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Abstract

Syndecan-3 (SDC3) and Syndecan-4 (SDC4) are distributed throughout the nervous system (NS) and are favourable factors
in motor neuron development. They are also essential for regulation of neurite outgrowth in the CNS. However, their roles
in the reconstruction of the nodes of Ranvier after peripheral nerve injury (PNI) are still unclear. Present study used an
in vivo model of end-to-side neurorrhaphy (ESN) for 1-3 months. The recovery of neuromuscular function was evaluated
by grooming test. Expression and co-localization of SDC3, SDC4, and Nav1.6 channel (Nav1.6) at regenerating axons were
detected by proximity ligation assay and confocal microscopy after ESN. Time-of-flight secondary ion mass spectrometry was
used for imaging ions distribution on tissue. Our data showed that the re-clustering of sodium and Nav1.6 at nodal regions
of the regenerating nerve corresponded to the distribution of SDC3 after ESN. Furthermore, the re-establishment of sodium
and Nav1.6 correlated with the recovery of muscle power 3 months after ESN. This study suggested syndecans may involve
in stabilizing Nav1.6 and further modulate the distribution of sodium at nodal regions after remyelination. The efficiency
of sodium re-clustering was improved by the assistance of anionic syndecan, resulting in a better functional repair of PNI.

Keywords Syndecan-3 - Syndecan-4 - Nerve regeneration - Nav1.6 - Sodium - End-to-side neurorrhaphy - Nerve
regeneration - TOF-SIMS - Neurorrhaphy - Peripheral nerve injury - Ion

Abbreviations
SDC3 Syndecan-3
SDC4 Syndecan-4
Electronic supplementary material The online version of this CMAP Compound muscle action potential
article (https://doi.org/10.1007/s00418-020-01936-z) contains ESN End-to-side neurorrhaphy
supplementary material, which is available to authorized users. McN Musculocutaneous nerve
5 Wen-Chieh Liao UN Ulnar nerve ‘
khrnangel @ gmail.com TOF-SIMS Time-of-flight secondary ion mass
spectrometry
' Department of Anatomy, Faculty of Medicine, Chung PNI Peripheral nerve injury
Shan Medical University, No. 110, Sec. 1, Jianguo N. Rd,
Taichung 40201, Taiwan
2 Department of Medical Education, Chung Shan Medical Introduction

University Hospital, No. 110, Sec.1, Jianguo N. Rd,
Taichung 40201, Taiwan

Peripheral nerve injury (PNI) is a common injury occur-
Department of Psychology, Chung Shan Medical University, . p jury ( ) . Jury }
No. 110, Sec. 1, Jianguo N. Rd, Taichung 40201, Taiwan ring when nerve axons undergo laceration or compression,
resulting in disability and loss of sensation. In PNI cases,

Department of Biochemistry and Molecular Cell Biology, 3
P y & end-to-side neurorrhaphy (ESN) from the musculocutane-

School of Medicine, College of Medicine, Taipei Medical

University, No. 250, Wuxing St, Taipei 11031, Taiwan ous nerve (McN) to the ulnar nerve (UN), is a frequently
> Department of Forensic Science, Central Police University, performed surgery to ensure the recovery of the injured
56 Shu-Jen Road, Kwei-San, Taoyuan 33304, Taiwan nerve and to preserve the function of the donor nerve and

@ Springer


http://orcid.org/0000-0001-7848-2124
http://crossmark.crossref.org/dialog/?doi=10.1007/s00418-020-01936-z&domain=pdf
https://doi.org/10.1007/s00418-020-01936-z

356

Histochemistry and Cell Biology (2021) 155:355-367

the muscles it innervates. However, due to the structure dif-
ference between the donor nerve and the recipient nerve,
mismatched components, including extracellular matrix
(ECM), scaffold proteins, growth factors, and cells need to
reorganize. These components of the recipient nerve conduit
form a new microenvironment, where mediate axon sprout-
ing and Schwann cell migration. Proteoglycans (PGs) are
one of macromolecules of the ECM, which are composed
by linear glycosaminoglycan (GAG) chains covalently linked
to core proteins. PGs not only provide structural support of
ECM, they also regulate neurites extension and ion channel
arrangement during the development and regeneration of
peripheral nerves (Gao et al. 2013; Gardiner 2017). Hep-
aran sulphate proteoglycans (HSPGs) bear one to several
heparan sulphate (HS) chains on the core proteins, which
are suggested to promote tissue repair by facilitating impor-
tant extracellular molecules binding and signalling, such as
basic fibroblast growth factor (bFGF), glial cell-derived neu-
rotrophic factor (GDNF), and vascular endothelial growth
factor (VEGF) (Prince et al. 2010; Marquardt et al. 2015;
Bespalov et al. 2011; Edwards and Hammarlund 2014; Mac-
kenzie and Ruhrberg 2012).

The transmembrane protein syndecans have four subtypes
(SDC1, SDC2, SDC3, and SDC4), which are classified as
HSPG, because HS chains linked. In syndecan family, SDC3
and SDC4 are found abundantly expressed on the perinodal
process of Schwann cells of the peripheral nervous system
(PNS) (Goutebroze et al. 2003). The negative charged HS
chains on syndecans are strongly bind water, ions, and posi-
tive charged proteins (Park 2018). Additionally, previous
studies proposed that syndecans could act as co-receptors
for various growth factors (Bernfield et al. 1993; Fukuda
et al. 2018) and have crucial roles in the central nervous sys-
tem (CNS) and PNS development (Hsueh and Sheng 1999).
The expression levels of syndecans in nerve tissues can be
regulated by matrix metallopeptidase 9 (MMP-9), a proteo-
lytic enzyme secreted by Schwann cells that modulates nerve
regeneration (Chattopadhyay and Shubayev 2009; Asundi
et al. 2003). Aberrant expressions of SDC3 and SDC4 in
CNS and PNS may cause nervous system disorders. It has
been reported that SDC4 regulates the migration of tumor
cells and neural crest cells (Matthews et al. 2008; Elfen-
bein and Simons 2013). Lack of the SDC3 may result in
Charcot-Marie-Tooth disease, causing sensory and motor
neuropathies that damage the peripheral nerves (Jordanova
et al. 2003). SDC3 acts as a pleiotrophin (PTN) receptor,
which was highly expressed by nigral dopaminergic neurons.
Absence of SDC3 as the PTN receptor was associated with
Parkinson disease (Marchionini et al. 2007).

The expression and re-distribution of voltage-gated
sodium channels also play a crucial role in PNI (Henry et al.
2007). Sodium channels subtypes, Nav1.2 and Nav1.6 were
found to assemble at the nodes of Ranvier, and Nav1.6 is the
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predominant channel subtype in the nodal region of mature
neurons (Katz et al. 2018; Caldwell et al. 2000). According
to previous studies, the expressions of syndecan-3, synde-
can-4, and Nav1.6 were enriched in rat brain and peripheral
nerve during development (Couchman 2003; Leterrier et al.
2010; Hsueh and Sheng 1999). We thus suggested that the
distribution of Nav1.6 and sodium ion in the node of Ranvier
may interact with SDC3 and SDC4, which involves action
potential conduction in regenerating sprouts after PNI. The
present study was to investigate changes in SDC3, SDC4,
Nav1.6, and MMP-9 at the regenerating node of Ranvier by
ESN rat model. Moreover, the time-of-flight secondary ion
mass spectrometry (TOF-SIMS) was to measure the dis-
tribution and intensity of unlabelled sodium ions in tissue
samples (Liu et al. 2016).

Materials and methods
Experimental animals

Young adult male Wistar rats weighing 200-300 g (n=32)
were obtained from the Laboratory Animal Center of the
Chung Shan Medical University and were used in this study.
All experimental animals were housed under similar condi-
tions with controlled temperature and humidity. All experi-
mental procedures with surgical intervention were approved
by the Laboratory Animal Center Authorities of the Chung
Shan Medical University (IACUC Approval No 1658).

Surgical procedures

The in vivo model of PNI was performed using end-to-side
neurorrhaphy (ESN). Briefly, after the rats were deeply
anaesthetized with an intraperitoneal injection of 7% chlo-
ral hydrate (Sigma-Aldrich, St. Louis, MO, USA), they were
placed on a surgical microscope, and an incision was made
along the left mid-clavicular line to expose the left brachial
plexus. The musculocutaneous nerve (McN) was then tran-
sected at the margin of the pectoralis major muscle. The end
of the proximal ulnar nerve (UN) was then neurorrhaphied
to the side of the distal McN (Oberlin et al. 1994) with 10-0
nylon sutures (Ethilon, Edinburgh, UK) under the surgical
microscope. The wound was closed with 5-0 silk, and the
animals were monitored for 1-3 months after surgery. All
operated animals were divided into three groups. A sham
operation was performed in Group I by simply exposing
the brachial plexus. Group II (ES1M group) and Group III
(ES3M group) were treated with end-to-side neurorrhaphy
for 1 and 3 months, respectively. The number of animal used
for the following assays is listed in Table 1.
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Table 1 Experimental design for animal study

Types of examinations* Groups and number of animal

RNA extraction and RNA sequence ~ Sham-op group (n=3)
ESIM group (n=3)
Sham-op group (n=3)
ES1IM group (n=5)

ES3M group (n=5)

Fresh tissues for Western blotting

Serial cryostat sections for:
1. Immunofluorescence stain Sham-op group (n=3)
ES1IM group (n=5)

ES3M group (n=5)

2. Proximity ligation assay

3. Time-of-flight secondary ion mass
spectrometry

*All animals were applied to sticker removal grooming test and com-
pound muscle action potential recording before sacrifice

Perfusion and tissue preparation

For quantitative morphological analysis and TOF-SIMS,
half amounts of rats from all experimental groups were
deeply anesthetized with 7% chloral hydrate (0.4 mL/100 g)
and subjected to transcardiac perfusion with 100 mL of
Ringer’s solution, followed by 45 min of fixation with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4.
After perfusion, the repaired nerve were removed and kept in
a similar fixative for 2 h. The tissue block was then immersed
in graded concentrations of sucrose buffer (10-30%) for
cryoprotection at 4 °C overnight. Serial 25-pm-thick sec-
tions of the nerve segment muscle were cut longitudinally
with a cryostat (CM3050S; Leica Microsystems, Wetzlar,
Germany) on the following day. Every sixth nerve sections
were selected from each animal and processed for immu-
nostaining and proximity ligation assay (PLA) assay, and
TOF-SIMS. For immunoblotting, another half of the ESN
animals deeply anesthetized were perfused with Ringer’s
solution, and then, the musculocutaneus nerve was quickly
removed under a dissecting microscope. The samples were
stored at —80 °C until use.

Sticker removal grooming test and compound
muscle action potential recording

Sticker removal grooming test was performed to evaluate
the functional recovery of ESN rats before CMAP recording
(Liao et al. 2013). Time spent on removing a standard-size
sticker (5 cm in length and 0.5 cm in width) from ipsilateral
ear was recorded in sham-op, ES1M, and ES3M rats. To
monitor the functional status of a motor unit pool in ESN
rats, the measurement of CMAPs from the brachial plexus
nerve using needle electrodes was applied here. CMAPs in
the repaired nerve and target muscle were recorded using
a Power Lab electromyogram (AD instrument, Sydney,

Australia). For recording, a silver stimulating electrode was
placed under the reconnection site and a silver recording
electrode was inserted into the biceps brachii muscle at the
mid-humeral level. A 5-0 nylon suture was applied at a 1 cm
distance between the recording and stimulating electrodes.
The animal’s tail was connected to the signal ground line. A
current of 5 mA with 0.2 ms square pulse at a repetition of
0.2 Hz was applied. Results were recorded digitally and the
response amplitudes analyzed.

Nav1.6, syndecan-3 and syndecan-4
immunofluorescence stain

For Navl.6, syndecan-3 and syndecan-4 immunohisto-
chemistry, the collected tissue sections were first placed in a
blocking medium containing 0.1% triton X-100, 3% normal
goat serum, and 2% bovine serum albumin (all from Sigma-
Aldrich, St. Louis, MO, USA) for 1 h to block nonspecific
binding. After several washes in phosphate-buffered saline
(PBS), the sections were incubated in mouse anti-Nav1.6
antibody (Scn8a antibody MAB11980; 1:1000, Abnova Cor-
poration, Taipei, Taiwan), rabbit polyclonal anti-syndecan-3
antibody (tcfa8417; 1: 500, Taiclone, Taipei, Taiwan), and
rabbit polyclonal anti-syndecan-4 antibody (ARG20194;
1: 500, Arigo biolaboratories, Hsinchu, Taiwan) with
the blocking medium for 24 h at 4 °C. Negative controls
were performed by replacing primary antibodies with an
isotype-matched control IgG (Jackson Immuno-Research,
West Grove, PA, USA) at the same concentration. After
incubation in primary antibodies, the sections were further
incubated with Alexa Fluor anti-mouse IgG (1:200, Jackson
Immuno- Research, West Grove, PA, USA) and Cy3-con-
jugated anti-rabbit IgG (1:200, Jackson Immuno-Research,
West Grove, PA, USA) for 1 h. All mounted sections were
examined and photomicrographed under a confocal fluo-
rescence microscope (SP8X, Leica Microsystems, Wetzlar,
Germany). The Z-stacked confocal images of the nerve were
captured with a confocal microscope to analyze the Nav1.6,
syndecan-3 and syndecan-4 distribution and recovery of the
repaired nerve. Each confocal photomicrograph is created
using a stacked series of scans of a nerve section (25 pm
in total thickness). The z-stack images were captured from
regenerating axons (5 pm optical slice thickness, 10 z-sec-
tions collected at 0.486-pm intervals).

RNA extraction and screening differential gene
expression in ESN Rats

Total RNA was extracted from 100 mg of rat nerve tissue
using TRIzol reagent (Invitrogen), and 1 pg of RNA was
reverse transcribed using a PrimeScript™ RT Reagent Kit
(TaKaRa). The cDNA was subjected to real-time PCR. Real-
Time PCR System (Bio-Rad, RNA sequence (RNA-seq)
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will performed by Genomicsco, Taiwan on sham-operation
(sham-op) tissue (n=3) and ESN-1 M tissue (n=3) (Garber
et al. 2011; Wang et al. 2017). Expression of interesting
genes will be confirmed by Western blots. The important
findings of signaling pathways will be further confirmed by
Western blots.

Western blotting

Musculocutaneous nerve tissue samples were subjected to
western blot analysis. Three tissue samples of distal McN
removed from the suture site of each group was first homog-
enized with Kaplan buffer (50 mM Tris buffer, pH=7.4,
150 mM NacCl, 10% glycerol, 1% NP40, and protease inhibi-
tor cocktail) and then clarified by centrifugation. Then, equal
amounts of solubilized proteins and cell lysates were sepa-
rated on SDS-PAGE (8%) and electroblotted onto nitrocel-
lulose membranes (Bio-Rad Laboratories, Hercules, CA,
USA). The membranes were then blocked with 5% skim
milk and probed with antibodies against p-actin (1:10,000,
BD Biosciences, San Jose, CA,USA), Nav1.6 (1:1000,
Abnova Corporation, Cambridge, UK), MMP-9 (1:1000;
proteintech, Chicago, USA), syndecan-3 (1:500, Taiclone),
and syndecan-4 (1: 500, Arigo Biolaboratories Corp.,
Hsinchu, Taiwan) at 4 °C overnight. After incubation with
primary antibodies, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies
(Bethyl Laboratories, Montgomery, TX, USA) at a dilution
of 1:10,000 for 1 h at room temperature. ECL solutions (Mil-
lipore, Temecula, CA, USA) were used to detect the signals
generated and the intensity of bands was analyzed by image
J software.

Proximity ligation assay

The proximity ligation analysis (PLA) experiment was
showing the interaction between syndecan-3 and Nav1.6
channel (Clausen et al. 2016). The nerve tissue was blocked
in Duolink blocking solution (Sigma-Aldrich, St. Louis,
MO, USA). The tissues were then stained with primary anti-
bodies together with syndecan-3 and syndecan-4 (1: 500,
Taiclone, Taipei, Taiwan) or Nav1.6 (1:1000, Abcam, Cam-
bridge, UK) overnight in these concentrations. After several
washes in wash buffer A (DUO82047), the tissues were then
stained with duolink In Situ PLA probe anti-mouse minus
(DUO92004) and duolink In Situ PLA Probe anti-rabbit plus
(DU092002) diluted in antibody diluent (DUO82008). The
tissues were then treated with the ligation solution, followed
by incubation with the amplification solution. The sections
were finally washed with wash buffer B (DUO82048). Slides
were mounted using Duolink In Situ mounting medium with
hoechst33342.
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Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) analysis

TOF-SIMS analysis was carried out on a TOF-SIMS IV
in strument (ION-TOF GmbH, Munster, Germany) as
described in our previous studies (Liu et al. 2016). Serial
sections were observed and images of them captured by dif-
ferential interference contrast (DIC) microscopy (Axioskop
2 plus, Zeiss, Gottingen, Germany). A gallium (Ga*) ion
gun operated at 25 kV was used as the primary ion source
(1 pA pulse current) for experiments conducted during this
study. The Ga™ primary ion beam scanned an area of 100
um?. Positive secondary ions passing through a reflectron
mass spectrometer were detected with a micro-channel plate
assembly operating at 10 kV postacceleration. Mass calibra-
tion of the ion spectrum was achieved using a set of mass
peaks such as m/z=15 (CH3"), 41 (C3H5%), and 69 (Ga™),
and a paraformaldehyde molecule, since this element was
the major component in the tissue matrix following vascular
fixation (Liu et al. 2017). The ions related to Na™ (m/z=23)
were used to identify and evaluate the molecular image of
potassium expression.

Statistical analysis

For TOF-SIMS analysis, the spectral intensity detected
from each section was normalized to the ion intensity of
paraformaldehyde (serving as base line=100%) and was
expressed as the percentage above the base line. All quan-
titative data acquired from spectrometry, immunofluores-
cence, and immunoblotting in sham-op and ESN rats were
subjected to one-way ANOVA followed by Bonferroni post-
hoc test. Data were presented as the mean+ SD. P <0.05
was considered statistically significant.

Results

Expression of syndecans, Nav1.6 and MMP-9
after end-to-side neurorrhaphy

The clusterization of sodium channels at the node of Ran-
vier is known to be essential in saltatory conduction of the
axon. When nerve injury occurs, the expression level of
syndecans and sodium channels might be altered. To study
gene expression changes in injured nerves, RNA-seq was
performed 1 month following ESN. The relative degree of
genes expressions of ESIM group compared to that of the
sham-op group was displayed through the dot plot (Fig. 1a).
The result shows significant upregulation of SDC3, SDC4,
Scn8 (Nav1.6), and MMP-9 in 1 month after ESN surgery
nerve tissue. Expression of SDC3 and SDC4 in the ESIM
group were approximately two-fold higher than that in the
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Fig. 1 Diagram illustrated the gene and protein expression in nerve
tissues of normal and 1- to 3-month EEN rats. Dot plot (a) displayed
the relative expression quantity of selected genes of ESIM group
compared to that of sham-op group 1 month after ESN. Significant
upregulation of syndecan-3 (SDC3 gene), syndecan-4 (SDC4 gene),
Navl.6 (Scn8 gene), MMP-9, Uchll (PGP9.5 gene), and Butt3
(B3-tubulin gene) are shown by red dot. Fold change represents the
ratio of ESIM group to sham-op group. Immunoblot (b) showing
syndecan and Nav1.6 expressions in nerve tissues of normal and 1-3-

sham-op group, while MMP-9 showed a greater than 256-
fold increase in expression. To confirm the increased lev-
els of proteins mentioned above, we further quantified the
expression of each protein on regenerating axons using west-
ern blots. In consistently, the protein expression of SDC3,
SDC4, Nav1.6, and MMP-9 are increased in 1 month after
ESN. The protein levels of syndecan-3, Nav1.6, MMP-9,
andsyndecan-4 in the ES1M rats were 2.43-fold, 2.8-fold,
and 1.42-fold, and 2.28-fold more than that of the sham-op
group, respectively. After 3 months of ESN, the expression
of syndecan-3 and syndecan-4 were still slightly higher in
the ES1IM group than in the sham-op group (Fig. 1b, c).
It may result from an increase in the remodelling of new
sprouts. In addition, the expressions of Nav1.6 and MMP-9
were reduced compare to that in the 1-month ESN tissue.

Functional recovery after end to side neurorrhaphy

To evaluate the functional recovery of injured nerves, we
conducted sticker removal grooming test on sham-op,
ES1M, and ES3M groups. The respond time for removing
the sticker placed on the ipsilateral ear was recorded. The
average time for the sham-op group to remove the sticker
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month ESN rats. Expressions of syndecan-3, syndecan-4, Navl.6,
and MMP-9 were detected. f-actin was used as a loading control.
Densitometric analysis (c¢) indicates a relatively higher expression
of each protein in the ESIM compare to the sham-op groups. Aver-
age +SD from three experiments was shown. Note that the expression
of each protein increased 1-month following ESN. Data are present as
mean+ SD from three independent experiments. *P <(0.05 compared
to sham-op group. *P <0.05 compared to ESIM group

was less than a second. One month after ESN, the time
needed escalated significantly to an average of 5.0+0.9 s.
The performance was slightly recovered 3 months after ESN,
indicated by *P <0.05 compare to ESIM group, with an
average of 2.1 +0.6 s (Fig. 2a).

To confirm that the clusterization of Nav1.6 in nodal
regions correspond with nerve conduction, we further exam-
ine the action potential of regenerating nerves using CMAP
analysis. The responses were recorded from biceps brachii
muscle upon activation of the nerve. According to electro-
physiological recordings, the ESIM groups generated low
amplitude and long duration action potentials in comparison
to sham-op group.

Follow-up immediately, at 3 months after ESN dem-
onstrated that motor function was gradually restored and
generated CMAPs with amplitude similar to sham-op group
(6.96 +£0.05 mV in sham-op, 4.20+0.08 mV in ES1M, and
7.00+0.10 mV in ES3M group). In addition, the dura-
tion of ESIM group (9.66 +1.52 ms) and ES3M group
(10.0+0.81 ms) increased significantly, *P <0.05 compares
to sham-op group (5.33 +0.57 ms) (Fig. 2b, c). CMAP dura-
tion may specifically detect these detail changes of insuf-
ficient axonal regeneration.
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Fig.2 Sticker removal grooming test and compound muscle action
potentials (CMAPs) were performed to evaluate the functional
recovery of ESN rats. a Schematic demonstrates the sticker removal
grooming test assessing the time spent in sticker removing of sham-
op rats and ESN rats. Response time for removing a sticker placed
on the ipsilateral ear was recorded. The results were from sham-op
rats, ES1M rats, and ES3M rats. Note that the performance was partly
recovered in ES3M rats. n=10 for each group. Data were shown as
the mean+SD. *P<0.05 compared to the corresponding sham-
op rats. ¥P <0.05 compared to the corresponding ES1M rats. b The

Distribution of syndecans and Nav1.6
in longitudinally regenerating axon
after end-to-side neurorrhaphy

To examine the distribution of syndecan-3, syndecan-4 and
Nav1.6 in ESN model, the distal ends of the regenerating
axons were immunostained with anti-syndecan-3, anti-syn-
decan-4, and anti-Nav1.6 antibody 1-3-month post-surgery.
Confocal microscopy revealed that in the sham-op group,
syndecan-3 and Nav1.6 were concentrated at the node of
Ranvier, whereas syndecan-3 and Navl.6 were wide-
spread throughout the regenerating nerve fiber in the ESIM
group. Three months after ESN, syndecan-3 and Navl1.6
congregated and gathered around the nodal region again
(Fig. 3). The nerve bundles were still smaller in ES3M rats
as compared of that of sham-op group. Similarly, synde-
can-4 clustered at the paranodal region, adjacent to Nav1.6
that is located in the node of Ranvier in sham-op group.
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recovery of CMAPs after ESN. The responses were recorded from
biceps brachii muscle upon activation of the nerve. The representa-
tive responses recorded from the sham-op group (upper row) and
1- and 3-month (lower rows) following end-to-side neurorrhaphy
are illustrated. The arrow indicates the end of the duration. Stimuli
at moderate (5 mA) strengths were applied to the nerve above the
neurorrhaphy site. Histograms (c¢) show the averages of amplitude
and duration, respectively. n=10 for each group. Values are the
mean+SD. *P<(0.05 compared to that of sham-op value. *P <0.05
compared to the corresponding ES1M rats

One-month post-surgery, syndecan-4 was enriched in pro-
liferative Schwann cell. Meanwhile, Nav1.6 scattered across
the regenerating axons rarely co-localized with syndecan-4,
the distribution of syndecan-4 resumed to the pattern simi-
lar to that of the sham-op group 3 months following ESN
(Fig. 4).

To further verify the interaction between synde-
can-3/4 and Navl.6 in regenerating axons, we investi-
gated the co-localization of both proteins by proximity
ligation assay. The recipient nerve tissues were stained
with Duolink In-Situ PLA Probes 1- and 3-month fol-
lowing ESN. The number of signals in sham-op group
was abundant, whereas it decreased in ES1M and ES3M
groups (Fig. 5a). Quantification of the PLA analysis
shows an average number of syndecan-3/Nav1.6 linked
signals of 10 +4 /100 pm? in sham-op group, and an
average number of 3 +2 /100 um? and 5+ 3 /100 um? in
the ESIM and ES3M groups, respectively (Fig. 5b). In
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Fig.3 Confocal photomicrographs showing the distribution of
Navl.6 and syndecan-3 expression in regenerating axons. The recipi-
ent nerve tissue (distal end of McN) was immunostained with anti-
Navl1.6 antibody (green) and anti-syndecan-3 antibody (red) 1- and
3-month following ESN. After the labelling of sections, nuclei DNA
were counterstained with Hoechst33342 (blue). Navl.6 channels

contrast, much less syndecan-4 / Nav1.6 linked signals
were observed, and no significant change in the sham-
op group and ESIM group (signal: 2.3 + 1.0 /100 um?
in sham-op group, 2.6+ 1.2 /100 um? in ES-1 M group,
1.0+0.3 /100 um? in ES-3 M group). These data suggests
that syndecan-3 was closely co-localized with Nav1.6 in
the sham-op group, while the co-localization was sig-
nificantly decreased 1 month after surgery and gradually
recovered after 3 months.

clustered at the node of Ranvier, colocalizing with syndecan-3 (a,
b, c), whereas they scattered throughout the regenerating nerve fiber
1 month after ESN (d, e, f). Note that Nav1.6 channels underwent
structural rearrangement at the nodal region accompanied with syn-
decan-3 3-month following ESN (g, h, i). Scale bar=25 pm

Sodium ion mapping at the node of Ranvier
after ESN by time-of-flight secondary-ion mass
spectrometry

It is known that the sulphated proteoglycan chains of syn-
decans are negatively charged, serving as a cationic pool
to congregate ions on nerve axons (Susuki et al. 2013).
To evaluate the distribution of sodium ion on the regen-
erating axons, we analyzed nerve tissues by TOF-SIMS.
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ES1IM

ES3M

Fig.4 Confocal microphotographs showing the distribution of
Navl.6 and syndecan-4 expression in regenerating axons. The recipi-
ent nerve tissue (distal end of McN) was immunostained with anti-
Navl1.6 antibody (green) and anti-syndecan-4 antibody (red) 1- and
3-month following ESN. After the labelling of sections, nuclei DNA
were counterstained with Hoechst33342 (blue). Navl.6 channels

TOF-SIMS showed the ionic images of sodium distribu-
tion as well as the normalized spectral intensity of sodium
ions on tissue slides. The results showed that strong sodium
ion signals were concentrated at the node of Ranvier in the
sham-operation axons (Fig. 6a). One month following ESN,
the sodium ion signals decreased significantly. Instead of
concentrating at the node of Ranvier, sodium ion signals
were found to disperse along the axons. At 3-month follow-
ing ESN, most of the sodium ions assembled at the node
of Ranvier again. This result revealed a re-establishment of
sodium ions distribution on regenerating axons during the
recovery process after ESN. The absolute counts of sodium

@ Springer
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clustered at the node of Ranvier, colocalizing with syndecan-4 (a,
b, c), whereas they scattered throughout the regenerating nerve fiber
1-month following ESN (d, e, f). Note that Nav1.6 channels under-
went structural rearrangement at the nodal region accompanied with
syndecan-4 3-month following ESN (g, h, i). Scale bar=25 pm

ions on the nerve tissue were normalized to the total para-
formaldehyde ions. We found that the quantity of sodium
ions significantly decreased 1 month after ESN and then
increased to equivalent levels relative to the sham-operation
group at 3 months (Fig. 6b, c).

Discussion

In this current study, the differential expressed genes
1 month after ESN were identified by RNAseq, and we focus
on the expression of syndecan-3/4, sodium channels, and
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Fig.5 Proximity Ligation Assay (PLA) showing colocalization
between syndecan-3 and Nav1.6 channels. a The recipient nerve tis-
sue was stained with Duolink In Situ PLA Probe antibodies 1- and
3-month following ESN. Fluorescence signal (red) indicates ligation
signal of syndecan-3/Nav1.6 (a, ¢, and e) and signal of syndecan-4/
Navl.6 (b, d, and f). After the labelling of sections, nuclei DNA were
counterstained with Hoechst33342 (blue). Please note that the PLA

MMP-9 in regenerating axons. These proteins were upregu-
lated 1 month after ESN, and declined 3-month post-surgery.
PLA analysis revealed that syndecan-3 but not syndecan-4
are closely co-localized with Nav1.6 channels in the nodal
region of the axons in normal condition. The co-localization
of syndecan-3 and Nav1.6 in the nodal region drastically
decreased 1 month after ESN and gradually reappeared in
3 months, that is associated with the functional recovery of
nodal reformation that regulated by Nav1.6 recluster (Fig. 7).

As the regenerating process begins, our study indicates
an upsurge in MMP-9 1 month after neurorrhaphy. MMP-9
as well as a mitogen-promoted Schwann cell proliferation,
supported remyelination of axons and activated cell migra-
tion (Kim et al. 2012; Dufour et al. 2010). By degrading the
major barrier in the peripheral nerves such as chondroitin
sulphate proteoglycan (CSPG), MMP-9 clears a path for
neurite outgrowth (Ferguson and Muir 2000). Proliferative
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signals (indicated by the arrows) were much more in the sham-op
group when compared to that of ESIM group and ES3M group. In
the nerve tissue of sham-op (panel b) ESIM (panel d) and ES3M
(panel f) group, which were lacking PLA signal of syndecan-4/
Nav1.6. Scale bar =50 pm. g Quantification of the PLA analysis. Sig-
nificant decrease of syndecan-3/Nav1.6 signals in ESIM and ES3M
are indicated by *P <0.05. Vales are mean +SD

Schwann cells migrate to the repair site creating a microen-
vironment abundant in proteoglycans achieve maintaining
axo-glial interaction and nerve regeneration (Quintes et al.
2010; Schlosshauer et al. 2003). Meanwhile, excessive syn-
decan-3 was secreted by Schwann cells. The heparan sul-
fate (HS) chains on syndecan-3 are able to capture various
growth factors, such as glial cell line-derived neurotrophic
factor (GDNF) (Webber and Zochodne 2010; Bespalov et al.
2011), and facilitate Schwann cells proliferation and migra-
tion. Since MMP-9 has be reported to shred transmembrane
syndecans into free ectodomain (Manon-Jensen et al. 2010),
the up-regulation of MMP-9 in our ESN model may also
result in the accumulation of syndecans ectodomain to trap
growth factors in the regenerating microenvironment.

At the late stages of peripheral nerve regeneration, the
sprouting axons began to be myelinated by Schwann cells,
and the gaps between myelin sheaths formed the node of
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Fig.6 TOF-SIMS images of regenerating axons. a Ionic images of
sodium (left column) and corresponding DIC bright filed images
(right column) on the serials longitudinal sections of repaired nerve
from sham operation (sham-op), 1 and 3 months after ESN groups
were shown. The ionic imaging of Na® signaling is expressed by
a color scale in which bright colors represent high levels of Nat
(m/z 23, the color scale: ion counts). Blue arrows indicate sodium-
concentrated spots on the node of Ranvier, and red arrows indicate
the location of spots on DIC images. Note that sodium-concentrated
spots appeared segmentally at the node of Ranvier of the sham-op
group, dispersed in the ESIM group, and partly re-clustered in ES3M
group. Representative photographs are shown. Scale bar=100 pm. b

Ranvier. During PNS node formation, our study showed
that syndecan-3 and syndecan-4 were mainly found in
the node of Ranvier. Congregated at the node of Ranvier,
syndecans linked to anchor proteins and were known for
stabilizing the distribution of ion channels (Mitsou et al.
2017; Marquardt et al. 2015), and accumulation of Nav1.6
channels and sodium at nodes of Ranvier is paramount
for action potential. Comparing to the distribution of
Nav1.6 channels and syndecan-3/4 at nodes of Ranvier,
we observed that the syndecan-4 seems more predomi-
nantly located at the para-nodal region, while syndecan-3
and Nav1.6 channels located at nodal region. Our PLA
assays were further confirmed this observation and imply
the distinct functions of syndecan-3 and syndecan-4 at
nodes of Ranvier.
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TOF-SIMS positive spectra (from 1 to 50 m/z) of sham-op, ESIM,
and ES3M are shown. In sham-op rats, strong sodium intensity with
significant sodium ionic localization was detected in the node of Ran-
vier of sham-op group. Following ESN, the Na* intensity was dras-
tically decreased at 1 month, and recovery at 3 month after ESN. ¢
The nerve sections revealed the intensity of sodium (m/z 23) after
normalization to the total paraformaldehyde ions of each analysis.
The spectral intensity for normalization was similar among numerous
experimental groups. Note that normalized Na* intensity decreased in
the ESIM group and recovered in the ES3M group. N=10 for each
group. *P<0.05

During the process of nerve regeneration, the synde-
can-3/4 and Nav1.6 were re-expression and re-distribution.
We found the up-regulation of syndecan-3/4 in ESN-1 M tis-
sue by RNAseq and western blots. We observed the scattered
Nav1.6 channels were less co-localized with syndecan-3 in
the ESN-1 M group, whereas the level of sodium decreased
on the nerve tissue. In the ESN-3M tissue, the co-locali-
zation of Nav1.6 and syndecan-3 obvious increased. Thus,
these evidence pointed that syndecan-3 has a more impor-
tant role than syndecan-4 in stabilizing sodium channels in
peripheral nerve axons. Previous study proposed that syn-
decan-3 contained five extracellular GAG attachment sites
which is more than that of syndecan-4 (Sarrazin et al. 2011).
These GAG chains may endorse the functions syndecan-3
during the nerve regeneration.
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Fig.7 Schematic illustration of end-to-side neurorrhaphy of mus-
culocutaneous nerve (McN) to ulnar nerve (U). The red rectangle
showed syndecan-3 and Navl.6 interaction for sodium attraction in
the recipient nerve. The node of Ranvier has high density of Nav1.6
channel which are co-localized with syndecan-3. Nerve injury

To verify if the recovery of ion distribution correlated with
the node of Ranvier, where syndecan-3 located, we performed
TOF-SIMS to observe the disposal of ions in different phases
of sprouting axons. And we focused on the sodium signals
in the nodal region, since sodium is the major ion that trig-
gers action potentials. The results exhibited that the intensity
of sodium decreased in the ES1M group, owing to Nav1.6
dispersed and not yet formed in the node of Ranvier. Three
months after ESN, highly rich sodium gathered at the nodal
region with the amount similar to sham-operation groups. This
provides evidence of a successful recovery on both ion channel
distribution and node of Ranvier formation. Previous studies
showed that syndecan-3 is localized on Schwann cell processes
that participate in the nodal formation and are considered to
serve as a cationic pool through the highly negatively charged
heparin sulphate (Susuki et al. 2013; Meneghetti et al. 2015;
Coulson-Thomas 2016). These results correspond to our
TOF-SIMS analysis in which redistributed Na* concentrated
and reclustered within a syndecan-3/Nav1.6 co-localized area
of the ESN-3 M rats.

lon channels:

b
ECM: * Syndecan

I Nav
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resulted in syndecan-3 and Navl.6 that dispersed along the axons.
Nodes of Ranvier reformation occurs after ESN, thereby syndecans-3
attracting Nat aggregation and increasing the local concentration of
Na™ at the nodal region. Axonal domains: node of Ranvier (N), paran-
ode (PN), and juxtaparanode (JXP)

Conclusion

The primary findings of our study suggested that the func-
tions of syndecan-3 are critical in Nav1.6 distribution at the
node of Ranvier during peripheral nerve regeneration. In
addition to binding anchor proteins and stabilizing Nav1.6,
the negatively charged GAG chains of syndecan-3 can also
attract cations, recruiting more sodium around the sodium
channel (Fig. 7). This results in larger action potentials trig-
gering and better functional recovery. Our results will not
only improve our understanding of syndecan-3, syndecan-4
and Nav1.6 in the initial stage of nerve regeneration but will
also provide insights into syndecan-3 targeting drugs in the
late stages of PNS node reformation for clinical usage.
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