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KIF5B Promotes the Forward Transport and Axonal
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Na,1.8is a tetrodotoxin-resistant voltage-gated sodium channel selectively expressed in primary sensory neurons. Peripheral inflamma-
tion and nerve injury induce Na 1.8 accumulation in peripheral nerves. However, the mechanisms and related significance of channel
accumulation in nerves remains unclear. Here we report that KIF5B promotes the forward transport of Na, 1.8 to the plasma membrane
and axons in dorsal root ganglion (DRG) neurons of the rat. In peripheral inflammation induced through the intraplantar injection of
complete Freund’s adjuvant, increased KIF5 and Na, 1.8 accumulation were observed in the sciatic nerve. The knock-down of KIF5B, a
highly expressed member of the KIF5 family in DRGs, reduced the current density of Na, 1.8 in both cultured DRG neurons and ND7-23
cells. Overexpression of KIF5B in ND7-23 cells increased the current density and surface expression of Na, 1.8, which were abolished
through brefeldin A treatment, whereas the increases were lost in KIF5B mutants defective in ATP hydrolysis or cargo binding. Overex-
pression of KIF5B also decreased the proteasome-associated degradation of Na, 1.8. In addition, coimmunoprecipitation experiments
showed interactions between the N terminus of Na, 1.8 and the 511- 620 aa sequence in the stalk domain of KIF5B. Furthermore, KIF5B
increased Na, 1.8 accumulation, Na, 1.8 current, and neuronal excitability detected in the axons of cultured DRG neurons, which were
completely abolished by the disruption of interactions between KIF5B and the N terminus of Na,1.8. Therefore, our results reveal that
KIF5B is required for the forward transport and axonal function of Na, 1.8, suggesting a mechanism for axonal accumulation of Na 1.8 in

inflammatory pain.

Introduction

Voltage-gated sodium channels (Na,, VGSCs) are critical for
the generation of action potentials in excitable cells (Waxman
et al., 1999). Particularly, subtypes of VGSCs predominantly
localized in small and medium-sized dorsal root ganglion
(DRG) neurons, such as tetrodotoxin-resistant (TTX-R) Na,1.8,
have been associated with pain transmission (Lai et al., 2004).
Na, 1.8 acts as a major contributor to the generation of action
potentials in small- and medium-sized DRG neurons (Renga-
nathan et al., 2001). Results obtained from both knockout and
antisense studies support a pivotal role for Na,1.8 in the de-
velopment of inflammatory and neuropathic pain (Akopian et
al., 1999; Gold et al., 2003; Lai et al., 2004). Intraplantar injec-
tion of complete Freund’s adjuvant (CFA) induces an increase

Received Feb. 4, 2013; revised Oct. 1, 2013; accepted Oct. 8, 2013.

Author contributions: L.B., Y.-Y.S., X.Z.,and Y.S. designed research; Y.-Y.S., M.Y., L.L,, C.L, J.P., W-W.L,Y.J., and
X.-Y.J. performed research; LB., Y.-Y.S., M.Y., and Y.S. analyzed data; L.B. and Y.-Y.S. wrote the paper.

This work was supported by grants from the National Natural Science Foundation of China (30930044), the
National Basic Research Program of China (2010(B912001), and the “Strategic Priority Research Program (B)" of the
Chinese Academy of Sciences (XDB01020300). We thank Dr. Xiaoyang Cheng for instruction on sodium current
analysis.

The authors declare no competing financial interests.

Correspondence should be addressed to Lan Bao, MD, Institute of Biochemistry and Cell Biology, Chinese Acad-
emy of Sciences, 320 Yue Yang Road, Shanghai 200031, China. E-mail: baolan@sibch.ac.cn.

DOI:10.1523/JNEUR0SCI.0539-13.2013
Copyright © 2013 the authors ~ 0270-6474/13/3317884-13$15.00/0

in Na,1.8 in the rat digital nerve (Coggeshall et al., 2004).
Na,1.8 is accumulated at sites of nerve injury in human pa-
tients with chronic neuropathic pain and chronic local hyper-
algesia (Coward et al., 2000; Yiangou et al., 2000; Kretschmer
et al., 2002; Black et al., 2008). Changes in the trafficking and
redistribution of Na,1.8 might be responsible for abnormal
firing and the generation of ectopic activity in afferent nerves
in chronic pain models (Devor, 2006); however, little is known
about the molecular mechanisms of Na,1.8 accumulation in
peripheral nerves in pathological pain. Previous research sug-
gests that selective axonal transport and the local upregulation
of Na, 1.8 mRNA in the sciatic nerve might contribute to the
hyperexcitability of peripheral nerves in some neuropathic
pain states (Thakor et al., 2009).

Motor protein kinesin-1 (also known as conventional ki-
nesin or KIF5) is composed of two identical heavy chains and
two identical light chains and mediates the plus end—directed,
microtubule-dependent transport of cargo proteins (Hirokawa
et al., 2010). The mammalian genome contains three kinesin-1
heavy chain genes, namely KIF5A, KIF5B, and KIF5C. Of these,
KIF5A and KIF5C are expressed in neurons only, whereas KIF5B
is expressed ubiquitously (Xia et al., 1998). Kinesin-1 motor pro-
teins are critical for the transport of ion channels across long
distances in the axons of neurons (Hirokawa et al., 2010). This
protein is also associated with the localization and transport of
voltage-gated potassium channels, AMPA receptor GluR2, and
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GABAA receptors (Setou et al., 2002; Rivera et al., 2007; Twelve-
trees et al., 2010). The involvement of kinesins in the transport of
sodium channels has not been established.

In the present study, KIF5 and Na, 1.8 increased in the sciatic
nerve in CFA-induced peripheral inflammation. Further, KIF5B
interacted with Na,1.8, promoting channel transport and in-
creasing channel function in both the cell bodies and axons of
cultured DRG neurons. This finding provides a molecular mech-
anism for the forward transport of sodium channels through the
motor protein kinesin and reveals the function of Na,1.8 accu-
mulation in axons.

Materials and Methods

Animal model and tissue preparation. All interventions and animal care
were performed in accordance with the policies of the Society for Neu-
roscience on the use of animals in neuroscience research. All experiments
were approved by the Committee for the Use of Laboratory Animals and
Common Facility, Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences. All efforts were made to minimize the number of
animals used and their discomfort after peripheral inflammation. Forty-
eight adult Sprague Dawley male rats (~200-250 g, Shanghai Center of
Experimental Animals, Chinese Academy of Sciences, Shanghai, China)
were anesthetized and paw inflammation was induced through the injec-
tion of CFA (Sigma) into the plantar subcutaneous space of the hindpaw
(200 ul/paw). The rats were maintained for 1, 2, 4, and 7 d after injection.
The sciatic nerve (1 cm long) and L4 and L5 DRGs were dissected from
the treated rats and 12 normal rats. Half of the tissues were homogenized
and lysed in lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1%
Triton, 0.5% sodium deoxycholate, 0.1% SDS, 10 mm NaF, 1 mm EDTA,
0.1 mm PMSF, 1 mg/ml pepstatin A, and 1 mg/ml leupeptin) for immu-
noblotting. Total RNA of the remaining tissues was extracted using TRI-
zol reagent (Life Technologies) for real-time PCR. Total RNA from the
cerebral cortex, hippocampus, and DRGs from three adult rats were
extracted for semiquantitative RT-PCR.

Plasmid construction. The construction of plasmids, including rat
Na,1.8-GFP, Na,1.8-Myc, and the intracellular loops of Na, 1.8, has been
described previously (Zhang et al., 2008). Various truncations of the
Na, 1.8 N terminus were PCR amplified and added to the beginning of a
modified transferrin receptor (TfR) plasmid as described previously (Li
et al.,, 2010). Human KIF5B-GFP and GCaMP3 were gifts from Drs.
Shumin Duan and Shiging Cai (Institute of Neuroscience, Chinese Acad-
emy of Sciences). KIF5B was subcloned into pMyc and KIF5B ©***“-GFP
was generated through PCR from KIF5B-GFP using the KOD-Plus mu-
tagenesis kit (Toyobo). The various truncations of KIF5B-GFP were con-
structed using PCR-amplified fragments inserted into the C terminus of
pEGFP-N3. Both KIF5B and Ctrl shRNA plasmids were generated
through the direct synthesis and insertion of the corresponding se-
quences into the pSUPER vector containing GFP or a modified pRNAT-
H1.1/neo vector containing mCherry (obtained from Dr. Chen Gu; Xu et
al., 2010). Therefore, neurons transfected with the shRNA plasmids ex-
pressed GFP or mCherry as an indicator for transfection. The probe
against rat KIF5B was ACAGCAGATCCAGAGTCACAGAGAA. To con-
struct rat KIF5A, PCR-amplified fragments were inserted into the C ter-
minus of pPEGFP-N3. The following primers were used: 5'-ATGGAATT
CATGGCGGAGACCAATAAC-3" and 5'-ATGGATCCGCTGGCTGCC
GTCTCTTG-3'.

Semiquantitative and real-time RT-PCR. The mRNA (1 ug) of differ-
ent tissues was reverse transcribed to cDNA. For semiquantitative RT-
PCR, the PCR products were analyzed on 1.5% agarose gels. Real-time
PCR with SYBR Green detection was performed using an ABI PRISM
7500 sequence detection system (Applied Biosystems). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a control. The fol-
lowing primers were used: 5'-TTTTCCCGAGTGTATCAGCTAC-3’
and 5'-TTCTGCCGTCTCTTGGTGGAG-3' for KIF5A;5'-GGGAATAA
GACTCTACGGAAC-3" and 5'-GGCAGCATCTGTAAAACTACC-3’
for KIF5B; 5'-GCCAACGAGCAACTGACC-3" and 5'-CAGCCTCGTC
AGGTGCTC-3' for KIF5C; and 5'-GGCAAGTTCAACGGCACAG-3’
and 5'-CGCCAGTAGACTCCACGAC-3’ for GAPDH.
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Cell culture and transfection. The HEK293T cells (American Type Cul-
ture Collection, Manassas, VA) were maintained in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (Biochrom). The ND7-23
cells (rat DRG/mouse neuroblastoma hybrid; European Collection of
Cell Cultures, Salisbury, United Kingdom) were maintained in DMEM
(without glutamine; Invitrogen) supplemented with 2 mm glutamine
(Invitrogen) and 10% fetal bovine serum. The HEK293T cells were tran-
siently transfected with plasmids using the calcium phosphate method
and the ND7-23 cells were transfected with plasmids using Lipo-
fectamine 2000 (Invitrogen). Two days after transfection, the cells were
used for different assays. The HEK293 cells (American Type Culture
Collection) that stably expressed Na,1.8-GFP were cultured in MEM
(Invitrogen) supplemented with 10% fetal bovine serum and 1 mg/ml
G418 (Amresco) as described previously (Li et al., 2010).

Neurons were dissociated from the DRGs of 40 male Sprague Dawley
rats (body weight 100-120 g). Briefly, freshly dissected DRGs were di-
gested in DMEM containing 1 mg/ml collagenase type 1A, 0.4 mg/ml
trypsin type I, and 0.1 mg/ml DNase I (all from Sigma) at 37°C for 35
min. The dissociated DRG neurons were transiently transfected with
plasmids through electroporation with Nucleofector II (Amaxa) using
Rat Neuron Nucleofector Solution and program O-003, and the cells
were subsequently plated on poly-p-lysine precoated coverslips or mi-
crofluidic chambers (Chen et al., 2012) in DMEM containing 10% fetal
bovine serum (Invitrogen). After 4 h, the medium was replaced with
DMEM/F12 (1:1; Invitrogen) containing 1% N, (Invitrogen) and the
neurons were analyzed within 72 h.

Coimmunoprecipitation. The HEK293T cells were lysed in ice-cold
RIPA buffer (150 mm NaCl, 30 mm HEPES, 10 mm NaF, 1% Triton, 0.1
mM PMSF, 1 mg/ml pepstatin A, and 1 mg/mlleupeptin), and DRGs were
extracted from six normal rats and homogenized in lysis buffer (35 mm
PIPES, pH 7.2, 5 mm MgSO,, 1 mm EGTA, 0.5 mm EDTA, 1 mm DTT,
0.2% NP-40, 0.1 mm PMSF, 1 mg/ml pepstatin A, and 1 mg/ml leupep-
tin). The samples were incubated with a specific antibody overnight at
4°C, followed by incubation with protein G-Sepharose beads (GE
Healthcare) for 4 h at 4°C. The immunoprecipitates were efficiently
washed with lysis buffer and analyzed through immunoblotting.

Cell surface biotinylation. Cell surface biotinylation was performed ac-
cording to previously described protocols (Zhang et al., 2008). Briefly,
HEK293T cells and cultured DRG neurons were incubated with Sulfo-
NHS-biotin (Pierce) in cold CaH/Mger PBS for 45 min at 4°C, with 10
mM glycine added subsequently for 20 min to terminate the reaction. The
cells were rinsed with PBS, harvested in RIPA buffer, and lysed for 1 h at
4°C. The biotin-labeled proteins were precipitated overnight with Im-
munopure Immobilized Neutravidin Beads (Pierce), washed with RIPA
buffer, and incubated at 50°C for 20 min in SDS-PAGE loading buffer.
The cell surface fraction and whole-cell lysates were analyzed through
immunoblotting.

Immunoblotting. The samples were separated by SDS-PAGE, trans-
ferred, probed with specific antibodies, and visualized with enhanced
chemiluminescence (GE Healthcare). The primary antibodies included
mouse antibodies against GFP (1:1000, 0.40 wg/ml; Roche), Myc (1:2000,
0.45 pg/ml; Developmental Studies Hybridoma Bank, Iowa City, 1A),
actin (1:10,0000, 0.01 pg/ml; Millipore), a-tubulin (1:20,000, 0.01 ug/
ml; Sigma), GAPDH (1:10,000, 0.01 ug/ml; Abcam), TfR (1:1000, 0.50
ug/ml; Invitrogen), ubiquitin (1:2000, 0.10 ug/ml; Santa Cruz Biotech-
nology), KIF5 (1:1000, 1.00 ug/ml; Millipore), and Na 1.7 (1:500, 1.00
ug/ml; Millipore) and rabbit antibodies against GFP (1:1000, 1.00 g/
ml; Invitrogen), calnexin (1:10,000, 0.50 wg/ml; Sigma), KIF5B (1:500,
0.20 pg/ml; Abcam), Na 1.6 (1:2000, 0.80 mg/ml; Millipore), Na, 1.8
(1:2000, 0.40 ug/ml; Alomone Labs) and Na,1.9 (1:500, 1.60 ug/ml;
Alomone Labs). The immunoreactive bands were quantified using Image
Pro Plus software (Media Cybernetics). For tissue samples and cell ly-
sates, 15 and 30 ug of total protein per lane were loaded, respectively. The
specificity for KIF5, Na, 1.6, Na, 1.8, and Na, 1.9 was verified through the
preabsorption of antibodies with 10 ~® M the corresponding immuno-
genic peptides. Due to the lack of Na,1.7 antigen (a purified protein
containing a region of Na 1.7 fused with glutathione S-transferase), the
specificity of Na 1.7 was verified through the transfection of the Na 1.7
plasmid in HEK293 cells.



17886 - ). Neurosci., November 6, 2013 - 33(45):17884 —17896

A

Suet al. o KIF5B Promotes Na, 1.8 Transport

Cc

Days after CFA injection Days after CFA injection Sciatic nerve
01 2 4 7 01 2 4 7 Con CFA
2| 1B: o0 : IB: Na, 1.8 | "
5 |1B: KIF5 (S () ., |1B: KIF5 | o e o | :Na,1.8| S|
o o -150
ke actin| [ —— |§2 aCctin | ee——— - L
%3
c 4 * &
o [ 1.5 o .
i) o ‘w actin ::
% 31 * ? 8
i 2,10 o - 8,
gu | a S 6 *
2 L X
4 3% o8 4 |
0% <05 -
= 11 2% >% 21
s I - 5° o
4 g 9 go)
x
D E 5 0m [ KIF5A
&9 : =1 KIF5B
@) Il KIF5C
£ 15+
KIF5A i
= 1.0
KIF5B =
=
o
KIF5C < 057
14
€
GAPDH 0-
0 2 4 7

Overlay

DRG

Sciatic nerve

Figure 1.

G

Days after CFA injection
Na,1.8

KIFS

Overlay

Control

CFA

KIF5 isincreased with Na, 1.8 accumulation in the sciatic nerve with peripheral inflammation. A, B, Inmunoblots showing the time course of the upregulated expression of KIF5 in the

sciatic nerve, but no change in L4 and L5 DRGs, after intraplantar CFA injection. ¢, Immunoblots showing the increase in Na, 1.8 protein levels in the sciatic nerve 4 d after intraplantar CFA injection.
Actin served as an internal control for protein loading (A—C). D, Tissue distribution of three KIF5s using semiquantitative RT-PCR. KIF5A and KIF5B were more abundant in DRGs. GAPDH served as an
internal control. £, Real-time RT-PCR showing no changes in the mRNA level of KIF5A-Cin DRGs after intraplantar CFA injection. F, Inmunohistochemistry showing the colocalization of Na, 1.8 with
KIF5 in DRG neurons and the sciatic nerve. Scale bars: top, 25 ,m; bottom, 5 m. G, Immunohistochemistry showing the increase in KIF5 and Na, 1.8 in the sciatic nerve 4 d after intraplantar CFA
injection. Scale bar, 100 m. All quantitative data are plotted as normalized values versus control. *p << 0.05 versus control, paired t test. Molecule weight markers on the first blot of molecules are

provided; Na, 1.8, ~260 kDa; KIF5, ~120 kDa; and actin, ~42 kDa.

Immunocytochemistry. The ND7-23 cells treated with brefeldin A
(BFA) and the cultured neurons in the microfluidic chamber were fixed
with 4% paraformaldehyde at 4°C for 15 min. The cells were stained with
mouse antibodies against GM130 (1:500, 0.5 ug/ml; BD Biosciences) or
B-tubulin 3 (1:1000, 0.1 ug/ml; Millipore) or rabbit antibodies against
Na,1.8 (1:1000, 0.80 wg/ml), followed by FITC-conjugated donkey anti-
mouse (1:100; Jackson ImmunoResearch) or Cy3-conjugated donkey
anti-rabbit (1:500; Jackson ImmunoResearch) secondary antibodies.
The cells were labeled with DAPI (1 ug/ml; Invitrogen) or not, mounted
in a mixture of glycerol/PBS (3:1) containing 0.1% paraphenylenedi-

amine, and examined under a Leica SP5 laser scanning confocal
microscope.

Immunohistochemistry. For all groups, 12-um-thick sections from the
fixed sciatic nerve and L4 and L5 DRGs were cut in series using a cryostat
and mounted on gelatin-coated slides. The sections were processed for
double immunofluorescence staining using mouse antibodies against
KIF5 (1:1000) and rabbit antibodies against Na, 1.8 (1:1000) overnight at
4°C. After extensive rinsing with PBS, the sections were incubated with
FITC-conjugated donkey anti-mouse (1:100) and Cy3-conjugated don-
key anti-rabbit (1:500) secondary antibodies for 45 min at 37°C. The
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Figure2. KIF5Binteracts with Na,1.8 and promotes its surface expression. A, Na, 1.8 interacting with KIF5 in DRGs. The DRG lysates were immunoprecipitated with lgG or KIF5-specific antibodies
and analyzed using the indicated antibodies. B, C, Na, 1.8 interacting with KIF5B in HEK293T cells. Na, 1.8-GFP or Na,1.8-Myc was cotransfected with KIF5B-Myc, KIF5B-GFP, or KIF5A-GFP. The
proteins were immunoprecipitated with GFP or Myc-specific antibodies and subjected to immunoblotting with the indicated antibodies. D, E, Surface biotinylation analysis of Na,1.8. The HEK293T
cells were cotransfected Na, 1.8-Myc with KIFSB-GFP, KIFSA-GFP, KIF5B ©*3*C-GFP, or KIF5B '~>*°-GFP and subjected to cell surface biotinylation/immunoblotting. F, Surface biotinylation analysis of
endogenous Na, 1.8. DRG neurons were transfected with GFP or KIF5B-GFP and subjected to cell surface biotinylation/immunoblotting. TfR served as an internal control for protein loading (D-F).
The images are representative of at least three independent experiments (A—F). All quantitative data are plotted as normalized values versus control. *p << 0.05 and **p << 0.01 versus control,

paired ¢ test. Molecular weight markers on the first blot of molecules are provided; Na, 1.6,
~142 kDa; KIF5B “%-GFP, ~135 kDa; and KIF5B " ~*3-GFP, ~60 kDa.

sections were mounted and examined under a Leica SP5 confocal micro-
scope. The specificity for Na, 1.8 and KIF5 was verified through the pre-
absorption of antibodies with 10 ~® M the corresponding immunogenic
peptides in DRGs.

Drug treatment. BFA (2 ug/ml; Tocris Bioscience Cookson) was added
to the culture medium of HEK293T or ND7-23 cells for 5 h. The HEK293
cells were incubated with 100 ug/ml cycloheximide (CHX; Sigma) in
culture medium for 0.5, 1, 2, 4, 6, 8, and 12 h. Treatments with 10 um
MG132 (Sigma) were performed for 6 h. In all experiments, the control
cells were treated with the vehicle used for drug preparation.

Electrophysiological recording. Conventional whole-cell patch-clamp
recording was conducted at room temperature using an EPC9 amplifier
(HEKA Elektronik) as described previously (Liu et al., 2010). Briefly,
ND7-23 cells expressing GFP or dissociated DRG neurons with a diam-
eter of <30 wm were recorded. To isolate TTX-R Na ™ currents, 1 um
TTX (Sigma) was included to inhibit TTX-sensitive Na ™ currents in a

~230kDa; Na,1.7,

~230kDa; Na, 1.9, ~250 kDa; TfR, ~90 kDa; KIF5B-GFP, ~135 kDa; KIF5A-GFP,

bath solution containing the following (in mm): 120 NaCl, 5 CsCl, 1
MgCl,, 1 CaCl,, 0.1 CdCl,, 20 TEA-CI, 10 HEPES, and 10 p-glucose, pH
7.4 (all from Sigma). The pipette was filled with intracellular solution
containing the following (in mm): 140 CsF, 1 EGTA, 10 NaCl and 10
HEPES, pH 7.4 (all from Sigma), with a resistance of 3—4 M. Whole-
cell Na™ currents were filtered at 5 kHz and acquired at 50 kHz using
PULSE 8.30 software (HEKA Elektronik). Series resistance errors and
capacitance transients were compensated for >85% using the amplifier
circuitry and linear leakage currents were digitally subtracted using the
online “P/4” procedure. The Na 1.8 currents were isolated using the
following protocol: a holding potential at —70 mV, followed by a series of
100 ms pulses from —40 to +40 mV. To generate activation curves, the
cells were held at —70 mV and stepped to potentials of —70 to +60 mV
in 10 mV increments for 100 ms. To generate fast-inactivation curves, the
cells were stepped to inactivation potentials of —100 to +20 mV for 500
ms, followed by a 20 ms step to 10 mV. The current—voltage relationships
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Figure3. KIF5Bisrequired formaintaining Na, 1.8 current. 4, Left, KIF5B mRNA levels reduced after transfection of KIF5B shRNA in ND7-23 cells. Right, Inmunoblots of Iysates from HEK293T cells
cotransfected KIF5B-Myc with control (Ctrl) shRNA or KIF5B shRNA and from ND7—23 cells transfected with Ctrl shRNA or KIF5B shRNA. Actin served as an internal control for protein loading. The
images are representative of at least three independent experiments. B, Representative Na, 1.8 current traces recorded in ND7-23 cells cotransfected RFP-Na, 1.8 with Ctrl or KIF5B shRNA. Summary
bar chart shows the mean peak current density of two groups. C, Representative Na, 1.8 current traces recorded in a dissociated rat DRG neuron. /- curves of Na, 1.8 transient peak and averaged
persistent currents are provided (filled squares: transient peak current, n = 7; filled circles: persistent peak current, n = 7). D, Representative Na, 1.8 current traces recorded in dissociated rat DRG
neurons transfected with Ctrl or KIF5B shRNA. Summary bar chart shows the mean peak current density of two groups. E, Representative Na, 1.8 current traces recorded in ND7—23 cells cotransfected
RFP-Na, 1.8 with KIF5B-GFP, KIF5B %3*-GFP, or KIF5B '~2°-GFP. Summary bar chart shows the mean peak current density of four groups. F, Steady-state activation, fast-inactivation curve, and the
I-V curve (filled squares: GFP, activation, n = 5; inactivation, n = 6;/—V curve, n = 6; open squares: KIF5B-GFP, activation, n = 9; inactivation, n = 7;/-V curve, n = 7). G, Representative Na, 1.8
current traces recorded in dissociated rat DRG neurons after transfection with GFP or KIF5B-GFP. Summary bar chart shows the mean peak current density. Numbers within columns indicate cell

number used in each experiment (B, D, E, G). *p << 0.05, **p << 0.01, ***p << 0.001 versus control, Mann—Whitney test. Molecular weight of KIF5B, ~120 kDa.

(I-V curves) of peak transient and averaged persistent (60-90 ms) cur-
rents were plotted. The data were analyzed using IGOR PRO 4.01
(WaveMetrics) and PULSEFIT (HEKA Elektronik).

For axonal recording, cultured DRG neurons on polylysine-coated
glass coverslips were placed in a submerged-style chamber mounted un-
der an infrared-differential interference contrast microscope (BX-51 WI;
Olympus), and continuously perfused with oxygenated extracellular so-
lution at 36°C. The GFP-expressing axons derived from small-diameter
(16—30 wm) DRG neurons with a distance of >80 pwm (127.5 = 23.2 um)
away from the soma were identified under GFP fluorescence. For
voltage-clamp recording to isolate the TTX-R Na ™ currents, we added 1
M TTX and 200 um CdCl, to a normal artificial cerebral fluid (ACSF)
solution containing the following (in mm): 126 NaCl, 2.5 KCl, 2 MgSO,,
2 CaCl,, 26 NaHCO3, 1.25 NaH,PO, and 25 dextrose (315 mOsm), pH
7.4. The pipette was filled with CsCl-based intracellular solution contain-
ing the following (in mm): 140 CsCl, 2 MgCl,, 2 Na,ATP, 10 HEPES and
10 EGTA, 287 mOsm, pH 7.2 with CsOH, with a resistance of 7-10 M.
The cells were held at —70 mV and stepped to potentials from —70 to
+60 mV in 10 mV increments for 30 ms. Holding potential of —70 mV
was used to minimize the residual current of persistent TTX-R Na,1.9
currents. The ACSF extracellular solution was used for current—clamp
recording to determine action potential. The intracellular solution con-
tained the following (in mwm): 140 K-gluconate, 3 KCl, 2 MgCl,, 10

HEPES, 0.2 EGTA, and 2 Na,ATP. To inactivate other sodium channels,
except for Na, 1.8, the axons of the recording sites were held at a baseline
membrane potential of —40 mV using sustained current injections (Va-
sylyev and Waxman, 2012). The action potentials primarily mediated
through Na, 1.8 were evoked using a series of 200 ms depolarizing current
injections from 10 to 150 pA (step: 10 pA) or from 100 to 800 pA (step: 50
pA) if the action potentials were not generated. The data were low-pass
filtered at 10 kHz and digitized at 50 kHz using a MultiClamp 700B
amplifier and Digidata 1440 A/D converter (Molecular Devices). The
data were processed and analyzed using pClamp 10.2 (Molecular De-
vices) and MATLAB (MathWorks). The maximum rising slope of the
action potential was determined from the peak amplitude of the first
derivative of action potential (dV/dt).

To exclude the possibility that local axonal current was contaminated
by somatic current, we performed simultaneous patch-clamp recordings
at soma and axons. Once dual patch-clamp recording was achieved, the
soma or axons were stimulated by current injection to determine
whether the two recordings were from the same neuron. Voltage com-
mands were delivered to the axons at a distance of >80 wm from the
soma and the currents were recorded at soma and axon. The axonal Na ™
current was evoked immediately after the onset of voltage steps, exhibit-
ing greater peak amplitude occurring earlier than the corresponding so-
matic current. In addition to the immediate current, a second current
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was observed in half of the recordings and this late current corresponded
well with the large somatic Na ™ current, indicating the contribution of
somatic channels (see Fig. 9A). Because the early current component was
mainly attributable to the activation of local axonal channels, we focused
on the properties of this current.

Calcium imaging. To display calcium influx, we adopted a genetically
encoded calcium indicator, GCaMP3, which was more stable and sensi-
tive compared with GCaMP2 (Tian et al., 2009). The small-diameter
(<30 wm) DRG neurons expressing GCaMP3 cultured in a microfluidic
compartment chamber were imaged with a PerkinElmer UltraView Vox
system using a 10X lens on a temperature-controlled workstation (37°C)
with an inverted microscope. The axons were stimulated with 50 or 80
mM KCI through treatment with a combination of 1 um TTX or 500 um
lidocaine. A 6-min video was acquired during treatment. The change in
fluorescence intensity was analyzed using Image] 1.4 software. Data were
acquired from at least three independent experiments.

Statistical analysis. Data are presented as means = SEM. For the bio-
chemical experiments, data were quantified from at least three indepen-
dent experiments and analyzed with Student’s paired  test. Comparison
of channel degradation rate was performed using two-way ANOVA. For
others, normally distributed data were analyzed using Student’s paired or
unpaired ¢ tests for two-group comparison using Prism 5 software
(GraphPad) and non-normally distributed data were analyzed using
nonparametric statistical tests (Mann—Whitney test). Differences were
considered significant at a level of p < 0.05.

Results

KIF5 is increased with Na,1.8 accumulation in the sciatic
nerve during peripheral inflammation

Previous studies have shown that Na 1.8 accumulates in the sci-
atic nerve under pathological conditions (Novakovic et al., 1998;
Yiangou et al., 2000; Gold et al., 2003; Keh et al., 2008). We
explored molecules to induce Na, 1.8 accumulation in peripheral

Na,1.8-Myc
KIF5B-GFP -
BFA -

(versus control)

KIF5B promotes the forward transport of Na, 1.8. 4, ND7-23 cells labeled with antibodies against the Golgi marker
GM130. Scale bar, 10 wm. B, Representative Na,1.8 current traces recorded in ND7-23 cells transfected with RFP-Na,1.8 or
RFP-Na, 1.8 and KIF5B-GFP under control conditions or after 2 ug/ml BFA treatment for 5 h. Summary bar chart shows the mean
peak current density. Numbers within columns indicate cell number used in each experiment. **p < 0.01 versus control and
<C0.001 versusindicated, Mann—Whitney test. ¢, HEK293T cells cotransfected with Na, 1.8-Mycor Na, 1.8-Mycand KIF5B-GFP
incubated in DMEM containing vehicle or 2 r.g/ml BFA for 5 h and subjected to cell-surface biotinylation/immunoblotting. TR
served as an internal control for protein loading. The images are representative of four independent experiments. All quantitative
data are plotted as normalized values versus control. *p << 0.05 versus control and “p < 0.05 versus indicated, paired t test.
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nerves. Motor protein kinesin-1 has been
reported to involve the forward transport
of ion channels (Hirokawa et al., 2010)
and we detected the protein level of KIF5
in the sciatic nerve during peripheral in-
flammation. Representative immuno-
blots and quantitative data showed that
the protein level of KIF5 was significantly
increased in the sciatic nerve after periph-
eral inflammation induced through
intraplantar CFA injection into the rat
hindpaw (Fig. 1A), but not in DRGs (Fig.
1B). Simultaneously, the Na, 1.8 level was
increased in the sciatic nerve after periph-
eral inflammation (Fig. 1C), consistent
with results obtained from other studies
(Coward et al., 2000). According to previ-
ous research, all three kinesin-1 isoforms
were expressed in neurons, but the ex-
pression of these proteins varied among
different cell types (Kanai et al., 2000).
We analyzed the expression profile of
kinesin-1 isoforms using semiquantitative
RT-PCR and observed that KIF5A,
KIF5B, and KIF5C were distributed
throughout the central and peripheral
nervous systems and KIF5A and KIF5B
were more abundant in DRGs (Fig. 1D).
In addition, no alterations in KIF5A-C
mRNA expression were detected in DRGs
after the intraplantar CFA injection (Fig.
1E). The colocalization of KIF5 and
Na, 1.8 was further verified in DRG neu-
rons and the sciatic nerve because KIF5 was expressed in all DRG
neurons (Fig. 1F). Four days after inflammation, immunostain-
ing showed an increase in KIF5 expression and Na, 1.8 accumu-
lation in the sciatic nerve (Fig. 1G). Therefore, kinesin-1 might be
associated with the accumulation of Na,1.8 in the sciatic nerve
under CFA-induced inflammatory pain.

1

0-

KIF5B interacts with Na, 1.8 and promotes its surface
expression

The relationship between kinesin-1 and Na, 1.8 was identified.
Coimmunoprecipitation revealed that KIF5 interacted with
Na,1.8in DRGs (Fig. 2A). Interestingly, KIF5 also interacted with
Na,1.9, but not Na, 1.6 or Na,1.7 (Fig. 2A). Considering the low
expression of KIF5C in DRGs, only the roles of KIF5A and KIF5B
were further evaluated. An interaction between KIF5B and
Na, 1.8 was observed in HEK293T cells coexpressing GFP-tagged
Na, 1.8 at the C terminus (Na,1.8-GFP) and Myc-tagged KIF5B at
the C terminus (KIF5B-Myc) or Myc-tagged Na,1.8 at the C
terminus (Na, 1.8-Myc) and GFP-tagged KIF5B at the C terminus
(KIF5B-GFP; Fig. 2 B, C), whereas a much weaker interaction be-
tween KIF5A and Na, 1.8 was detected in HEK293T cells express-
ing GFP-tagged KIF5A at the C terminus (KIF5A-GFP) and
Na,1.8-Myc (Fig. 2C). These results suggest that KIF5B interacts
more strongly than KIF5A with Na,1.8.

We investigated whether KIF5B and KIF5A influenced the
surface expression of Na,1.8. For biochemical experiments,
HEK293T cells with higher transfection efficiency that expressed
endogenous KIF5B but not endogenous Na,1.8 were used. In
HEK293T cells expressing Na,1.8-Myc, the overexpression of
KIF5B-GFP increased the surface expression of Na, 1.8 ~4-fold,
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KIF5B prevents the degradation of Na, 1.8. A, HEK293 cells stably expressing Na, 1.8-GFP were transiently transfected with KIF5B-Myc, treated with 100 ug/ml CHX for the indicated

times, and subjected toimmunoblotting. Actin served as an internal control for protein loading. Quantitative data were plotted as a normalized value versus control. ***p << 0.001, two-way ANOVA.
B, Increase in Na, 1.8-GFP ubiquitination blocked after coexpression with KIF5B. The HEK293 cells stably expressing Na, 1.8-GFP were transfected with KIF5B-Myc or not and treated with 10 um
M@132 for 6 h. Proteins were immunoprecipitated with GFP-specific antibodies and subjected to immunoblotting with the indicated antibodies. €, In HEK293 cells stably expressing Na, 1.8-GFP
transfected with KIF5SB-Myc or not, the proteins were immunoprecipitated with a GFP-specific antibody and the cell lysates were subjected to immunoblotting with the indicated antibodies. The
images are representative of at least three independent experiments. All quantitative data are plotted as normalized values versus control. *p < 0.05 versus cells expressing Na, 1.8-GFP; *p << 0.05

versus indicated, paired ¢ test. Molecular weight of calnexin, ~90 kDa.

whereas the overexpression of KIF5A-GFP only slightly elevated
the surface expression of Na,1.8 (Fig. 2D). The two KIF5B mu-
tants, KIF5B“***C-GFP (deficient in ATP hydrolysis) and
KIF5B'~?*-GFP (lacking the cargo-binding domain), did not
enhance the surface expression of Na, 1.8 (Fig. 2E). Importantly,
KIF5B overexpression also caused a remarkable increase in en-
dogenous Na, 1.8 expression on the surface of cultured DRG neu-
rons (Fig. 2F). Therefore, KIF5B plays a major role in promoting
the cell surface expression of Na, 1.8 among the three kinesin-1
isoforms.

KIF5B is required for maintaining the Na,1.8 current

To examine the hypothesis that KIF5B was required for Na,1.8
function, cultured DRG neurons and ND7-23 cells derived from
rat DRG neurons were used for electrophysiological recording.
ND7-23 cells do not express endogenous Na, 1.8 but do express
KIF5B. In a previous study, we showed that the expressed Na, 1.8
currents were much larger in ND7-23 cells than those in
HEK293T cells and resembled the endogenously dissected Na, 1.8
currents (Zhang et al., 2008). Small DRG neurons (diameter <30
um) expressing both endogenous Na, 1.8 and KIF5B were also
used for electrophysiological recording. We applied shRNA tech-
nology to knock down the expression of KIF5B in ND7-23 cells
and cultured DRG neurons. The specificity and efficiency of
shRNA was assessed. In ND7-23 cells, the mRNA level of KIF5B,
but not KIF5A or KIF5C, was reduced through KIF5B shRNA
(Fig. 3A). The expression of endogenous KIF5B protein in
ND7-23 and KIF5B-Myc in HEK293T cells was also significantly
decreased (Fig. 3A). Subsequently, we examined the effect of
knocking down endogenous KIF5B on the current density of
Na,1.8. In ND7-23 cells coexpressing RFP-tagged Na 1.8 at the N
terminus (RFP-Na,1.8) and KIF5B shRNA, the representative
Na, 1.8 currents and quantitative data on Na, 1.8 current density
showed a dramatic decrease compared with that of cells coex-

pressing RFP-Na, 1.8 and Ctrl shRNA (Ctrl shRNA: 40.30 = 3.90
pA/pF, n =22, vs KIF5B shRNA: 24.59 = 2.91 pA/pF, n = 22; Fig.
3B). In the presence of 1 uM TTX, which blocks TTX-sensitive
sodium channels, we further dissected TTX-R Na,1.8 from
TTX-R Na,1.9 currents in small DRG neurons by holding poten-
tial at —70 mV. The TTX-R currents showed a large transient
peak with a small persistent component (Fig. 3C), consistent with
earlier reports (Hudmon etal., 2008; Shields et al., 2012). The -V
curves of both transient peak and averaged persistent currents
revealed depolarized voltage dependence (Fig. 3C), consistent
with the properties of Na,1.8. Importantly, in small DRG neu-
rons expressing KIF5B shRNA, the representative Na,1.8 cur-
rents and quantitative data on Na,1.8 current density also
showed a significant decrease compared with neurons expressing
Ctrl shRNA (Ctrl shRNA: 117.10 = 14.57 pA/pF, n = 22, vs
KIF5B shRNA: 77.87 = 11.29 pA/pF, n = 21; Fig. 3D). These
results suggest that endogenous KIF5B is required for maintain-
ing Na, 1.8 function.

KIF5B increases the Na 1.8 current

We examined the effects of KIF5B on the function of Na,1.8. In
ND7-23 cells coexpressing RFP-Na, 1.8 and KIF5B-GFP, the rep-
resentative Na, 1.8 currents and quantitative data on Na,1.8 cur-
rent density showed a significant increase compared with cells
expressing only RFP-Na,1.8 (control: 34.87 *+ 4.15 pA/pF, n =
32, vs KIF5B-GFP: 58.52 = 6.14 pA/pF, n = 33; Fig. 3E). How-
ever, neither KIF5B“**¢ (39.41 *+ 6.68 pA/pF, n = 24) nor
KIF5B'*° (31.92 + 10.28 pA/pF, n = 19) altered the current
density of this channel (Fig. 3E), indicating that motor activity
and cargo binding of KIF5B were required for its functional reg-
ulation of Na, 1.8. In small DRG neurons expressing KIF5B-GFP,
the representative Na, 1.8 currents and quantitative data on
Na,1.8 current density also showed a remarkable increase com-
pared with control neurons (control: 98.20 = 12.53 pA/pF, n =
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The Na, 1.8 N terminus is critical for KIF5B interaction. A, KIF5B-GFP cotransfected with N-TfR-Myc, Myc-CD8cx-1L, Myc-CD8cx-2L, Myc-(D8«:-3L, Myc-(D8c-C, or Na,1.8-Myc in

HEK293T cells. Proteins immunoprecipitated with Myc-specific antibodies and cell lysates were subjected to immunoblotting with the indicated antibodies. B, KIF5B-GFP was cotransfected with
Na,1.8-Myc or Na,1.8-Myc and TfR-Myc or Na,1.8-Myc and N 274~"%-TfR-Myc in HEK293T cells. Proteins immunoprecipitated with Na,1.8-specific antibodies and cell lysates were subjected to
immunoblotting with the indicated antibodies. €, D, KIF5B-GFP was cotransfected with Na, 1.8-Myc or Na, 1.8-Myc and N 27*~%-TfR-Myc in HEK293T cells (C). DRG neurons were transfected with
vectororN A7*~1_TfR-Myc (D). Proteins were subjected to cell-surface biotinylation/immunoblotting. TR served as an internal control for protein loading. Quantitative datain Cand Dwere plotted
as normalized values versus control. The images are representative of at least three independent experiments (A—D). *p << 0.05and **p << 0.01 versus control, paired t test. E, Representative Na, 1.8
current traces recorded in dissociated rat DRG neurons transfected with GFP or N 274 ~"%_TfR-GFP. Summary bar chart shows the mean peak current density of two groups. Numbers within columns
indicate the cell number used in each experiment. ***p < 0.001 versus control, unpaired ¢ test. Molecular weight markers on the first blot of molecules are provided; TfR-Myc, ~90 kDa; N-TfR-Myc,
~104kDa; N A7+=1%3TfR-Myc, ~100 kDa; Myc-CD8cx-1L, ~60 kDa; Myc-CD8cx-2L, ~70 kDa; Myc-CD8cx-3L, ~30 kDa; and Myc-CD8cx-C, ~50 kDa.

26, vs KIF5B-GFP: 230.91 * 39.82 pA/pF, n = 26; Fig. 3G).
Therefore, KIF5B increases the Na, 1.8 current.

We further analyzed whether KIF5B also affected the electro-
physiological properties of Na,1.8. In ND7-23 cells coexpressing
RFP-Na,1.8 and KIF5B-GFP, the voltage-dependent activation
ofNa, 1.8 (V,,= —4.44 + 0.20 mV, slope k = 4.96 = 0.17,n =9)
was not significantly altered compared with cells expressing only
RFP-Na,1.8 (V,,,= —6.28 £ 0.48 mV, slope k = 5.62 = 0.42,n =
6; Fig. 3F). The steady-state inactivation in ND7-23 cells coex-
pressing RFP-Na, 1.8 and KIF5B-GFP (V;,,= —50.76 * 0.34 mV,
slope k = 11.37 = 0.30, n = 8) was similar to that in cells express-
ing only RFP-Na,1.8 (V,,= —49.09 * 0.35 mV, slope k =
12.38 = 0.31, n = 5; Fig. 3F). The I-V curves showed that the
depolarized voltage dependence properties of Na, 1.8 currents
were not altered by overexpression of KIF5B (Fig. 3F). These
results exclude the possibility that KIF5B-induced Na,1.8 cur-
rents result from the modulation of the electrophysiological
properties of this channel.

KIF5B promotes the forward transport of Na 1.8 and
prevents channel degradation

We used BFA to further examine whether the KIF5B-
promoted surface expression of Na,1.8 came from the in-
creased forward transport of this channel. BFA blocks the
secretory pathway upstream of the Golgi (Dinter and Berger,
1998) and thus deprives forward transport of membrane pro-
teins to the cell surface. Immunocytochemistry showed that
treatment with 2 ug/ml BFA for 5 h dispersed the Golgi in
ND7-23 cells (Fig. 4A). In ND7-23 cells coexpressing RFP-
Na, 1.8 and KIF5B-GFP, the average current density of Na,1.8
was reduced from 47.34 = 7.48 pA/pF to 20.50 = 4.94 pA/pF
after BFA treatment (Fig. 4B). Accordingly, in HEK293T cells
coexpressing Na,1.8-Myc and KIF5B-GFP, the KIF5B-induced
surface expression of Na, 1.8 was almost completely blocked after
BFA treatment (Fig. 4C). These results indicate that KIF5B is
involved in the promotion of Na, 1.8 forward transport, thereby
increasing the function of this channel.
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In a previous study, we suggested a
mechanism for Na,1.8 degradation
through an ubiquitin-proteasome system
(Li et al., 2010). Therefore, the influence
of the KIF5B on the stability of Na, 1.8 was
examined. Degradation was assayed in the
presence of CHX, which inhibits protein
synthesis. In HEK293 cells stably express-
ing Na,1.8-GFP, treatment with CHX re-
duced the protein expression of this
channel within 1-2 h and Na,1.8 was
mostly degraded after 8—12 h (Fig. 5A).
The overexpression of KIF5B reduced the
degradation of Na 1.8-GFP in the pres-
ence of CHX (Fig. 5A), indicating that
KIF5B protected this channel from degra-
dation. Furthermore, the role of ubiquiti-
nation in this process was determined.
After 6 h of treatment with the protea-
some inhibitor MG132 (10 uMm), the
ubiquitination of Na,1.8-GFP increased,
whereas the overexpression of KIF5B-
Myc decreased the level of Na,1.8 ubiqg-
uitination in HEK293 cells (Fig. 5B). In
addition, we detected the interaction be-
tween Na,1.8 and ER chaperon protein
calnexin, which has been implicated in
the degradation of Na,1.8 (Lietal., 2010).
In HEK?293 cells, KIF5B overexpression decreased the interaction
between calnexin and Na,l1.8 (Fig. 5C), suggesting that the
amount of channel available for degradation was reduced. There-
fore, KIF5B promotes the forward transport of Na, 1.8, thereby
protecting this channel from degradation.
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Figure 7.

Determination of the interacting domains between Na, 1.8
and KIF5B
Given that Na, 1.8 was associated with KIF5B, the domains me-
diating this interaction were identified. As a transmembrane pro-
tein, Na, 1.8 contains five cytoplasmic fragments: N, 1L, 2L, 3L,
and C. Considering the different orientations associated with
transmembrane segments, we constructed two chimeric plasmids
to screen the domains involved in the interaction of Na, 1.8 with
KIF5B: type II membrane protein TfR for the N terminus (N-
TfR) and type I membrane protein CD8« for the others (such
as Myc-CD8a-1L). Coimmunoprecipitation experiments in
HEK293T cells transfected with KIF5B and various chimeric
plasmids showed that the N terminus of Na,1.8 interacted with
KIF5B (Fig. 6A). To avoid interference with the function of p11 in
Na, 1.8 transport, we deleted the 74—103 sequence in the N ter-
minus of Na, 1.8, which interacts with p11 (Poon et al., 2004). We
observed that the expression of N 47471%°_T{R efficiently atten-
uated the interaction of Na,1.8 with KIF5B in HEK293T cells
(Fig. 6B). Accordingly, N*7#~'_TfR expression suppressed the
KIF5B-induced cell surface expression of Na,1.8 in both
HEK293T cells and DRG neurons (Fig. 6C,D). In small DRG
neurons expressing N74~'°_TfR-GFP, the representative Na,1.8
currents and quantitative data on Na, 1.8 current density showed a
remarkable decrease compared with control neurons expressing
GFP (control: 119.20 *+ 8.31 pA/pF, n = 17, vs NA7*71>_TfR-GFP:
51.42 * 6.99 pA/pF, n = 20; Fig. 6E). Therefore, the N terminus of
Na, 1.8 mediates the effects of KIF5B on this channel.

We attempted to identify the domains in KIF5B responsible for
its interaction with Na,1.8. Based on earlier research (Schnapp,
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The 511-620 aa sequence of KIF5B interacts with Na,1.8. Na,1.8-Myc was cotransfected with various plasmids of
KIF5B in HEK293T cells (4, B). The proteins were immunoprecipitated with GFP-specific antibodies and the cell lysates were
subjected to immunoblotting with the indicated antibodies. The images are representative of at least three independent experi-
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~93 kDa; KIF5B "~®2%-GFP, ~115 kDa; and KIF5B 2°"™~62-GFP, ~120 kDa.

2003), KIF5B was divided into motor, stalk, and tail domains. Co-
immunoprecipitation experiments in HEK293T cells coexpressing
Na,1.8-Myc with various GFP-tagged KIF5B truncations showed
that the 511-620 aa sequence in the stalk domain of KIF5B was
responsible for its interaction with Na, 1.8 (Fig. 7A, B). Therefore,
the N terminus of Na, 1.8 interacts with the 511-620 sequence in the
stalk domain of KIF5B.

KIF5B increases Na, 1.8 accumulation in the axons of

DRG neurons

Because KIF5B promoted the forward transport of Na, 1.8, we inves-
tigated whether the axonal transport of Na, 1.8 was also affected. We
adopted a microfluidic chamber to culture DRG neurons and de-
tected Na, 1.8 accumulation in axons. This microfluidic chamber
was used in a recent study (Chen et al., 2012) and modified from
previous research (Park et al., 2006). The DRG neurons transfected
with different plasmids were plated in the cell-body compartment.
After 3 d, the neurons stained with DAPI and B-tubulin 3 showed
that only axons extended through the microchannels to the axon
compartment (Fig. 84). Immunostaining showed that Na 1.8 was
distributed along the axons in neurons expressing KIF5B-GFP (Fig.
8A). Samples were collected from the cell body and axon compart-
ment. In the axons of DRG neurons coexpressing Na, 1.8-GFP and
KIF5B-Myc, Na, 1.8 was accumulated ~3-fold compared with that
in axons expressing only Na, 1.8-GFP (Fig. 8B). This effect was lost in
cells expressing KIF5B “**“-Myc (Fig. 8B). Moreover, the coexpres-
sion of N47471_TfR-Myc inhibited Na, 1.8 accumulation in axons
(Fig. 8C). Therefore, KIF5B promotes Na, 1.8 accumulation in the
axons of DRG neurons.

KIF5B increases Na, 1.8 function in the axons of

DRG neurons

To study the effects of KIF5B on the function of Na, 1.8 in axons,
we performed an electrophysiological assay in the axons of DRG
neurons. Based on previous research (Vasylyev and Waxman,
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Figure 8.

*p << 0.05and **p << 0.01 versus control, paired ¢ test.

2012), we performed whole-cell patch-clamp recording to mea-
sure the Na, 1.8 current in the presence of 1 um TTX. The GFP-
expressing axons at a distance of >80 um from the cell body of
small DRG neurons were selected (see Materials and Methods).
From a dual patch-clamp recording, the local axonal current
(evoked immediately after the onset of voltage steps) was easily
distinguished from that induced by the activation of somatic
channels (Fig. 9A). The overexpression of KIF5B-GFP largely

Soma

Na,1.8 in axons expressing KIF5B-GFP

KIF5B promotes the Na, 1.8 accumulation in axons of DRG neurons. A, Top left, Diagram of the microfluidic chamber.
Top center, Differential interference contrastimage of DRG neurons cultured for 3 d showing that the axons cross the microchannels
into the axon compartment, whereas the cell bodies remainin the cell body compartment. Scale bar, 100 um. Toprright, Only axons
cross the microchannels. Blue, DAPI; green, B3-tubulin 3. Scale bar, 50 pm. Bottom, Immunostaining showing Na, 1.8 distributed
along the axons in neurons expressing KIF5B-GFP. Scale bars: bottom left, 50 rum; bottom right, 20 .em. B, Na, 1.8 accumulated in
the axons after cotransfection with KIF5B-Myc. Top, DRG neurons were cotransfected Na,1.8-GFP with KIF5B-Myc or KIF5B 6234
Myc deficit in ATP hydrolysis. After culturing for 3—4 d, the cell body and axons were lysed separately for immunoblotting. Actin
served as an internal control for protein loading. Bottom, Quantitative analysis of the above data. C, Axonal Na, 1.8 accumulation
attenuated through the expression of N74="%-TfR-Myc. Top, DRG neurons were cotransfected Na, 1.8-GFP with KIF5B-Myc or
KIF5B-Myc and N 27#~193_TfR-Myc. After culturing for 3— 4, the cell body and axons were lysed separately forimmunoblotting.
Actin served as an internal control for protein loading. Bottom, Quantitative analysis of the above data. Quantitative data were
plotted as normalized values versus control (B, €). The images are representative of at least three independent experiments (B, €).
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increased the Na 1.8 current detected in
axons (control: 158.21 = 47.00 pA, n =10
axons, versus KIF5B-GFP: 1525.56 =+
266.18 pA, n = 25 axons; Fig. 9B,C). The
coexpression of N 27471 TfR completely
blocked the KIF5B-promoted Na, 1.8 cur-
rent detected in axons (372.21 = 159.04
pA, n = 10 axons; Fig. 9B, C). Therefore,
KIF5B increases the Na, 1.8 current in the
axons of DRG neurons.

Next, an assay based on calcium influx
was adopted to study axonal excitability.
Studies have shown that the real-time im-
aging of calcium influx in the cell bodies
of sensory neurons reliably reflects action
potential firing patterns (Usoskin et al.,
2010). In the present study, the fluorescence
intensity in axons expressing GCaMP3 was
largely increased with 50 mm KCI stimula-
tion in the axon compartment (Fig. 9D-F),
suggesting axon depolarization. In the pres-
ence of 1 uM TTX, the KCl-induced increase
in GCaMP3 fluorescence intensity was re-
duced significantly (Fig. 9F), representing
the contribution of TTX-sensitive VGSCs to
axonal excitability. After pretreatment with
500 uM lidocaine, which blocks total VG-
SCs, the KCl-induced increase in GCaMP3
fluorescence intensity was decreased further
(Fig. 9F). The contribution of TTX-R VG-
SCs was detected after subtracting the KCI-
induced increase in GCaMP3 fluorescence
intensity in the presence of lidocaine from
that in the presence of TTX. The quantita-
tive data showed that the overexpression of
KIF5B significantly increased the KCI-
induced calcium influx contributed by
TTX-R VGSCs (Control: 1.11 = 0.26, n =
112 axons, vs KIF5B: 2.27 = 0.30, n = 107
axons; Fig. 9F). To evaluate the role of
voltage-gated calcium channels, experi-
ments with 80 mm KCl were further
performed to generate thorough depolar-
ization. The quantitative data showed that
in the presence of lidocaine, there were no
significant differences between the control
group and KIF5B-overexpression group in
the increase of GCaMP3 fluorescence inten-
sity induced through treatment with 80 mm
KCl (Fig. 9F). Therefore, it is likely that
voltage-gated calcium channels were not in-
volved in KIF5B-promoted axonal excit-
ability. Importantly, the coexpression of
NA74-103 TR (0.73 + 0.12, n = 93 axons)
completely disrupted the KIF5B-promoted
calcium influx contributed by TTX-R VGSCs (Fig. 9F ). These results
suggest that TTX-R VGSCs contribute to KIF5B-promoted axonal
excitability.

Patch-clamp electrodes were used to obtain whole-cell current-
clamp recordings of the action potentials evoked from the axons of
cultured DRG neurons (Vasylyev and Waxman, 2012). The mem-
brane potential was depolarized to —40 mV to inactivate other
VGSCs, except Na, 1.8, in small DRG neurons (Cummins and Wax-

/DAPI
Axon
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man, 1997; Cummins et al., 2007). The
maximum rising slope of the action poten-
tial, which represents channel density,
showed a significant increase in axons ex-
pressing KIF5B-GFP compared with con-
trol axons (control: 17.74 + 3.03 V/s,n =12
axons, vs KIF5B-GFP: 30.17 * 4.15 V/s,
n = 11 axons; Fig. 9G). Moreover, the
coexpression of N47#71%_TfR almost abol-
ished the firing of action potential detected
in axons (7/8 failure) and dramatically re-
duced the maximum rising slope of the gen-
erated action potential (3.05 = 3.05 V/s,
n = 8 axons; Fig. 9G). Therefore, the KIF5B-
promoted accumulation of Na, 1.8 in axons
indeed increases neuronal excitability de-
tected in axons.

Discussion

In the present study, ubiquitous kinesin-1
isoform KIF5B was required for the for-
ward transport of a peripheral VGSC,
Na, 1.8, to the plasma membrane and ax-
ons in DRG neurons. KIF5B increased the
surface expression and current density
of Na,1.8, and decreased the degrada-
tion rate and ubiquitination level of this
channel. Moreover, the KIF5B-promoted
axonal transport of Na,1.8 led to an en-
hancement in Na,1.8 current and neuronal
excitability detected in axons. These find-
ings indicate the important role of motor
protein KIF5B in regulating the forward
trafficking and axonal transport of Na,1.8,
which contributes to hypersensitivity in in-
flammatory pain development.

KIF5B motor protein for the forward
transport of Na,1.8
Ion channels are critical for neuronal
activity and depend on the number of
functional channels on the cell surface.
Therefore, the molecular mechanisms for
the regulation of ion channel trafficking
are important for channel function. As
channels supporting action potential con-
duction in DRG neurons (Renganathan et
al., 2001), several reports have shown a
role for interacting molecules (such as p11
and sodium channel B subunit) and extra-
cellular factors (such as prostaglandin E2)
in promoting the surface expression of
Na,1.8 (Okuse et al., 2002; Rush et al.,
2005; Choi et al., 2006; Zhang et al., 2008;
Thakor et al., 2009; Li et al., 2010; Liu et
al., 2010). These regulations are critical to
ensure physiological surface expression and
to protect Na, 1.8 from degradation through
the ubiquitin-proteasome system. Here, we
revealed an essential role for KIF5B in the
forward transport of Na, 1.8.

Kinesins and dyneins are motor pro-
teins that travel along microtubule tracks
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Figure9.  KIF5B promotes the function of Na, 1.8 in axons of DRG neurons. 4, Two examples of currents from dual patch-clamp

recordings at the soma and axon. Black lines, currents detected at axon; red lines, currents detected at soma. The left example with
the axon recorded 120 pm from the soma showing that the immediate current peak (1-peak) after the voltage step at the axon
occurred earlier and exhibited greater amplitude than that at the soma (axial current arrived at the soma). The right example with
the axon recorded 240 m from the soma showing that the second peak (2-peak) was attributable to the activation of somatic
channels. B, C, Representative Na, 1.8 current traces recorded in the GFP-expressing axons of the small DRG neurons expressing
different proteins asindicated. Summary bar chart shows the mean peak current of three groups. ***p << 0.001 versus control and
#p < 0.01 versus indicated, Mann—Whitney test. D, DRG neurons cotransfected GCaMP3 with the indicated plasmids were
cultured in microfluidic chambers. Fluorescence images show the KCl-induced response of GCaMP3 in axons in the axon compart-
ment. Scale bar, 10 wm. E, Mean AF/FO kinetic curves in axons from the three groups. AF = F — FO, where F indicates
fluorescence intensity of the axon at time ¢ and FO indicates fluorescence intensity of the axon before treatment. F, Bar charts
showing maximum AF/F0 in axons from the three groups with or without 1 wum TTX or 500 wm lidocaine. **p << 0.01 versus
indicated, unpaired ¢ test. N.S., nonsignificant. G, Representative voltage traces recorded at axons (> 80 p.m from soma) from a
baseline membrane potential of —40mV.Theinjected currents to initiate the first action potential (AP) were 120 and 50 pA for the
representative neurons expressing GFP and KIF5B-GFP, respectively. For axons expressing N 74 ~"%3TfR-Myc, APs were not gen-
erated in seven of eight axons (two as the left and five as the center), suggesting a low density of functional Na, 1.8 channels. Only
one axon generated APs and the injected current to initiate the first AP was 130 pA (right). Summary bar chart shows the maximum
rising slopes of APs. Numbers within columns indicate cell number used in each experiment (C, G). *p << 0.05 versus control,
unpaired t test; **p << 0.01 versus control and ***p << 0.001 versus indicated, Mann—Whitney test.
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to deliver cargo to their final cellular destinations. In general,
kinesins move from the center of the cell toward the periphery (or
the plus end of microtubules). KIF5 is the first identified and the
most abundant motor protein. Both the heavy chain of KIF5 and
the associated light chain contribute directly to cargo binding
(Hirokawa et al., 2010). Previous studies have revealed that KIF5
is critical for the forward transport of ion channels in neurons
(Setou et al., 2002; Rivera et al., 2007; Zadeh et al., 2009; Twelve-
trees et al., 2010; Xu et al., 2010). The results of the present study
show that ubiquitously and predominantly expressed KIF5B in-
teracts with Na,1.8. The overexpression of this motor protein
resulted in a significant increase in the cell surface expression
of functional Na, 1.8. This effect was caused by the augmenta-
tion in the number of channels delivered to the plasma mem-
brane, but not through alterations in the channel properties.
Moreover, suppressing endogenous KIF5B levels through
RNA interference in both ND7-23 cells and DRG neurons
significantly reduced the function of Na,1.8, suggesting a
physiological role of KIF5B. Because treatment with the Golgi-
disturbing agent BFA attenuated the KIF5B-promoted effects,
the increase in surface expression of functional Na,1.8 re-
flected the enhanced forward delivery but not the reduced
endocytosis of this channel; correspondingly, the amount of
this channel for ubiquitination and degradation was reduced
dramatically. The results obtained in this study suggest that
KIF5B enhances the forward delivery of channel proteins to
the plasma membrane and strengthens the function of Na,1.8.

Association of kinesin with Na,1.8

Previous studies have shown that KIF5 transports cargo includ-
ing mitochondria and various vesicles by binding to distinct
adaptor proteins through heavy or light chains (Hirokawa et al.,
2010). Channels are membrane proteins synthesized in the rough
endoplasmic reticulum, which are transported in vesicles and
inserted into plasma membrane. However, it is not clear how
these channels are loaded onto KIF5. Two possibilities exist: the
motor proteins either bind to the vesicles carrying these channels
or these proteins interact directly with the cytoplasmic sequences
of these channels. A recent study has shown that a conserved
domain in the tail of KIF5 interacts directly with the N terminus
of Kv3.1 (Xu et al., 2010). KIF5B has also been reported to inter-
act directly or indirectly with Kv1.5 and is essential for its forward
trafficking (Zadeh et al., 2009). In the present study, the 511-620
aa sequence in the stalk domain of KIF5B played a major role in
its interaction with Na, 1.8. Due to the limitation of coimmuno-
precipitation experiments, we cannot exclude the possibility that
other scaffold proteins might mediate the association of KIF5B
with Na,1.8.

Previous studies have identified nine other pore-forming so-
dium channel a-subunits in mammals (Catterall et al., 2005); of
these, Na, 1.6, Na,1.7, and Na,1.9, which are expressed in DRG
neurons, are also critical for the sensation and transmission of
pain (Dib-Hajj et al., 2010; Xie et al., 2013). Our results show that
KIF5 interacted with both Na,1.8 and Na,1.9, but not with
Na,1.6 or Na 1.7 in DRGs, suggesting specificity of the interac-
tion between the channels and KIF5. Although the N terminus of
Na, 1.8 was primarily associated with KIF5B, the homology of this
sequence was only 48% between Na, 1.8 and Na,1.9. The spatial
structure of this sequence or other intracellular loops of Na,1.9
might be responsible for its association with KIF5.
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Role of KIF5B in Na, 1.8 accumulation in peripheral nerves in
pathological conditions

Previous studies have shown that Na, 1.8 accumulates in periph-
eral nerves under pathological conditions. The translocation of
Na, 1.8 to myelinated and unmyelinated axons in the sciatic nerve
was increased after the injection of CFA into the rat hindpaw
(Coggeshall et al., 2004). A marked increase in Na,1.8 has been
detected along the sciatic nerve in animal models of neuropathic
pain induced through peripheral nerve injury (Gold et al., 2003).
The intensity of Na, 1.8 immunolabeling was enhanced in the
sciatic nerve at the site of injury in chronic constriction injury
models or nerve injury patients (Novakovic et al., 1998; Coward
etal., 2000; Yiangou et al., 2000; Kretschmer et al., 2002; Black et
al., 2008). In the present study, axonal electrophysiology showed
that the increased Na, 1.8 current and excitability occurred with
channel accumulation in the axons of cultured DRG neurons.
These results provide evidence that the accumulation of Na, 1.8 in
the nerve was involved in the development of peripheral hyper-
sensitivity in inflammatory pain.

Na, 1.8 mRNA can be transported peripherally to the sciatic
nerve and translated locally, contributing to axonal hyperexcit-
ability (Thakor et al., 2009). Mechanisms such as the increased
transport of Na, 1.8 protein to axons might also play important
roles in the peripheral accumulation of this channel. However,
the molecules that promote Na,1.8 transport to axons under
pathological conditions remain unknown. In the present study,
the protein level of KIF5B was increased in the sciatic nerve after
the induction of peripheral inflammation through the intraplan-
tar injection of CFA. In cultured DRG neurons, the overexpres-
sion of KIF5B increased Na,1.8 transport to the axons and
enhanced the Na, 1.8 current and neuronal excitability detected
in axons. Disruption of the association between Na,1.8 and
KIF5B completely abolished KIF5B-promoted channel accumu-
lation and Na,1.8 current and excitability detected in axons.
These results suggest that KIF5B plays a role in the accumulation
of Na, 1.8 in the sciatic nerve in the inflammatory animal model
through the intraplantar injection of CFA. The importance of
KIF5B in modulating inflammatory pain and the mechanisms
regulating axonal transport of KIF5B need further investigation.
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