ALS, the capacity for peripheral nerve
regeneration can be greatly limited. Consequently, fail-
ures in proper reinnervation of skeletal muscle lead to a
reduction in neurotransmission, which in turn dampens
the trophic support required for motor neuron and muscle
fiber survival. Therefore, deciphering the molecular mech-
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anism that underlies the regenerative response of motor
axons has been a major focus within the field. Further-
more, it has been hypothesized that the exploitation of
these pathways will yield improvements in motor axon
regeneration that maximize muscle reinnervation to pre-
vent functional deficits resulting from long-term denerva-
tion.

Although the regenerative response produced by de-
nervation has already proven to be complex, many stud-
ies are beginning to tease apart the various signaling
molecules that are likely playing key regulatory roles
(Schmidt et al.,, 2009). Through its role as an axonal
chemorepellent during development and its pattern of
expression after injury at the NMJ, Sema3A signaling has
been proposed to act as a negative regulator of motor
axon reinnervation of the NMJ (De Winter et al., 2006).
Additionally, work in other systems using Sema3A inhib-
itors has demonstrated that inhibition of Sema3A signal-
ing improves regeneration after spinal cord transection
(Kaneko et al., 2006) and enhances peripheral sensory/
autonomic nerve regeneration in the cornea (Omoto et al.,
2012). However, the functional consequence of altered
Sema3A signaling on motor nerves that innervate the
adult NMJ has not been previously examined.

Here, we fully characterized the regenerative response
following a common peroneal nerve crush and demon-
strated how it allows for the analysis of motor nerve
reinnervation in a reproducible and highly quantifiable
manner. Using this model, we directly examined how
motor axon terminals respond to a denervating injury in
the absence of Sema3A signaling by employing inducible
knockout mice to delete Npn1, the high-affinity Sema3A-
binding receptor, or Sema3A itself. Despite demonstrat-
ing that we could achieve a highly efficient and ubiquitous
gene knockdown, perturbing Sema3A signaling did not
alter the time course of muscle reinnervation or remyeli-
nation after injury.

While our study indicates that Sema3A signaling is not
a necessary component of motor axon regeneration, we
did observe some differences in Sema3A expression that
conflict with what has previously been reported in other
studies. Using a rat sciatic nerve crush model, De Winter
et al. (2006) found that Sema3A is not normally expressed
in uninjured skeletal muscle. However, after a denervating
injury, they found a dramatic upregulation of Sema3A
mRNA in fast-twitch gastrocnemius muscle fibers, while
the same response was not observed in the predomi-
nantly slow-twitch soleus muscle. In contrast, we ob-
served the opposite pattern of Sema3A expression in the
fast-twitch EDL muscle after a common peroneal nerve
crush. Namely, we could consistently detect Sema3A
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Figure 5. Loss of Sema3A does not impact NMJ reinnervation after injury. A, RNA was isolated from the GP muscle and SC of mice
used for subsequent reinnervation studies. The level of Sema3A transcript detected in Sema3AYBC mice treated with corn oil (7 = 10)
or TMX (n = 12) is graphed relative to that observed in Sema3A"T control littermates (n = 12). The average percentage knockdown
in Sema3AYEC€ mice is displayed above each bar graph. B, GP muscle lysates were isolated from Sema3A"T and Sema3A“E® mice
at various time points after nerve crush (D14-D30) and subjected to Western blotting. No detectable Sema3A protein was observed
after TMX-mediated deletion in Sema3A“E® mice. Supernatants immunoblotted for actin are provided as a loading control. C, Loss
of Sema3A does not alter the number of NMJs scored at different time points (n.s., one-way ANOVA). D-G, Reinnervation after a
common peroneal crush was analyzed in Sema3A"" control littermates (D, F) and Sema3A"B€ (E, G) mice. Innervation scores based
on nerve Blll-tubulin staining (D, E) or presynaptic synapsin staining (F, G) followed similar trends. No differences in reinnervation were
detected at any time point. (H, /) Reinnervation data were replotted using only scores 3-5 to directly compare differences between
the two genotypes. Error bars represent the mean * SE. *##* p = 0.0001, *, p < 0.05.

transcript in the uninjured adult EDL and we observed a
significant decrease in Sema3A after nerve crush injury.
Although it is not directly apparent what factor or factors
underlie these discrepancies, it may be possible there are
species-specific differences between the two models. An-
other possibility is that dorsoventral patterning may lead
muscles of the posterior (gastrocnemius) and anterior
(EDL) leg compartment to use different signaling path-
ways in different ways. Finally, it is also interesting to note

May/June 2018, 5(3) e0155-17.2018

that data from both studies similarly suggests that
Sema3A signaling may be playing a larger role in fast-
twitch muscle fibers. Although we did not examine how
Sema3A levels are altered in the soleus muscle after injury,
in uninjured muscle we found ~3-4-fold lower levels of
Sema3A mRNA compared to that observed in the fast-twitch
GP and EDL muscles. What accounts for differences in
Sema3A expression in different muscle groups and the signif-
icance of those differences, if any, remains an open question.
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Figure 6. Npn1 deletion does not affect emyelination after a denervating injury. Myelination in sham-injured and denervated EDLs was
examined. The nerve and endplates were visualized by staining for glll-tubulin and BTX (green), while the myelin was visualized by
staining for S100b (blue) and MBP (magenta). A, Normal innervation and myelination is observed in sham-injured EDL sections. B, C,
At D7 after nerve crush, there is a slight reduction in S100b and a near-total loss of MBP staining in both Npn1"T (B) and Npn1Y8¢
(C) mice. D, E, Myelination was observed to have largely taken place by the D21 time point in both Npn1"T (D) and Npn1YEC (E) mice.

Scale bars represent 100 wm.

Recently, it has been proposed that Npni1-Sema3A
signaling may play a role at the postnatal NMJ (Helm-
brecht et al., 2015; Saller et al., 2016). However, for those
studies, the authors used the Olig2 promoter to condition-
ally delete Npn1 from motor neurons. Because the Olig2
promoter turns on very early in development (Masahira
et al., 2006), it is not possible to resolve whether the

May/June 2018, 5(3) e0155-17.2018

observed phenotype is due to an earlier axon pathfinding
defect or the loss of active Npn1-Sema3A signaling at the
NMJ. Therefore, to our knowledge, this is the first published
study to directly examine how the adult NMJ responds to
the absence of Sema3A signaling. We addressed this ques-
tion by examining innervation in sham-injured EDLs at the
D21 time point and overall found no effect on the NMJ
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Figure 7. Functional recovery occurs normally after loss of Npn1. Specific force measurements after common peroneal nerve
stimulation or direct EDL stimulation were examined in uninjured (UNI) mice and at D4 and D50 after nerve crush. A, At the D4 time
point, wild-type (WT) C57BL/6 mice (n = 3) demonstrate a loss of muscle force production after nerve stimulation and reduced force
produced after muscle stimulation. B, By the D50 time point, full functional recovery in WT mice (n = 5) is observed. C, Npn1YB€ (n
= 5) and Npn1"T mice (n = 6) similarly demonstrate a full functional recovery after nerve crush at the D50 time point. Error bars
represent the mean = SE. #+ p = 0.01; s, p =< 0.001; s+ p = 0.0001.

histology after Npn1 deletion. Both the total number of
scored NMJs and their innervation status (as scored by
nerve BllI-tubulin and the presynaptic marker synapsin) were
similar among Npn1YE€ and Npn1"T mice. It is important to
note that while this analysis was performed at the D21 time
point, we can estimate that Npn1 was ubiquitously deleted
for ~1 mo (see Fig. 4A). Furthermore, from previous studies,
it is known that acetylcholine receptors in uninjured skeletal
muscle have a half turnover rate of ~10 d (Loring and
Salpeter, 1980). Therefore, enough time should have
elapsed to determine if Npn1 plays a major role in the
maintenance of the NMJ.

An interesting observation we made following Npn1
deletion was that at the D30 time point, there was a
statistically significant decrease in the number of NMJs
that received the highest innervation score based on syn-
apsin staining. However, the same effect was not ob-
served after Sema3A deletion. This, combined with our
finding that Npn1 levels decrease after nerve crush and
do not return to uninjured levels until the D30 time point,
suggest that signaling through the Npn1 may play a minor
role in the maturation of the presynaptic motor nerve after
injury. It is also noteworthy that these observations fit with
recently published studies of Npn1-Sema3A signaling at
the NMJ. More specifically, a pharmacological inhibition
of the Npn1 receptor was shown to delay denervation and
prolong lifespan in an ALS mouse model (Venkova et al.,
2014), while mice engineered to express a mutated form
of Sema3A protein did not display any defects in re-
sponse to denervation or the neurodegenerative disease
process (Moloney et al., 2017).
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Taken together, these data suggest that Sema3A signal-
ing is dispensable in the context of adult motor nerve regen-
eration. However, signaling through the Npn1 receptor may
play a transient role in mediating NMJ synaptic maturation.
Interestingly, Npn1 contains multiple extracellular domains
that have been suggested to mediate a diverse array of
protein interactions (Fujisawa et al., 1997; Nakamura and
Goshima, 2002). For example, the vascular endothelial
growth factor (VEGF) pathway has been well established
to exert its signaling actions through the Npn1 receptor
(Soker et al., 1998). Additionally, VEGF signaling has also
been found to be protective against neurodegeneration in
ALS mouse models (Storkebaum et al., 2005; Zheng et al.,
2007), suggesting that VEGF-Npn1 signaling is an avenue
that warrants further exploration. Finally, one intriguing
possibility is that there is a compensatory pathway acti-
vated in the absence of Sema3A-Npn1 signaling. While
we cannot specifically rule out this possibility, our work
suggests that direct targeting of these pathways will not
be a substantial avenue for future therapeutic research on
nerve regeneration after injury. However, by continuing to
better understand the complex processes that regulate
muscle reinnervation, we move closer to uncovering new
strategies to promote motor axon regeneration and pre-
vent functional deficits associated with both injury and
disease.
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