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Abstract The voltage-gated potassium channels Kvl.1
and Kv1.2 that cluster at juxtaparanodal (JXP) regions are
essential in the regulation of nerve excitability and play a
critical role in axonal conduction. When demyelination
occurs, Kv1.1/Kv1.2 activity increases, suppressing the
membrane potential nearly to the equilibrium potential of
K™, which results in an axonal conduction blockade. The
recovery of K'-dependent communication signals and
proper clustering of Kv1.1/Kv1.2 channels at JXP regions
may directly reflect nerve regeneration following periph-
eral nerve injury. However, little is known about potassium
channel expression and its relationship with the dynamic
potassium ion distribution at the node of Ranvier during
the regenerative process of peripheral nerve injury (PNI).
In the present study, end-to-end neurorrhaphy (EEN) was
performed using an in vivo model of PNI. The distribution
of K* at regenerating axons following EEN was detected
by time-of-flight secondary-ion mass spectrometry. The
specific localization and expression of Kv1.1/Kv1.2 chan-
nels were examined by confocal microscopy and western
blotting. Our data showed that the re-establishment of K*
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distribution and intensity was correlated with the functional
recovery of compound muscle action potential morphology
in EEN rats. Furthermore, the re-clustering of Kv1.1/1.2
channels 1 and 3 months after EEN at the nodal region of
the regenerating nerve corresponded to changes in the K*
distribution. This study provided direct evidence of K* dis-
tribution in regenerating axons for the first time. We pro-
posed that the Kv1.1/Kv1.2 channels re-clustered at the
JXP regions of regenerating axons are essential for modu-
lating the proper patterns of K* distribution in axons for
maintaining membrane potential stability after EEN.

Keywords Voltage-gated potassium channels (Kv
channels) - Kv1.1 - Kv1.2 - End-to-end neurorrhaphy
(EEN) - Juxtaparanodal region

Introduction

Peripheral nerve injury (PNI) is a major cause of disabili-
ties and blocks signals from the spine to the extremities.
Regeneration of damaged axons is a process involving
demyelination, remyelination, and recovery of voltage-
gated K*, Na*, and Ca’>" channels. Among these chan-
nels, the voltage-gated potassium channels (Kv channels)
are redistributed on the regenerated axons, which is highly
associated with myelination status (Boyle et al. 2001;
Krishnan et al. 2009). However, the correlation between Kv
channel distribution and changes of potassium ion intensity
on regenerating axons has never been documented.

In the mammalian nervous system, each Kv channel
contains four o subunits to form a tetrameric pore asso-
ciated with four B subunits. There are 40 known o subu-
nits of Kv in humans. According to sequence homology,
the o subunits can be further divided into 12 subfamilies
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(Kv1-Kv12). All Kv channels are activated upon depolari-
zation of the plasma membrane, restoring the neuronal rest-
ing membrane potential (Gutman et al. 2005). In peripheral
nerves, high-density clustering of Kvl channels (Shaker
potassium channels) is found in the juxtaparanodal (JXP)
regions of myelin axons, whereas only low-density cluster-
ing of Kvl is present in the internode (Roper and Schwarz
1989; Wang et al. 1993). The most prevalent combina-
tion of Kvl.1 and Kv1.2 channels is presented at the JXP
regions as an exclusive membrane domain for the Kv con-
ductance responsible for the rapid axonal repolarization in
mammals. Both Kv1.1 and Kv1.2 channels are considered
low-voltage-activated channels, which activate with small
depolarizations at or below resting potential. Therefore, the
distinct distribution and biophysical properties of Kv1.1/
Kv1.2 channels contribute to potassium ion concentra-
tion regulation in the axons, and they are necessary for the
maintenance of a stable nodal resting potential (Barrett and
Barrett 1982; Waxman and Ritchie 1993; Krishnan et al.
2009; Chiu and Ritchie 1984).

After peripheral nerve injury, myelin disruption
increases exposure of Kvl1.1 channels on axons, which in
turn may lead to a decrease in action potential amplitude
and duration due to the clamping of the resting membrane
potential close to the K¥ equilibrium potential (Waxman
and Ritchie 1993; Krishnan et al. 2009). Additionally, it
has been proposed that demyelination of intact axons by
disease or injury leads to diffusion of Kv1 channels rather
than clustered sodium channels (Poliak and Peles 2003).
The misplaced Kv1 channels result in an increase in paran-
odal capacitance and a decrease in resistance, consequently
hampering the propagation of action potentials (Boyle et al.
2001; Krishnan et al. 2009). In clinical tests, Kv1 dysfunc-
tion results in neuronal channelopathies associated with
neurological disorders, including neuromyotonia, Morvan’s
syndrome, limbic encephalitis, forms of epilepsy, and epi-
sodic ataxia type 1 (Browne et al. 1994; Irani et al. 2010;
Glasscock et al. 2010; Diani et al. 2008; Zuberi et al. 1999).

Although the functional distribution and combinations
of Kvl on myelin axons have been investigated, the direct
correlation between redistributed Kv1 and potassium ion
intensity changes on a regenerating axon has never been
examined. In this study, we used end-to-end neurorrhaphy
(EEN) of musculocutaneous nerves (McN) to ulnar nerves
(UN), which provided a stable and reproducible peripheral
nerve regeneration model for analysing Kv1.1/Kv1.2 distri-
bution and expression (Liao et al. 2009, 2010, 2013; Liu
et al. 2016; Chang et al. 2014). Because traditional potas-
sium indicator assays are only able to detect cytosolic free
potassium ions, intracellular potassium concentrations can-
not be evaluated. To overcome this obstacle, time-of-flight
secondary-ion mass spectrometry (TOF-SIMS) was used in
this study. TOF-SIMS is a high-sensitivity technique used
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to measure both the distribution and intensity of unlabelled
ions in tissue samples (Liu et al. 2016; Kulp et al. 2006).

Materials and methods
Experimental animals

Young adult male Wistar rats weighing 200-300 g (n = 30)
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
conditions with controlled temperature and humidity. All
experimental 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-end
neurorrhaphy (EEN) as described in our previous studies
(Chang et al. 2013; Liao et al. 2009, 2010). Briefly, after
the rats were deeply anaesthetized with an intraperitoneal
injection of 7% chloral 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 musculocutane-
ous nerve (McN) was then transected at the margin of the
pectoralis major muscle. The end of the proximal ulnar
nerve (UN) was then neurorrhaphied to the end 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 following surgery. All operated
animals were divided into three groups with ten individuals
per group. A sham operation was performed in Group I by
exposing the brachial plexus. Group II (EEIM group) and
Group III (EE3M group) were treated with end-to-end neu-
rorrhaphy for 1 and 3 months, respectively.

Compound muscle action potential recording

To confirm nerve reconstruction recovery, compound mus-
cle action potentials (CMAPs) of the repaired nerve and
target muscle were recorded with a PowerLab electro-
myogram (AD instrument, Sydney, Australia). First, the
experimental animals were anaesthetized. The stimulat-
ing electrode was placed above the reconnection site, and
the recording electrode was placed in the biceps brachii
muscle at the mid-humerus level. The recording electrode
was kept 1 cm from the stimulating electrode with a piece
of 5-0 nylon suture. The rat’s tail was connected to the
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signal ground. Next, the nerve was stimulated with a 0.2 ms
square pulse current in 2 mA at a repetition rate of 0.2 Hz.
In sham-operated rats, electrodes were set at corresponding
locations of the McN and biceps brachii muscle. Data were
then digitized and analysed.

Perfusion and tissue preparation

To perform TOF-SIMS and immunofluorescence, at the end
of the survival period after EEN, half of the experimental
animals from all groups were deeply anaesthetized with 7%
chloral hydrate (0.4 mL/100 g) and subjected to transcar-
diac 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 distal
end of the repaired nerve was removed under a dissecting
microscope and kept in a similar fixative for 2 h. The tis-
sue block was then immersed in graded concentrations of
sucrose buffer (10-30%) for cryoprotection at 4 °C over-
night. Serial 25-pm-thick sections of the nerve segment
were cut longitudinally with a cryostat (CM3050S, Leica
Microsystems, Wetzlar, Germany) the following day. For
immunoblotting, the other half of the deeply anaesthetized
experimental animals were perfused with Ringer’s solu-
tion, and then the musculocutaneus nerves were quickly
removed under a dissecting microscope. The samples were
stored at —80 °C until use.

Kv1l channel and PGP 9.5 immunofluorescence stain

For Kvl channels and PGP 9.5 immunohistochemistry,
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 rabbit polyclonal
anti-Kv1.1 antibody (1:100, Alomone Laboratories, Jerusa-
lem, Israel), rabbit polyclonal anti-Kv1.2 antibody (1:100,
Alomone Laboratories, Jerusalem, Israel), and mouse poly-
clonal PGP 9.5 antibody (1:500, Eugene, OR, USA) with
the blocking medium for 24 h at 4 °C. 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-conjugated
anti-rabbit IgG (1:200, Jackson Immuno-Research, West
Grove, PA, USA) to visualize PGP 9.5 and Kv1 channels,
respectively. All mounted sections were examined and
photomicrographed under a confocal fluorescence micro-
scope (SP5, Leica Microsystems, Wetzlar, Germany). The
Z-stacked confocal images of the nerve were captured with
a confocal microscope (TCS SP5) to analyse the Kv1.1/
Kv1.2 distribution and recovery of the repaired nerve. Each

confocal photomicrograph is created using a stacked series
of scans of a nerve Section (25 wm in total thickness). The
z-stack images were captured from regenerating axons
(5 wm optical slice thickness, 10 z-sections collected at
0.486-pum intervals).

Western blotting

Musculocutaneus nerve tissue samples were subjected
to western blot analysis. Three tissue samples of dis-
tal McN removed from the suture site of each group was
first homogenized with Kaplan buffer (50 mM Tris buffer,
pH = 7.4, 150 mM NaCl, 10% glycerol, 1% NP40, and
protease inhibitor cocktail) and then clarified by centrifu-
gation. Then, equal amounts of solubilized proteins and
cell lysates were separated on SDS-PAGE (10%) and
electroblotted onto nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA, USA). The membranes were
then blocked with 5% skim milk and probed with antibod-
ies against P-actin (1:10,000, BD Biosciences, San Jose,
CA,USA), Kvl1.1 (1:1000, Alomone Laboratories, Jerusa-
lem, Israel), Kv1.2 (1:1000, Alomone Laboratories, Jerusa-
lem, Israel), and PGP 9.5 (1:500, Abcam, Cambridge, UK)
at 4 °C overnight. After incubation with primary antibod-
ies, the membranes were incubated with horseradish per-
oxidase-conjugated secondary antibodies (Bethyl Labora-
tories, Montgomery, TX, USA) at a dilution of 1:10,000 for
1 h at room temperature. ECL solutions (Millipore, Temec-
ula, CA, USA) were used to detect the signals generated.
In the present study, we normalized the Kv1.1 and Kv1.2
protein to PGP 9.5 protein to adjust for changes in the
axonal number as previously described (Calvo et al. 2016).

TOF-SIMS analysis

TOF-SIMS analysis was carried out on a TOF-SIMS IV
instrument (ION-TOF GmbH, Munster, Germany). For
ionic image analysis, the 25-pm-thick cryostat sections of
repaired MCN were mounted on the silicon wafer pieces
and air-dried for the TOF-SIMS IV instrument. Serial sec-
tions were observed and images of them captured by dif-
ferential interference contrast (DIC) microscopy (Axioskop
2 plus, Zeiss, Géttingen, 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 pm?. Positive secondary ions passing through a reflec-
tron mass spectrometer were detected with a micro-channel
plate assembly operating at 10 kV postacceleration. Mass
calibration of the ion spectrum was achieved using a set of
mass peaks such as m/z = 15 (CH;"), 41 (C5Hs™"), and 69
(Ga™), and a paraformaldehyde molecule since this element
was the major component in the tissue matrix following
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vascular fixation (Chang et al. 2012). The ions related
to KT (m/z = 39) 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 (Chang
et al. 2012). All quantitative data acquired from spectrom-
etry, immunofluorescence, and immunoblotting in sham-
operated and EEN rats were subjected to Student’s ¢ test.
Data were presented as the mean £ SD. P < 0.05 was con-
sidered statistically significant.

Results

Expression of Kv1.1/Kv1.2 channels after end-to-end
neurorrhaphy

Maintaining the concentration of potassium ions at the JXP
region of the nerve is essential for limiting re-excitation and
promoting saltatory conduction. It is known that both Kv1.1
and Kv1.2 channels are associated with anchoring proteins
on the cell membrane. These complexes link cytoskeleton
to extracellular matrix constituents and stabilize the struc-
ture of the nodal area (Fig. 1a), whereas disrupted myeli-
nation could potentially alter Kv1 channel localization
and expression levels (Fig. 1b) (Barrett and Barrett 1982;
Waxman and Ritchie 1993; Krishnan et al. 2009). To exam-
ine this observation in our EEN animal model, regener-
ated nerves were analysed at 1 and 3 months post-surgery.
The distal ends of regenerating nerve fibres were stained
with protein gene product 9.5 (PGP 9.5). This product is
often used as a marker to identify neural profiles and axon
regeneration. Confocal microscopy revealed that the axon
is reduced in diameter in certain areas and the location of
node of Ranvier (Hess and Young 1952; King 2013). As
expected, in the sham-operation group, Kvl.1 and Kv1.2
channels were concentrated at the JXP regions (Figs. 2 and
3). One month after EEN, expression of Kv1.1 and Kv1.2
channels appears to have a widespread distribution across
the regenerated axons. Three months post-surgery, Kv1.1
and Kv1.2 channels assembled and congregated again at
the JXP regions on the regenerated axons (Figs. 2 and 3).
These results indicate that the dislocation of Kvl.1 and
Kv1.2 on regenerating axons in our EEN model is similar
to the process described in previous studies.

We further quantified Kv1.1 and Kv1.2 expression on
regenerating axons using western blots. The results showed
that the expression of Kvl.1 and Kv1.2 was up-regulated
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Fig. 1 Diagram illustrating the structure of the myelinated nerve
fibre and axonal domains: Nodes of Ranvier (N), paranode (PN),
and juxtaparanodes (JXP). a Schematic presentation showing the
high density of Kv1 channel distribution at JXP covered by a myelin
sheath. b Disruption of myelination occurs with nerve injury, result-
ing in the loss of anchoring proteins and displacement of the inner-
most myelin contacts that permit the movement of Kv channels dis-
persed along the axon

at repaired nerves 1 month after EEN (Figs. 4a, 5a). At
3 months after EEN, expression of Kvl.1 and Kv1.2 was
decreased in the regenerating nerve compared to that in the
1-month EEN tissue, but still higher than that in the sham-
operation group (Figs. 4b, 5b).

Ion mapping of repaired nerve after EEN
by time-of-flight secondary-ion mass spectrometry

To determine the correlation between potassium ion dis-
tribution and the expression of Kvl.1 and Kvl.2 chan-
nels on regenerating axons, we analysed nerve tissue by
TOF-SIMS. TOF-SIMS showed the in vivo ionic images
of potassium distribution as well as the normalized spec-
tral intensity of potassium ions on tissue slides. The results
showed that strong potassium ion signals were concen-
trated at the peri-nodal region of the sham-operation axons
(Fig. 6a). One month following EEN, the potassium ion
signals were not concentrated at the peri-nodal region of
the regenerating nerve. Instead, dispersed potassium ion
signals were observed along the axons. At 3 months follow-
ing EEN, most of the potassium ions were concentrated at
the peri-nodal regain again. This result revealed a re-estab-
lishment of potassium ions distribution on regenerating
axons during the recovery process after EEN. The absolute
counts of potassium ions on the nerve tissue were normal-
ized to the total paraformaldehyde ions. We found that the
quantity of potassium ions significantly increased 1 month
after EEN and then decreased to equivalent levels relative
to the sham-operation group at 3 months (Fig. 6b, c).

To ensure that the recovery of Kvl channels and potas-
sium ions correspond with nerve functions, CMAP analysis
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Fig. 2 Confocal photomicro-
graphs showing the distribution
of Kvl1.1 channels and PGP 9.5
in longitudinally regenerating
axons. The recipient nerve tis-
sues (distal end of McN) were
immunostained with anti-PGP
9.5 mAD (green) and anti-Kv1.1
polyclonal antibody (red) 1 and
3 months following EEN. At
the node of Ranvier, the axon
is reduced in diameter; the
arrow a3 indicates the narrow
portion of a PGP 9.5-positive
axon. Representative images
are shown. The distribution of
Kvl.1 channels was concen-
trated in the JXP region (Fig.
al, a3), whereas Kv1.1 chan-
nels were scattered throughout
the regenerating nerve fibres

1 month following EEN (Fig.
b1, b3). Note that Kv1.1 chan-
nels underwent a structural
rearrangement at the JXP region
3 months following EEN (Fig.
cl, ¢3). Scale bar = 20 .wm

Sham-OP

EE1M

EE3M

was performed. One month after surgery, the action poten-
tial of the EEN group still generated both a long duration
and low amplitude in comparison to the sham-operation
group. At the end of the third month, the electrophysi-
ological recordings showed that the regenerated axons of
the EEN group successfully re-innervated the target mus-
cles and generated CMAPs (3.9 &+ 0.3 mV in EE3M and
3.8 £ 0.1 mV in sham-operation group; Fig. 7a, b). In addi-
tion, the response duration of CMAP in the EE3M group
(2.51 £ 0.11 ms) improved to the control level of the sham-
operation group (2.50 £ 0.10 ms; Fig. 7c).

Discussion

The present study was the first to report the potassium
ion distribution and its correlation with Kv1.1 and Kv1.2
expression in a distal segment of regenerating axon follow-
ing EEN. The potassium ion signals were shown in terms of
both ionic imaging and normalized spectrometric quantity.

We found that the up-regulation of Kv1.1 and Kv1.2 on the
axon coincided with high potassium ion intensity along
regenerating axons 1 month after EEN. In addition, the dif-
fused expression of Kvl.1 and Kv1.2 channels along the
axon is tightly associated with dispersed potassium ion dis-
tribution. Moreover, the reappearance of clustered Kvl.1
and Kv1.2 at the peri-nodal region highly corresponded
with the re-concentrated potassium ion signals 3 months
after EEN.

Measurement of tissue potassium in vivo

Potassium (K™) is a major ionic constituent within cells.
Fluctuations in intracellular Kt concentrations are asso-
ciated with a wide range of physiological effects. Previ-
ous methods for measuring tissue K™ concentrations have
involved plasma and whole blood counting techniques
or fluorescence tracer studies (e.g., potassium indica-
tor assays) (Fijorek et al. 2014). All these methods dif-
fer in their accuracy and limits of detection. Because
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Fig. 3 Confocal photomicro-
graphs showing the distribution
of Kv1.2 channels and PGP 9.5
in longitudinally regenerating
axons. The recipient nerve tis-
sues (distal end of McN) were
immunostained with anti-PGP
9.5 mAD (green) and anti-Kv1.2
polyclonal antibody (red) 1 and
3 months following EEN. At
the node of Ranvier, the axon
is reduced in diameter; the
arrow a3 indicates the narrow
portion of the PGP 9.5-positive
axon. Representative images
are shown. The distribution of
Kv1.2 channels was concen-
trated in the JXP region (Fig.
al, a3), whereas Kv1.2 chan-
nels were scattered throughout
the regenerating nerve fibres

1 month following EEN (Fig.
b1, b3). Note that Kv1.2 chan-
nels underwent a structural
rearrangement at JXP region

3 months following EEN (Fig.
cl, ¢3). Scale bar = 20 .wm

Kv1.2

Sham-OP

EE1M

EE3M

Sham-OP EE1M EE3M

—72

Kv1.1

PGP9.5 R -

B-actin e e e — 43

Fig. 4 Immunoblot (a) and histogram (b) showing Kvl.1 expres-
sion in nerve tissues of normal and 1- to 3-month EEN rats. Expres-
sion of PGP 9.5 (24 kDa) and Kv1.1 (72 kDa) was detected. -actin
was used as a loading control (a). Densitometric analysis indicated a
higher ratio of Kvl.1 to PGP 9.5 in the EE1 M groups compared to
the sham-op group (b). Target band detection was normalized against

98% of whole-body potassium is intracellular, meas-
urements of plasma K* concentrations are often a very
insensitive index of tissue K™ stores (Kernan 1980). K*

@ Springer

—25

PGP9.5 Merged

C2

v}
o

relative dansity
normalized to PGP9.5
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PGP 9.5 correspondingly for analysis. The Kv1.1 expression in the
EE1IM group was 4.3-fold higher than that in the sham-op group. Fur-
thermore, the EE3M group showed a 2.1-fold increase in the ratio of
Kvl.1 to PGP 9.5 (Fig. 1b). Data are present as mean £ SD from
three independent experiments. *P < 0.05

measurement with fluorescence probes cannot be used to
measure in vivo tissue and are not directly obtained from
the data immediately. TOF-SIMS analysis provides mass
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Sham-OP EE1M EE3M
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Kv1.2
PGP9.5

B-actin

Fig. 5 Immunoblot (a) and histogram (b) showing Kv1.2 expression
in nerve tissues of normal and 1- to 3-month EEN rats. Expression of
PGP 9.5 (24 kDa) and Kv1.2 (72 kDa) was detected. B-actin was used
as a loading control (a). Densitometric analysis indicated a higher
ratio of Kv1.2 to PGP 9.5 in the EE1M groups compared to the sham-
op groups (b). Target band detection was normalized against PGP

spectral and image information present on the tissue sam-
ple even when tissue samples are not previously stained
and handled. This technique was useful for clinical diag-
nosis as well as for investigating and generating imagery
of K* on the tissue surface.

Redistribution of potassium ion correlated with Kvl
channels expression after end-to-end neurorrhaphy

It is well known that the transduction of proper action
potential relies on appropriate ion channel distribution
along axons (Lai and Jan 2006). The potassium ion con-
centration is higher inside the axons, while the sodium ion
concentration is higher outside the axons at rest. Potas-
sium ion fluctuations in mammalian myelinated axons are
restricted to the JXP region, where voltage-gated Kvl.1
and Kv1.2 channels are clustered at a particular high den-
sity. This structural organization limits axonal hyperexcita-
bility with brief action potentials (Calvo et al. 2016). TOF-
SIMS showed that the distribution of potassium ions was
clustered at the perinodal region of normal nerve tissue.
During the first month after EEN, we observed the expres-
sion pattern of potassium ions and Kv1.1/Kv1.2 channels,
which dispersed along the regenerating nerve. We sug-
gested that these Kvl channel dispersions could facili-
tate hyperpolarization of potassium ion efflux across the
plasma membrane and counteract inward ion conductance.
Therefore, this process could result in equal concentrations
of potassium ions inside and outside of axons and thus
limit neuronal excitability. Furthermore, the ionic imag-
ing illustrated that the redistribution K* concentrated and
re-clustered with Kv1 channels at the peri-nodal region of
EEN3M-rats (Fig. 6).
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9.5 correspondingly for analysis. The Kv1.2 expression in the EEIM
group was 8.0-fold higher than that in the sham-op group. Further-
more, the EE3M group showed a 3.1-fold increase in the ratio of
Kv1.2 to PGP 9.5 (Fig. 1b). Data are present as mean = SD from
three independent experiments. *P < 0.05

Injury to the peripheral nervous system could
cause disorganization of Kvl channel distribution, lead-
ing to co-localization with nodal Nat channels and dis-
ruption of the paranode in demyelinated axons (Arroyo
et al. 1999; Rasband 2004; Rasband et al. 1998). Since
the diffuse localization of Kvl.1 and Kvl.2 channels
exposed at the node and paranode leads to increased
activity of the Kv1 channel, it may approach the K* equi-
librium potential, reducing membrane excitability and
blocking conduction (Nashmi and Fehlings 2001). Inter-
estingly, the alteration of Kv1.1/Kv1.2 density at the JXP
region depends on the degree of remylination, which cor-
relates to the extent of axonal regeneration observed in
this study.

Electrophysiological recovery in regenerating nerve

The function of Kvl channels is critically dependent on
their ability to target specific neuronal compartments.
In normal nerves, the Kv channels Kv1.1 and Kv1.2 are
present at juxtaparanode to regulate nodal excitability
and conduction (Rasband et al. 1998; Calvo et al. 2016).
During the regenerative process of PNI, the exposure of
Kv1 channels at the nodal region caused spreading potas-
sium ions to damage impulse conduction (Vabnick et al.
1999). In this study, the EE1 M group exhibited longer
duration and weaker amplitude of CMAP, which corre-
sponded to the dispersed Kvl.1 and Kv1.2 staining pat-
tern and potassium ion redistribution. Previous studies
showed that misplaced potassium expression at the nodal
region could not easily cause repolarization of the mem-
brane potential (Calvo et al. 2016; Foust et al. 2011).
The dispersed potassium ions at the regenerating nerve
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Fig. 6 TOF-SIMS images of regenerating axons. a Ionic images of
potassium (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 EEN groups
were shown. Cryosectioned nerves were air-dried and then ana-
lysed by TOF-SIMS. The K* images were scanned over an area of
100 wm? Bright colours (arrow) represent high intensity of ions.
White arrows indicate potassium-concentrated spots on the axons,
and red arrows indicate the location of spots on DIC images. Note

had also been correlated with excitability abnormali-
ties, which might prolong the duration of action poten-
tial and could not exert normal conduction velocities.
The EE3M group displayed shorter CMAP duration and
greater amplitude corresponding to the re-concentrated
Kvl.1 and Kv1.2 staining patterns and re-clustered potas-
sium ion distributions at the juxtaparanode region. Our
findings provide a better understanding of the interac-
tion between the Kvl channel and potassium ions in
explaining the dynamics of action potential propagation.
Examining the interactions between Kv1 and K™ in the

@ Springer

that potassium-concentrated spots appeared segmentally in the Sham-
OP group, dispersed in the EEIM group, and partly reappeared in
EE3M group. Representative photographs are shown. Scale bar
= 50 wm. b TOF-SIMS positive spectra (from 1-50 m/z) of Sham-
OP, EE1M, and EE3M are shown. ¢ The nerve sections revealed the
intensity of potassium (m/z 39) after normalization to the total para-
formaldehyde ions of each analysis. Note that normalized K™ inten-
sity increased in the EEIM group and recovered in the EE3M group.
N = 10 for each group.*P < 0.05

regenerating nerves may provide a useful potential indi-
cator for evaluating the outcome of PNI.

In conclusion, we suggest that dynamic changes in
the re-arrangement Kv1.1/Kv1.2 channel could regulate
effluxes of potassium ions at the JXP regions of the regen-
erating axon, thus contributing to the electrical stability
of the nodal potential. Therefore, we support using potas-
sium channel blockers, such as Fampridine, to improve
slow nerve conduction velocity in patients suffering PNI
(Wulff et al. 2009). The obtained information will not only
improve our understanding of Kv1.1/Kv1.2 channels in the
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Fig.7 The recovery of com- A
pound muscle action potentials
(CMAPs) after EEN. The
responses were recorded from
biceps brachii muscle upon
activation of the nerve. The rep-
resentative responses recorded
from the sham-op group (upper
row) and 1 and 3 months (lower
row) following end-to-end neu-

Sham-OP

5mVL 47 o

2.5 msec

rorrhaphy are illustrated. The
arrow indicates the end of the
duration. Stimuli at moderate
(2 mA) strengths were applied
to the nerve above the neuror-
rhaphy site. Histograms b and ¢
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

EE-1M

Amplitude (mV)

0 T T

Sham-OP EE1M EE3M

EE-3M
%

Duration (msec)

Sham-OP EE1M EE3M

initial stage of nerve regeneration but also provide insights
into Kv1 channels targeting drugs for the clinical usage of
PNIL
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