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Abstract

A critical role of transient receptor
potential canonical 3 in the peripheral
sensory neurons for mitochondrial
reactive oxygen species—induced itch

Seong—Ah Kim

Program in Neuroscience
Department of Dental Science
Graduate School

Seoul National University

Aging increases dry skin—induced chronic itch and causes both
mitochondrial dysfunction and an increase of reactive oxygen species
(ROS). However, whether mitochondrial ROS  (mROS)
overproduction contributes to itching has not been explored.
Although it is well known that transient receptor potential ankyrin 1
(TRPA1) and transient receptor potential vanilloid 1 (TRPV1)
mediate itch, the role of transient receptor potential canonical 3
(TRPC3) in itch is unknown. Therefore, this study aimed to identify
a functional link between mROS—induced itch and TRPC3. The

results of this study demonstrate that TRPC3 may be relevant to



chronic itch and suggest it may be a potential therapeutic target for
this disease.

Antimycin A (AA) can cause mROS overproduction in cells by
inhibiting the mitochondrial electron transport chain complex III,
thereby inducing mitochondrial malfunction. AA was intradermally
injected into mouse cheek skin to determine whether AA—induced
mROS caused acute itch. After AA injection, the overproduction of
mROS resulted in scratching behavior, which was alleviated by the
administration of MitoTEMPO, a mitochondria—selective ROS
scavenger or Pyrl0, a TRPC3-—selective inhibitor. The ROS
intensities were increased in both epidermal and dermal tissues.
Overproduction of mROS activated small trigeminal ganglion (TGQG)
neurons, and MitoTEMPO or Pyr10 suppressed AA—induced inward
currents. mROS—induced currents and scratching behaviors in
TRPA1 knockout (KO) mice or TRPV1 KO mice were not different
compared to wild type mice. Moreover, mROS—induced currents and
scratching behaviors were mediated by TRPC3 but not TRPA1 or
TRPV1. TRPC3 was co—expressed with itch—related mediators and
receptors in small TG neurons. mROS overproduction also mediated
dry skin—induced chronic itch through TRPC3.

In conclusion, mROS elicit acute itch and dry skin—induced
chronic itch via TRPC3. This shows that TRPC3 could be a potential
target for treating chronic itch and that inhibition of TRPC3 may be

effective in relieving chronic itch.

Keyword: mitochondria, reactive oxygen species, TRPCS3, itch, dry

skin, trigeminal ganglion neuron

Student Number: 2019-36369



* This dissertation includes reproductions from an article published
by Seong—Ah Kim, Jun Ho Jang, Wheedong Kim, Pa Reum Lee, Yong
Ho Kim, Hue Vang, Kihwan Lee, Seog Bae Oh. Mitochondrial reactive
oxygen species elicit acute and chronic itch via transient receptor
potential canonical 3 activation in mice. Neuroscience Bulletin
38, 373-385 (2022).
https://doi.org/10.1007/s12264—-022—00837—6



Contents

ADSEIACT i 1
(0703 0 11=) o LA SO UUPPUUPUPPRRRRR 1
LiSt Of FIGUIES weuueeieiiieeiiiieiicee ettt eeecereeeeee e 5
List Of TableS .oeiiiiieiieiiiee e e 7
ADDIeVIAtION  ...oiiiiiiiieeieiiiieee et et e e e e e 8
INErodUCION  oiiiiiiiiiiieeeeeeeeeeeriiee e eeecrrreeee e e e e eeeeeeeennnees 11
1. Study Background ........cceeeveeeeeerrreeiiireminiieeeeeeeeeeeeeeennnanes 11
2. Purpose of Research .......ocoeeveviiiieiiiiniiiiiiiiiiceceee e 17
Materials and Methods.......ceuuuuveeeeerrieiiiiiiiireeeeeeeeeeceeeeeanee. 19
RESUIES ..ttt e e e e e e e 33
DiSCUSSION 1eeerrrrrunnneieeerreeeeereennnneeaeseeeeeermsnnnnnssssessseeeennssnnnnes 59
CONCIUSION ..reeeeiieiiiiieeeeeeeeeetrteeeieeeeeeeeeeeereeennneeeeeseeeeennennnnnes 66
REferenCeSs cooiiiiiiieeeeeeieeeeettteeee e e e e eeeeeeeeanaaes 67
Abstract in Korean........ccuueeeiiiiiiiiiiiiiiiiiiiiiiiiiicincciiiecceeceeee 80



List of Figures

Figure 1. An overview of itch transmission from the skin to the spinal
fTo gt HF- 1o o N o) o= 11 o N 26

Figure 2. Crosstalk of the itch and pain pathways in physiological

o0 s Vo ¥ 15 o ) o 1= 28
Figure 3. TRP channel family tre€...covuuverienieieiiiinieieeeeeeeeeneenenes 29
Figure 4. Molecular mechanism in itch signaling.......coeceeveuvenenrnnens 30

Figure 5. Illustration of mouse behavior pattern to discriminate

responses between pain and itCh....ccvvevievinieieiiieieeeeeeeeeeenenees 31
Figure 6. AA induces scratching behavior....cccoeveeveveeinienienrenenenes 39
Figure 7. Time courses of scratching and Wiping.....cccevevvenvenvenenns 40

Figure 8. MitoTEMPO reduces AA—induced scratching behavior 41
Figure 9. Increased mROS in AA—treated sSKin......coceevvvenrenrenrnnenns 42
Figure 10. Increased mROS in AA—treated skin and nerve fibers
revealed by immunohistochemical analySiS....cocvevveveninieiinenienenennnns 43
Figure 11. Representative trace of AA—induced action potentials44
Figure 12. Overproduction of mROS by AA treatment depolarizes the
membrane potential in small—sized TG neurons ......cceceeevvenvenennenn. 45
Figure 13. Overproduction of mROS by AA treatment evokes inward
currents in small—sized TG NEUIONS .....cccvvveereervrnerrerennereeriieeeenns 46

Figure 14. ROS scavenger inhibits AA—induced currents in small—

5



SIZEA TG NEUIOIIS cu et e e e e e e eaeneens 47
Figure 15. AA—induced scratching is TRPC3—dependent............ 48

Figure 16. AA—induced scratching is independent of TRPA1l and

Figure 18. AA—induced currents are TRPC3—dependent............. 51
Figure 19. Representative expression pattern of itch—related
mediators and receptors mRNAs in individual small-sized TG
Neurons DY SCRT=PCR ..ottt e sa e e 52
Figure 20. TRPC3 co—expresses itch—related mediators and
receptors in small—sized TG NEUIONS ...covevereienrinrereeneenreeeaeeneenes 54
Figure 21. Experimental designs used for dry skin—induced chronic
ILCh MOAEL. . ciiiiiiiieeee e 55

Figure 22. mROS and TRPC3 contribute to dry skin—induced chronic

Figure 23. Increase of mROS and thickness in epidermis of AEW—
treated skin revealed by immunohistochemical analysis............... 57
Figure 24. Increased average intensity of MitoSox—Red and

thiCKNESS 1N EDIACTIIIIIS trvrenienirienienrenreenienrenrereneessensensesssensensenssssnses 58



List of Tables

Table 1. Similarities and differences between itch and pain......... 27
Table 2. Primer sequences for SCRT—PCR ..o, 32
Table 3. Expression of itch—related mediators and receptors
including 7rpc3, Calca, Trpal, Trpvl, Mrgpra3, and Mrgprd in

individual small—sized TG neurons by SCRT—PCR ...cccovvveviviennenes 53



AA

ACC

AD

AEW

ALS

ANOVA

ATP

ER

Bhlhb5

Calca

CGRP

CNS

DAPI

DIC

DMSO

dNTP

DRG

ER

GABA

GAPDH

Abbreviations

Antimycin A

Anterior cingulate cortex
Alzheimer’ s disease
Acetone—ether—water
Amyotrophic lateral sclerosis
Analysis of variance
Adenosine triphosphate
Endoplasmic reticulum

Helix—loop—helix family member B5

Calcitonin gene—related peptide (CGRP) encoding gene

Calcitonin gene—related peptide
Central nervous system

4, 6—diamidino—2—phenylindole
Differential interference contrast
Dimethyl sulfoxide
Deoxynucleotide triphosphate
Dorsal root ganglion

Endoplasmic reticulum
Gamma—aminobutyric acid

Glyceraldehyde 3—phosphate dehydrogenase

8 -":lx_! = :



GPCR
GRP
GRPR
H1

HD
HEK293

HIV

ICso
Ld.
LpD.
KO
mETC

MRGPR

G protein—coupled receptors
Gastrin—releasing peptide
Gastrin—releasing peptide receptor
Histamine receptor 1

Huntington’ s disease

Human embryonic kidney 293

Human immunodeficiency virus
Serotonin, b—hydroxytryptaminHe
Half maximal inhibitory concentration
Intradermal (ly)

Intraperitoneal (1y)

Knockout

Mitochondrial electron transport chain

Mas—related G protein—coupled receptor

MrgprA3 Mas—related G protein—coupled receptor, member A3

MrgprD
mROS
NOX
PAR2
PBN
PBS

PCR

Mas—related G protein—coupled receptor, member D
Mitochondrial reactive oxygen species

Nicotinamide adenine dinucleotide phosphate oxidase
Protease—activated receptor 2

Parabrachial nucleus

Phosphate—buffered saline

Polymerase chain reaction

9 -':lx_! _ -



PD
ROS
SEM

scRT—PCR

S1

S2

TG

TLR3
TRP
TRPA
TRPA1
TRPC
TRPC3-7
TRPM
TRPM2/8
TRPML
TRPP
TRPV

TRPV1—-4

Parkinson’ s disease

Reactive oxygen species

Standard Error of the mean

Single—cell reverse transcription polymerase chain
reaction

Primary somatosensory cortex

Secondary somatosensory cortex
Trigeminal ganglion

Toll—-like receptor3

Transient receptor potential

Transient receptor potential ankyrin
Transient receptor potential ankyrin 1
Transient receptor potential canonical
Transient receptor potential canonical 3—7
Transient receptor potential melastatin
Transient receptor potential melastatin 2/8
Transient receptor potential mucolipin
Transient receptor potential polycystin
Transient receptor potential vanilloid

Transient receptor potential vanilloid 1—4

1 O .__:Ix_s _'q.;:-'_ T



Introduction

1. Study Background

Itch (or Pruritus)

Nocifensive behaviors, which guard against harmful stimuli, are
important for survival. One example of a nocifensive behavior is
scratching. To achieve this, endogenous/exogenous pruritogens
activate their receptors on the nerve endings of unmyelinated C and
myelinated A § fibers, which then activate second—order neurons in
the spinal dorsal horn [1]. After the itch signal is transmitted to the
brain, scratching is triggered by itch perception. Itch pathogenesis is
broadly categorized into histaminergic and non—histaminergic
pathways (Figure 1). The histaminergic itch pathway involves
histamine secreted by mast cells and transmits acute itch [2—4]. By
contrast, the non-—histaminergic itch is mediated through nerves
expressing various receptors stimulated by pruritogens other than
histamine.

Typically, acute itch lasts less than six weeks and causes
transient scratching (e.g., an insect bite—induced itch). Although
acute itch is regarded as a defense mechanism to protect the body
from allergens, in some cases, it can become chronic itch, which lasts
longer than six weeks [5]. Chronic itch produces inflammatory skin
diseases such as atopic dermatitis, eczema, and psoriasis [6] and is
also related to systemic diseases such as diabetes, shingles, liver
disease, cancer, autoimmune diseases, and neurological disorders [7,
8].

There are two major itch—transmitting receptor families: GPCRs
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and TRP channels. Itch—related GPCRs, which include histamine
receptors and MRGPRs, trigger G-—protein coupled signaling
cascades that mediate the gating of TRP channels [9, 10]. Among the
TRP channels, the two typical itch—related channels are TRPA1 and
TRPV1. It is well known that TRPA1 plays a crucial role in non—
histaminergic itch [10], while TRPV1 is involved in histaminergic itch
[11].

Both TRPAT and TRPV1 are also essential sensors and mediators
of pain signals [12—14]. Although itch and pain are distinct
sensations, there are also similarities between them (Table 1). For
example, itch and pain sensations are transmitted through primary
sensory neurons, whose cell bodies are located in the DRG or TG
[15]. Because itch and pain share many receptors and mediators,
itch—sensing neurons are sensitive to pain stimuli. As illustrated in
Figure 2, in two populations (nociceptors/pruriceptors) of primary
sensory neurons responding to pain and itch, respectively,
pruriceptor (itch—responsive population) is a very small specific
proportion within nociceptors (pain—responsive population).

Several types of pruriceptors express H1l, MRGPRs, TRPA1,
TRPV1, PARZ2, TLR3, and TLR7. Further, there are also several
itch—related neuropeptides, such as GRP, CGRP, and substance P.
When GRP is released, it activates the itch—specific GRP receptor,
GRPR in the spinal cord [16]. The GRPR is not dependent on the
histaminergic pathway [17] and GRPR" neurons selectively respond
to itch signals but not pain signals [18]. This itch signal can be
blocked by Bhlhb5 interneurons, which suppress GRPR " neurons with
glycine and GABA [19]. After itch signals enter the spinal cord, they
move along the spinothalamic pathway until they reach the thalamus

and PBN in the brain. Itch perception is controlled by S1, S2, insula



and ACC [20—22]. When repeated scratching occurs in response to
a perceived itch, eventually, the skin barrier becomes impaired and
loses moisture. This then intensifies the itch sensation, initiating the
'itch—scratch cycle', which results in skin damage and repetitive

itching.

Mitochondrial reactive oxygen species

Mitochondria are the powerhouses of most eukaryotic organisms:
they convert oxygen and nutrients into ATP energy and function in
cellular metabolic homeostasis, immunity, differentiation, apoptosis,
and aging. In addition, mitochondria are the main (up to 90%)
producers of intracellular ROS [23], although ROS can also be
generated by NOXs, ER, peroxisomes, and phagosomes [24].

ROS are chemical species that include superoxide anion,
hydrogen peroxide, and hydroxyl radical derived from molecular
oxygen. For normal physiological function, cells regulate the level of
ROS, which serve as cell signaling or toxic molecules for normal and
abnormal biological processes, respectively. ROS also play a very
central role in maintaining the redox balance [25]. Some cellular
processes, such as proliferation and differentiation, require low
levels of ROS generation [26, 27]. However, elevated ROS levels are
characterized by oxidative stress and are related to diseases such as
diabetes, inflammatory disease, ischemia—related diseases, cancer,
and neurodegenerative disorders [28, 29]. In particular, the CNS is
sensitive to oxidative stress because of its high oxygen consumption.
Thus, oxidative stress contributes to neurodegenerative diseases
such as AD, PD, HD, and ALS [30] .

mROS refers to ROS that originates from mitochondria. Recent

studies have suggested that mROS may be involved in cellular
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signaling [31]. However, most of the mROS generated by the single—
electron reduction of oxygen during the process of oxidative
phosphorylation are removed by multiple antioxidant enzymes such
as superoxide dismutase, catalase, glutathione peroxidase, and
glutathione reductase. Together, these form the mROS scavenging
system and function to balance mROS production and elimination [32].

During pathological conditions, mitochondrial dysfunction or
damage is often characterized by the overproduction of mROS. This
happens either as a result of genetic defects [33] or through the cell
damage that occurs in diseases such as cancer and
neurodegenerative disease [34, 35]. Mitochondrial dysfunction can
also result from the mETC due to an imbalance between cellular
oxidant and antioxidant systems [36]. Moreover, it has recently been
reported that mitochondrial dysfunction is linked to sensory
abnormalities such as nociceptor hyperexcitability [37—39] and that
malfunctioning mitochondria are an important cause of the painful
peripheral neuropathies resulting from genetic defects, diabetes, or

chemotherapy for cancer and HIV [40].

Antimycin A
AA, which is used as a mETC complex III inhibitor, causes ROS
production by inhibiting cellular respiration, specifically oxidative
phosphorylation. Over time, this persistent increase in ROS levels
would likely cause oxidative damage in cells [41]. Furthermore, AA
can also hinder cell growth by promoting oxidative stress—mediated
apoptosis [42].

It has been shown that intrathecal AA injection induces
mechanical hyperalgesia in normal mice in a dose—dependent manner,

suggesting a critical role for mROS in pain processing [43].
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Besides, inhibition of mETC complex III by AA also activates
nociceptive vagal sensory nerves. Nociceptive neuronal activation is
diminished by genetic deletion of TRPA1l or TRPVI1, as well as
inhibition of TRPA1 or TRPV1 [37]. Conversely, ID injection of
antimycin attenuates vincristine— or streptozotocin—induced
mechanical pain in a dose—dependent manner [44]. However, it has
not yet been explored whether mitochondrial dysfunction and the

resulting mROS overproduction contribute to an itch sensation.

Transient receptor potential ion channel

Recent advances in itch research have found that TRP channels are
crucial players in chronic itch. TRP channels can convert
nociceptive/pruritogenic stimuli into electrical signals that pain/itch
afferent pathways transmit into the CNS. Moreover, the expression
of TRP channels on the skin and in the DRG/TG is directly associated
with itch detection.

It is well appreciated that both pain—sensitive and itch—initiating
neurons are predominantly small—diameter, unmyelinated C—fiber
neurons located in sensory ganglia [45]. Although pain and itch are
distinct sensory modalities, they also share many overlapping
mediators and receptors in primary sensory neurons [46—48].
Various itch mediators open specific pain/itch—related TRP channels,
and depolarize the membrane potential of neurons to transmit signals.
However, distinguished subsets of sensory neurons and the spinal
ascending tract are involved in transducing pain and itch stimuli [186,
47, 49]. In addition, the excitation of pain—responding sensory
neurons can attenuate a scratching response, indicating a connection
between the pain— and itch— signaling pathways [50, 51].

TRP channels are a large family of ion channels that are
§
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expressed on the cell membrane and function as non—selective cation
channels. TRP channels have six transmembrane helical segments
(S1-S6), and their variable amino (=NH) and carboxyl (=COOH)
terminals are in the cytosol. The pore of the TRP channel is formed
by S5 and S6. Various cations, including Na*, K*, Ca?", and Mg?",
move through the pore. There are six subfamilies of TRP channels,
and of these, TRPC, TRPV, TRPM, TRPA, TRPP, and TRPML are
present in mammals (Figure 3). TRP channels can be classified into
the following two groups: Group 1 (based on high similarity with TRP
channels in Drosophila): TRPC, TRPV, TRPM, and TRPA; Group 2
(based on low similarity with TRP channels in Drosophila): TRPP and
TRPML. In addition to their expression in the DRG and TG, TRP
channels are ubiquitously expressed in many cell types and tissues,
including the brain, pancreas, intestine, and bone. Other than pain and
itch, TRP channels are responsible for mediating various sensations
such as mechanical stimuli, temperature, and pressure [12, 14, 52—
56]. Of the TRP channels, TRPV1, TRPA1, TRPV3, TRPV4, TRPCS3,
TRPC4, TRPC5, TRPMZ, and TRPMS8 are sensitive to pain and
related to an itching sensation [10, 56—58]. Moreover, TRPV1 and
TRPA1 mediate histamine—dependent and histamine —independent
itch, respectively [59].

As shown in Figure 4, the molecular mechanism of itch signaling
is initiated when histamine/chloroquine activate H1/MrgprA3, which
couple with TRPV1/A1, respectively, to generate action potentials.
Hydrogen peroxide (H202) may also induce itch by directly activating
TRPA1, and ROS can induce itch by directly activating both TRPA1
and TRPV1 [60]. TRPC3 is another ROS—sensitive channel [61—63].
Recently, TRPC was shown to be expressed in MrgprD* non—
peptidergic nociceptive neurons, and MrgprD was found to be a

-
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mediator for B —alanine—mediated itch sensation [64]. In another
study, Than et al. used the TRPC3 inhibitor, Pyr3 to suppress
chloroquine—dependent neural excitability [65], suggesting a
function for TRPC3 in itch. Given these previous studies, it 1is
reasonable that TRPC3 is correlated with the itch in addition to
TRPA1 and TRPV1 [65].

2. Purpose of Research

Dry skin, mitochondrial dysfunction, and increased ROS can be
caused by aging. Age-—related physiological changes such as
progressive water loss from the skin barrier can also increase dry
skin—induced chronic itch. Chronic itch affects approximately 11.5—
25.0% of the elderly, particularly those older than 85 years of age
[66]. However, anti—histamine treatment shows limited efficacy in
most chronic itch types since it only blocks histamine receptors in
acute histaminergic itch. Although corticosteroids can be used to
treat the inflammation associated with skin diseases, they also have
side effects of skin atrophy and hypopigmentation, making them less
attractive as therapeutics.

As described earlier, the itch is highly related to pain, and TRPA1
and TRPV1 mediate both itch and pain sensations. It i1s also known
that mROS are involved in pain. However, because the itch—sensing
function of TRPC3 is not as well studied as TRPA1/V1, whether there
is a relationship between mROS, TRPC3, and itch is still unknown.
Additionally, there are sparse itch—related data from TG neurons.
Therefore, cell—based studies and a deeper understanding of itch—

related molecules are necessary to develop more effective chronic
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itch therapies.

In this study, I hypothesized that mROS elicit itch via TRPC3. To
investigate whether mROS excites small—sized TG neurons to elicit
itch, I used AA to produce mROS endogenously. To demonstrate a
functional link between mROS—induced itch and TRPCS3, 1T aimed to
generate data supporting the following three statements:

1. AA—generated mROS induce itch.

2. TRPC3 mediates mROS—induced itch.

3. mROS mediate dry skin—induced chronic itch via TRPC3.

z 5 A &)



Materials and Methods

Animals

The C57BL/6 wild—type and TRPV1 KO mice (5-8 weeks old) were
purchased from the Jackson Laboratory. TRPA1l KO mice were
obtained from Dr. Justin C. Lee at the Institute for Basic Science
(Daejeon, Republic of Korea). Animals were housed in groups of
three to five, with free access to water and food under a 12—h
light/dark cycle. The protocol of the present study was approved by
the Institutional Animal Care and Use Committee at the School of
Dentistry, Seoul National University. All efforts were made to
minimize animal suffering and to reduce the number of animals used,
in accordance with the Guide for the International Association for the

Study of Pain.

Chronic itch model

For the cheek model of dry skin—induced chronic itch, the shaved
right cheek was treated twice daily (09:00 and 17:00) on five
consecutive days with a 1:1 mixture of acetone and ether (15 s)
immediately followed by distilled water (30 s), AEW treatment, as
described previously [56]. Solutions were gently applied onto the
skin with a cotton swab under brief isoflurane (1.5%) anesthesia.
Mice were immediately returned to their cage for recovery after each

treatment.

Drug preparation and administration

All drugs were from Sigma—Aldrich (St. Louis, MO, USA). For
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experiments with AA, 25 mmol/L stock solution was prepared in
ethanol and diluted with PBS to final working concentrations. To
determine the experimental doses of AA, I referred to the study of
Barzegari et al [67]. MitoTEMPO was dissolved in PBS to a final
concentration of 100 gmol/L, which has been shown to abolish
mROS production in various cells including neurons [68]. Pyrl0,
HC-030031, and AMG—9810 were first dissolved in DMSO to 10 or
100 mmol/L stock solution, and then diluted to final concentrations
with PBS. The concentrations of drugs were chosen by previous
functional assays of drug efficacy: Pyr10 blocks carbachol—induced
Ca®" entry into TRPC3—transfected HEK293 cells with an ICso value
of 0.72 pmol/L [69]; HC—030031 antagonizes formalin—evoked
Ca®" influx with an ICso of 5.3 gmol/L in TRPAl—expressing
HEK293 cells [70]; and AMG—9810 blocks capsaicin—induced rat
TRPV1 activation with an ICso of 85.6 nmol/L [71]. Resveratrol at 40
mg/mlL  was dissolved in DMSO, and then diluted to final
concentrations with PBS. Resveratrol improves in vivo mitochondrial
function and biogenesis in mouse skeletal muscle at a dose of 25-30
mg/kg body weight per day [72]. Corresponding vehicles were
prepared in an identical manner without addition of the drugs. All
stock solutions were kept at —20C and diluted to final
concentrations immediately before behavioral testing.

Mice were gently restrained by hand without anesthesia for a
drug administration. All drugs, except resveratrol, were 7.d. injected
with a 31G insulin needle into the shaved right cheek. The injection
volume was 20 pL. 7ip. injections of resveratrol 100 gL were
performed 20 min before each AEW treatment (twice a day for 5

days).



Behavior test

For behavior tests (cheek assay), all tested mice were shaved and
then acclimated for 2 days (2 h/day) prior to the testing day. On the
day of experiment, naive mice were subjected to drug injection
immediately after a 1 h adaptation period. For experiments with the
chronic dry skin model, mice were acclimated 1 h before the 2nd
AEW treatment on day 5, and then subjected to drug injection in 10
min after AEW treatment. All mice were returned to the observation
chambers and video recorded for 30 min immediately after drug
injection.

Pain and itch are aversive but are associated with distinct
behaviors. Itch or pain behaviors were evaluated as described
previously [73]. Briefly, itch behavior was quantified by counting
scratching bouts. A scratching bout was defined as lifting a hind limb
from the ground and scratching the skin behind the ears and on the
back, and then placing the paw back on the ground or grooming it, as
described previously [74] (Figure 5). Scratching bout consists of a
lot of individual scratches which occur so quickly that it is hard to
count them separately. For the reason, the number of bouts was
counted for scratching behavior test. Evident pain behavior was
quantified by counting the number of unilateral wipes of injected site
with the fore limb. All behavioral experiments were scored by

experimenters blinded to the drug treatments.

Primary culture of trigeminal ganglion neurons

TG neurons were aseptically removed from 5 to 8 —week—old mice

and digested with collagenase (0.2 mg/ml.)/ dispase II (3 mg/mL) for
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120 min. Dissociated cells were placed on glass coverslips coated
with poly—D-—lysine and grown in Neurobasal medium (with 10%
fetal bovine serum and 2% B27 supplement) at 37 C with 95% 02/5%
COq for 24 h before experiments. This primary culture excluded the
possibility for indirect crosstalk between TG neurons and other cell

types.

Whole—cell patch—clamp recordings

Whole—cell voltage— and current—clamp recordings were performed
in small (< 25 gm in diameter) TG neurons at room temperature
using an EPC10 amplifier with PatchMaster software (HEKA
Elektronik, Lambrecht/Pfalz, Germany) or a Multiclamp 700B
amplifier with Clampex11.2 software (Axon Instruments, Union City,
CA, USA). In voltage—clamp experiments, currents were recorded at
a holding potential of =60 mV.

The patch pipettes were pulled from borosilicate capillaries
(World Precision Instruments, Sarasota, FL, USA). When filled with
pipette solution, the resistance of the pipettes was 4-5 M. The
recording chamber (300 xL) was continuously superfused (3—4
mL/min). Series resistance was compensated for (> 80%), and leak
subtraction was performed. Data were low—pass—/{iltered at 2 kHz
and sampled at 10 kHz.

The pipette solution contained (in mmol/L): 136 K—gluconate, 10
NaCl, 1 MgCly, 5 EGTA, 10 HEPES, 2 Mg—ATP, adjusted to pH 7.3
with KOH. The external solution was composed of (in mmol/L): 140
NaCl, 5 KCl, 2 CaCls, 1 MgClo, 10 HEPES, 10 glucose, adjusted to pH
7.3 with NaOH.
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Skin biopsy procedure

Immediately after sacrifice with isoflurane and cervical dislocation,
naive cheek skin was taken using a biopsy punch (2 mm in diameter)
and rinsed in PBS for 10 min. After removing residual PBS, the
biopsied skin was incubated in MitoSox—Red (50 gmol/L) (Sigma-—
Aldrich, St. Louis, MO, USA) for 30 min. The tissue was rinsed again
with PBS and fixed in 4% paraformaldehyde in PBS overnight at 4C.

For AEW-—treated skin collection, the same procedure was
performed 10 min after the last AEW treatment on day 5. To prepare
AA—treated skin, biopsy skin was incubated in AA (50 gmol/L) for
30 min with following PBS rinse for 10 min. MitoSox—Red (50
1 mol/LL) was then applied to the skin for 30 min with following PBS
rinse for 10 min. The skin sample was fixed in 4% paraformaldehyde

in PBS overnight at 4TC.

Immunostaining

Fixed skin samples were rinsed with PBS and placed in 30% sucrose
in 1 X PBS for at least 3 days. Then, the samples were frozen and cut
at 20 pgm in the vertical plane on a vibrating microtome (VT1000
Plus, Leica, IL, USA). The sections were washed 5 times for 10 min
each in PBS and immunostained on slides overnight at 4'C with an
antibody against A —tubulin III (rabbit anti—TuJ1, 1:500, Sigma-—
Aldrich, St. Louis, MO, USA), a neuron—specific marker. Following 5
rinses with PBS for 30 min each, the sections were incubated in
donkey anti—rabbit FITC—conjugated secondary antibody for 90 min
(1:200, Jackson ImmunoResearch, West Grove, PA, USA). The
sections were then rinsed again 3 times in PBS for 30 min each and
mounted with Vectashield with DAPI (Vector labs, Burlinga_{ne,HCA, _
23 A = TH
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USA).

Image analysis

Data were acquired on a laser scanning confocal microscope (LSM
700, Carl Zeiss GmbH, Jena, Germany). The targeted skin area
including epidermis and dermis was captured with 40X objective.
Single—plane and multi—focal z—stack images were acquired for DIC
and fluorescence images, respectively. The fluorescence intensity of
MitoSox—Red was measured in epidermis and dermis separately
using Zen software (Carl Zeiss GmbH, Jena, Germany). Skin sections
that included hair shafts and follicles were excluded due to the high
fluorescence activity and uneven distribution. The outermost layer of
the epidermis consisting of dead cells and DAPI—stained areas that
did not have mitochondria were also excluded from data analysis.
Average fluorescence intensity from each section was calculated as
follows:
Average intensity = X} (intensity X corresponding pixel numbers) /
(Total pixel numbers)

Two to four sections were obtained from each mouse for data
analysis. The epidermal thickness was measured from DIC images
taken at 2-3 random fields per section using Zen software. All

sections were stained and imaged together with the same settings.

Single—cell reverse transcription polymerase chain
reaction

scRT—PCR was performed as previously described [75]. Briefly, the
targeted cell was collected using a patch pipette with tip diameter of

about 20 g m and put into PCR tube containing reverse transcription
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reagents. The reagents were incubated for 10 min at 25C, 90 min at
507, then 5 min at 85T for ¢cDNA synthesis. The ¢cDNA products
were stored at —20C until further processing. All PCR amplifications
were performed with nested primers (Bioneer, South Korea,
information listed in Table 2). The first round of PCR was performed
in 50 xL of PCR buffer containing 0.2 mmol/l. dANTPs (Invitrogen,
Carlsbad, CA, USA), 0.2 gmol/L “outer” primers, 1-3 x«L RT
product, and 0.2 gL platinum Taq DNA polymerase (Invitrogen,
Carlsbad, CA, USA). For the second round of amplification, the
reaction buffer (50 gL) contained 0.2 mmol/L. dANTPs, 0.2 zmol/L

‘inner” primers, 2 pL products from the first round, and 0.2 xL
platinum Taq DNA polymerase. The PCR products were then
displayed on Safe—Pinky stained 1.5% agarose gel. The gels were

photographed using a UV digital camera.

Statistical analysis

All data are represented as the mean = SEM. These tests were
performed using an unpaired ¢—test or one—way ANOVA followed by
Tukey’ s post hoc test and were analyzed using Prism 5.0 (GraphPad
Software, CA, USA). p values < 0.05 were considered statistically
significant. “p < 0.05, " p < 0.01, ™ p < 0.001.
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Figure 1. An overview of itch transmission from the skin to the spinal
cord and brain.

5—HT (serotonin), Ach (acetylcholine), AEA (anandamide), CGRP,
(calcitonin gene—related peptide), CTSS (cathepsin S), ENK
(enkephalin), ET-1 (endothelin—1), GRP (gastrin—releasing
peptide), GRPR (gastrin—releasing peptide receptor), IL4
(interleukin 4), IL13 (interleukin 13), IL31 (interleukin 31), LCN2
(lipocalin—2), LT (leukotrienes), NGF (nerve growth factor), ROS
(reactive oxygen species), SP (substance P), Th2 (Type 2 helper T
cell), TNF ¢ (tumor necrosis factor alpha), TSLP (thymic stromal
lymphopoietin), WBC (white blood cell)
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Similarities

Differences

Acute states

Chronic states

Both are unpleasant sensations

Both are protective in the normal
conditions

Both are mediated by capsaicin-sensitive C-fibers
Both are regulated by proinflammatory
mediators (e.g., histamine, 5-HT, ET-1, and PGs)
Both employ similar ion channels, such as TRPV1
and TRAPI

Both may use glutamate and neuropeptides
(SP and CGRP) as neurotransmitters

Both are debililating conditions in patients
and pets

Pain stimuli can be perceived as itch
sensation in atopic dermatitis

Both are enhanced by peripheral sensitization,
elicited by inflammatory mediators
(e.g., NGF, TNF-a) and TRPA1/VI

Both are potentiated by central sensitization,
such as loss of inhibitory control and enhanced
excitatory synaptic transmission

Both are regulated by immune cells and glial
cells in the PNS and CNS

Both can be reduced by gabapentin,
pregabalin, local anesthetics, clonidine,
and antidepressants

Itch stimuli evoke scratching while pain stimuli induce
withdrawal reflex

Itch origins from the skin or mucosal surfaces, while
pain origins from almost all body parts

Itch is inhibited by painful stimuli

Inhibition of pain by analgesic such as morphine
can provoke itch

Only a small portion of primary nociceptive
neurons respond to itch

Itch is mediated by MrgA3+ primary sensory
neurons and GRPR+ dorsal horn neurons

Itch is mediated by specific cytokines (IL-2, IL-
13, or IL-31), while pain is elicited by various
cytokines (e.g., IL-1B, IL-6, etc.) and chemokines
(e.g.. CCL2, CCLS, CXCLI)

u-opioid receptor agonists induce itch while p-opioid
receptor antagonists reduce itch

x-opioid receptor agonists reduce itch while k-opioid
receptor antagonists induce itch

Tong Liu & Ru—Rong Ji, Pflugers Arch (2013)

Table 1. Similarities and differences between itch and pain.
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Figure 2. Crosstalk of the itch and pain pathways in physiological

conditions.
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Figure 3. TRP channel family tree.
There are six families of TRPs including TRPA, TRPC, TRPV, TRPM,
TRPP, and TRPML in mammals.
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Figure 4. Molecular mechanism in itch signaling.

Various endogenous and exogenous itch mediators activate their

specific receptors. Activation of these receptors couples with TRPAT,

TRPV1, and TRPV4 to generate action potentials and then electrical

signals are transmitted to the brain via spinal cord.
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Kardon et al. Neuron (2014)

(This is an open access article under the CC BY license.)

Figure 5. Illustration of mouse behavior pattern to discriminate
responses between pain and itch.
Illustration shows pain—wiping behavior with forepaw and itch—

scratching behavior with hindpaw.
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Target gene

Outer primer sequences (5'-3')

Inner primer sequences (5'-3')

Product
length (bp)

GeneBank
accession no.

Trpe3

Calca

Trpal

Trpvl

Mrgpra3

Mrgprd

Gapdh

(For) TCAGCCAACACGATATCAGC
(Rev) GGTCAACTGCTGGAACCATT
(For) TGGTGCAGGACTATATGCAG
(Rev) TATCCCCTTGAGGTTTAGCA
(For) AGCCACCCGGACTTTTAGTT
(Rev) GTCATGTGTGATGGGACGAG
(For) CATGCTCATTGCTCTCATGG
(Rev) AACCAGGGCAAAGTTCTTCC
(For) GGGACATCTTTATCGGAGCA
(Rev) ACAGTGGTCAAGTGCAGCAG
(For) AGGCTCCTTTCATCCCAAGT
(Rev) CCATGCTGGGGAGAAACTTA
(For) AACAGCAACTCCCACTCTTC
(Rev) TGGGTGCAGCGAACTTTAT

(For) GAACCCCAGTGTGCTGAGAT
(Rev) GGTCAACTGCTGGAACCATT
(For) GCCCCAGAATGAAGGTTACA
(Rev) CAACACGATGCACAATAGGC
(For) AAACCAGGGTTGTTGGAATG
(Rev) ATGTGTGATGGGACGAGGAG
(For) CATGGGCGAGACTGTCAAC
(Rev) CTGGGTCCTCGTTGATGATG
(For) GATTGCACCTGGTGTGTTTG
(Rev) ATCACGGCTCTGCTTTGTTT
(For) GCTCCTTTCATCCCAAGTGA
(Rev) TAACCCCTGGACCACACTTC
(For) ACTCCCACTCTTCCACCTTC
(Rev) TGAGGGAGATGCTCAGTGTT

Outer: 420
Inner; 210
Outer; 547
Inner: 187
Outer; 471
Inner; 219
Outer: 352
Inner; 248
Outer; 483
Inner: 218
Outer: 366
Inner; 277
Outer: 329
Inner; 230

NM_019510

NM_001289444

NM_177781

NM_001001445

NM_153067

NM_203490

NM_008084

Table 2. Primer sequences for scRT—PCR
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Results

Overproduction of mROS induces scratching behavior
in mice

I first investigated whether ROS specifically derived from
mitochondria induced scratching behavior [73]. AA has been widely
used to generate mROS overproduction through mitochondrial
modulation by inhibiting mETC complex III in a variety of cells
including neurons [76, 77].

As shown in Figure 6, ID injection of AA (10, 25, 50, and 100 g
mol/L) elicited itch—like scratching behavior for 30 min (n = 8 per
group) in a dose—dependent manner, similar to the inverted U—
shaped dose responses reported with some other pruritogens [78—
81]. The response at 50 gmol/L AA, which was the most effective
dose to elicit scratching behavior, started after a 10 min delay,
peaked between 10 and 20 min after injection, and then weakened
afterward (Figure 7A). Interestingly, AA—induced scratching
behavior was exclusively itching without wiping behavior which
represented a pain response by the forelimb, at least in my tested
drug concentration ranges (Figure 7), suggesting that overproduction
of mROS by AA injection may be related to itch, but not pain signaling,
while ethanol (0.4%) —vehicle did not induce noticeable scratching or
wiping behavior. AA—induced scratching behavior was markedly
suppressed by co—injection with a mitochondria—selective ROS
scavenger, MitoTEMPO (100 gmol/L), compared to the PBS—
vehicle group (p < 0.05, unpaired t—test, n = 7 per group, Figure
8). MitoSox—Red, which is a mitochondria specific ROS indicator,

was evidently increased both in epidermal and dermal layers of cheek
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skin compared to naive tissue (50 pgmol/L of AA, p < 0.01,
unpaired —test, n = 57 per group, Figure 9, 10A, and 10B). While
a strong MitoSox—Red signal was detected in the epidermal layer,
ROS expression was comparatively low in the dermal layer after AA—
intradermal injection (Figure 9, 10A, and 10B). MitoSox—Red co—
labeled with A —tubulin III was detected along nerve fibers in the
dermis, indicating direct production of mROS from nerve terminals

themselves (Figure 10C).

Overproduction of mROS activates small—sized TG
neurons

I next determined whether mROS evoked by mitochondrial
dysfunction activated TG neurons using whole—cell patch clamp
recordings. As shown in Figure 11 and 12A, the application of AA
depolarized the membrane potential in 55.5% (n = 10 of 18) of small
TG neurons while it was never recorded with vehicle treatment
(unpaired t—test, p < 0.001, n = 18 per group). The majority of
neurons (80%, n = 8 of 10) generated action potentials with AA
application but not vehicle treatment (unpaired ¢—test, p < 0.05, n
= 10 per group, Figure 12B). To address the mechanism of AA—
induced depolarization, I tested AA induced currents in small—sized
TG neurons at a holding potential of —60 mV, and found that 66.6%
(n = 10 of 15) of neurons showed such inward currents (Figure 13).
Then, the AA—induced inward currents were completely prevented
in 90% (n = 9 of 10) cells by MitoTEMPO (100 gmol/L, p < 0.05,
unpaired ¢—test, n = 10-15 per group, Figure 13 and 14).
Interestingly, I observed that stepwise inward currents were
recorded in all tested AA-responsive neurons;,; these were not

washed out but were prevented by MitoTEMPO, suggest}nglthat
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persistent generation of mROS by AA application induced the
activation of ion channels and elicited membrane depolarization in

small—sized TG neurons.

TRPC3 mediates both mROS-—induced scratching
behavior and inward currents

To explore whether TRPC3 involved in the modulation of mROS—
induced itch, I assessed the effect of Pyrl0, a selective inhibitor of
TRPC3 channels [69], on AA—induced scratching behavior. As
shown in Figure 15, co—injection with Pyr10 (1, 10, and 25 zmol/L)
inhibited the AA (50 gmol/L)—induced scratching in a dose-—
dependent manner. Pyrl0 at 10 and 25 gmol/L significantly
suppressed AA—induced scratching behavior compared to the vehicle
group (0.25% DMSO, p < 0.05, one—way ANOVA followed by
Tukey’ s post hoctest, n = 7-9 per group). In addition, I investigated
whether TRPA1 and TRPV1, which were ROS—sensitive and itch—
related channels, contributed to AA—induced scratching behavior.
The results showed that AA—induced scratching behavior was not
affected by co—injection with HC—030031 (100 gmol/L. or 1
mmol/L), a selective TRPA1 blocker, or AMG—9810 (100 zmol/L),
a potent TRPV1 antagonist, compared to the vehicle—treated group
(one—way ANOVA followed by Tukey’ s post hoctest,n = 8-15 per
group, Figure 16). AA—induced scratching behaviors in TRPA1 KO
and TRPV1 KO mice were comparable with that of the vehicle—
treated group (one—way ANOVA followed by Tukey’ s post hoc test,
n = 815 per group, Figure 16). I also examined whether AA-—
induced current was mediated via TRPC3 in small—sized TG neurons.
As noted previously, stepwise inward currents were induced by 50
r«mol/L AA. T found that AA—irgdlgced currents in TRPA}_.EK?.: ar11(.1
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TRPV1 KO did not differ from those of wild—type mice in small—
sized TG neurons (one—way ANOVA followed by Dunnett’ s post
hoc test, n = 4-12 per group, Figure 17). The ICso of Pyrl0 for
TRPC3, 1 xmol/L [28], decreased the AA—induced inward currents
by about half (50.63 *= 7.6% for 1 xmol/L AA, p < 0.001, paired
t—test, n = 8 per group, Figure 18A and 18B). When the currents
reached a plateau in the presence of AA, co—application of Pyr10 (10
or 25 pmol/L) almost completely abolished them (Figure 18C and
18D). The reversible blockade effects were found at both 10 g mol/L
(p < 0.001, paired t—test, n = 5 per group) and 25 gmol/L (p <
0.001, paired ¢—test, n = 6 per group) of Pyrl0 compared to the
vehicle groups (0.1% DMSO, Figure 18C and 18D). These results
showed that the AA—induced inward current was mediated by TRPC3
but not TRPA1 or TRPV1 in small—sized TG neurons.

TRPC3 is co—expressed with itch—related mediators
and receptors in small—sized TG neurons

To determine a functional interaction between well—known itch—
related mediators and receptors in nociceptive primary afferent TG
neurons, | investigated transcripts corresponding to 7rpc3, Calca,
Trpal, Trpvl, Mregpra3, and Mrgprd, in 34 small—sized TG neurons
using scRT—PCR (Table 3). The average of cell diameter used
scRT—PCR is 18.50 = 0.44 pxm (Figure 19A). As shown in Figure
19B and Table 3, 7rpc3, Trpal, and Trpvi were detected in 35.2%
(n =12 of 34), 32.3% (n = 11 of 34), and 23.5% (n = 8 of 34) of
small—sized TG neurons, respectively. The expression of Mrgpra3
(5.8%, n = 2 of 34), which is known to mediate itch—evoked
responses to chloroquine, was not or rarely detected, while 47.0% (n

= 16 of 34) of cells expressed Mrgprd. Calca was detected in the
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majority of small-sized TG neurons (61.7%, n = 21 of 34).
Especially, I focused on the two subgroups based on co—expression
of either ‘Calca, Trpal, Trpvl, and Trpc3 or ‘Calca, Mrgpra3,
Mrgprd, and Trpc3 . In TrpcS5—positive small—sized TG neurons,
Trpal and Trpvl were found in half (n = 6 of 12) and 33.3% (n = 4
of 12), respectively, suggesting that these receptors were highly co—
expressed with 7rpc3 (Table 3, Figure 20A, and 20C). Furthermore,
Trpc3 was not only highly co—expressed in Mrgprd (n = 9 of 16) but
also in Mrgpra3 (n = 2 of 2) (Figure 20B, 20C, and Table 3). Data
indicate that Mrgprd and Mrgpra3 are co—expressed with 7rpc3 in

small—sized TG neurons.

Overproduced mROS mediate dry skin—induced
chronic itch through TRPC3

Next, I investigated whether the mROS level of the affected skin was
altered in the dry skin—induced itch model, and also determined the
contribution of mROS and TRPCS3 in dry skin—induced chronic itch.
The experimental procedure is illustrated in Figure 21. I established
that repeated AEW treatments elicited robust scratching behavior. ID
injection of either MitoTEMPO (100 zmol/L) or Pyr10 (10 gmol/L
or 25 pmol/L) inhibited the scratching compared to the vehicle
group (0.25% DMSO, ™ p < 0.01, ™ p < 0.001, and “p < 0.05,
respectively, unpaired /—test, n = 7-12 per group, Figure 22). In
addition, improving mitochondrial function and biogenesis by
repeated treatment with resveratrol, which is a mitochondrial
biogenesis enhancer, (25-30 mg/kg; twice per day) markedly
attenuated scratching compared to the vehicle—treated group (5%
DMSO, p < 0.001, unpaired ¢—test, n = 7-12 per group, Figure 22).

The average intensity of MitoSox—Red in the epidermis of AEW—
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treated dry skin was remarkably increased compared to naive tissue,
but not in the dermis (p < 0.05, unpaired ¢—test, n = 4-5 per group,
Figure 23, 24A, and 24B). Furthermore, the observed thickness of
stained epidermis showed an apparent increase in intensity compared
to control tissue (p < 0.001, unpaired ¢—test, Figure 24C). These
results demonstrated the involvement of mROS and TRPCS3 in dry

skin—induced chronic itch.
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Figure 6. AA induces scratching behavior

r.d. injection of AA (10, 25, 50, and 100 gmol/L) elicits scratching

behavior for 30 min (n = 8 per group). The concentration of peak

response is 50 zmol/L.
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Figure 7. Time courses of scratching (A) and wiping (B)

AA—induced scratching behavior is solely itching without wiping

behavior. The response peaks between 10 and 20 min after injection,

and then weakens afterward.
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Figure 8. MitoTEMPO reduces AA—induced scratching behavior

AA—-induced scratching behavior is markedly suppressed by co—
injection with a mitochondria—selective ROS scavenger, MitoTEMPO
(100 zmol/L), but not with PBS—vehicle (n = 7 per group). Data are

represented as the mean = SEM. “p < 0.05.
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AA-treated

Figure 9. Increased mROS in AA—treated skin

Cell nucleti, nerve fibers and mROS in control and AA—treated cheek
skin are stained by DAPI (blue), B —tubulin III (green), and
MitoSox—Red (red), respectively (overlays in far—left panels; white

dotted lines, epidermal—dermal junction; scale bar, 40 g m; DIC).
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Figure 10. Increased mROS in AA—treated skin and nerve fibers
revealed by immunohistochemical analysis

(A, B) The average intensities of MitoSox—Red in epidermis and
dermis are markedly elevated by AA treatment. (C) MitoSox—Red
co—labeled with B —tubulin III is detected along nerve fibers in the

dermis. Data are represented as the mean £ SEM. “p < 0.01.
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Figure 11. Representative trace of AA-—induced action potentials

mROS evoked by 50 zmol/LL AA—induced mitochondrial dysfunction

activates TG neurons using whole—cell patch clamp recordings.
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Figure 12. Overproduction of mROS by AA treatment depolarizes the
membrane potential in small—sized TG neurons

(A, B) Changes of membrane potential and number of action
potentials by 50 gmol/L AA, compared to vehicle (0.05% DMSO, n

= 10—18 per group). Data are represented as the mean = SEM. "p

< 0.05, ™ p < 0.001.
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Figure 13. Overproduction of mROS by AA treatment evokes inward
currents in small—sized TG neurons
Representative trace of 50 gmol/L AA—induced inward currents in

the presence of 100 g mol/L MitoTEMPO or PBS—vehicle.
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Figure 14. ROS scavenger inhibits AA—induced currents in small—
sized TG neurons

AA—induced currents are markedly blocked by MitoTEMPO (100 x«
mol/L), compared to vehicle (n = 10-15 per group). Data are

represented as the mean = SEM. “p < 0.05.
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Figure 15. AA—induced scratching is TRPC3—dependent
AA—induced scratching bouts are suppressed by co—injection with
Pyr 10 (10 and 25 gmol/L), a selective TRPC3 blocker, compared
to vehicle (0.25% DMSO, n = 7—9 per group). Data are represented
as the mean £ SEM. “p < 0.05.
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Figure 16. AA—induced scratching is independent of TRPA1 and
TRPV1

AA—induced scratching bouts are not affected by co—injection with
HC—-030031 (100 g#mol/L or 1 mmol/L), a selective TRPA1 blocker,
or AMG—9810 (100 gmol/L), a selective TRPV1 blocker, compared
to the vehicle group (0.25% DMSO). TRPA1 KO and TRPV1 KO mice
show similar AA—induced scratching behavior, compared to vehicle

group (n = 4-18 per group).
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Figure 17. AA—induced inward currents are independent of TRPA1

and TRPV1
AA—induced currents are not different in TRPA1 KO and TRPV1 KO

as increased wild—type mice (n = 4-12 per group).
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Figure 18. AA—induced currents are TRPC3—dependent

(A) Representative trace of 50 g mol/LL AA—induced inward current,
which is blocked by 1 gmol/L Pyrl0, a selective TRPC3 blocker.
AA—induced inward currents are markedly inhibited by (B) 1
mol/L, (C) 10 gmol/L, and (D) 25 g mol/L of Pyrl0 (n = 5-8 per

group). Data are represented as the mean = SEM. ™ p < 0.001.
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Figure 19. Representative expression pattern of itch—related
mediators and receptors mRNAs in individual small—sized TG
neurons by scRT—PCR.

(A) An average of cell diameter (18.50 £ 0.44 gm) in small—sized
TG neurons collected for scRT—PCR. (B) Gel image showing itch—
related mediators and receptors mRNAs. Predicted product sizes are
Trpc3 (210 bp), Calca (187 bp), Trpal (219 bp), Trpvi (248 bp),
Mrgpra3 (218 bp), and Mrgprd (277 bp). Lane L; ladder (DNA size
marker), Lane TG; TG tissue, Lanes 1—8; individual TG neurons,

Lane NC; negative control.
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Table 3. Expression of itch—related mediators and receptors

Trpvl, Mrgpra3, and Mrgprd in

Calca, Trpal,
individual small—sized TG neurons by scRT—PCR.

including 7rpcs3,
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C7rpe3 ()

B Trpe3 (+)

Calca Mrgpra3

Figure 20. TRPC3 co—expresses itch—related mediators and

receptors in small—sized TG neurons.

(A, B) Venn diagrams illustrating the mutual relationship of 7rpc3”,
Calca”, Trpal®, Trpvl®, Mrgpra3’, and Mrgprd’. The number of
neurons is shown for each population and was obtained from a total
of 34 small—sized TG neurons. (C) Patterns of co—expression with

Trpcd in different itch—related mediators and receptors.
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Figure 21. Experimental designs used for dry skin—induced chronic

itch model.

AEW was applied to the surface of the skin for chronic dry skin model

with itch. Resveratrol was 7.p. injected.
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Figure 22. mROS and TRPC3 contribute to dry skin—induced chronic
itch.

Dry skin—induced scratching is elicited by repeated AEW treatments,
and this is attenuated by 7.d. injection of MitoTEMPO (100 zmol/L),
a mitochondria—selective ROS scavenger, or Pyr10 (10 and 25 zu
mol/L), a selective TRPC3 blocker, compared to the vehicle—treated
group (0.25% DMSO, n = 7-12 per group). Repeated 7p. injection of
resveratrol, a mitochondrial biogenesis enhancer, suppresses dry
skin—induced scratching compared to vehicle—treated control (5%
DMSO, n = 7-12 per group). Data are represented as the mean *

SEM. “p < 0.05, " p < 0.01, ™ p < 0.001.
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Naive

AEW-treated

Figure 23. Increase of mROS and thickness in epidermis of AEW—
treated skin revealed by immunohistochemical analysis.

Cell nuclei, nerve fibers, and mROS in control and AEW —treated
cheek skin stained by DAPI (blue), B —tubulin III (green), and
MitoSox—Red (red), a mitochondria—targeted ROS indicator
(overlays in far—left panels; white dotted lines, the epidermal—

dermal junction; scale bar, 40 zm; DIC).
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Figure 24. Increased average intensity of MitoSox—Red and
thickness in epidermis.

The average intensity of MitoSox—Red in (A) epidermis, but not (B)
dermis, is elevated in the dry skin itch model compared to control
tissue (n = 4-5 per group). (C) Epidermal thickness of AEW—treated
skin is increased compared to control tissue (n = 4-5 per group).

Data are represented as the mean = SEM. "p < 0.05, ™ p < 0.001.
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Discussion

Itch (or pruritus) is defined as an unpleasant sensation which evokes
the impulse to scratch, and is one of the most common dermatological
complaints of patients. Although the most studied and well—
characterized pruritogen is histamine, anti—histamine treatment is of
limited efficacy in most types of chronic itch [82], indicating the
involvement of complex underlying mechanisms. I demonstrated in
this study that mitochondrial modulation by inhibiting mETC complex
III using AA induces acute itch behavior through TRPC3, and
overproduced mROS from malfunctioning mitochondria elicit dry
skin—induced chronic itch via TRPCS3. These findings reveal that the

TRPC3 channel is a potential target for the treatment of chronic itch.

Overproduction of mROS excites small-sized TG
neurons to elicit itch, but not pain

It is known that mitochondria are densely packed at the peripheral
terminals of sensory nerves [83] and one of the most common
consequences of mitochondrial dysfunction is the overproduction of
mROS from the mETC [33, 34]. Although previous studies have
indicated that ROS were differentially involved in both pain and itch
under pathophysiological conditions [44, 84], it is yet to be
determined whether mROS cause pain and/or itch. I found that ID
injection of AA, which is known to generate ROS by inhibiting mETC
complex III [85], elicited only robust scratching behavior in naive
mice, suggesting that AA—induced mROS mediate itch, but not pain
(Figure 7).

The scratching was suppressed by an mROS—specific scavenger

-
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(Figure 8). These findings indicate that local elevation of mROS
generation by mitochondrial modulation in nerve terminals and
surrounding skin cells is sufficient to excite primary afferent neurons
to elicit itch. In accordance with a previous study showing that ROS
and antioxidant proteins are more abundant in the murine epidermis
than the dermis [86], I found that the mROS level in the epidermis
was about 20—fold higher than that in the dermis in both control and
AA—treated tissue (Figure 10A and 10B). In addition, the
hyperexcitability of primary afferent neurons elicited by local mROS
overproduction is supported by a previous study [37, 38] showing
that peripheral application of AA activates bronchopulmonary C-—
fibers via the selective gating of TRPA1 in a mouse ex vivo lung vagal
ganglia preparation.

The effect of AA on behavioral outcome has been evaluated in
previous studies. Although intrathecal injection of AA results in
mechanical hypersensitivity in naive mice [43], 7.d. njection of AA
into the hind paw significantly attenuates the mechanical
hypersensitivity caused by some forms of HIV/acquired immune
deficiency syndrome therapy, cancer chemotherapy, and diabetes
induced neuropathy [87, 88]. AA also alleviates the mechanical
hypersensitivity in certain inflammatory pain models [44], implying
the involvement of mitochondrial function in pain signaling under
pathological conditions. However, itch behavior by peripheral
application of AA has not yet been reported. In this study, results
showed that 7.d. injection of AA induced itch exclusively, without
wiping behavior (Figure 6 and 7), which is indicative of pain and has
been reported following injection of algogenic substances such as
capsaicin [73]. Taken together with a previous study, in which 7.d.
injection of oxidants such as H2O2 and fert—butyl hydroperoxide led
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to much more prominent itch than pain [81], it is likely that itch is
the major behavioral response to elevated mROS production in
peripheral skin tissue at least in the concentration range of drugs
tested. Although 20 gmol/L of AA is almost the maximal dose for
mETC complex III inhibition according to previous studies [89, 90],
it remained necessary to test whether a higher dose of AA could
result in more evident pain in an 7 vivo system. My result revealed
that a higher dose (50 zmol/L) of AA only elicited itching behavior

but not pain behavior (Figure 7).

TRPC3, but neither TRPA1l nor TRPV1, mediates
mROS—induced itch and inward currents

Results showed that local blockade of TRPC3 markedly inhibited
AA—-induced itch (Figure 15) and inward currents (Figure 18),
suggesting that TRPC3 contributes to itch resulting from
mitochondrial dysfunction and subsequent mROS overproduction.
TRPC3 belongs to the TRPC family (TRPC1-TRPC7), whose
members assemble as homo— or heterotetramers to form non-—
selective Ca®"—permeable cation channels. Recent studies have
reported that TRPC4 is involved in selective serotonin reuptake
inhibitor —induced itch [91] and TRPC3 might be a good candidate for
mediating B —alanine and cholestatic itch in addition to TRPA1 [92].
In contrast, a previous study has reported that TRPC3 is not required
for B —alanine—induced acute pruritus [93]. On the other hand,
accumulating evidence indicates that TRPC channels, including
TRPC3, are activated by ROS [61-63, 94]. Although a previous
study proposed that TRPC3 and TRPC4 contribute subunits to the

redox—sensitive channel in endothelial cells [61], it still remains
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elusive whether co—expression of TRPC4 is required for ROS
sensing by TRPCS3 in peripheral sensory systems, considering that
the gene expression of TRPC4 is very low in mouse DRG neurons
[95] and I found a high incidence of AA—induced current that was
completely blocked by a TRPC3—specific blocker in wild—type mice
(Figure 18).

Pain and itch sensation are known to be conveyed via the same
primary afferent neurons, called nociceptive neurons [15], with
which the nerves to the TG are densely packed [96]. Nociceptive
neurons are categorized into two types: peptidergic neurons
expressing neuropeptides such as substance P or CGRP, and non—
peptidergic neurons expressing IB4 [97, 98]. scRT—PCR results
showed that itch—related mediators and receptors in pruriceptive
primary afferent TG neurons were co—expressed with 7rpc3 (Figure
19 and 20), suggesting that TRPC3 contributes to itch resulting from
mitochondrial dysfunction and subsequent mROS overproduction.
TRPC3 is known to be expressed in non—peptidergic small—diameter
sensory neurons [95, 99, 100] and is found almost exclusively in
MrgprA3" and MrgprD* cells [93]. MrgprA3 receptors directly
activated by chloroquine evoke scratching behavior in mice [101] and
MrgprD mediates B —alanine—induced itch sensations [64]. In
accordance with the previous study, these data showed co—
expression of 7rpc3 in Mrgpra3 (100%, n = 2 of 2) and in Mrgprd
(56.2%,n =9 of 16) in small TG neurons (Figure 19, 20B, and Table
2).

Also, TRPC3 is co—localized with MrgprA3 and is responsible for
the chloroquine—induced excitation of TRPA1l—negative DRG
neurons, implying the involvement of TRPC3 acting along with
TRPA1 to mediate chloroquine—induced itch [65]. Although it is well

-
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known that TRPV1 is involved in histaminergic itch [11], TRPA1
plays a crucial role in acute non—histaminergic itch [10] and
MrgprA3 is important for non—histaminergic and TRPV1-—
independent itch [10], I showed that AA-—induced itch was
independent of both TRPA1l and TRPV1 (Figure 16 and 17) which
are also ROS—sensitive and activated by AA [37]. The results seem
contradictory to a previous report which showed that ID—injected
H20. elicits robust itch that is blocked by a TRPAI1-—selective
antagonist or in TRPA1 KO mice [81]. This apparent discrepancy
might be resolved as follows: (1) In my study, drugs were injected
into cheek rather than back skin, implying a possible difference
between the trigeminal and spinal itch transduction systems. For
example, it has not yet been thoroughly determined whether the
expression patterns of various itch—related receptors in TG neurons
were similar to DRG neurons. (2) T used AA to generate excessive
ROS specifically from intracellular mitochondria, whereas a single
type of oxidant was exogenously injected in a previous study. It is
not clear whether exogenously —injected oxidant mimics the action of
ROS elicited from intracellular mitochondria in vivo, considering that
ROS are extremely reactive. (3) The actual production levels of
mROS by inhibiting mETC III are not clear in the /7 vivo system. In
this study, behavior and electrophysiology data (Figure 15—18)
indicate a functional role of TRPC3 in mROS—evoked itch.

Although I showed the role of TRPC3 in mROS—evoked itch, it
remains to be determined how intracellular mROS activates TRPC3
to induce itch. There are at least two possible mechanisms for
mROS—induced TRPC3 activation. First, mROS may directly activate
TRPC3 through modification of cysteine residues, like its action on
other channels such as TRPA1l, TRPC5, and TRPV1 [60]. On the

-
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other hand, given that the scRT—PCR revealed that TRPC3 was co—
expressed with itch—related MrgprA3 (Figure 19, 20B, and 200C),
mROS might modulate TRPC3 activation through downstream
pathways, like PLC g8 3, PKC, and MAPK, which are known to activate
TRPA1 [65, 102, 103]. Further work is required to confirm the
underlying molecular mechanisms of ROS—mediated TRPC3

activation to produce itch.

mROS and TRPC3 are involved in dry skin—induced
chronic itch

It was demonstrated that ID injection of an mROS specific scavenger
markedly inhibited dry skin—induced itch (Figure 22), suggesting
that mROS plays a crucial role in chronic itch. Several lines of
evidence further support the idea that malfunction of mitochondria is
one important factor in various kinds of chronic itch. First,
mitochondrial dysfunction is involved in skin diseases accompanied
by chronic itch such as psoriasis and atopic dermatitis [104, 105].
Second, some other diseases associated with mitochondrial
dysfunction, but not directly related to skin disorders, e.g., diabetes,
chronic liver diseases, cholestasis, and peripheral neuropathy, also
frequently accompany chronic itch [40, 106—108]. Third, itch is a
predominant skin complaint especially in the elderly who are usually
more prone to dry skin than younger people. It is widely accepted
that aging is associated with mitochondrial dysfunction and increased
ROS production [109]. Here, the data showing that repeated
treatment with resveratrol, a mitochondrial biogenesis enhancer,
markedly suppressed dry skin—induced itch (Figure 22) are also in
good accordance with the critical role of mitochondrial function in

chronic itch. :
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Dry skin—induced chronic scratching was also significantly
relieved by blocking of TRPC3 in skin tissue (Figure 22), indicating
that TRPC3 mediates, at least in part, dry skin—induced chronic itch.
This was not surprising, considering that mROS—induced itch (Figure
15) and mROS—induced inward current (Figure 18) were suppressed
by a TRPC3—selective blocker. Furthermore, specific innervation of
nerve fibers with MrgprA3 [101] and MrgprD [110] in the epidermis,
and enhanced non—peptidergic intra—epidermal fiber density in a dry
skin—induced itch model [111] support the hypothesis that TRPC3
contributes to dry skin—induced chronic itch. However, co—
expression or interaction with TRPA1, which has been suggested to
be a key player in dry skin itch [56], and other itch receptors remain
to be determined. The activation of TRPC3 by diverse pruritogens,
e.g., histamine [112], 5—HT [113], and chloroquine [65], further
raises the possibility that TRPC3 is also an important player in
various other itchy conditions.

It is interesting to note the differential expression of mROS
between AA—treated and AEW —treated mice. The MitoSox signal
was highly expressed in the epidermal layer in both AA-—treated
(Figure 9 and 10A) and AEW—treated mice (Figure 23 and 24A).
However, the MitoSox signal significantly increased along nerve
fibers in the dermal layer in AA—treated mice (Figure 9, 10B, and
10C) while AEW treatment had no effect on mROS expression in the
dermis (Figure 23 and 24B). The discrepancy in the expression of
mROS between the two models might be due to the different routes
of drug application. ID injection of AA directly exposed the dermis to
the drug and might lead to the production of mROS. On the contrary,
the dermis of AEW —treated mice was unaffected as the drug (.e.,
AEW) was applied to the surface of the skin.
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Conclusion

To conclude, my results indicated that locally elevated mROS
production by mitochondrial dysfunction elicited itch through TRPC3,
which might be one of underlying mechanisms of chronic itch. Given
that mitochondrial dysfunction and mROS overproduction are broadly
associated with diseases accompanying chronic itch and that TRPC3
is activated by diverse pruritogens [65, 112, 113], pharmacological
approaches that restore mitochondrial function and block excessive
mROS or TRPC3 might be considered to relieve various types of

chronic itch.
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