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to several neuronal diseases and arrhythmia, its role in inflammatory pain still remains unclear.
Objectives: This study aimed to investigate the role and mechanism of FGF13 in inflammatory pain.
Methods: Fgf13 conditional knockout mice were generated and CFA-induced chronic inflammatory pain
model was established to measure the pain threshold. Immunostaining, western blot and quantitative
real-time reverse transcription PCR (qRT-PCR) were performed to detect the expression of FGF13 in
Microtubules CFA-induced inflammatory pain. Whole-cell patch clamp recording was used to record the action poten-
Na* channel tial firing properties and sodium currents of DRG neurons.

DRG Results: Conditional knockout of Fgf13 in dorsal root ganglion (DRG) neurons (Fgf137Y) led to attenuated
Inflammatory pain pain responses induced by complete Freund’s adjuvant (CFA). FGF13 was expressed predominantly in
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small-diameter DRG neurons. CFA treatment resulted in an increased expression of FGF13 proteins as
well as an increased excitability in nociceptive DRG neurons which was inhibited when FGF13 was
absent. The role of FGF13 in neuronal excitability of DRG was linked to its modulation of voltage-gated
Na* channels mediated by microtubules. Overexpression of FGF13, but not FGF13 mutant which lacks
the ability to bind and stabilize microtubules, rescued the decreased neuronal excitability and Na* cur-
rent density in DRG neurons of Fgf13”Y mice.

Conclusion: This study revealed that FGF13 could stabilize microtubules to modulate sodium channel
function in DRG neurons and modulate inflammatory pain. This study provides a novel mechanism for
FGF13 modulation of sodium channel function and suggests that FGF13 might be a novel target for

inflammatory pain treatment.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Inflammatory pain can progress into debilitating conditions
that dramatically affect the patients’ life quality. A large body of
evidence suggests that voltage gated sodium channels (VGSCs)
are involved in the mechanisms of inflammatory pain [1,2]. Studies
have shown that the expression or current densities of VGSCs were
up-regulated in nociceptive DRG neurons. The up-regulation of
VGSC expression or its activity in peripheral sensory neurons is a
crucial step involved in peripheral sensitization, which plays a
key role in mediating inflammatory pain. Many pro-
inflammatory mediators, including IL-1B or TNF-o. are released
from local inflammatory sites and up-regulate the expression or
activity of VGSCs to promote inflammatory pain [3-6]. However,
it remains unclear how VGSC expression or channel activity in
nociceptive DRG neurons are modulated under inflammatory pain
conditions.

Fibroblast growth factor homologous factors (FHFs), a subfamily
of fibroblast growth factors (FGFs), have received increasing atten-
tion for their regulation of neuronal VGSCs. Unlike secretory FGFs,
FHFs lack the signal peptide for secretion, function intracellularly
and do not bind to and activate FGF receptors [7]. There are four
members in the FHF family, namly FHF1-4 (with corresponding
names to FGF11-14). Many studies have shown that FHFs can bind
to the intracellular C-terminal region of the Na, o subunit to mod-
ulate biophysical properties of the channel either in cardiomy-
ocytes [8] or in neurons [9-11]. These effects have been linked to
cardiac dysfunction [12-14] and neurodegenerative diseases [15-
17]. However, the detailed mechanism of the regulation is still
unknown.

Previous study has shown that FGF13 interacts with tubulin and
acts as a microtubule-stabilizing protein regulating polarization
and migration of cortical neurons during brain development [17].
Several findings suggested that microtubules are involved in the
development of pain [18,19]. Microtubule architecture is known
to regulate a wide range of cellular processes, including mainte-
nance of cell morphology, mitosis and intracellular transport
[20]. Microtubules are the attachment point and repository for a
series of proteins and transcription factors in the cell, and form
an important intracellular transport pathway assisting the trans-
portation process of proteins and transcription factors [20,21].
Upon microtubule depolymerization, intracellular transportation
is suppressed and some functional changes occur in the cell.

In this study, we tested the hypothesis that FGF13 can promote
Na* channel function through regulating the stability of micro-
tubules in DRG neurons, and thereby participate in inflammatory
pain. We found that Fgf13/Y mice showed attenuated response to
inflammatory pain. FGF13 expression was significantly increased
in DRG neurons of CFA-treated mice. Conditional knockout of
Fgf13 in DRG neurons attenuated the increase in Na* channel
current density and neuronal excitability in DRG neurons of
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CFA-treated mice. FGF13 stabilized microtubules to promote Na*
channel current in DRG neurons. This work revealed that FGF13
could act as a microtubule-stabilizing modulator to promote Na*
channel current in DRG neurons and further suggested FGF13
might be a novel target for inflammatory pain treatment.

Material and methods
Ethics statement

All animal experiments were approved by the Laboratory Ani-
mal Ethical and Welfare Committee of Hebei Medical University
(Shijiazhuang, China, Approval No. IACUC-Hebmu-PD-201720)
and were in accordance with the International Association for the
Study of Pain guidelines for animal use.

Animals

We generated Fgf13 conditional knockout mice in the DRG via
Cre-loxP-mediated recombination by mating Fgf13-loxP allele
(Fgf13"Y or Fgf13"M) with a mouse line expressing Cre recombinase
under control of the Na,1.8 promoter (SNS-Cre) [22]. The Fgf13-
loxP mice were generated in collaboration with Beijing Biocytogen,
Co., Ltd. (Beijing, China) by flanking exon 3 of the mouse Fgf13 gene
with two loxP sites [13]. Fgf13™Y; SNS-Cre (Fgf13™Y) is denoted
knockout (Fgf1i3 KO) mice. Genomic DNA was isolated from the
mouse tail and genotyping was done as described previously
[13]. The primers used were as the followings:

PCR for identification of Fgf13-loxP gene fragment

5'- TAGTTCCATCTAACAGGGCTCATG (forward)

5'- AGACTTTGGTGGGAGCATCCTG (reverse)

PCR for identification of Fgf13 Frt gene fragment

5-AGTTCGACAGACAGTGCCATTG (forward)

5'- TCTGAACAGATTAGTAATGAACACAGATG (reverse)

PCR for identification of SNS-Cre gene fragment

5-ATTTGCCTGCATTACCGGTC (forward)

5'-GCATCAACGTTTTCTTTTCGG (reverse)

The animals used in our experiments were adult male C57BL/6]
mice of 8 weeks to 16 weeks.

Quantitative real-time reverse transcription PCR (qRT-PCR)qRT-
PCR was performed as we reported [13]. Total RNA was isolated
according to the established procedures. Total RNA (1000 ng)
was reversely transcribed with PrimeScript™ RT reagent Kit with
gDNA Eraser (perfect real time) kit (Takara, Japan) following the
manufacturer’s instructions. Gene-specific mRNA analyses were
performed using the standard protocol of SYBR premix ex Taq™IL
(TliRnaseH plus) kit (Takara, Japan). Gapdh gene was used as a ref-
erence gene to normalize the specific gene mRNA expression. After
amplification, each qPCR product was sequenced using elec-
trophoresis to ensure the specificity. The primers used are listed
in Table 1.
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Table 1
List of gRT-PCR primer sequences.

Gene name Primer sequence 5'-3’ Length (bp)

Fgf11 F-CCAAGGTGCGACTGTGCG 354
R-CGACGCTGACGGTAGAGAG

Fgf12A F-CCGCAAGAGGCCAGTGAG 177
R- CACCACACGCAGTCCTACAG

Fgf12B F- GGAGAGCAAAGAACCCCAG 159
R- CACCACACGCAGTCCTACAG

Fgf13-core F- CAGCCGACAAGGCTACCAC 184
R- GTTCCGAGGTGTACAAGTATCC

Fgf13S F- CGAGAAATCCAATGCCTGC 279
R- CACCACCCGAAGACCCACAG

Fgf13U F- GTTAAGGAAGTCATATTCAGAGC 155
R- CACCACCCGAAGACCCACAG

Fgf13v F- GCTTCTAAGGAGCCTCAGC 158
R- CACCACCCGAAGACCCACAG

Fgf13vY F- GCTTCTAAGGTTCTGGATGAC 326
R- CACCACCCGAAGACCCACAG

Fgf13vy)Yy F- CACAGAACCCGAAGAGCCTCAG 162
R- CACCACCCGAAGACCCACAG

Fgf14A F- GAGCAGCCCCAGCAAGAAC 215
R- GTGGAATTGGTGCTGTCATC

Fgf14B F- CCCAAATCAATGTGGTTTC 211
R- GTGGAATTGGTGCTGTCATC

Gapdh F- TGTCAGCAATGCATCCTGCA 220

R- CCGTTCAGCTCTGGGATGAC

Immunostaining

Standard protocols for fluorescent immunohistochemistry and
immunocytochemistry were used as described previously
[13,23,24]. The antibodies against FGF13 (1:200, rabbit, Yenzym),
NF200 (1:1000, Sigma Aldrich, MO, USA), CGRP antibody (1:1000,
Sigma Aldrich, MO, USA), sodium channel (1:1000, Sigma Aldrich,
MO, USA), Nav1.7 (1:100, Abcam, Cambridge, United Kingdom)
and the correspondent FITC- or Cy3-conjugated secondary antibod-
ies (1:500, Proteintech, USA) were used.

For immunohistochemistry, mice were transcardially perfused
with 4% paraformaldehyde (PFA) under terminal anesthesia
(sodium pentobarbital, 80 mg/kg). The L4/5 DRG were dissected,
post-fixed at 4 °C for 12 h and then transferred in sucrose solution
(20% sucrose in PBS) overnight. The following day, tissues were
mounted in cryoembedding fluid, frozen, cryosectioned in
10 pm-thick sections and thaw mounted onto slides. Sections of
DRG were permeabilized in 3% BSA and 0.3% Triton X-100 (MP
biomedicals) for 60 min at 37 °C, and blocked for 30 min at 37 °C
with 10% goat serum in PBS. Primary antibodies were diluted in
0.1% Triton X-100/PBS buffer before overnight incubation at 4 °C.
After washing three times with PBS, cells were stained with the
corresponding FITC- or Cy3-conjugated secondary antibodies for
60 min at 37 °C. All images were collected on a Leica inverted con-
focal microscope (Model: SP5, Wetzlar, Germany). Images were
imported into Photoshop (Adobe) for processing.

For immunocytochemistry, cultured DRG neurons were fixed in
4% PFA for 20 min. Cells were washed three times with PBS and
then permeabilized with 0.3% triton X-100 for 60 min at 37 °C.
Cells were then incubated with 10% goat serum in PBS for
60 min at 37 °C. Subsequently, cells were incubated overnight with
monoclonal anti-sodium channel antibody at 4 °C. After washing
three times with PBS, cells were stained with Cy3-conjugated sec-
ondary antibody for 60 min at 37 °C. The images were acquired by
3D structured illumination microscopy (3D-SIM) (Nikon, Japan)
and analyzed by NIS-Elements Viewer 4.20 software (Nikon,
Japan).Western blot

Western blot was performed as reported previously [13].
Briefly, ipsilateral L3-L5 DRGs were dissected and then lysed in
RIPA buffer [50 mM Tris (pH 7.4), 150 mM Nacl, 1% Triton X-100,
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1% sodium deoxycholate, sodium orthovanadate, 0.1% SDS, EDTA,
sodium fluoride, leupeptin, and 1 nM PMSF]. Following centrifuga-
tion at 12,000 rpm for 30 min, supernatants were collected and
protein concentration was quantified using a BCA Protein Assay
Kit (Thermo, MA, USA). 50 pg of protein was loaded in each lane.
Protein samples were separated on 12% or 15% SDS-PAGE gels
and electrophoretically transferred to polyvinyl difluoride (PVDF)
membranes (MilliPore, USA). The membranes were blocked with
5% non-fat milk at room temperature for 2 h, followed by overnight
incubation at 4 °C with the following primary antibodies diluted in
blocking buffer. The antibodies against FGF13 (1:200, Yenzym),
Flag (1:1000, Sigma Aldrich, MO, USA), Acetylated o tubulin
(Ace-tubulin) (1:800, Sigma Aldrich, MO, USA), Tyrosinated o tubu-
lin (Tyr-tubulin) (1:1000, Millopore, USA), Detyrosinated o tubulin
(Detyr-tubulin) (1:1000, Abcam, Cambridge, United Kingdom), o-
tubulin (1:2000, Abcam, Cambridge, United Kingdom), B-tubulin
(1:2000, Abcam, Cambridge, United Kingdom) and pB-actin
(1:1000, Bioss, Beijing, China) were used. Subsequently, the immu-
noblots was incubated with the second antibodies (1: 3000, CST,
MA, USA) for 2 h at room temperature. The blots were visualized
by the Odyssey Infrared Imaging System (LICOR 9120, Li-COR,
USA).

Hot plate test

Mice were placed on a hot plate with the temperature adjusted
to 49°C, 52°C or 55°C and the cutoff time was 70 s, 50 s or 30 s,
respectively. Licking of the hindpaw was considered as a pain
behavior signal.

Tail immersion test

The mouse tail was immersed in a water bath at 52°C or 557C,
and the cutoff time was 15 s or 10 s, respectively.

Hargreaves test

The Hargreaves test was conducted by exposing the plantar sur-
face of the hindpaw to a beam of radiant heat through a transpar-
ent surface. The heat stimulation was repeated 3 times for each
hindpaw, and the mean withdrawal latency time was calculated.

CFA-induced chronic inflammatory pain model. CFA-induced
chronic inflammatory pain model was conducted by a single injec-
tion of 20 pL CFA (Sigma Aldrich, MO, USA) into the plantar surface
of the hindpaw with normal saline injection as control [25]. Harg-
reaves test was conducted for three days before injection and at
the day 1-7, 10, 14, 21 after induction of inflammation to measure
the thermal pain threshold.

DRG neuron culture

DRG neurons were isolated and cultured as described previ-
ously [26]. DRGs from 8- to 16-week-old mice were carefully iso-
lated and digested in HBSS basic solution containing collagenase
Typell (2.5 mg/mL) and Dispase (7.5 mg/mL) for 30 min at 37C.
Neurons were cultured with DMEM plus 10% fetal bovine serum.

Electrophysiology

The electrophysiological experiments were performed in small
nociceptive neurons (Cm < 42 pF) obtained from L3- L5 DRGs using
the whole-cell patch clamp technique as previously described [26].
The voltage and current electrophysiological data were analyzed
using Clampfit 10.0, Origin pro 7.5.
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Current-clamp recording

Current-clamp recording was performed to record the action
potential firing properties of DRG neurons as previously reported
[26]. Pipettes (3-4 MQ) were filled with solution contained (in
mM) 140 KCl, 0.5 EGTA, 5 HEPES and 3 Mg-ATP, adjusted to pH
7.3 with KOH. The bath solution contained (in mM): 140 NaCl, 3
KCl, 2 MgCl2, 2 CaClI2 and 10 HEPES, pH 7.3, adjusted with NaOH.
A whole cell configuration was obtained at room temperature in
voltage-clamp mode with a holding potential of -80 mV and then
the recording was performed after switching to current-clamp
mode. The data were filtered at 5 kHz and digitized at 20 kHz.
Small nociceptive DRG neurons were examined for evoked activity
with a series of 1 s current injection from 50 to 500 pA in 50 pA
increments. Threshold was determined by the first action potential
elicited by a series of depolarizing current injections that increased
in 10 pA increments. A hyperpolarizing current injection of 200 ms,
—200 pA was used to measure membrane input resistance (Rin),
which was assessed from the value of the evoked membrane
potential divided by the injected hyperpolarizing current (-200
pA). Linear ramps of currents from 0 to 1000 pA (0.5 s duration)
were injected for measuring AP firing parameters.

Voltage-clamp recording

Sodium currents were recorded using the whole cell voltage-
clamp technique as previously described [27]. The pipette solution
contained (in mM): 70 CsCl, 30 NaCl, 30 TEA-CI, 10 EGTA, 1 CaCl,, 2
MgCl,, 2 Na,ATP, 0.05 GTP, 10 HEPES, and 5 glucose, pH 7.3 with
CsOH. The bath solution for DRG neurons was (in mM):80 Nadl,
50 choline Cl, 30 TEA-CI, 2 CaCl,, 0.2 CdCl,, 10 HEPES, and 5 glu-
cose, pH 7.3 with NaOH. The whole-cell configuration was
obtained in voltage-clamp mode using an Axopatch 200B amplifier
(Molecular Devices). Data was acquired via a Digidata 1322A con-
verter (Molecular Devices). Currents were low-pass filtered at
5 kHz. Voltage errors were minimized with 80%-90% series resis-
tance compensation. The TTX-R sodium current was recorded with
additional 300 nm TTX (Abcam, Cambridge, United Kingdom) as
external solution. The TTX-S sodium current was obtained by dig-
ital subtraction of the TTX-R sodium current from the total current.
To isolate Na,1.7 current, 5 nM ProTx-II (Abcam, Cambridge, Uni-
ted Kingdom), a selective blocker of Na,1.7,was included in the
external solution to inhibit Na,1.7 current [28].

Single cell PCR

We used multi-nested PCR to evaluate the mRNA expression
patterns in each DRG neuron tested. After patch-clamp recording,
single neurons were collected for single cell PCR. The RT proce-
dures were conducted using GoScript™ Reverse Transcription Sys-
tem kit (Progema, USA) following the manufacturer’s instructions.
The primes are listed in Table 2.

Adenoviral vector construction

FGF13B or FGF13B5104-Q111/104A-111A 1y itant was cloned into the
CMV-MCS-3FLAG-SV40-EGFP vector.

Co-immunoprecipitation (co-IP)

Cells were lysed in buffer containing 25 mM Tris, 150 mM Nacl,
1 mM EDTA, 1% NP40 and 5% glycerol (pH 7.4) with protease inhi-
bitor mixture (Roche, USA) after 48 h of adenovirus infection. The
procedures were conducted using Pierce™ Classic Magnetic IP/Co-
IP Kit (Thermo, MA, USA) following the manufacturer’s instruc-
tions. Lysates were centrifuged at 13,000 x g for 10 min at 4 °C
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Table 2
List of single cell PCR primer sequences.

Gene name Primer sequence 5'-3’ Length (bp)

Scnla Fo-CAGAGATGGTGTCGGAGCCT 464
Ro-CAATGCTCGAAGAACTCTG
F; -TGCCACCTCCGCCCTGTAC 155
Ri-TTGTCCAGTCGGGAGGGTT

Scn8a Fo-CTGCAGAATGAGAAGATGGC 320
Ro-GTTTTCCCTCTGTTTAATAC
Fi-CCTTTCACCCCCGAGTCGCT 184
Ri-CCAGGCCTTGCGGGATGTC

Scn9a Fo-ATGTGAAACAGACCCTGCGT 744
Ro,-ACCCGTATGCCACCCATTTT
Fi-TCCTTTATTCATAATCCCAGCCTCAC 134
Ri-GATCGGTTCCGTCTCTCTTTGC

Scn10a Fo-TTCGAAGGCATGAGGGTAGTG 926
Ro-TAAGAGCGTGGGGGAGAAGT
Fi-ACCGACAATCAGAGCGAGGAG 175
Ri-ACAGACTAGAAATGGACAGAATCACC

Fgf13 Fo-GAGCCTCAGCTTAAGGGTATAG 335
Ro-GTTCAGACCTAGATACCACC
Fi-CAGCCGACAAGGCTACCAC 185
Ri-GTTCCGAGGTGTACAAGTATCC

Gapdh Fo-AATTCAACGGCACAGTCAA 391
Ro,-TGGGTGGCAGTGATGGCAT
Fi-TCGTGGAGTCTACTGGT 192

Ri-GGGCTAAGCAGTTGGTGG

Fo, R, — outer primer pair; F;, R; - inner primer pair

and immunoprecipitation was performed with anti-Flag (10 pg,
Sigma Aldrich, MO, USA) antibody added to 1000 pg of protein
lysates. Samples were rocked overnight, and subsequently incu-
bated with 25 pL of Pierce Protein A/G Magnetic Beads for 8 h at
4 °C, washed three times, Low-pH eluted and boiled in the SDS
sample buffer before being subject to SDS-PAGE and
immunoblotting.

Statistical analysis

The results were presented as mean + SEM. All statistical anal-
yses were carried out with Origin Pro 7.5 software. Student’s two-
tailed t test was used for two group comparisons. One-way ANOVA
or two-way repeated-measures (RM) ANOVA was used for multi-
group comparisons, followed by Bonferroni post hoc test or Dun-
nett’s t post hoc test. P < 0.05 was considered statistically
significant.

Results

Fgf13 conditional knockout mice showed reduced response to
inflammatory pain

To determine the function of FGF13 in inflammatory pain, we
generated Fgfl3 conditional knockout mice by mating the Fgf13-
loxP mice with a mouse line expressing SNS-Cre recombinase using
Cre-loxP mediated recombination system. FGF13 expression was
greatly reduced in DRG neurons of Fgf137Y mice as examined by
immunohistochemistry (Fig. 1A), immunoblots (Fig. 1B) and qPCR
methods (Fig. 1C). We then performed behavioral tests with the
control Fgf13-loxP mice (Fgf13"Y; Loxp) and the Fgfl3 conditional
knockout mice (Fgf13”Y; KO). Fgf13Y mice showed longer latency
in hot plate test at 49 °C, 52 °C and 55 °C (Fig. 1D). Similarly, in the
tail immersion test at 50 °C and 52 °C, Fgf137Y mice displayed
reduced behavioral responses to noxious thermal stimuli com-
pared with control mice (Fig. 1E). In Hargreaves test, Fgf13”/¥ mice
showed a higher thermal pain threshold compared with Fgf131/¥
mice (Fig. 1F). To investigate whether FGF13 takes part in inflam-
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Fig. 1. Fgf13 conditional knockout mice showed reduced response to inflammatory pain. (A) Representative confocal images of immunostaining of FGF13 in the DRG. FGF13
staining was abolished in Fgf13 conditional knockout mice. Scale bar: 50 um. (B) Representative images of FGF13 protein expression in the DRG of Loxp and Fgf13 KO mice
detected by western blot. (C) The mRNA expression levels of FGF13 detected by qPCR. Gapdh was used as reference gene. (D) In the hot plate test, the latency responses were
increased in Fgf13”/Y mice compared with controls at 49 °C, 52 °C and 55 °C. (E) In the tail immersion test, the latency responses were increased in Fgf137¥ mice compared with
control mice at 50 °C and 52 °C. (F) Response latencies in Hargreaves test. (G) Thermal withdrawal latencies of Loxp and Fgf13 knockout mice after CFA injection. n = 8
mice/group. *P < 0.05, P < 0.01, "'P < 0.001.

matory pain, we compared the responses of Fgf13"Y and Fgf13/¥ Overall, these results indicated that the mice with Fgfi3 condi-
mice to CFA-induced chronic inflammatory pain. Fgf137/Y mice tional knockout in DRG neurons displayed significantly reduced
showed reduced responses to thermal pain stimulus (Fig. 1G). behavioral responses to inflammatory pain.
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Fig. 2. CFA injection increased the expression of FGF13 in DRG neurons. (A, B, C) Representative immunofluorescence images depicted co-localization of FGF13 with different
categories of neuronal markers in the DRG of wild type mice. NF200, a marker of large sized neurons; CGRP, a marker of small diameter peptidergic neurons; IB4, a marker of
small diameter non-peptidergic neurons. (D) Quantification of overlap between FGF13 and neuronal markers. Scale bar: 50 pum. n = 3 mice/group. (E) Thermal pain
hypersensitivity after intraplantar CFA injection in Loxp mice. n = 8 mice/group. (F) Representative images of FGF13 protein expression in L3-L5 DRGs on day 0, 1, 3, 7 and 14
after CFA or normal saline treatment detected by Western blot. (G) Summary of panel. (H) Representative immunofluorescence images of FGF13 labeled neurons in L4/L5
DRGs on day 0, 1, 3, 7 and 14 after CFA injection. Scale bar: 50 um. (I) Summary of the relative fluorescence intensity of FGF13 staining. n = 3 mice/group. One-way ANOVA,
followed by Dunnett’s t post hoc test. (J) The relative expression levels of FGF11-14 in the ipsilateral L3-L5 DRGs on day 7 after CFA injection. All data were corrected with
GAPDH and normalized to FGF13 of control group. *P < 0.05, "P < 0.01, "'P < 0.001.
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Table 3
Summary of current-clamp properties of DRG cells.
Loxp KO Loxp CFA KO CFA

Cm (pF) 27.1 + 1.6 (20) 28.2 + 1.8 (20) 29.4 + 1.8 (20) 29.9 + 1.6 (20)
Rin (MQ) 564.0 + 48.4 (15) 485.7 + 47.8 (15) 532.1 + 47.1 (14) 474.7 + 47.7 (17)
RMP (mV) —58.1 0.7 (15) —58.7 £ 0.6 (17) —60.3 + 0.5 (17) —59.4 + 0.9 (15)
AP amplitude (mV) 107.4 £ 2.9 (16) 107.6 £3.0 (17) 105.2 + 1.1 (16) 107.8 + 2.4 (20)
Current threshold (pA) 132.1 £ 10.9 (20) 265.7 £ 34.1 (20) 54.1 £ 8.2 (16) 142.1 + 12.4 (20)"*

The number of cells analyzed for each parameter is provided in parentheses.
" indicates p < 0.01, compared to Loxp group.
## indicates p < 0.01, compared to Loxp CFA group.
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Fig. 3. Fgf13 conditional knockout decreased the excitability of nociceptive DRG neurons. (A-D) Representative responses of DRG neurons from Loxp and KO mice to 1 s,
300pA depolarizing current injection. (E) The summary of the number of action potentials elicited by depolarizing current steps of neurons from KO mice and Loxp mice
under either physiological or CFA-induced chronic inflammatory pain conditions. (F) The action potential threshold in small, current-clamped DRG neurons. n = 15-20
cells/group. One-way ANOVA, followed by Bonferroni post hoc test. *P < 0.05, “P < 0.01.
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FGF13 was expressed predominantly in primary nociceptive small-
diameter DRG neurons

We proceeded to examine FGF13 expression patterns in DRG
neurons. Fig. 2A-C showed the representative immunofluorescence
images depicting co-localization of FGF13 with different categories
of neuronal markers, NF200, a marker of large-diameter neurons;
IB4, a marker of small diameter non-peptidergic neurons and
CGRP, a marker of small diameter peptidergic neurons [11,25].
Double-immunostaining showed that 4.9% + 0.5% of FGF13 positive
neurons expressed NF200 (Fig. 2A and D). In contrast, 34.3% + 5.3%
of FGF13 positive neurons expressed CGRP (Fig. 2B and D) and
76.5% * 4.9% of FGF13 positive neurons expressed IB4 (Fig. 2C
and D) in wild type mice. Therefore, the above results demon-
strated that FGF13 was expressed predominantly in primary noci-
ceptive small-diameter DRG neurons.

CFA treatment increased the expression of FGF13 in DRG neurons

We next examined the expression changes of FGF13 in CFA-
induced inflammatory pain model. CFA-treated mice displayed sig-
nificantly increased thermal hypersensitivity during 14 days of
observation (Fig. 2E), consistent with previous studies [25]. We
found that CFA treatment significantly increased the expression
of FGF13 in ipsilateral L3-L5 DRGs at day1, 3, 7 and 14. The expres-
sion of FGF13 started to rise at day 1 and reached peak at day 7. For
comparison, normal saline injection did not alter the level of FGF13
in L3-L5 DRGs during the observation period (Fig. 2F and G). We
proceeded to examine FGF13 expression in DRG neurons by
immunohistochemistry. Immunohistochemistry results showed
that the expression of FGF13 in DRG neurons was increased after
CFA treatment with the peak at day 7, consistent with our immu-
noblot results (Fig. 2H and I). CFA injection did not alter the expres-
sion of FGF13 in DRG neurons of KO mice (Suppl. Fig. 1A and B).

We further investigated the expression changes of FHF isoforms
in mouse DRG tissues in CFA-induced inflammatory pain model.
FGF13 has five isoforms, FGF13S (also known as FGF13A), FGF13U
(also known as FGF13B), FGF13V, FGF13Y,FGF13VY [8]. qPCR
results showed that FGF13U was the most abundant in the DRG
(Fig. 2] and Suppl. Fig. 2). CFA treatment significantly increased
the expression level of FGF13U. Transcript for FGF12B was also
increased, but the expression levels of other FHF isoforms, includ-
ing FGF13S showed no prominent change (Fig. 2]). Taken together,
the above data suggest that FGF13 expression is markedly
increased in ipsilateral DRG neurons during CFA-induced inflam-
matory pain.

Fgf13 conditional knockout attenuated CFA-induced hyper-excitability
in DRG neurons

To explore whether FGF13 could affect DRG neuronal excitabil-
ity, we investigated the firing properties of small-diameter DRG
neurons via current clamp recording. There were no significant dif-
ferences in input resistance, resting membrane potential and spike
amplitude between Fgf13™¥ mice and control mice (Table 3). No
spontaneous firing was detected with zero current injection. Rep-
resentative traces of DRG neurons from Loxp and KO mice in
response to 1 s, 300 pA depolarizing current injection are shown
in Fig. 3A-D. When stimulated with step current injection, the fre-
quency of repetitive firing during 1 s current steps of 50-500 pA
injection was remarkably reduced in Fgf13”¥ mice compared with
its controls. Moreover, 7 days post-CFA treatment, the total num-
ber of action potentials was decreased in KO mice compared with
Loxp mice when the same amplitude of current was injected
(Fig. 3E). Furthermore, under physiological conditions the current
threshold needed to elicit the first action potential in DRG neurons
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was much higher in KO mice compared with Loxp mice. After CFA
treatment, the current threshold was decreased in DRG neurons of
Loxp mice, whereas conditional knockout of Fgf13 potentiated CFA-
induced current threshold decrease in DRG neurons of Loxp mice
(Fig. 3F).

Fgf13 knockout attenuated CFA-induced increase in Na* currents in
DRG neurons

Previous studies have shown that FGF13 has the capability of
regulating Na* channels [8,11,27]. Therefore, we continued to
explore whether FGF13 could regulate Na* current density and gat-
ing properties in DRG neurons under physiological and pathologi-
cal conditions. We started by recording total Na* current evoked by
a step depolarization in DRG neurons. To evaluate FGF13 mRNA
expression in each DRG neuron recorded, each neuron was col-
lected for single cell PCR after the patch-clamp recording. Accord-
ing to the single cell PCR results, we picked the FGF13 plus Na,1.8
expression positive type (FGF13*/Na,1.8%) from Fgf13"Y mice and
Na,1.8 positively expressed single neuron from Fgf13”/Y mice
(FGF137/Na,1.8") to analyze the neuronal Na* currents, respec-
tively. Representative current traces are shown in Fig. 4A and B.
The representative images of single cell PCR results are shown in
Fig. 4C and D. We found that FGF13 deficiency reduced the ampli-
tude of total Na* currents (Fig. 4E). To further investigate the effect
of FGF13 on different subtypes of Na® currents, we used two
sodium channel subtype selective inhibitors, TTX and ProTx-II, to
separate certain subtypes of Na* current. We found that the ampli-
tude of TTX-S, TTX-R and Na, 1.7 sodium currents were all reduced
after Fgf13 deletion (Fig. 4F-H). Overall, these results showed that
FGF13 deficiency reduced the amplitude of Na* current density.
The amplitude reduction was observed in the current density of
total, TTX-S, TTX-R and Na, 1.7 sodium channels (Fig. 4E-H). There
were no differences in the gating properties of sodium channels,
including the voltage dependence of activation (Suppl. Fig. 3A-D),
steady state inactivation (Suppl. Fig. 3E-H) and the recovery from
inactivation (Suppl. Fig. 31) between FGF137/Na,1.8" DRG neurons
from Fgf13”¥ mice and the FGF13*/Na,1.8" controls from Fgf131/¥
mice (Supplemental Table 1 and 2).

Further studies were conducted on mice under chronic inflam-
matory pain conditions. Na* currents in nociceptive DRG neurons
were recorded at day 7 after CFA treatment. CFA injection potenti-
ated the amplitude of total Na*, TTX-S Na*, TTX-R Na* and Na,1.7
current density in Loxp mice DRG neurons. However, conditional
knockout of Fgfi3 attenuated CFA-induced Na* current increase
in DRG neurons of Loxp mice (Fig. 4E-H). Still, no changes were
observed in the kinetics of Na* channels after CFA injection (Suppl.
Fig. 4A-1, Supplemental Table 1 and 2). Therefore, the above results
demonstrated that FGF13 was important for maintaining Na* chan-
nel activity without altering its gating properties.

FGF13 promoted the expression of Na* channels by interacting with
and stabilizing microtubules

Previous studies showed that FGF13 deficiency resulted in a
reduction in Na* current amplitude [8,11]. The reduction may be
caused by reduced membrane Na® channel expression and/or
changes in the gating properties. Having found no changes in the
gating kinetics of Na* channels, we reckoned that the reduction
in Na* current density in Fgf13 KO DRG neurons might be caused
by reduced membrane expression of Na* channels. Wu et al.
showed that FGF13 could act as a microtubule-stabilizing protein
[17] and microtubules form an important intracellular transport
pathway to assist protein transport to the cell membrane [20,21].
We therefore hypothesize that FGF13 promotes sodium channel
expression by regulating the stability of microtubules in DRG
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neurons. We first tested whether FGF13 could interact with
microtubules in DRG neurons. Previous studies have shown that
FGF13B5104-Q111 g the tubulin binding domain that mediates the
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binding of FGF13 to tubulin, and the mutant FGF13B5104-Q111/104A-
1114 s unable to interact with tubulin [17]. We then constructed
a FGF13B adenoviral vector and FGF13BS104-QUI1T/104A-T11A pyeqnt
(FGF13 mutant) adenoviral vector. We infected Flag-tagged
FGF13 wild type and FGF13 mutant adenovirus in cultured DRG
neurons of control mice, and co-IP assay showed that FGF13
directly interacted with tubulin, whereas the FGF13 mutant did
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not bind to tubulin (Fig. 5A). We further investigated whether
FGF13 could act to stabilize microtubules in DRG neurons.
Immunoblotting showed thatAce-tubulinand Detyr-tubulin, mark-
ers for stable microtubules [17,29], were reduced in DRG of Fgf13
KO mice when compared with Loxp mice. Tyr-tubulin, a marker
for dynamic microtubules, was increased in DRG of Fgf13 KO mice
when compared with Loxp mice. As a control, the expression of o-
tubulin in the DRG was not altered in Fgf13 KO group (Fig. 5B). This
result suggested a reduction in the number of stable microtubules
in Fgf13 KO mice. We then infected FGF13 and FGF13 mutant ade-
novirus in cultured DRG neurons. Immunoblotting results demon-
strated that FGF13, but not FGF13 mutant, up-regulated the
expression of Ace-tubulin and Detyr-tubulin in Loxp mice. In addi-
tion, FGF13, but not FGF13 mutant, down-regulated the expression
of Tyr-tubulin in Loxp mice. Similar results were observed in KO
mice (Fig. 5C). The above results showed that in DRG neurons,
FGF13 but not its mutant, increased acetylated tubulin expression,
a marker of stable microtubules.

We next examined whether FGF13 could promote Na* channel
expression and function through regulating the stability of micro-
tubules in DRG neurons. We first tested whether pharmacological
modulation of microtubule stability could affect the subcellular
localization of Na* channel proteins. Treating DRG neurons with
paclitaxel (20 pM), a known tubulin stabilizer, significantly
enhanced the plasma membrane localization of Na* channel pro-
teins in DRG neurons of Loxp mice. In contrast, treating DRG neu-
rons with colchicine (20 uM), a known tubulin polymerization
inhibitor, significantly reduced the expression of Na* channel pro-
teins in the surface membrane (Fig. 6A). We then tested the effect
of pharmacological modulation of microtubule stability on Na*
channel activity. Treating DRG neurons with paclitaxel signifi-
cantly enhanced the total Na* current density in Loxp mice. In con-
trast, treating DRG neurons with colchicine significantly reduced
the total Na* current density in Loxp mice (Fig. 6B-D). We then
overexpressed FGF13 in DRG neurons of Loxp mice via adenovirus
infection. We found that FGF13 overexpression resulted in more
Na* channel proteins being inserted into the surface membrane
in Loxp mice, mimicking paclitaxel treatment. On the contrary,
there was a decrease in surface membrane Na* channels expres-
sion following Fgf13 knockout, similar to that of colchicine treat-
ment (Fig. 6A). Voltage clamp recording showed a similar result.
FGF13 overexpression resulted in an increase of total Na* current
density in DRG neurons in Loxp mice, mimicking paclitaxel treat-
ment. On the contrary, Fgf13 knockout in DRG neurons resulted
in reduced total Na* current density, mimicking colchicine treat-
ment (Fig. 6B-D). In addition, we tested the subcellular localization
of Na,1.7 channel proteins in different conditions, and the
immunocytochemistry results demonstrated a similar trend
(Suppl. Fig. 4). These results suggest that the regulation of the sta-
bility of microtubules by FGF13 may be an important mechanism
for translocation of Na* channels to the cell surface membrane in
DRG neurons.

To further confirm the role of FGF13 in promoting Na* channel
function through regulating the stability of microtubules in DRG
neurons, we performed rescue experiments on DRG neurons of
Fgf13 KO mice by overexpression FGF13 and FGF13 mutant.
FGF13 overexpression rescued the decrease of total Na* current
density as well as its subtypes in KO mice, whereas no change in
sodium current density was observed when FGF13 mutant was
used to infect the FGF13-deficient DRG neurons (Fig. 7A-D).

Finally, to test whether the effect of FGF13 mutant on the
sodium currents was due to lack of effect of FGF13 mutant on
sodium currents in KO mice, we infected FGF13 and FGF13 mutant
adenovirus in cultured DRG neurons of control mice and examined
the binding properties. As shown in Suppl. Fig. 5, both FGF13 and
FGF13 mutant could bind to sodium channels, suggesting that
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Table 4
Summary of current-clamp properties of DRG cells.
Cm (pF) Rin (MQ) RMP (mV) AP amplitude (mV) CP (pA)
Loxp control 28.1+1.5(21) 532.1 £ 40.1 (21) ~60.5 + 0.9 (20) 112.4 + 2.6 (22) 147.3 £9.7 (21)
FGF13 28.7 + 1.6 (21) 452.7 +25.9 (21) -59.8+ 0.8 (21) 109.9 + 1.4 (21) 80.8 + 8.2 (22)
FGF13 M 282+ 1.7 (22) 426.4 + 38.5 (22) ~59.9 + 0.7 (20) 1133 £ 2.4 (18) 148.4 + 16.3 (23)
KO control 31.8 + 1.8 (20) 464.7 + 41.7 (20) 613 %1.0(19) 109.5 + 1.2 (19) 279.0  23.4 (19)
FGF13 31.2 £ 1.5(23) 497.8 + 123 (23) ~61.5%0.7 (19) 113.9 £ 1.4 (20) 144.2 + 20.7 (20)**
FGF13 M 32.0 1.4 (19) 482.9 +22.5 (19) 613 £1.2(19) 1113 £ 1.8 (21) 270.4 +20.5 (20)

The number of cells analyzed for each parameter is provided in parentheses.
" indicates p < 0.05, compared to Loxp control group.
*#* indicates p < 0.01, compared to KO control group.

the effect of FGF13 mutant on the sodium currents in KO mice was
due to the lack of the binding ability to tubulin, but not to sodium
channels. Taken together, these results support the view that
FGF13 could stabilize microtubules and thereby modulate sodium
channel membrane expression in small-diameter DRG neurons.

FGF13 increased the excitability of small-diameter nociceptive DRG
neurons by stabilizing microtubules

Having established that FGF13 promotes the expression of Na*
channels by stabilizing microtubules, we hypothesized that
FGF13 would have measureable effects on the excitability of
small-diameter nociceptive DRG neurons by stabilizing micro-
tubules. We recorded the firing properties by FGF13 or FGF13
mutant overexpression in Loxp or Fgfl3 KO DRG neurons. There
were no significant differences in input resistance, resting mem-
brane potential or spike amplitude after FGF13 or FGF13 mutant
overexpression in Loxp or Fgfl3 KO DRG neurons (Table 4).
FGF13 overexpression increased the excitability either in Loxp or
Fgf13 KO nociceptor DRG neurons. In contrast, the neuronal
excitability was not altered upon FGF13 mutant overexpression
(Fig. 8A-L) Moreover, in Fgf13 KO mice, the frequency of repetitive
firing for 1 s current steps of 50-500 pA was remarkably increased
after FGF13 overexpression, while FGF13 mutant overexpression
did not change the neuronal firing frequency (Fig. 8G and H).
Meanwhile, the current threshold to elicit the first action potential
was decreased in KO mice after FGF13 overexpression, while FGF13
mutant overexpression did not change the current threshold
(Fig. 8I). To further confirm the effect of FGF13 on neuronal
excitability in Fgf13 knockout mice, a linear ramp current was
applied to measure action potential firing parameters. After
FGF13 overexpression, the action potential threshold elicited by
ramp current stimulation was decreased in small-diameter DRG
neurons (Fig. 8E and K). Meanwhile, the number of action poten-
tials was increased (Fig. 8] and L). However, the FGF13 mutant
did not change the firing properties compared with the control
group. This was consistent with the results of step current injection
stimulation. These data indicate that FGF13 enhances the excitabil-
ity of small-diameter DRG neurons via stabilizing microtubules.
Taken together, FGF13 overexpression clearly rescued the
decreased electrophysiological deficits, which suggesting that
FGF13 is an important factor regulating sodium channels and neu-
ronal excitability.

Discussion

This study showed that Fgf13 conditional knockout mice exhib-
ited reduced nocifensive responses to inflammatory pain. FGF13
was expressed predominantly in small-diameter DRG neurons
and CFA injection increased the expression of FGF13 in the DRG.
FGF13 deficiency resulted in a reduction in sodium current ampli-
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tude. Furthermore, stabilized microtubules were increased in DRG
neurons by the overexpression of FGF13, but not FGF13 mutant,
which lacks tubulin binding capability. FGF13 overexpression res-
cued the decreased sodium currents and neuronal excitability in
Fgf13 KO mice, whereas FGF13 mutant did not. This study demon-
strated that FGF13 could modulate inflammatory pain by stabiliz-
ing microtubules to promote sodium channel function and
excitability in small-diameter nociceptive DRG neurons.

Following peripheral inflammation, changes in the expression
profiles of growth factors in primary afferent neurons may con-
tribute to the development of chronic inflammatory pain. A previ-
ous study reported that among the FGF family, the array signals for
FGF13 were markedly altered in rat DRG after peripheral nerve
injury [30]. After CFA treatment, FGF12B and FGF13 were up-
regulated. The results indicated that, in addition to FGF13, FGF12
might also be involved in the response of DRG neurons to inflam-
matory pain, which may need further study.

It has been reported that FGF13 was expressed in neurons, but
not in glial cells or other types of cells in the DRG [7,30]. Consistent
with this, we found that FGF13 was expressed exclusively in neu-
ronal cells and mainly in primary nociceptive small-diameter neu-
rons in the DRG. Furthermore, we found that FGF13U was the most
abundant among FGF13 isoforms in the DRG. The level of mRNA for
FGF13S was detectable, but at much lower levels compared with
FGF13U. More importantly, CFA treatment markedly increased
the expression of FGF13U but not FGF13S. The data indicates that
FGF13U may play an important role in CFA-induced chronic
inflammatory pain. It has been demonstrated that overexpression
of FGF13S and FGF13U can differentially modulate voltage-gated
sodium channel activity in heterologous expression systems [27].
Therefore, it will be interesting to explore the roles of other iso-
forms of FGF13 in the DRG in future studies.

In the present study we found that CFA treatment increased the
sodium currents and neuronal excitability in DRG neurons of Loxp
mice. However, Fgf13 knockout could only partially attenuate the
up-regulation of sodium channels and the increase of neuronal
excitability induced by CFA injection. We excluded the possibility
that CFA treatment might increase the expression of FGF13 in
Fgf13 knockout mice. Therefore, these data suggested that there
might be some other mechanisms participating in the modulation
of sodium channels and neuronal excitability in Fgf13”¥ mice after
CFA treatment, in addition to the mechanism that FGF13 stabilizes
microtubules to promote sodium channel function. For example,
CFA treatment can induce the release of inflammatory mediators,
such as IL-1B and TNF-a [3] in local inflamed tissues, which upreg-
ulated the expression and function of sodium channels via various
mechanisms (post-translational modifications, trafficking regula-
tion including microtubule mediated transport, etc.) and further
regulated the excitability of DRG neurons [4,5,6,31].

It has been reported that FGF13 knockdown in mouse ventricu-
lar myocytes decreased the expression of Na,1.5 at sarcolemma
[8], suggesting that FGF13 might affect the trafficking of sodium
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15, 300pA depolarizing current injection. (B, H) Summary of the number of action potentials elicited by depolarizing current steps in DRG neurons. Current steps start from 50
to 500 pA, with 50 pA increment, lasting 1 s. (C, I) Summary of the current threshold for eliciting action potentials in DRG neurons. One-way ANOVA, followed by Bonferroni
post hoc test. (D, ]) Representative current clamp recordings of three groups in DRG neurons under ramp current stimulation from 0 to 1000 pA of 500 ms duration (see inset).
(E, K) Summary of the action potential threshold in small, current-clamped DRG neurons elicited by ramp current stimulation. One-way ANOVA, followed by Bonferroni post
hoc test. (F, L) Summary of the number of action potentials elicited by ramp current stimulation. n = 15-24 cells/group. One-way ANOVA, followed by Bonferroni post hoc test.

“P < 0.05 P <0.01.

channels. The present study found that FGF13 could promote the
expression and function of sodium channels by interacting with
and stabilizing microtubules in DRG neurons, which provided
novel mechanistic insights into how FGF13 regulated sodium chan-
nel trafficking. However, we cannot exclude other mechanisms

involved in the regulation of sodium channels by FGF13. FHFs have
been reported to bind to a neuronal MAPK scaffold protein,
isletbrain-2 (IB2). FHFs could act as cofactors to recruit p385 MAPK
to IB2 to participate in MAPK signaling [7,32]. Several studies have
reported that site-specific phosphorylation of Na, o subunits by
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p38 MAP kinase could modulate sodium channel properties
[33,34]. Therefore, it might be interesting to explore whether
FGF13 could also modulate sodium channel through p38 MAPK
dependent mechanism.

Conclusion

FGF13 was expressed predominantly in small-diameter noci-
ceptive DRG neurons, and the expression of FGF13 was up-
regulated in CFA-induced chronic inflammatory pain condition.
The study analyzed the expression changes of FHF isoforms in
the DRG in CFA-induced inflammatory pain. FGF13 stabilized
microtubules to modulate sodium channel function and the
excitability of nociceptive neurons, therefore modulate inflamma-
tory pain. However, further studies are needed to define the effect
of FGF13 isoforms in inflammatory pain regulation. The study pro-
vided behavioral evidence and molecular mechanism for the con-
tribution of FGF13 to inflammatory pain. Our study suggests that
FGF13 may represent a novel therapeutic target in the treatment
of inflammatory pain.
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