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Abstract

Itch can be induced by activation of small-diameter dorsal root ganglion (DRG)
neurons which express abundant intracellular fibroblast growth factor 13 (FGF13).
Although FGF13 is revealed to be essential for heat nociception, its role in mediating
itch remains to be investigated. Here, we reported that loss of FGF13 in mouse DRG
neurons impaired the histamine-induced scratching behavior. Calcium imaging
showed that the percentage of histamine-responsive DRG neurons was largely
decreased in FGF13-deficient mice, and consistently, electrophysiological recording
exhibited that histamine failed to evoke action potential firing in most DRG neurons
from these mice. Given that the reduced histamine-evoked neuronal response was
caused by knockdown of FGF13 but not by FGF13A deficiency, FGF13B was
supposed to mediate this process. Furthermore, overexpression of histamine type 1
receptor HIR, but not H2R, H3R nor H4R, increased the percentage of
histamine-responsive DRG neurons, and the scratching behavior in FGF13-deficient
mice was highly reduced by selective activation of HIR, suggesting that HIR is
mainly required for FGF13-mediated neuronal response and scratching behavior
induced by histamine. However, overexpression of HIR failed to rescue the
histamine-evoked neuronal response in FGF13-deficient mice. Histamine enhanced
the FGFI13 interaction with Nayl.7. Disruption of this interaction by a
membrane-permeable competitive peptide, GST-Flag-Nay1.7CT-TAT, reduced the
percentage of histamine-responsive DRG neurons, and impaired the

histamine-induced scratching, indicating that the FGF13/Nay1.7 interaction is a key
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molecular determinant in the histamine-induced itch sensation. Therefore, our study
reveals a novel role of FGF13 in mediating itch sensation via the interaction of

Nay1.7 in peripheral nervous system.

Significance Statement

Scratching induced by itch brings serious tissue damage in chronic itchy diseases and
targeting itch-sensing molecules is crucial for its therapeutic intervention. Here, we
reveal that FGF13 is required for the neuronal excitation and scratching behavior
induced by histamine. We further provide the evidence that the histamine-evoked
neuronal response is mainly mediated by histamine type 1 receptor HIR, and is
largely attenuated in FGF13-deficent mice. Importantly, we identify that histamine
enhances the FGF13/Nayl.7 interaction, and disruption of this interaction reduces
histamine-evoked neuronal excitation and highly impairs histamine-induced
scratching behavior. Additionally, we also find that FGF13 is involved in
5-HT-induced scratching behavior and hapten 1-fluoro-2,4-dinitrobenzene

(DNFB)-induced chronic itch.



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Introduction

Fibroblast growth factor 13 (FGF13) belongs to the intracellular non-secretory form
of FGFs. Different from other secretory FGFs that principally bind their receptors to
elicit signal transduction, FGF13 is not released from cells due to lacking the signal
sequence. FGF13 is expressed abundantly from development to adulthood in the
neurons of dorsal root ganglion (DRG) (Hartung et al., 1997; Li et al., 2002).
Immunostaining showed that FGF13 was present in more than 80% of small-diameter
DRG neurons (Yang et al., 2017). Activation of small DRG neurons was found to
generate multiple types of somatosensation, including pain and itch. Noxious stimuli
(e.g., thermal, mechanical and chemical) produce pain by activating cutaneous Ad and
C nociceptors, the peripheral terminals of small DRG neurons. Understanding of the
FGF13 function in somatosensation came at first by our previous study using
conditional FGF13-deficient mice in small DRG neurons, and these mice lost heat
nociception but exhibited normal mechanical nociceptive responses in both the von
Frey and Randall-Selitto (tail clip) tests (Yang et al., 2017). Previous studies reported
that intracellular FGFs are essential regulators of neuronal excitability, and the best
characterized role for these FGFs is the interaction with voltage-gated sodium (Nay)
channels to modulate the gating property and current density of sodium channels (Liu
et al., 2001, 2003; Laezza et al., 2007, 2009; Lou et al., 2003; Boshch et al., 2015; Yan
et al., 2014; Yang et al., 2017). Our previous study also revealed that FGF13 increased
Nay1.7 sodium currents and maintained the membrane localization of Nay1.7 during

noxious heat stimulation, enabling the sustained firing of action potentials (Yang et al.,



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

2017).

In addition to pain, itch is also an aversive somatosensation to elicit desire and
reflex to scratch. Ablation of the Mas-related G protein-coupled receptor A3
(MrgprA3)-positive DRG neurons reduced the scratching evoked by multiple
pruritgens (Han et al., 2013). Neurons marked by natriuretic polypeptide b (Nppb) are
also required for itch responses (Mishra et al., 2013). Our recent high-coverage
single-cell RNA sequencing data reveal that itch-sensing neurons expressed Nppb or
MrgprA3 primarily belong to small DRG neurons that also contain transient receptor
potential cation channel V1 (TRPV1) (Li et al., 2016). Selectively ablating TRPV1"
fibers from the DRG or in TRPVI1 knockout mice caused substantial deficits in
scratching behaviors in response to pruritogens (Imamachi et al., 2009). Various
peripheral itch-inducing stimuli generated within or administered to the skin are able
to trigger itch, one of them being histamine. Histamine is the most studied pruritogen
that serves as a classical inducer of itch and involved in the itch-associated with
urticaria, ocular and nasal allergic reactions (Baroody et al., 2008; Hide et al., 1993;
Leonardi 2002). Studies reveal that histamine may play a key role in the pathogenesis
of atopic dermatitis (Ikoma et al., 2003). Serotonin (5-hydroxytryptamine; 5-HT) and
an anti-malaria drug chloroquine (CQ) have also been shown to cause strong itch
(Dong et al., 2018; Liu et al., 2009). Both histamine and 5-HT are linked to allergic
contact dermatitis, a common chronic skin disease that characterized by intense itch
(Ikoma et al., 2003; Rasil et al., 2013; Soga et al., 2007). Since previous studies have

shown that small DRG neurons are vital for itch detection, it is of significant interest
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to also explore the role of FGF13 in the itch sensation.

In the present study, we found that the depletion of FGF13 in Nay1.8-positive DRG
neurons impaired the histamine-induced scratching. The histamine-evoked neuronal
excitation was mainly mediated by histamine type 1 receptor HIR and was largely
attenuated in FGF13-deficient neurons. Importantly, histamine enhanced the
interaction between FGF13 and Nayl.7, and disruption of this interaction reduced
histamine-evoked neuronal excitation and impaired histamine-induced scratching. We
also found that loss of FGF13 impaired scratching induced by 5-HT, as well as in
hapten 1-fluoro-2,4-dinitrobenzene (DNFB)-induced chronic itch. Our study identifies
FGF13 as a critical factor essential for regulating itch sensation in peripheral nervous

system.

Materials and methods
Animals
All experiments were performed using protocols approved by the Committee of Use
of Laboratory Animals and Common Facility, Institute of Neuroscience, Chinese
Academy of Sciences. Male mice (2~4 month) were raised together with littermates
and housed in pathogen-free environment with a 12-h light/12-h dark cycle at 22~26
°C and an ad libitum food and water supply.

The generation of conditional knockout mice lacking FGF13 specifically in small
DRG neurons is described in a previous report (Yang et al., 2017). The Fgfi3-loxP

mice were obtained by flanking its exons 2 and 3 which encode the FGF13 core
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region with loxP sequences. The Fgf13 conditional knockout mice was constructed by
crossing Fgf13-loxP mice with bacterial artificial chromosome (BAC) transgenic mice
expressing Cre recombinase controlled by promoter elements of the Nay1.8 gene
(SNS-Cre), which is mainly expressed in small DRG neurons. This gene deletion
mediated by SNS-Cre was started at the perinatal stage, thereby minimizing the risk of
developmental defects. The knockout mice were viable and fertile, and did not exhibit
visible abnormalities. Our experiments were performed with Fgf13 knockout mice

(Fgfl3 ¥ and control F: gf13-loxP mice (Fgfl3 Y,

Itch behavioral test

Prior to experiments, Fgf! 3*Y and Fgfi 3™ mice were given 30 min to acclimate to
the test chamber before treatment. Mice were then briefly removed from the chamber
and given intradermal injection at the back neck with pruritic compound at a volume
of 50 pl. Hindlimb scratching behavior directed towards the injection site was
observed for 30 min at 5-min intervals. A bout of scratching was defined as a lifting of
the hind limb directed at the area of the injection site and then a replacing of the limb
back to the floor, regardless of how many scratching strokes taken place between
those two movements. Scratching behavior was qualified by counting the number of
scratching bouts over 30-min observation period. For intradermal injection, the
following drugs was dissolved in sterile saline and administered at a volume of 50 pl:
histamine (500 ug/50 pl), 5-HT (10 pg/50 ul), CQ (200 pg/50 ul), or agonists for

histamine receptors: HIR agonist HTMT (50 pg/50 ul), H2R agonist dimaprit (50
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png/50 pl), H3R agonist immethridine (160 pg/50 pl) or H3R antagonist H4R agonist
clobenpropit (30 pg/50 pl). To test the role of FGF13/Nayl.7 complex in the
histamine-induced itch, GST-Flag-Nay1.7CT-TAT (Nay1.7-TAT) was used for the
disruption of FGF13/Nayl.7 interaction. The same volume with 60 mg/kg
Nay1.7CT-TAT, 60 mg/kg GST-Flag-TAT or vehicle was injected intraperitoneally
(i.p.) into C57BL/6J mice each hour for four times, and followed by recording the

histamine-induced scratching behavior.

Nocifensive behavior

Capsaicin-induced flinching behavior was performed by intraplantar injection of 10 pl
fresh-made 0.1% capsaicin solution (0.5% capsaicin stock solution: Tween-80: saline
= 2: 1: 7) under the dorsal surface of the hind paw. Allyl isothiocyanate
(AITC)-induced flinching behavior was carried out by intraplantar injection of 10 pl
fresh-made 0.2% AITC solution (10% AITC stock solution: DMSO: saline = 2: 10:
88). The licking and/or lifting of the injected paw was deemed as an indicator of the
flinching behavior. The recording was observed for 5 min with capsaicin and for 30

min with AITC immediately after the injection.

Chronic itch

DNFB is widely used to induce allergic dermatitis in mouse models (Jin et al., 2009).
The allergic contact dermatitis model of chronic itch was applying DNFB onto the
back skin. In brief, DNFB dissolved in acetone and olive oil mixture (4:1) was used

10



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
=)

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

for sensitization and challenge. The surface of abdomen and the nape of neck was
shaved one day before the sensitization. The sensitization was applied onto the
abdomen area. Mice were intradermally injected with 50 pl of 0.5% DNFB, and
followed by topical application with 100 pl of 0.5% DNFB. The challenge started 5
days later. Mice were painted with 50 ul of 0.2% DNFB on the shaved neck area
every other day for a week. Spontaneous scratching behaviors were videotaped for 1 h

every 24 h after each challenge.

Plasmids

The expression constructs for HIR, H2R and H4R were purchased (Origene), and
H3R (NM_133849.3) was cloned from cDNA of mouse brain tissue and then cloned
into the vector pCMV-mCherry. For the shRNA knockdown experiment, the
sequences of shFGF13, shFGF13A and shNC were designed as previously described
(Wu QF et al., 2012). For the adeno-associated virus 9 (AAV9) constructs, these
shRNAs were inserted into pAKD.CMV.bGlobin.eGFP.H1.shRNA vector (Genetic

Reprogramming Platform, Institute of Neuroscience, CAS).

Cell culture and transfection

HEK293 cells were cultured in MEM supplemented with 10% fetal bovine serum and
antibiotics. The cells were transiently transfected with 1-2 pg plasmids per 35-mm
dish using Lipofectamine 2000 reagent (Invitrogen) and used for further experiments
after 24 h.

11
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DRGs from 2~4-month-old mice were carefully isolated and digested in
oxygenated DMEM containing collagenase (0.4 mg/ml), trypsin (1 mg/ml) and DNase
(0.1 mg/ml) for 30 min at 37 °C. For experiments without further treatment,
dissociated cells were plated directly onto the poly-D-lysine-coated glass coverslips
after gentle trituration in DMEM/F12 (1:1) medium supplemented with 100 U/ml
penicillin, 0.1 mg/ml streptomycin and 10% fetal bovine serum. For the HIR, H2R,
H3R or H4R overexpression experiment, 5 pg plasmids containing HIR were added
directly to the suspension of neurons after isolation in Nucleofector buffer (0.1 ml)
and the mixture was electroporated in an Amaxa Nucleofector I using program O-003.
Subsequently, neurons were washed by oxygenated DMEM/F12 medium and then
plated onto coated coverslips. Electrophysiological recordings were performed 24 h
after electro-transfection. For the shRNA knockdown experiment, dissociated cells
plated onto coated coverslips were infected by adding 1 pul AAV-based shRNA (titer:
~10% vg/ml) into the culture medium. The following experiments were performed

after 7-d incubation.

Co-immunoprecipitation, immunoblotting and immunocytochemistry

Tissue samples or cultured neurons were homogenized in RIPA buffer (150 mM NaCl,
30 mM HEPES, 10 mM NaF, 1% Triton X-100 and 0.01% SDS) with protease
inhibitors (1 mM PMSF, 10 mg/ml aprotinin, 1 mg/ml pepstatin and 1 mg/ml
leupeptin). For co-immunoprecipitation (co-IP), the tissue or cell supernatant was
incubated with FGF13 antibody (Santa Cruz) overnight at 4 °C. The

12
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immunoprecipitates and 5~10 % total lysates were analyzed by immunoblotting. For
immunoblotting, the samples were separated by SDS-PAGE, and then transferred to
nitroceellulose membrane. Primary antibody was applied overnight at 4 °C and
secondary antibody was applied for 1 h at room temperature. The specific protein
bands were visualized with chemiluminescence. The primary antibodies included that
against Nay1.7 (1:400, MABN41, Millipore), actin (1:6000, MAB1501, Chemicon),
HIR (1:1000, self-made), FGF13 (1:500, sc-16811, Santa Cruz), FGF13 (1:1000,
HPA002809, Sigma). The specificity of self-made HIR antibody was conducted by
preabsorption of antisera with 10 uM antigen peptide into working antibody solution
for 24 h. The immunoreactive bands were quantified from at least 3 independent
experiments using Image J 1.47 software (NIH). The interaction between Nay1.7 and
FGF13 Dbefore and after histamine stimulation was calculated using
co-immunoprecipitated Nay1.7 compared to immunoprecipitated FGF13.

For immunocytochemistry, one coverslip was taken from the transfected HEK293
cells used for calcium imaging and fixed with 4 % paraformaldehyde for 20 min at 4
°C. The coverslips were mounted and scanned using a Leica TCS SP8 confocal

microscope (Leica).

Electrophysiological recording

Patch pipette with 3-5 MQ resistance was filled with solution containing 140 mM KCl,
0.5 mM EGTA, 5 mM HEPES and 3 mM Mg-ATP, adjusted to pH 7.3 with KOH. The
extracellular solution (ECS) contained 140 mM NaCl, 3 mM KCI, 2 mM CaCl,, 2

13
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mM MgCl,, 10 mM HEPES, adjusted to pH 7.3 with NaOH. Whole-cell
current-clamp recording was conducted with an AxonPatch-700B amplifier in a
voltage-clamp mode with a holding potential of -70 mV and then performed after
switching to a current-clamp mode. Only the cells with stable resting potential below
-40 mV were used in this study. The data were filtered at 5 kHz and digitized at 20
kHz. The recording chamber was continuously perfused with fresh extracellular
solution at a flow rate of 2 ml/min.

Action potentials (APs) induced by histamine were recorded in a current-clamp
mode at room temperature (22~25 °C). The neuron that could be evoked AP firing by
histamine was considered as a histamine-responding neuron. To investigate FGF13 in
histamine-evoked neuronal excitatory, | mM histamine was applied for 10 s onto
small DRG neurons cultured from Fgf/ 3 or F of 1 3 mice after 30-s perfusion with
ECS . The neuron was considered as a histamine-responding neuron if at least 3 APs
could be evoked by 10-s histamine application. The same protocol was performed in
neurons from C57BL/6J mice incubated with vehicle, 1 uM TTX and 10 nM
Protoxin-II for at least 30 min. The mCherry-expressing neuron was given 10-s
puffing with 1 mM histamine to detect the AP firing after a 60-s perfusion by
extracellular solution. The drug treatment group was given 10-s 1 mM histamine after
60-s extracellular solution perfusion and another 10-s 1 mM histamine after 3-min 1
puM TTX or 10 nM Protoxin-II solution perfusion. The control group for drug
treatment used 3-min extracellular solution to replace the drug treatment. The spike
number evoked by histamine was compared to which after drug treatment.

14



288

289  Calcium imaging

290  For calcium imaging, cultured neurons or HEK293 cells were loaded for at least 30
291  min in the dark with 10 uM Fura-2AM at 4 °C in ECS. Cells were imaged at 340 nM
292  and 380 nM, and the ratio of fluorescent intensity at 340 nM versus 380 nM was
293  calculated using MetaMorph software. Cells were identified as neurons by eliciting
294  depolarization with 40 mM KCI at the end of each experiment. Cells were deemed to
295  be sensitive to an agonist if the average ratio during 10-s histamine application was 15%
296 above baseline. The percentage of agonist-responding neurons was calculated from
297  cells responded to KCI. Cells were transfected with the plasmid expressing shFGF13
298  or shFGF13A and GFP, which could separately indicate the expression of shRNA.
299  GFP has a major excitation peak at a wavelength of 395 nm and a minor one at 475
300 nm. Its emission peak is at 509 nm. The calcium dye Fura-2 has quite similar
301  excitation peaks at 335-345 and 380-390 nm and emission peak at 475-535 nm. The
302 overlapped GFP caused a high background for Fura-2 signal. To avoid the
303 interference of GFP signal, we have normalized Fura-2 ratio to baseline ratio
304  [Fs40/F3s0 = (Ratio)/(Ratio = )] as a previous study (Wilson et al., 2011). To disrupt
305 endogenous FGF13/Nayl.7 interaction, we incubated DRG neurons with 1 pM
306 GST-Flag-Nayl.7CT-TAT or control 1 uM GST-Flag-TAT for 30 min before

307  Fura-2AM loading.
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Data are presented as mean = SEM. Sample number (n) values are indicated in figure
legend or result section. Two groups were compared by a two-tailed, unpaired
Student’s t test. Comparison between two groups with multiple times was performed
by a two-way ANOVA with Bonferroni’s post hoc test. Multiple groups were
compared by a one-way ANOVA with Tukey’s post hoc test. Statistical analysis was
performed using PRISM (GraphPad Software). The difference was considered
significant at p < 0.05. All statistical analyses were two-tailed, 95% confidential

interval (CI).

Results

Loss of FGF13 in DRG neurons impairs histamine-induced scratching behavior
To identify the involvement of FGF13 in itch sensation, we initially examined the
change of scratching behavior in mice, whose FGF13 gene (Fgf13) was deleted in
small DRG neurons by crossing homozygous Fgfl3-flox mice with transgenic mice
expressing SNS-Cre according to previous studies (Agarwal et al., 2004; Yang et al.,
2017). Scratching behavior were assessed by intradermally injecting pruritogen into
right side of the nape, and the number of bouts in right hind paw scratching directed
toward the injection site was analyzed and binned every 5 min. This experiment was
carried out with control Fgfi3-flox mice (Fgfl/3™Y) and Fgfi3 knockout mice
(SNS-Cre/Fgf13"Y; Fgf13™). In response to intradermal injection of 500 pg
histamine in 50 pl, control Fgf/3™" mice were observed with several bouts in first 5
min and then reached a scratching peak within 10~15 min (Figure 1A). Strikingly, the
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itch behavior induced by histamine was highly decreased in Fgf/ 3 mice. Compared
to Fgfl3" ™ mice with high scratching response, Fgf]S'N mice displayed a limited
number of scratches throughout 30 min of recording after intradermal injection of 500
pg/50 pl histamine (Figure 1A; F(1 235 = 97.280, P < 0.0001). Since the mice injected
with vehicle in both Fgf73"¥ (0.6 + 0.3, n = 7) and Fgf13" mice (0.8 + 0.5, n = 6)
barely scratched (t = 0.481, df = 11, P = 0.6400) for 30 min, the delayed onset of
histamine-induced scratch behavior in Fgf/ 3™ mice observed between 20-30 min
post-injection might be the late response due to the off-target effect of histamine that
activates mast cells or immune cells to elicit itch independent of direct activation to
the receptor in neurons (Thurmond et al., 2008). It should be also noted that Fgf73"~
mice exhibited the profound scratching deficit in total number of scratching bouts
induced by histamine for 30 min (Figure 1A; t =9.079, df = 35, P < 0.0001). The total
number of scratching bouts induced by 500 pug histamine was 60.1 + 5.1 in Fgf] 37
mice (n = 28) and 10.7 + 2.0 in Fgf13"¥ mice (n = 31) (Figure 1A). These data
indicate that the itch-induced scratching behavior is impaired robustly in

FGF13-deficient mice.

FGF13 deficiency in DRG neurons displays the deficit of neuronal excitation
induced by histamine

Since itch sensation results from a direct activation of DRG neurons by pruritogens,
the behavioral deficit in Fgfl.?'fY mice would be attributed to a loss of neuronal
responsiveness in the DRG. To determine whether loss of FGF13 altered neuronal
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response, we first compared the change of histamine-evoked Ca*" signals indicated by
F340/F330 in cultured DRG neurons between knockout Fgfi 37 mice and control
Fgfi3™ littermates. Calcium imaging showed that the percentage of
histamine-responding DRG neurons was largely decreased in Fgfl 3 mice (t=15.695,
df =7, P =0.0007). In FngF/Y mice, 1 mM histamine increased the cellular Ca**
concentration in 6.2 £ 1.0% neurons (n = 8, 1~2 mice each time, 850 cells) (Figure
1B). However, only 0.9 £ 0.5% neurons (n = 8, 1~2 mice each time, 707 cells)
responded to 1 mM histamine in Fgf73" mice (Figure 1B). The magnitude of Ca®"
signals was not changed (t = 0.592, df = 47, P = 0.5566) in the responsive neurons of
Fgf13'/Y mice (70.0 £+ 8.0%, n = 6 cells), as compared with that ongfl.?F/Y mice (61.8
+ 5.0%, n = 43 cells) (Figure 1B). Thus, the histamine-induced response requires the
intact of FGF13 in DRG neurons.

To further probe the role of FGF13 in the pruritogen-induced neuronal excitability,
we next performed the patch-clamp recording of AP firing in cultured DRG neurons
from Fgf13"Y and Fgfl 3™ mice. Consistent with the result from Ca>" imaging, the
percentage of histamine-excited neurons was also dramatically reduced (t = 12.517, df
=11, P <0.0001). In FgfISF/Y mice, 13.7 £ 1.0% small DRG neurons (n = 7 mice, 53
cells) fired APs in response to 1 mM histamine (Figure 1C). In contrast, all recorded
small DRG neurons (n = 6 mice, 43 cells) cultured from Fgf73"" mice failed to
produce APs by histamine treatment (Figure 1C). The percentage of
histamine-responding neurons detected by electrophysiological recording in F gf13F/Y
mice was higher than that detected by calcium imaging. This difference mainly
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resulted from the detected pool of neurons because small DRG neurons in
patch-clamp recording has a much narrower range in cell sizes compared to all
neurons of various sizes using calcium imaging. Taken together, these data indicate

that FGF13 is required for histamine-evoked DRG neuronal response.

FGF13B mediates the histamine-induced neuronal response

FGF13 has two major alternative splicing isoforms, FGF13A and FGF13B, in the
mouse. FGF13A contains the nucleus localization signal, while FGF13B is distributed
in the cytoplasm and contributes to dynamic signaling processes (Wu et al., 2012). To
explore which isoform was involved in the histamine-induced itch, we performed
calcium imaging on cultured DRG neurons transfected with AAV-expressing
shFGF13 (targeting at FGF13 mRNA), shFGF13A (targeting at FGF13A mRNA) or
shNC (negative control) for 7 d. Immunoblotting detected that knockdown of FGF13
but not FGF13A largely reduced the expression of FGF13B (F1.067, 7.468) = 33.00, P =
0.0005; Figure 2A). The level of FGF13B was decreased to 34.6 + 2.9% by shFGF13
(n = 8). The level of FGF13A was also significantly reduced by knockdown of FGF13
or FGF13A (F(1.341,4.004)= 9.812, P = 0.0319) in cultured DRG neurons. Cultured DRG
neurons transfected with shFGF13 showed a decrease in the percentage of
histamine-responding neurons (t = 5.169, df = 3, P = 0.0140). In the neurons
transfected with shFGF13A, 1 mM histamine increased the cellular Ca*"
concentration in 5.4 + 0.1% cells (n = 4 from 1~2 mice each, 277 cells), while only
1.3 £ 0.8% neurons (n = 4 from 1~2 mice each, 185 cells) transfected with shFGF13
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responded to histamine (Figure 2B). Additionally, we excluded the possibility that
AAV-mediated shRNA treatment may affect neurons in a sicken way. The amplitude
above baseline of KCl-responding neurons treated with shRNA (205.4 + 6.2%) was
similar to that from Fgf73"Y (260.8 + 18.4%) or Fgf13" (275.0 + 23.1%) mice.
Meanwhile, the percentage of histamine-responding neurons treated with shFGF13A
(5.4 £ 0.1%; Figure 2B) was similar to that from FgfISF/Y mice (6.2 + 1.0%; Figure
1B). Therefore, this result suggests that FGF13B is the isoform for FGF13 to mediate

the histamine-induced neuronal response.

H1R-mediated itch is impaired in FGF13-deficient mice

Histamine receptors are required for the signaling in sensory neurons being activated
directly by histamine. We firstly screened receptors of histamine in DRG neurons.
Four known subtypes of histamine receptor including HIR, H2R, H3R and H4R,
which belong to the G-protein-coupled-receptor (GPCR) superfamily, were identified
previously. Using our recent data based on high-coverage single-cell RNA sequencing,
HIR and H2R were highly expressed in Nppb-expressing C2 and
MrgprA3-expressing C4 DRG neurons, and H3R was mainly expressed in C3,
marked by the tyrosine hydroxylase (TH), DRG neurons (Figure 3A). Our previous
study also reported the expression of itch-related molecules in C2 and C4 DRG
neurons, suggesting an important role of these neurons in the itch (Yang et al., 2017).
Activation of HIR and H4R as well as H3R inhibition on sensory neurons could
increase the calcium influx in a subpopulation of these neurons (Rossbach et al.,
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2011). Other studies revealed that H4R but not H2R and H3R causes itch in mice in
addition to HIR (Bell et al., 2004; Shim et al., 2008). To clarify the role of different
receptors in response to histamine in DRG neurons, we performed whole-cell
patch-clamp recording on cultured DRG neurons transfected with HIR-mCherry,
H2R-mCherry, H3R-mCherry or H4R-mCherry. The 84.7 £ 8.2% of neurons
expressing HIR-mCherry (n = 6 from 1~2 mice each, 36 cells) could be induced APs
by 1 mM histamine, while the neurons expressing either H2ZR-mCherry (8.3 £ 8.3%, n
= 4 from 1~2 mice each, 14 cells), H3R-mCherry (11.4 + 5.9%, n = 3 from 1~2 mice
each, 23 cells) or H4R-mCherry (6.3 + 6.3%, n = 4 from 1~2 mice each, 19 cells) in
response to 1 mM histamine displayed the equivalent percentage of neurons
expressing control vector (4.8 + 4.8%, n = 3 from 1~2 mice each, 17 cells) (Figure 3B;
Fa,15 = 26.00, P < 0.0001). We performed corresponding agonists in DRG neurons
expressing H2R-mCherry, H3R-mCherry or H4R-mCherry. Over 60% neurons
expressing these receptors could reduce the resting membrane potential or induce APs
(Figure 3B), indicating that H2R, H3R and H4R constructs are successfully expressed.
Thus, HIR is the main functional receptor mediating histamine-induced response in
DRG neurons.

We further explored whether HIR was involved in the impairment of
histamine-induced scratching behavior in Fgf/3"" mice. The behavioral test showed
that 1 mM HTMT, a HIR agonist, induced 23.6 + 5.0 scratching bouts within 30 min
in Fgf13"Y mice (n = 8), while total bouts induced by HTMT dropped to 2.3 +1.3 in
Fgf13'/Y mice (n = 7) (Figure 3C; t =3.902, df = 13, P = 0.0020). Intradermal injection
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of 4 mM dimaprit (H2R agonist), 10 mM immethridine (a potent H3R agonist) or 1.2
mM clobenpropit (H3R antagonist, H4R agonist) were also observed in Fgf] 3™ mice.
H2R agonist dimaprit barely induced scratching behavior. In contrast to HIR agonist
HTMT, the scratching behavior did not display differently between Fgfl 3Y and
Fgf13"Y mice induced by immethridine (Figure 3C; FgfI3"Y: 9.4 + 2.3, n = §;
Fgf13'/Y: 10£3.1,n=7,t=0.164, df = 13, P = 0.8700) and clobenpropit (Figure 3C;
Fgf13"Y:37.0+7.5,n=9; Fgfi3"¥: 272+ 4.7,n=9, t= 1.028, df = 16, P = 0.3200).
Moreover, whole-cell patch-clamp recording detected that the cultured
FGF13-deficient DRG neurons expressing HIR-mCherry almost lost ability (t = 4.477,
df =5, P=0.0065) to respond to 1 mM histamine (79.2 + 12.5 % for Fgﬂj’m mice, n
= 4 from 3 mice each, 24 cells and 7.4 + 7.4 % for Fgf13"fY mice, n = 4 from 3 mice
each, 17 cells; Figure 3D). After co-expressing HIR-mCherry and
FGF13B-IRES-GFP, 42.9 + 7.1% FGF13-deficient DRG neurons could be evoked AP
firing by 1 mM histamine (Figure 3D; n = 3 from 2 mice each, 21 cells; t = 3.451, df =
4, P = 0.0300). However, due to the transfection efficiency of FGF13B in DRG
neurons, the percentage of histamine-responding neurons was not rescued to the level
in DRG neurons only expressing HIR-mCherry from Fgf 3"Y mice. Taken together,
these data suggest that loss of FGF13 impairs H1R-mediated itch induced by

histamine.

FGF13 does not physically and functionally affect HIR
Since HI1R-mediated itch was impaired in Fgf] 3™ mice, we wondered whether
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FGF13 functioned through its interaction with HIR to affect the histamine-evoked
neuronal excitation. Co-IP was performed to evaluate a possibility of the interaction
between FGF13 and HIR in the DRG. In fact, FGF13 interacted with Na,1.7 as
previous report (Yang et al., 2017) but barely with HIR in DRGs (Figure 4A).
Immunoblotting of cultured DRG neurons detected that in Fgfi 3 mice, the level of
HIR was not altered (t = 0.657, df = 4, P = 0.5473) and the amount of Nay1.7 was
also unchanged (Figure 4B) as our previous report (Yang et al., 2017). To detect
whether FGF13 functionally coupled to HIR, we examined the change of cellular
Ca®" signals evoked by 1 mM histamine in HEK293 cells co-expressing
FGF13B-IRES-GFP and H1R-mCherry. In comparison with the control cells only
expressing HIR, the magnitude of histamine-evoked Ca®" signals was not
significantly changed (t = 3.060, df = 3, P = 0.0550) in cells co-expressing HIR with
FGF13B (H1R and vector: 2.5 + 0.2, n = 4, 220 cells; HIR and FGF13B: 2.8 £ 0.1, n

=4, 178 cells) (Figure 4C). Therefore, FGF13 does not directly regulate H1R.

FGF13/Nay1.7 acts as the key mediator for histamine-induced itch

Our previous study reveals that FGF13 increases the current density of Nayl1.7 and
maintains the excitability of small DRG neurons (Yang et al., 2017). Patients carrying
a variant in SCN94 gene encoding Nay1.7 experience paroxysmal itch (Devigili et al.,
2014). Previous reports provide evidences in mice showing that blocking Nay1.7 by
selective antagonists inhibits the histamine-induced scratching behavior, as well as
evoked neuronal excitability (Chandra et al., 2020; Graceffa et al., 2017; Kornecook
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et al., 2017; Zhang et al., 2019; Marx et al., 2016). First, we confirmed the role of
Nay1.7 in the histamine signaling in DRG neurons. Compared to the control (16.2 £
3.2%, n = 3, 31 cells), small DRG neurons incubated with 1 uM tetrodotoxin (TTX)
(0 = 0%, n = 3, 29 cells) for at least 30 min failed to evoke AP firing (Figure 5A; t =
5.024, df = 4, P = 0.0070), and similar reduction was also found in neurons incubated
with 10 nM Protoxin-II (2.6 + 2.6%, n = 3, 32 cells), a selective Nay1.7 blocker, for at
least 30 min (Figure 5A; t = 3.312, df = 4, P = 0.0300). Then, we detected whether
Nay1.7 was also required for H1R-mediated neuronal activation evoked by histamine.
Typically, whole-cell patch-clamp recording showed that the histamine-induced APs
in neurons expressing H1R-mCherry was dramatically reduced after applying either 1
UM TTX (30.4 = 8.8%, n =17 cells; t = 7.951, df = 16, P <0.0001, n = 17) or 10 nM
Protoxin-IT (40.8 = 12.0%, n = 12 cells; t = 4.913, df = 11, P = 0.0005, n = 12), but
was not significantly changed after perfusing ECS (127.9 + 29.5%, n = 7 cells; t=
0.9471, df = 7, P = 0.3751) (Figure 5B-5D). Thus, Nayl.7 is also critical for
H1R-mediated histamine signaling.

Then, we detected whether the FGF13/Nayl.7 complex was involved in
histamine-induced neuronal response. Cultured DRG neurons were incubated with 1
mM histamine for 5 min and performed for the detection of interaction between
FGF13 and Nayl.7. Co-IP showed that the association between FGF13 and Nayl1.7
was significantly enhanced (t = 3.075, df = 5, P = 0.0276) by 1 mM histamine
treatment for 5 min (Figure 6A). Moreover, we explored the functional contribution of
FGF13/Nay1.7 interaction to the histamine-evoked neuronal response. The calcium
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imaging in neurons treated with Nayl.7CT-TAT showed that the percentage of
histamine-responding neurons was largely reduced (t = 5.992, df = 3, P = 0.0093)
after a 30-min incubation with 1 pM Nay1.7CT-TAT (3.8 £ 1.2%, n = 4 from 1~2
mice each, 428 cells), compared with control GST-Flag-TAT (8.3 + 1.6%, n = 4 from
1~2 mice each, 509 cells) (Figure 6B). The magnitude of Ca*" signals was not
changed (t = 0.324, df = 6, P = 0.7600) in the responsive neurons from two groups
(Figure 6B). To test whether the peptide could directly affect Nayl.7 function, we
recorded the sodium currents evoked by a step depolarization (-90 mV to 50 mV in 10
mV increments) in HEK293 cells transfected with Nay1.7. The I/V curves did not
display significant difference in Nayl.7 currents of HEK293 cells treated with
GST-Flag-TAT and Nay1.7CT-TAT (F 4 = 0.0138, P =0.9121; Figure 6C). Thus, the
FGF13/Nayl1.7 interaction is the necessity of mediating neuronal excitation in
response to histamine.

Finally, we evaluated the effect of disrupting interaction between FGF13 and
Nay1.7 on the histamine-induced scratching behavior according to our previous report
(Yang et al., 2017). The mice were i.p. injected with the dose of 60 mg/kg at 1-h
intervals for 4 times and examined scratching behavior in response to histamine at
5~6 h after the last injection (Figure 6D). Mice treated with Nay1.7CT-TAT displayed
very limited (F (2, 35y = 11.790, P = 0.0057) scratching number after histamine injection
(Figure 6E). The total number of scratching bouts induced by 500 pg histamine was
64.0 £ 11.2 in mice (n = 3) injected with GST-Flag-TAT and 8.0 + 2.5 in mice (n = 3)
injected with Nay1.7CT-TAT (Figure 6E; t = 4.862, df = 4, P = 0.0083). These data
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indicate that FGF13 is indispensable for itch-induced scratching behavior by

interaction with Navy1.7.

FGF13 is involved in 5-HT or CQ-induced scratching behavior, and chronic itch

We further explored whether FGF13 was involved in the scratching behavior induced
by other pruritogens including 5-HT and CQ, a MrgprA3 agonist. In response to
intradermal injection of 10 pg 5-HT in 50 pl, control FgfI3F/Y mice reached a
scratching peak at 10 min (Figure 7A). At the same time, Fgf13” mice did not exhibit
the scratching behavior induced by 5-HT before 10 min and only showed a delayed
onset of scratch between 15-20 min, which could be the off-target effect to activate
glia cells or mast cells (De-Miguel et al., 2015), similar to histamine. Compared to
Fgfl 3*Y mice with high scratching response, Fgf] 3™ mice displayed a limited
number of scratches throughout 30 min after intradermal injection of 10 pg/50 pl
5-HT (Figure 7A; F 1,61y = 28.410, P < 0.0001). The total number of scratching bouts
induced by 5-HT was also highly decreased in Fgf13"Y mice (20.4 + 5.4, n = 32)
compared to Fgf13m mice (75.9 £ 9.0, n = 31) (Figure 7A; t = 5.327, df = 61, P <
0.0001). Meanwhile, in response to intradermal injection of 200 pg CQ in 50 pl,
Fgfl 3™ mice showed a decreased scratching throughout 30 min compared to
Fgf13F/Y mice (Figure 7B; F (1, 55y = 4.287, P = 0.0431). The total number of
scratching bouts induced by CQ was reduced in Fgf73"" mice (71.4 + 11.0, n = 30)
compared to Fgf13FN mice (104.2 + 11.4, n = 27) (Figure 7B; t = 2.069, df = 55, P =
0.0430). Furthermore, calcium imaging showed that the percentage of
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5-HT-responding DRG neurons was significantly decreased in Fgf7 3™ mice (Figure
7C; 5-HT: 7.1 + 1.0% for Fgf13™Y and 2.9 + 1.0% for Fgf13"Y, t = 13.500, df =3, P=
0.0009). However, the percentage of CQ-responding neurons was not significantly
reduced (Figure 7C; 21.1 + 4.1% for Fgf13"Y and 16.2 + 3.2% for Fgf13™, t=1.777,
df =7, P =0.1200). Both the behavioral and calcium imaging results suggest that the
defect in 5-HT response is larger than that of CQ in Fgfl 3 mice. Thus, the
scratching behavior induced by 5-HT and other pruritogens could also be impaired by
FGF13-deficiency.

We also generated the DNFB-induced allergic contact dermatitis to examine the
role of FGF13 in the chronic itch. After sensitization on the abdomen area by 50 pl
intradermal injection of 0.5% DNFB followed immediately by 100 pl painting for 5
days, 50 ul of 0.2% DNFB was painted on the nape of neck area for challenge and the
scratching bouts 24 h after each challenge was recorded for 1 h at day 6, 8, 10 and 12.
Fgf13™ mice displayed a robust and persistent scratching behavior which prolonged
at day 12, while Fgf73"" mice sustained at a significantly lower level of scratching
behavior (Figure 7D; F (1, 13) = 14.80, P = 0.0020), suggesting FGF13 as an important
mediator in chronic itch.

Additionally, we detected the algogen-induced behavior in FGF13-deficient mice.
The transient receptor potential vanilloid-1 (TRPV1) has been shown to be involved
in histamine-induced scratching by activation of HIR (Shim et al., 2007). Upon 10 pl
hindpaw injection of 0.1% capsaicin, a TRPV1 agonist, the number of flinches in
Fgf13'/Y mice (5.3 £ 2.0, n = 3) was significantly decreased compared to that in

27



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

Fgf13m{mice (29.4 £3.3, n=15) (Figure 7E; t=5.212, df = 6, P = 0.0020). Moreover,
the transient receptor potential ankyrin 1 (TRPA1) was indicated as an essential
component of MrgprA3-mediated signaling (Wilson et al., 2011). In response to 10 pl
hindpaw injection of 2% AITC, a TRPA1 agonist, the flinches were not significantly
altered between Fgf13"Y (35.7 + 10.4, n = 6) and Fgf13”" mice (23.7 + 5.1, n = 6)
(Figure 7F; t = 1.034, df = 10, P = 0.3260). Thus, TRPV1-mediated behavior is

largely defective in FGF13-deficient mice.

Discussion

The present study demonstrates that FGF13 is required in histamine-induced itch
sensation via interacting with Nay1.7. Under normal condition, histamine activates
small DRG neurons that express HIR. In the presence of FGF13, activation of HIR
leads to subsequent activation of Nay1.7, AP firing and scratching behavior. Loss of
FGF13 causes a reduction in neuronal excitation and scratching behavior evoked by
histamine. Consistently, disrupting the FGF13/Nayl.7 interaction reduces the
histamine-evoked neuronal excitation and, most importantly, impairs scratching
behavior. Moreover, loss of FGF13 also significantly impairs 5-HT-induced
scratching behavior and DNFB-induced chronic itch. These findings indicate a new
role of FGF13 in the itch sensation, which may provide a fresh therapeutic target for

intervention of pathological itch.

FGF13 is vital for itch sensation
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FGF13 is widely distributed in the developing brain and has been implicated in
neurobiological diseases. In human beings, Fgf13 mutation could cause X-linked
intelligence disability and genetic epilepsy and febrile seizures plus (GEFS")
(Puranam et al., 2015; Skare et al.,, 2018). Mice lacking Fgfl3 have defects in
neuronal migration, and exhibit weakened learning and memory (Wu et al., 2012).
FGF13 also maintains high-level expression in the DRG from development to
adulthood. Both pain and itch are initiated and modulated by small DRG neurons
(Ikoma et al., 2006). The majority of itch-sensitive neurons marked by Nppb or
MrgprA3 belong to C2 and C4 types of small DRG neurons. We previously reported
that mice lacking FGF13 in small DRG neurons lost responsiveness to noxious heat.
Heat nociception elicits a quick withdrawal behavior to avoid noxious heat stimuli,
while the response of itch is to scratch. Since immunostaining reveals that FGF13 is
present in more than 80% of small DRG neurons (Yang et al., 2017) including C2 and
C4 types, it is not surprising to find that FGF13 is also responsible for itch sensation.
The present study showed that itch behavior induced by histamine was strongly
reduced in mice lacking FGF13 in small DRG neurons. Histamine excites sensory
neurons via its receptors and eventually evoke AP firing. Consistently, calcium
imaging showed that the percentage of histamine-responding neurons were largely
reduced in cultured small DRG neurons from Fgf13”Y mice. Moreover, the percentage
of neurons with AP firing evoked by histamine was also extremely low in Fgf/3""
mice compared with Fgfl 3"Y mice. These evidences all support that FGF13 is a key
molecule involved in the histamine-evoked itch sensation.
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Further detection of itch behavior induced by 5-HT also displayed an impairment of
scratching behavior in FGF13-deficient mice, suggesting that FGF13 mediates both
histamine-dependent and histamine-independent itch. However, the defective level of
itch induced by various pruritogens is not equal in Fgfl 3" mice showing almost
absent scratching in response to histamine and 5-HT but only reduced scratching
bouts induced by CQ. This phenomenon is also observed in DRG neurons, in which
the percentage of histamine or 5-HT-responding DRG neurons was largely decreased
but the percentage of CQ-responding DRG neurons was not significantly reduced in
Fgf13" mice. In humans, both histamine and 5-HT are linked to itch in allergic
contact dermatitis. Substantially, Fgf73" mice exhibited a great decline of scratching
behavior in DNFB-induced allergic contact dermatitis. This evidence suggests that

FGF13 is involved in chronic itch participated by histamine and 5-HT.

FGF13 interacts with Nay1.7 to mediate itch sensation

Intradermal injection of histamine notably induces vigorous scratching behavior in
both humans and mice. Generally, histamine firstly initiates the intracellular signaling
by combining with its receptors, subsequently activates voltage-gated ion channels,
and eventually induces AP firing and itch-evoked scratching behavior. HIR, one of
four known histamine receptors, has been studied most extensively in the context of
histamine-induced itch. Our finding also supports that HIR is the main receptor
mediating histamine signaling in itch sensation. First of all, analysis of our single-cell
RNA sequencing showed that unlike H4R, three types of histamine receptors, HIR,
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H2R and H3R were detected in DRG neurons. Then, we transfected all four types of
histamine receptors into DRG neurons respectively, and only found that the
percentage of histamine-responding neurons was significantly increased after the HIR
transfection. Moreover, total scratching bouts induced by intradermal injection of
dimaprit (H2R agonist), immethridine (standard H3R agonist) or clobenpropit (H3R
antagonist and H4R agonist) were not significantly changed between Fgf13F/Y and
Fgfl 3 mice, excluding the involvement of these three receptors in FGF13-mediated
pathway of itch behavior. However, the interaction between FGF13 and HIR was not
detected in the co-IP experiment, and FGF13 did not promote Ca”" signals in HEK293
cells co-expressing H1R. Therefore, the defected neuronal response and itch behavior
induced by histamine in FGF13-deficient mice are not due to loss of FGF13 effect on
HIR function.

Nay channels are critical for the generation and propagation of APs. Of the nine
a-subunits of Nay channels, Nay1.6, Nay1.7, Nay1.8 and Nay1.9 are expressed in
DRG neurons and contribute to somatosensory transmission. Intracellular,
non-secretory forms of FGFs are essential regulators of neuronal excitability and
interact with the cytoplasmic carboxy terminal tail of a-subunits. Nayl.7 has been
strongly implicated in human pain sensation, based on the studies with human
gain-of-function and loss-of function mutations (Cox et al., 2006; Dib-Hajj et al.,
2005; Emery et al., 2015; Fertleman et al., 2006; Yang et al., 2004). Recent report
showed that gain-of-function mutation of Nay1.7 caused paroxysmal itch in patients
(Devigili et al., 2014). In mice, selective Nay1.7 inhibitors suppressed itch behaviors
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induced by histamine (Chandra et al., 2020; Graceffa et al., 2017). Nay1.7 knockout
mice in which the functional expression of Nayl.7 being prevented in DRG and
trigeminal ganglia neurons exhibited strong scratching reduction towards many
pruritogens, such as C48/80, 5-HT, CQ, endothelin and histamine (Kiihn et al., 2020).
Particularly, a tamoxifen-inducible Nayl.7 knockout mouse allowing adult-onset
deletion of SCN94-encoding Nayl.7 also appeared lack of scratching behavior
induced by histamine (Flispach et al., 2018). Our patch-clamp recording also detected
that the percentage of AP firing was significantly reduced by blocking Nay1.7 in DRG
neurons expressing HI1R, further supporting that Nay1.7 acts on the neural circuit of
itch sensation.

Our previous results showed that FGF13 was co-expressed with the majority of
neurons expressing Nay1.7 and exhibited strong interaction with Nay1.7. Moreover,
FGF13 could also regulate the function of Nayl.7 by increasing its current density
(Yang et al., 2017). These evidences imply a functional role of Nayl.7 in
FGF13-mediated itch sensation. Our biochemical results showed that the
FGF13/Nay1.7 interaction level was enhanced by 5-min histamine treatment in
cultured DRG neurons. After disrupting the interaction between FGF13 and Nayl1.7,
the Ca*" signals evoked by histamine were significantly attenuated in DRG neurons.
Consistently, the scratching behavior induced by histamine was also impaired greatly
by the disruption of FGF13/Nay1.7 interaction. However, unlike the response to heat,
the plasma-membrane level of Nay1.7 in FGF13-deficient DRG neurons induced by
shFGF13 was not significantly reduced after histamine treatment (data not shown),
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which suggests a different molecular mechanism underlying the role of FGF13 in
regulating Nay1.7 function in the histamine signaling. Therefore, FGF13 interacting
with Nay1.7 is proved as the key process mediating the histamine-evoked neuronal
signaling and, more importantly, the histamine-induced itch behavior.

Previous studies report that TRPV1 is a primary transducer of histamine-evoked
itch (Imamachi et al., 2009; Shim et al., 2007). Our previous study using the
patch-clamp recording showed that the amplitude of capsaicin-induced currents was
not reduced but significantly increased in FGF13-deficient DRG neurons (Yang et al.,
2017), implying the intact of TRPV1 function. However, in the present study, the paw
licking response induced by capsaicin was largely reduced in Fgfl 3 mice,
suggestting the defect of TRPV1 downstream effectors in DRG neurons. Previous
study showed that after selectively inhibiting Nay1.7 with sulfonamides, the total
amount of licking time was significantly reduced following intraplantar injection of
capsaicin (Graceffa et al., 2017). Therefore, the defect of capsaicin-induced behavior
in Fgfl3”Y mice may also result from the reduction of Nayl.7, a key downstream
effector of TRPV1 activation. Moreover, the flinching behavior induced by AITC was
not significantly changed in Fgfl 3™ mice, suggesting the presence of
TRPA1-mediated pathway. Previous studies report that TRPA1 is required for
5-HT-induced itch (Morita et al., 2015). Differences in the defects of scratching
behavior induced by histamine, 5-HT and CQ in FGF13-deficient mice suggest that

FGF13 may involve differentially in the signaling processes.
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Figures and Legends

Figure 1. FGF13 is required for histamine-induced itch and neuronal response.
(A) The behavior test showing altered scratching number in FGF13-deficient mice.
The scratching number induced by intradermal injection of histamine (500 pg/50 pl)
in Fgfl 3™ mice (n = 28) was significantly decreased compared with that in Fgf/ 3
mice (n = 31). The data were binned every 5 min (upper) and analyzed during 30 min
(lower). Intradermal injection of vehicle barely induced scratching behavior in both
Fgfi3™ and Fgf13" mice. (B) Calcium imaging showing reduced percentage of
histamine-responding neurons in Fgf/3”Y mice. A representative trace was shown
from a histamine-responding neuron in calcium imaging (left). The percentage of
histamine-responding neurons was reduced in Fgfl 3™ mice (n = 8 from 1~2 mice
each, 707 cells), compared with Fgf/ 3Y mice (n = 8 from 1~2 mice each, 850 cells)
(middle). The magnitude of the Ca®* response was similar in neurons from Fgfl3" N
(43 neurons) and F} ngS'N mice (6 neurons) (right). (C) Whole-cell patch-clamp
recording showing failed AP firing in neurons from Fgf73"" mice (n = 6 mice, 43
cells), compared with Fgfl 3Y mice (n = 7 mice, 53 cells). Examples of a neuron
elicited AP firing and a neuron failed to elicit APs upon 1 mM histamine treatment
were displayed (left). Data represent mean + SEM. ***P < 0.001 for comparison
between two curves (two-way ANOVA). ***P < 0.001 versus Fgf13"" mice.

Figure 2. FGF13B mediates the histamine-induced neuronal response. (A)
Immunoblotting showing shRNA-mediated knockdown of FGF13 isoform. Schematic

diagram of shRNAs designed to target against FGF13A mRNA (shFGF13A) and
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FGF13A/B mRNA (shFGF13) (left upper). Immunoblotting displayed that the
FGF13B expression was significantly reduced in neurons treated with shFGF13,
instead of shFGF13A and shNC. Data were quantified and plotted as normalized
values versus FGF13B from neurons treated with shNC (right). The FGF13B level
was largely dropped in neurons treated with shFGF13 but almost unaltered in neurons
treated with sShFGF13A, and the FGF13A level was reduced in neurons treated with
both shFGF13 and shFGF13A. Data represent mean + SEM. *P < 0.05 and ***P <
0.001 versus shNC. (B) Calcium imaging showing reduced percentage of
histamine-responding neurons after knockdown of FGF13. Representative traces of
calcium imaging were exhibited from histamine-responding neurons and
histamine-non-responding neurons (left) treated with shFGF13 or shFGF13A. The
percentage of histamine-responding neurons was markedly reduced in neurons treated
with shFGF13 (n = 4 from 1~2 mice each, 185 cells), compared to neurons treated
with shFGF13A (n =4 from 1~2 mice each, 277 cells) (right). Data represent mean +
SEM. *P < 0.05 versus shFGF13A.

Figure 3. HIR is the main receptor for FGF13-mediated histamine signaling. (A)
Single-cell RNA sequencing showing the expression profile of histamine receptors,
HIR, H2R, H3R and H4R in the DRG neuron types (C1~C10) of mice. HIR and H2R
were primarily expressed in C2 and C4 small DRG neurons, and H3R was mainly
expressed in C3 type of small DRG neurons. H4R was barely expressed in such
neurons. (B) Whole-cell patch-clamp recording showing AP firing evoked by 1 mM
histamine from neurons overexpressing HIR, H2R, H3R, H4R or vector.
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Representative AP firing from neurons responding to histamine was shown (left). The
percentage of neurons responding to histamine was the significantly highest when
transfected with HIR (n = 6 from 1~2 mice each, 36 cells) compared to vector (n =3
from 1~2 mice each, 17 cells), H2R (n =4 from 1~2 mice each, 14 cells), H3R (n =3
from 1~2 mice each, 23 cells) and H4R (n = 4 from 1~2 mice each, 19 cells). The
patch-clamp recording showed that more than 60% DRG neurons expressing H2R,
H3R or H4R responded to its agonist, suggesting normal function of these expressed
receptors. Data represent mean + SEM. ***P < (0.001 versus vector. (C) The behavior
test showing reduced scratching number induced by intradermal injection of HIR
agonist HTMT within 30 min in Fgf7 3 mice (n="7) compared to Fgfi 3" mice (n=
8). However, the scratching number induced by H2R agonist Dimaprit, H3R agonist
immethridine or H3R antagonist H4R agonist clobenpropit was not significantly
changed. Data represent mean £ SEM. **P < 0.01 versus Fgfl 3*Y mice. (D)
Whole-cell patch-clamp recording showing that the reduced percentage of neurons
responding to histamine in Fgf7 3 mice (Fgfl 3"Y: n =4 from 3 mice each, 24 cells;
Fgfl 3™: n=4 from 3 mice each, 17 cells) was rescued by FGF13B overexpression (n
=3 from 2 mice each, 21 cells). Representative AP firing from neurons responding to
1 mM histamine was shown (left). Data represent mean + SEM. **P < 0.01 versus
Fgf13"Y mice, and *P < 0.05 versus Fgf/3"" mice.

Figure 4. FGF13 does not physically and functionally affect HI1R. (A)
Immunoblots showing that FGF13 was barely interacted with HIR. Co-IP was
performed with protein extracts from DRGs using FGF13 antibody and control IgG (n
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= 3). (B) Immunoblots showing that the level of HIR was not significantly changed in
cultured DRG neurons between FgfISF/Y and Fgfl 37 mice (n =5). (C) Calcium
imaging showing that the increased Ca’" signals were not significantly larger in
HEK293 cells co-expressing HIR with FGF13B (n = 4, 178 cells) than that
co-expressing HIR with vector (n = 4, 220 cells). Representative images of a
HEK293 cell co-expressing FGF13B-IRES-EGFP (green) and HIR-mCherry (red)
were shown (left). The representative trace from a HI1R-expressing HEK293 cell
responding to histamine was measured in calcium imaging (middle). Scale bar: 10 pm.
Data represent mean = SEM.

Figure 5. Nayl.7 is crucial for the histamine-HIR signaling. (A) Whole-cell
patch-clamp recording showing the reduced percentage of histamine-responding
neurons evoked by 1 mM histamine after the incubation at least for 30 min with TTX
(n = 3, 29 cells) or Protoxin-II (n = 3, 32 cells) compared to that with ECS (n =3, 31
cells). (B - D) Whole-cell patch-clamp recording showing the change of AP firing in
HI1R-expressing neurons evoked by 1 mM histamine after 3-min ECS (B), TTX (C) or
Protoxin-II (D) perfusion. Representative AP firing from a H1R-expressing neuron
responding to 1 mM histamine was shown (left). The neurons were still able to fire
APs after 3-min ECS perfusion (B, n = 7), but displayed a significantly smaller
number of APs after 3-min 1 uM TTX (C, n = 17) or 10 nM Protoxin-II (D, n = 12)
perfusion. The spike number evoked by histamine was calculated before and after
histamine treatment and then data were normalized to that before histamine treatment.
Data represent mean = SEM. *P < 0.05, **P < 0.01 versus ECS (A), and ***P < 0.001
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versus Before (C, D).

Figure 6. FGF13/Nayl1.7 interaction is vital for histamine-induced itch. (A) Co-IP
was performed with protein extracts from cultured neurons with or without 5-min
histamine incubation using FGF13 antibody or control IgG. Immunoblots and
quantitative data showed that the level of FGF13 interacted with Nayl.7 was
significantly increased after 5-min 1 mM histamine incubation (n = 6). *P < 0.05
versus without histamine incubation. (B) Calcium imaging showing reduced
percentage of neurons responding to 1 mM histamine treated with
GST-Flag-Nay1.7CT-TAT (n = 4, from 1~2 mice each, 428 cells), compared with
GST-Flag-TAT (n = 4 from 1~2 mice each, 509 cells). Data represent mean + SEM.
**P < 0.01 versus GST-Flag-TAT. (C) Normalized I/V plots from recordings showing
no significant change of Nay1.7 currents in HEK293 cells expressing Nay1.7 treated
with GST-Flag-TAT and Nayl.7CT-TAT. (D) A schematic illustration of the
experiment carried out for the scratching behavior tests. Mice were i.p. injected with
the dose of 60 mg/kg GST-Flag-TAT, Nay1.7CT-TAT or vehicle at 1-h intervals for 4
times. Then, the mice were i.d. injected with 500 pg/50 pl histamine at 5-6 h after last
injection. The scratching behavior was immediately recorded. (E) The behavior test
showing the reduced scratching number induced by histamine in mice treated with
GST-Flag-Nay1.7CT-TAT (n = 3), compared with mice treated with GST-Flag-TAT (n
= 3) or vehicle (n = 4). Data represent mean + SEM. **P < 0.01 versus vehicle, and
P <0.01 versus indicated.

Figure 7. FGF13 participates in other types of itch. (A, B) The behavior test
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showing altered scratching number induced by 5-HT and CQ in FGF13-deficient mice.
The scratching number induced by intradermal injection of 5-HT (10 pg/50 pl) in
Fgf13”Y mice (n = 32) was significantly decreased compared with that in Fgf13""
mice (n = 31) (A). The data were binned every 5 min (left) and analyzed during 30
min (right). The total scratching bouts induced by CQ (lower-right) were also
significantly reduced (lower-right) in Fgf 3 mice (n = 30) compared with Fgf! 3
mice (n = 27) (B). (C) Calcium imaging showing the neuronal responses to 5-HT or
CQin Fgfl 3 mice. A representative trace was shown (left) from neurons responding
to 5-HT or CQ in calcium imaging. The response to KCI indicates the normal activity
of a neuron. The percentage of 5-HT-responding neurons was reduced significantly in
Fgfl 3 mice (n =4 from 1~2 mice each, 214 cells), compared with Fgf/ 3" mice (n
=4 from 1~2 mice each, 286 cells). The percentage of neurons responding to CQ was
not significantly reduced in Fgfl 3™ mice (middle). The magnitude of the Ca*"
response (right) evoked by 5-HT or CQ remained unaltered in neurons from Fgfl3™"~
and Fgf13" mice (right). (D) The behavior test showing significantly decreased
scratching number in Fgf13" mice (n = 6) in the chronic itch model induced by
DNFB at day 6, 8, 10 and 12 compared with Fgf] 3" mice (n=29). (E) The flinching
behavior following capsaicin injection was significantly reduced in Fgf7 3 mice. (F)
The flinching behavior after AITC injection remained unaltered in Fgf73"" mice. Data

represent mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus Fgfl3'/Y mice.
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