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Fig. 1 Main pathway of pain perception.

Sensory neurons receive noxious stimuli via activation of voltage-
dependent Na* channels and TRP channels, resulting in membrane
depolarization. This induces increase in intracellular Ca?* level that
triggers release of glutamic acid, and then brain feels “painful”. If
neuronal inflammation occurs, hyperalgesia may occur. On the
other hand, there is a pain relief pathway in the living body.
Membrane depolarization activates voltage-dependent K* channel
Kv4 (molecular component of Isa current) and this results in
membrane hyperpolarization, and relief pain.
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Fig. 2 Neuronal Ca’" sensor NCS-1 interacts with Kv4
channels in mouse brain, and increases Kv4 current.
A: The structure of NCS-1, which is an EF-hand Ca?*-binding
protein
B: Kv4 current with or without NCS-1. NCS-1 increases current
amplitude and slows inactivation kinetics.
(B is cited from “Nakamura TY et al PNAS 2001”)
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Fig. 3 Possible mechanism of novel pain relief mediated by
NCS-1.

Neuronal injury decreases the expression of Kv4.3 channels that
increases neuronal pain. However, injury may increase the
expression level or activity of NCS-1 via increasing intracellular
Ca?" levels. This may be able to relief pain. It is known that
neuronal injury increases neurotrophic factor GDNF, and we have
previously reported that GDNF increases NCS-1. GDNF is known
to a powerful pain relief factor. Thus, NCS-1 can also be a pain
relief factor.
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Fig. 4 Creation of NCS-1 Flox mouse

A: We created NCS-1-Flox knock-in mice by combining genome
editing using the Crispr/Cas9 system with synthetic oligos
containing loxP sites in the 5' and 3' sides of Exon 1, as well as
in Intron 1 and Intron 2 of the NCS1 gene (NM_019681.3).

B: We have obtained homozygous mice with loxP sites inserted in
both upstream and downstream regions.
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Fig. 5 Both NCS-1 and Kv4.3 channels are expressed in
mouse DRG and Co-localized each other.
A: Expression patten of NCS-1 in mouse DRG. NCS-1 is expressed
in almost all DRG neurons.
B: Colocalization of NCS-1 and Kv4.3 in mouse DRG neurons
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Fig. 6 NCS-1 KO mice exhibited more sensitive to

mechanical pain.
A: female mice (n = 6), B: male mice (n = 6)

The 50% paw withdrawal threshold was assessed by the up-down

method using von Frey test. P<0.05
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Fig. 7 WT and NCS-1 KO mice have similar sensitivity to
thermal pain.
Thermal algesia were evaluated by the Hargreaves test.
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Fig. 8 NCS-1 is up-regulated in the DMV neurons after in vivo axotomy.
A: Staining pattern 1 wk after in vivo axotomy. The amount of NCS-1 protein increased in the DMV neurons ipsilateral to axotomy (injured

side) when compared with control neurons contralateral to axotomy.

B: Time course of the expression levels of NCS-1 in injured DMV neurons relative to uninjured DMV neurons.

(This figure is cited from “Nakamura TY et al. JCB 2006”)
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Summary

"Pain" serves as a defense mechanism for living organisms, but severe pain is a source of suffering, making its
alleviation extremely important. Many ion channels are involved in the mechanisms of pain perception. On the other
hand, pain relief pathways also exist within the body, with the voltage-dependent Kv4 K* channels, which constitute the
Isa current. In fact, it has been reported that reducing Kv4 channels results in hypersensitivity to painful stimuli. We
previously identified NCS-1 (Neuronal Ca®* sensor-1) as a regulatory subunit of Kv4 channels. NCS-1 binds to and co-
localizes with Kv4 channels in the brain, increasing Kv4 channel currents. However, it is unknown whether NCS-1
contributes to pain relief through Kv4 channel currents under normal and neuropathic conditions. The aim of this study
was to elucidate whether NCS-1 contributes to pain relief under normal and neuropathic conditions and to determine
whether its effects vary depending on the type of pain.

Immunofluorescence analysis confirmed the expression of Kv4.3 and NCS-1 in the dorsal root ganglion (DRG) of
mouse spinal cords, revealing high expression and co-localization of both proteins. Using NCS-1 knockout (KO) mice,
we compared pain sensitivity to that of wild-type (WT) mice. The results showed that KO mice of both sexes exhibited
increased sensitivity to mechanical stimuli compared to WT mice. However, no difference was observed in sensitivity
to thermal stimuli. Currently, we are investigating whether NCS-1 has an analgesic effect on neuropathic pain by
creating a neuropathic pain model through partial sciatic nerve ligation. ~Additionally, due to the high expression of
NCS-1 in the central nervous system, we created NCS-1 flox mice using the Crispr/Cas9 system to produce site-specific
KO mice.

The above results indicate that NCS-1 contributes to pain relief. Furthermore, we plan to generate mice with

nociceptive cell-specific KO of NCS-1 by crossing NCS-1 floxed mice with Nav1.8 Cre mice to confirm the same effect.



