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Abstract \
Acute and chronic itch are prevalent and incapacitating, yet the neural mechanisms underlying both acute and chronic itch are just

starting to be unraveled. Activated transcription factor 4 (ATF4) belongs to the ATF/CREB transcription factor family and primarily
participates in the regulation of gene transcription. Our previous study has demonstrated that ATF4 is expressed in sensory neurons.
Nevertheless, the role of ATF4 in itch sensation remains poorly understood. Here, we demonstrate that ATF4 plays a significant role
in regulating itch sensation. The absence of ATF4 in dorsal root ganglion (DRG) neurons enhances the itch sensitivity of mice.
Overexpression of ATF4 in sensory neurons significantly alleviates the acute and chronic pruritus in mice. Furthermore, ATF4
interacts with the transient receptor potential cation channel subfamily V member 4 (TRPV4) and inhibits its function without altering
the expression or membrane trafficking of TRPV4 in sensory neurons. In addition, interference with ATF4 increases the itch sensitivity
in nonhuman primates and enhances TRPV4 currents in nonhuman primates DRG neurons; ATF4 and TRPV4 also co-expresses in
human sensory neurons. Our data demonstrate that ATF4 controls pruritus by regulating TRPV4 signaling through a nontranscrip-

tional mechanism and identifies a potential new strategy for the treatment of pathological pruritus.
Keywords: Acute itch, Chronic itch, Activated transcription factor 4, TRPV4, Dorsal root ganglion

1. Introduction

Activated transcription factor 4 (ATF4), which is also known as
CcAMP response element binding protein 2 (CREB-2), belongs to the
ATF/CREB transcription factor family.*? It features a basic leucine
zipper (bZIP)-type DNA binding domain, which plays a pivotal role in
goveming gene transcription related to metabolism and apopto-
sis.232451:68 Several lines of research have reported that ATF4 plays
an important role in various tissues. For example, mice lacking ATF4
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expression demonstrate skeletal and lens hypoplasia.'”*” In the
nervous system, the absence of ATF4 has been found to hinder
synaptic plasticity and memory formation in hippocampal neu-
rons.8'2 ATF4 in the suprachiasmatic nucleus of the hypothalamus
plays a role in the regulation of biological rhythms.*® We recently
demonstrated that primary sensory neurons within the dorsal root
ganglion (DRG) express ATF4 and play a role in regulating thermal
nociception.®* However, whether ATF4 is necessary for itch remains
poorly understood.

Specialized membrane proteins in neurons are sensitive to
specific stimuli, facilitating the transduction of somatosensory
signals. Transient receptor potential channels (TRPs) play
crucial roles in transmitting a diverse array of somatosensory
stimuli, encompassing itch, pain, temperature, and
mechanosensation.*®'® Among these proteins, transient re-
ceptor potential cation channel subfamily V member 4 (TRPV4)
is a nonselective cation channel expressed in DRG neurons and
plays a role in the perception of itching signals. 3 Study shows
that deletion of TRPV4 significantly inhibits the acute itch
behavior induced by histamine and chloroquine (CQ).%*
Mutation of TRPV4 also markedly alleviates chronic pruritus
arising from dry skin induced by an acetone/ether mixture
followed by water (AEW) and allergic contact dermatitis induced
by squaric acid dibutylester (SADBE).*° Conditional knockout of
TRPV4 in DRG neurons of mice reduces compound 48/80- and
5-HT-induced pruritus behavior.?® Administration of TRPV4
agonist to enhance the function of TRPV4 can induce itching
behavior in mice.®” However, it is still unclear whether ATF4
regulates the TRPV4 channel and is involved in itch modulation.

Here, we reveal a role of ATF4 in itch sensation in mice and
nonhuman primates. Activated transcription factor 4 interacts with
TRPV4 channels and inhibits the function of TRPV4 through the 117-
232 aa fragments in sensory neurons. Thus, our study unveils a novel
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role of ATF4 in the regulation of itch sensation and identifies
a potential new strategy for the treatment of pathological pruritus.

2. Methods
2.1. Animals/mice

C57BL/6 mice were procured from the Institute of Experimental
Animals at the Sun Yat-sen University, whereas Atf4™~ mice on
the C57BL/6 background were acquired from Cyagen Bioscien-
ces Inc. All animals were housed in cages with temperature
maintenance (24 =+ 1°C), humidity control (50%-60%), and
subjected to a 12/12-hour light/dark cycle. The mice were
provided with ad libitum access to water and standard laboratory
food. All animal experimental procedures were carried out in
compliance with the National Institutes of Health guidelines for
animal care and ethics,”! and they received approval from the
Research Ethics Committee of Guangdong Provincial People’s
Hospital, Guangdong Academy of Medical Sciences. All animals
were randomly divided into different experimental or control
groups. During the experiments, we found that sex did not affect
the regulatory effect of ATF4 on pruritus, so the male C57BL/6
mice were used for the experiments. In the ATF4-knockout-
related experiments, both the male and female Atf4™~ and
littermate wild-type (WT) mice were used. In our study, we used 5-
to 6-week-old mice for the electrophysiological experiments and
8- to 12-week-old mice for other experiments.

2.2. Animals/monkey

Six adult male cynomolgus monkeys (Macaca fascicularis) were
sourced from Guangzhou Xiangguan Biotechnology Co Ltd in
Guangzhou, China and were housed in a nonhuman primates (NHP)
experimental facility accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International. The
animals were individually housed in rooms with controlled temper-
ature and humidity, and they were maintained on a 12-hour light and
12-hour dark cycle. Before the behavioral assay, all monkeys had
undergone a period of acclimatization. Al animal care and
experimental procedures were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals standards
adopted by the NIH and approved by the Research Ethics
Committee of Guangdong Provincial People’s Hospital, Guangdong
Academy of Medical Sciences, and Laboratory Animal Ethics
Committee of Institute of Zoology, Guangdong Academy of
Sciences.

2.3. Immunohistochemistry

Mice and monkey DRGs were harvested and postfixed in 4% PFA
for 1Thour. Human DRGs and dorsal roots were collected from 3
patient donors (2 male and 1 female) at the Sun Yat-sen University
Cancer Center, and informed written consent from all participants
or next of kin was obtained before the research. The study was
approved by the Research Ethics Committee of the Sun Yat-sen
University Cancer Center and Research Ethics Committee of
Guangdong Provincial People’s Hospital, Guangdong Academy
of Medical Sciences. Each donor was undergoing spinal surgery
for disease treatment wherein the DRGs were to be sacrificed as
the standard of care, and the DRGs and the attached dorsal roots
were immediately postfixed in 4% paraformaldehyde. Next,
dehydrate the DRG tissue and embed the dehydrated tissue for
cryostat sectioning. Incubate the sections with primary antibodies
against ATF4 (Mouse, 1:20, Fine test, Boulder, CO,
#Fnab00663), TRPV1 (Rabbit, 1:200, Alomone, Jerusalem,

PAIN®

Israel, #ACC-030), TRPA1 (Rabbit, 1:200, Abclone, Wuhan,
Hubei, China, #A12544), and TRPV4 (Rabbit, 1:200, Alomone,
Jerusalem, Israel, #ACC-034) at 4°C overnight. Then, incubate
the DRG with secondary antibodies (1:400) including Cy3 donkey
antirabbit (IHC, Jackson, West Grove, PA, 711-165-152), Cy3
donkey antimouse (IHC, Jackson, West Grove, PA, 715-165-
150), FITC donkey antirabbit (IHC, Jackson, West Grove, PA,
711-095-152), and FITC donkey antimouse (IHC, Jackson, West
Grove, PA, 715-095-150) for 1Thour at room temperature (RT).
Super-resolution images were taken using structural illumination
microscope with N-SIM systems (Nikon, Tokyo, Japan).

2.4. In situ hybridization

Reagents, Atf4, Mrgpra3, and H1R probe were purchased from
GenePharma. Drop 100 plL of buffer B onto frozen slices and
incubate at RT for 15 minutes. Discard buffer B and wash slices with
PBS twice (5 minutes each time). Add 100-p.L working solution of
protease K (prewarmed to 37°C) to each slice and incubate at 37°C
for 20 minutes. Next, add 100-w.L 2x buffer C to rinse the slices for
3 times (RT). Dehydrate slices by gradient alcohol 70%, 80%, 90%,
and 100% (2 minutes each), then dry it in air. Add 100 wL of
denaturing solution (prewarmed to 78°C) to each slice and incubate
for 8 minutes. After that, dehydrate slices by gradient alcohol 70%,
80%, 90%, and 100% again (2 minutes each, dry in air). Add 100 wL
of probe mixture (denatured at 73°C for 5 minutes, 2 wM probe in
buffer E) to each slice, then cover it with a coverslip and seal the
slices with sealing glue. Incubate slices at 37°C for 12 to 16 hours
in situ hybridization apparatus with keeping humidity to prevent
drying. Gently remove the cover slide and discard the hybrid solution
(denatured probe mixture). Add 100-uL washing solution (pre-
warmed to 43°C) to each slice at 43°C for 15 minutes. Afterward, add
100 pL of 2x buffer C (prewarmed to 37°C) to each section and wash
twice (10 minutes for each time). Then, wash with PBS for
10 minutes one time. Add 10-pL Dapi Fluoromount-G, cover with
a coverslip, and observe with a fluorescence microscope.

2.5. Western blotting

The DRGs were dissected and then dissolved in cold RIPA buffer. A
protein extraction kit (Invent Biotechnologies, #SM-005) was
employed to separate and isolate the membrane and cytoplasmic
proteins.®* Samples were separated through gel electrophoresis
and then, the PVDF membrane was incubated with primary
antibodies against ATF4 (Rabbit, 1:1000, Cell Signaling Technology,
Danvers, MA, #11815S), TRPV4 (Rabbit, 1:200, Alomone, Jerusa-
lem, Israel, #ACC-034), TRPV1 (Rabbit, 1:200, Alomone, Jerusalem,
Israel, #ACC-030), TRPA1 (Rabbit, 1:1000, Abclone, Wuhan, Hubei,
China, #A12544), TfR (Mouse, 1:1000, Thermo Fisher Scientific,
Waltham, MA, #13-6800), B-actin (Mouse, 1:2000, Affinity,
Changzhou, Jiangsu, China, #T0022), B-tubulin (Mouse, 1:2000,
Arigo, Hsinchu, Taiwan, China, #ARG62347), Flag-tag (Rabbit, 1:
1000, Cell Signaling Technology, Danvers, MA, #14793), or His-tag
(Rabbit, 1:1000, Cell Signaling Technology, Danvers, MA, #12698)
overnight at 4°C. Then, it was incubated with secondary antibodies
(1:10,000), including peroxidase-labeled goat antirabbit (WB,
SeraCare, Milford, MA, 074-1506) and peroxidase-labeled goat
antimouse (WB, SeraCare, Milford, MA, 074-1806) and then
detected the immunocomplexes.

2.6. Qualitative Polymerase Chain Reaction (Q-PCR)

The RNA extraction kit (9767, TaKaRa, Tokyo, Japan) was used to
extract total RNA from mouse DRG. According to the manufac-
turer’'s protocol, reverse transcription was performed using
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PrimeScript RT Master Mix (Perfect Real Time) (RR036Q, TaKaRa,
Tokyo, Japan). The primer sequences used are listed here: H1R-F,
5'-GGGAAAGGGAAACAGTCACA-3’, H1R-R, 5'- ACTGTCGAT
CCACCAAGGTC-3’; H4R-F, 5'-TGCTCTTGGAATTCCTGCTT-3,
H4R-R, 5’-CCAGAAGGAACCCACTTTGA-3’; MrgprA3-F, 5'- ACA
CAAGCCAGCAAGCTACA-3', MrgprA3-R, 5'- ACTTCCAGGGAT
GGTTTCGT-3'; GAPDH-F, 5-CCCATTCTTCCACCTTTGAT-3',
GAPDH-R, 5'-CAACTGAGGGCCTCTCTCTT-3'. Quantitative real-
time PCR was performed using TB Green Premix Ex Tag Il (Tli
RNaseH Plus) (RR820A, TaKaRa, Tokyo, Japan) and the CFX96
Touch Real-Time PCR Detection System. The reactions were set up
according to the manufacturer’s instructions. PCR conditions
involved incubation at 95°C for 30 seconds, followed by 40 cycles
(95°C for 5 seconds, 60°C for 30 seconds). The relative expression
levels of MRNA were determined using the 274CT method.

2.7. Coimmunoprecipitation

Transfected HEK293T cells or DRG tissues were lysed using cold
Co-IP RIPA buffer. The lysates were subsequently subjected to
centrifugation at 14,000g for 15 minutes, with 5% of each
supernatant being set aside for the input sample. The remaining
supernatant was subjected to an overnight incubation at 4°C with
51010 g of ATF4 antibody (Cell Signaling Technology, Danvers,
MA, #11815S) or His antibody (Cell Signaling Technology,
Danvers, MA, #12698). Following this incubation, protein A/G
beads (GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom) were added, and the mixture was further incubated at
4°C for 4 hours. The immunoprecipitated samples were then
denatured and prepared for subsequent immunoblotting analy-
sis. Immunoprecipitation was carried out using antibodies
specific to TRPV4, TRPV1, TRPA1, ATF4, Flag-tag, or His-tag.

2.8. Proximity ligation assay

Proximity ligation assay (PLA) was performed using Duolink
reagents (Sigma-Aldrich, St. Louis, MO, #DUO092101) on
cultured mouse DRG neurons.®’ The isolated DRG neurons
were cultured according to the method provided below. After
2 days of culture, the cells were fixed with 4% paraformaldehyde
at room temperature for 15 minutes and permeabilizated with
0.1% Triton X-100 for 30 minutes. Proximity ligation assay was
performed under the Duolink PLA Protocol of Sigma-Aldrich to
examine the interactions between the proteins. Briefly, cells on
coverslips were blocked with Duolink Blocking solution and
incubated with a mixture of 2 primary antibodies ATF4 (Mouse, 1:
20, Fine test, Boulder, CO, #Fnab00663) and TRPV4 (Rabbit, 1:
200, Alomone, Jerusalem, Israel, #ACC-034) overnight at 4°C.
After incubation, the coverslips were washed with wash buffer A
and then incubated with secondary antibodies (anti-mouse
MINUS probe and anti-rabbit PLUS probe) for 1 hour at 37°C.
Coverslips were then washed and incubated with PLA ligase.
They were subsequently exposed to the polymerase in amplifi-
cation buffer for 100 minutes at 37°C. The coverslips were then
mounted in a mounting medium that contained DAPI, and images
were captured using a microscope. In addition, a negative control
test was performed by omitting the primary antibody.

2.9. Microinjection of adenoassociated virus into the cervical
spinal nerves

According to previous study,®' mice were anesthetized with
isoflurane (4% for induction and 1.5%-2% for maintenance), and
then, the nape of the neck was shaved. After the skin was incised,
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the muscle on C3 to C5 vertebrae was opened with a retractor. For
microinjection into the cervical spinal nerves of the DRGs (C3 and
C4), we carefully removed the muscle covering the cervical spinal
nerves. The glass microcapillary was inserted directly into the spinal
nerves just distal to the left cervical DRGs (C3 and C4). The unilateral
injection (left side) was to minimize the time and tissue damage
related to the operation. The adenoassociated virus (AAV, serotype
5, 59 X 10" vg/mL) of rAAV-hSyn-Atf4-2A-enhanced green
fluorescent protein (EGFP) was obtained from BrainVTA Biotech-
nology, and AAV solution was pressure ejected (100 nL/minute) for
3 minutes (300 nL in spinal nerve) using the Micro Syringe Pumps.
After microinjection, the inserted glass microcapillary was removed
from the spinal nerve, the skin was sutured with 3-0 silk, and mice
were kept on a heating light until recovery. Three weeks later, these
mice were used for all experiments.

2.10. Intrathecal small interfering RNA (siRNA) and
adenoassociated virus injection

Intrathecal administration was conducted using a polythylene-10
catheter as previous,®* which was placed into the subarachnoid
space of mice through the L5 to L6 intervertebral spaces, with the
tip of the catheter at the L5 level, and 10 pL of reagent was injected
into the cerebrospinal fluid. Inject a mixture of 10-pg siRNA
(catalog: L-042,737-01-0020, Dharmacon) and 7.5-pg trans-
fection reagent (chimeric rabies virus glycoprotein fragment, RVG-
9R, Anaspec, Fremont, CA) in 10 pL D5W (dextrose 5% in water)
into the subarachnoid space 48 hours before the experiments. The
experiments were conducted 21 days after intrathecal injection of
rAAV-hSyn-Atf4-2A-EGFP, rAAV-hSyn-Atf4-AbZIP-2A-EGFP,
rAAV-hSyn-Atf4-His (117-232)-2A-EGFP (BrainVTA, 10 pL, sero-
type 5, 2.0 X 10'? vg/mL), and rAAV-CAG-GCaMp6s (BrainVTA,
10 pL, serotype 9, 2.0 X 10" vg/mL).

2.11. Mouse acute itch models and behavior test

Before conducting the tests, the back of the necks of the mice
were shaved. The mice were habituated to the testing environ-
ment daily for 2 days before the tests. We administered a 50 pL of
intradermal injection of pruritic agents at the nape of the neck and
systematically recorded scratching behavior through video
monitoring for a duration of 30 minutes, ensuring that no human
observers were present to minimize potential interference or bias.
We considered a scratch to have occurred when a mouse raised
its hind paw to scratch the shaved area and then subsequently
lowered the paw either to the floor or toward its mouth for licking.
The following doses for pruritic agents were chosen: 100 pg for
histamine (2 ng/pL, dissolved in saline), 200 pg for chloroquine
(CQ, 4 pg/pL, dissolved in saline), and 50 pg for SLIGRL
(1 po/plL, dissolved in saline). The histamine and CQ were
purchased from Sigma-Aldrich, and SLIGRL was purchased from
MCE. We reviewed the recorded videos offline and quantified the
number of scratching episodes using a blind method. For
antagonist experiments, the TRPV4 antagonist 2-Methyl-1-[3-
(4-morpholinyl)propyl]-5-phenyl-N-[3-(trifluoromethyl)phenyl]-

1H-pyrrole-3-carboxamide HC 067,047 (HC; Tocris Bioscience,
Bristol, United Kingdom) was initially dissolved in 100% DMSO
and then diluted with saline. HC (10 mg/kg) was administered
intraperitoneally to mice, and its effects on itching were observed.

2.12. Mouse chronic itch model and behavior test

Mice were habituated to testing environment daily for 2 days before
tests. To induce contact dermatitis chronic pruritus, we applied
0.2 mL of 1% diphenylcyclopropenone (DCP, dissolved in acetone,

Copyright © 2024 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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purchased from ACMEC, # D88000-5g) on the back of the neck for
sensitization. Seven days after sensitization, we applied 0.2 mL of
0.5% DCP to the skin on the back of the neck of mice on days 1, 4, 7,
10, and 14. After application of DCP, we recorded the scratching
behavior of mice for 60 minutes. To induce chronic pruritus-
associated allergic contact dermatitis, we applied 0.2 mL of 0.5%
DNFB (Sigma-Aldrich, St. Louis, MO) in acetone to the back of the
neck for sensitization on day 1. Following sensitization, 0.2 mL of
0.25% DNFB was applied to the skin on the back of the neck of mice
on days 5, 7, 9, and 11. On day 12, we recorded the scratching
behavior of mice for 60 minutes.

2.13. Mechanical itch test

To test the mechanical itch, the fur on the nape of the neck was
shaved. Mice were acclimated in a recording chamber with
a removable mesh cover for at least 3 days. Mechanical stimuli
were delivered with von Frey filaments ranging from 0.02 g to
0.6 g. Mechanical stimulation was applied and continued for 5
seconds unless the mouse responded. The 5 stimuli were evenly
distributed on both sides of the body axis. The total number of
positive responses elicited by the 5 stimuli were recorded.

2.14. Intrathecal siRNA in the nonhuman primates

The cynomolgus monkeys were anesthetized by intramuscular
injection of Zoletil (3-5 mg/kg). Remove the hair on the lower back
of the cynomolgus monkeys. Next, place it on the animal
operating table and maintain lateral decubitus position. Then
disinfect the operative area twice with Anerdian and lay the
surgical hole towel. The surgical assistant fixed the cynomolgus
monkey’s body position so that it can keep a maximal spine
flexion. Use the anterior superior iliac spine to locate the L5
spinous process. Hold a 2.5-mL syringe in the right hand and
inject the needle into the L4 intervertebral space. In the process of
injection, slowly push the needle until there is a sense of
breakthrough, then retract needle bolt to see the clear
cerebrospinal fluid, and discard the injection tube. We first
validated siRNA with monkey derived vero cells and then
methylated and cholesterol-modified siRNA for in vivo intrathecal
injection (Ribobio, sequence: CAAGCACTTCAAACCTCAT). Use
another 2.5-mL syringe to draw 400-uL siRNA mixture (20 nmol
siRNA mixed in 400 pL saline) and connect the original injection
needle to inject the mixture into the subarachnoid space. Follow
the principle of asepsis in the whole process. Behavioral tests
were performed 2 days after siBRNA injection.

2.15. Nonhuman primates acute itch models and
behavior test

The monkeys acclimated to the restraint chair for 1 hour a day for
a week before the behavioural tests. We intradermally injected
10 wlL of pruritic agents (histamine; 1 wg/pl) into the hindfoot
plantar of cynomolgus monkeys to establish the NHPs acute itch
models®® and video recorded scratching behavior for 30 minutes
in the absence of any observer. A scratch was counted when
a monkey scratched the injected region. We reviewed the
recorded videos offline and quantified the number of scratching
episodes using a blind method.

2.16. Cell culture and transfection

Mouse DRGs were freed from their connective tissue sheaths and
broken into pieces with a pair of sclerotic scissors in DMEM/F12
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(Gibco, Grand Island, NY) at a low temperature. After mechanical
dissociation, the DRG neurons were subjected to digestion with
collagenase (8 mg, Sigma-Aldrich, St. Louis, MO) and trypsin
(2 mg, Sigma-Aldrich, St. Louis, MO) for 20 minutes in 5 mL of
culture medium. Subsequently, the neurons were plated on glass
coverslips coated with poly-L-lysine (Sigma-Aldrich, St. Louis,
MO) in a humidified atmosphere (5% CO,, 37°C). After a period of
incubation,  follow-up  experiments  were  performed.
HEK293T cells were cultured in DMEM with 10% foetal bovine
serum. TRPV4-Flag, ATF4-His, and ATF4-His (aa 1-116, 117-
232, 233-349) were obtained from Synbio Technologies. The
cells were transfected with 1-2 g of plasmid per 35-mm dish or
2-3 pg of plasmid per 60-mm dish using Lipofectamine 3000
reagent (Invitrogen, Carlsbad, CA). The cells were used for
subsequent experiments 24 to 48 hours after transfection.

2.17. Surface protein biotinylation

The expression of plasma membrane proteins was assessed
through cell surface biotinylation, using a Cell Surface Protein
Isolation Kit (Pierce, #89881), following the manufacturer’'s
instructions. In brief, cells were rinsed with PBS and then
biotinylated with Sulfo-NHS-SS-Biotin in PBS for 30 minutes at
4°C. Following quenching, cell lysis was performed, and labeled
proteins were extracted by incubating with NeutrAvidin Agarose
beads for 60 minutes at room temperature (RT). After thorough
washing, the proteins were eluted by heating the beads for
5 minutes at 95°C and prepared for immunoblotting.

2.18. In vitro calcium imaging

Ca?* imaging was conducted in cultured DRGs from WT, Atf4+/~,
and rescue mice after loading cultured DRGs with 3 pL of Fluo-4
diluent (60 g Fluo-4AM dissolved in 45.6 pL DMSO) for
30 minutes in DMEM/F-12 medium at room temperature (avoid
light). Then discard the DMEM/F-12 medium and add the Ca®*
imaging buffer for Ca?* imaging. The imaging buffer includes
136 mM NaCl, 1.0 mM MgCl,, 2.0 mM CaCl,, 5.4 mM KCl,
10 mM D-Glucose, 0.33 mM NaH,PO4, 10 mM HEPES, and
pH = 7.4. The fluorescence reflecting the Ca®" signal was
imaged in a Laser Scanning Confocal Microscope (Leica SP5-
FCS), and calcium flux was analysed from the mean fluorescence
measured with LAS AF system. Dorsal root ganglion plates were
recorded for more than 7 minutes, which was divided in 1 minute
of initial reading (0-s mark, baseline values, FO0), followed by
stimulation with 2 pL of GSK1016790A (1 pM, TRPV4 agonist),
capsaicin (100 nM, TRPV1 agonist), and allyl isothiocyanate
(AITC, 200 uwM, TRPA1 agonist) at the 120-s mark and 2-pL KCI
at the 300-s mark (40 mM). Ca®" signal amplitudes were
presented as AF/FO = (Ft — FO)/FO as ratio of fluorescence
difference (Ft — FO) to basal value (FO). The average fluorescence
intensity of the baseline period was set as FO, and the average
fluorescence intensity of the record time (t) was remarked as Ft.

2.19. Electrophysiological recordings

Whole-cell membrane currents of freshly dispersed mouse DRG
neurons were performed with an EPC-10 ampilifier and PatchMaster
software (HEKA Electronics, Lambrecht, Germany). Current was
recorded with glass pipette (2-5 MQ resistance) fabricated from
borosilicate glass capillaries using a Sutter P-97 puller (Sutter
Instruments, Novato, CA). The pipette solution contained the
following (in milimoles): 110 CsCl, 3 MgCl,, 10 EGTA, 10 HEPES,
3 Mg-ATP, 0.6 GTP, and pH 7.2 with CsOH. The extracellular

Copyright © 2024 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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solution contained the following (in millimoles): 120 NaCl, 5 KCl, 5
CaCl,, 2 MgCl,, 10 glucose, 10 HEPES, and pH 7.4 with NaOH. The
osmolality of all solutions was adjusted to 310 mOsm. We
administered 4a-Phorbol-12,13-didecanoate, 4-aPDD (10 uM,
Sigma-Aldrich, St. Louis, MO) to induce TRPV4 current using
a perfusion system and recorded the current after a 10-minute
perfusion. The neurons were held at 0 mV to inactivate voltage-gated
calcium and sodium channels, and a 150-millisecond linear ramp
protocol was applied (—100 mV to +100 mV every 15 seconds). The
voltage for current analysis was =80 mV. Sampling frequency for
acquisition was 10 kHz, and data were filtered at 2 kHz.

2.20. In vivo calcium imaging of dorsal root ganglion

The intrathecal tube was inserted into the dura mater to inject 10 wL
(BrainVTA, serotype 9, 2.0 X 10'? vg/mL) of rAAV-CAG-GCalMp6s.
The mice recovered 3 weeks before calcium imaging, as described
in previous studies. '®*? Before imaging, the initial dose of 0.3 mL of
urethane (12.5% wt/vol) was intraperitoneally injected. After about
15 minutes, the further doses were titrated to the level of anesthesia
until surgical depth was achieved. Use a constant temperature
heating pad to maintain the core temperature at about 37°C and
observe the temperature through the rectal probe. The skin of mice
was prepared, and an incision was made on the skin between L3-L5
spinal segments. Resect the connective tissue and muscle on and
around the vertebrae and perform small transverse laminectomy
around L4 DRG, with dura mater and perineurium intact. The mice
were placed prone on a customized microscope table. The spine is
stabilized with custom designed clamps to minimize movement
during testing. The mice were imaged under the 25X objective of the
Multiphoton Laser Confocal Microscope (FVMPE-RS). We used
10 seconds/frame and 800 X 800-pixel resolution for the L4 DRG.
The imaging was monitored during the activation of DRG neuronal
soma by the injection of histamine (2 wg/pL, 5 pl) and CQ (4 no/pl,
5 pl) into the hindpaw, and the laser wavelength was 488 nm. We
exported the raw images and used Fiji/lmaged (National Institutes
of Health) to analyze calcium imaging data. The optical planes
obtained from consecutive time points were realigned and
adjusted for motion using the stackreg rigid-body cross-
correlation-based image alignment plugin. The overall count
was conducted by employing the thresholding function in ImageJ
software from a high-quality, Z stack image of DRG at baseline.
The size of activated neurons was determined by using the area
function within Imaged. The raw data were background
subtracted and normalized by subtracting the baseline and
dividing the difference with the baseline to generate AF/Fq, where
Fo is the average fluorescence intensity measured in the baseline
period. Regions of interest (ROIs) around neuronal cell bodies
were chosen using a free-hand selection tool in Fiji/imaged. The
ROIs used to determine GCaMP fluorescence were strictly
selected to minimize overlap to ensure less interference from
surrounding somata. The ROIs used to calculate the neuron cell
body size was then selected to be less rigorous, allowing the cells
to approach overlapping areas to reflect more accurate cell
diameter calculations. Activation of a cell was defined as an
increase in fluorescence intensity (AF) = 30% of baseline (Fg).

2.21. Data analysis

The grayscale intensities of the western blotting bands were
measured using Tanon Gis software. The grayscale values of the
images and colocalization were analyzed using Fiji/lmaged and
Image-Pro Plus software. All western blotting, immunostaining,
electrophysiological, and behavioral data are presented as the

www.painjournalonline.com 5

mean *= SEM and were analyzed using GraphPad Prism 9. The
threshold for statistical significance was set at P < 0.05.

3. Results

3.1. Activated transcription factor 4 is expressed in
pruritus-related sensory neurons

To investigate the potential role of ATF4 in itch regulation, we first
explored the expression pattern of ATF4 in sensory neurons. The
specificity of ATF4 antibody was examined in At~ mouse cervical
DRGtissues. The data demonstrated a decrease in ATF4 expression
inthe DRG tissues of A4~ mice (Figs. 1A and B), suggesting that
the ATF4 antibody is specific. Immunostaining showed that ATF4
was expressed in most sensory neurons (Fig. 1B). Size-frequency
analysis showed that ATF4 protein was widely expressed in small,
medium, and large sensory neurons (Supplementary Fig. 1a, http://
links.lww.com/PAIN/C9). Studies have demonstrated that Mas-
related GPCR A3-positive (Mrgpra3™) and histamine receptor type
1—positive (H1R™) sensory neurons have been identified as 2 major
pruritus-sensing neuronal populations.”*® Double fluorescence in
situ hybridization showed that the mRNA of Atf4 was expressed in
Mrgpra3" and H1R™ sensory neurons (Fig. 1C). Colocalization
analysis showed that 20.7% (60 of 290) of Atf4-positive cells
expressed Mrgpra3 and 65.2% (202 of 310) of which expressed
H1R (Fig. 1C). Researches have shown that TRP channels,
particularly TRPA1 and TRPV1, play a significant role in the regulation
of both acute and chronic pruritus.2®** The double immunostaining
showed that ATF4 protein was expressed in TRPV1-positive and
TRPA1-positive sensory neurons of mice (Fig. 1D). The proportion of
ATF4-positive neurons expressing TRPV1 and TRPA1 was 45.8%
(153 of 334) and 68.3% (192 of 281), respectively (Fig. 1D). Thus, the
results demonstrate that ATF4 is expressed in most sensory neurons
including those related to pruritus.

3.2. Loss of activated transcription factor 4 enhances the itch
sensitivity of mice

To determine the role of ATF4 in pruritus, we intrathecally injected
ATF4 siRNA to knockdown the expression of ATF4 in cervical
DRGs (Supplementary Fig. 1b, ¢, http://links.lww.com/PAIN/C9).
Behavioral results showed that knocking down of ATF4 led to an
elevation in spontaneous scratching behaviors in mice (Fig. 2A). In
both male and female mice, the number of scratch bouts increased
in ATF4-siRNA-injected mice compared with nontargeting (NT)-
siRNA injected mice following histamine treatment (Figs. 2B and C
and Supplementary Fig. 1d, http://links.lww.com/PAIN/C9). More-
over, male and female mice injected with ATF4-siRNA exhibited
enhancement in the number of scratch bouts when exposed to the
nonhistaminergic pruritogen chloroquine (CQ, Figs. 2D and E and
Supplementary Fig. 1e, http://links.lww.com/PAIN/C9). Sex did
not affect the regulation of ATF4 on histamine- and CQ-induced
pruritus (Supplementary Fig. 1d, e, http://links.lww.com/PAIN/C9).
Furthermore, to investigate the specific role of ATF4 in pruritus
regulation, we constructed Atf4-knockout mice. Considering that
Atf4 homozygous mice have postnatal lethality or functional
defects,*" we used heterozygous mice, both male and female,
for the experiment. Activated transcription factor 4 protein
expression in DRG neurons of Atf4™~ mice was lower than that
of WT mice (Figs. 1A and B). Our previous work showed that
Atf4™~ mice do not have developmental defects in sensory
neurons and their innervations.®* Behavioral results demonstrated
that Atfi4™~ mice exhibited increased spontaneous scratching
behaviors compared with WT mice (Fig. 2F). In the disease state,
harmless mechanical stimuli can cause pathological sensations,
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Figure 1. ATF4 is expressed in pruritus-related sensory neurons. (A) The expression of ATF4 was detected by immunoblotting in cervical DRGs of WT, Atf4 = and
rescue mice. n = 3 samples per group (2 mice mixed into a sample). (B) The expression of ATF4 was detected by immunohistochemistry in cervical DRGs of WT,
Atf4™~, and rescue mice. n = 4 mice per group. Scale bar, 50 prm. (C) Double fluorescence in situ hybridization showed that the mRNA of Atf4 was expressed in
Mrgpra3™ and H1R™ cervical DRG neurons and Venn diagram showed the number of the overlap. Scale bar, 50 pm. (D) Colocalization of ATF4 protein with TRPV1
and TRPA1 in the cervical DRG sections and Venn diagram showed the number of the overlap. Scale bar, 50 pm. (A and B) One-way ANOVA followed by Tukey
multiple comparisons test. *P < 0.05, **P < 0.01. The error bars indicate the SEMs. ANOVA, analysis of variance; ATF4, activated transcription factor 4; DRG,

dorsal root ganglion; WT, wild-type.

such as mechanical pruritus.'® Compared with WT mice, Atf4™~
mice displayed normal mechanically induced scratching to von
Frey (Supplementary Fig. 2a, http://links.lww.com/PAIN/C9). The
number of scratch bouts observed in Atf4*~ mice exhibited an
increase compared with that in WT mice following both histamine

(Figs. 2G and H) and CQ (Figs. 2l and J) treatments. To ascertain
the role of ATF4 in chronic itch, it is worth noting that there are
currently no effective treatments available.**%® Hence, we
conducted tests on mice treated with diphenylcyclopropenone
(DCP), a topical immunotherapy agent used for alopecia areata.
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Figure 2. Loss of ATF4 intensifies the acute and chronic pruritus and rescue of ATF4 normalizes them. (A) The effect of intrathecal injecting ATF4-siRNA or NT-siRNA on
the spontaneous scratching behaviors of mice. n = 11 mice per group. (B and C) The effect of intrathecal injection of ATF4-siRNA or NT-siRNA on the acute itch induced
by histamine. n = 11-12 mice per group. (D and E) The effect of intrathecal injecting ATF4-siRNA or NT-siRNA on the acute itch induced by chloroquine (CQ). n = 12 mice
per group. (F) The effect of deletion and reexpression of ATF4 on the spontaneous scratching behaviors. n = 12 mice per group. (G-J) The effect of deletion and re-
expression of ATF4 on the acute itch induced by histamine and CQ. n = 6-8 mice per group. (K) The effect of deletion and re-expression of ATF4 on the chronic itch
induced by diphenylcyclopropenone (DCP). n = 6-8 mice per group. (L) The effect of DCP treatment (day 14) on the ATF4 expression in cervical DRGs of WT mice. n = 3
samples per group (2 mice mixed into a sample). (A-E, L) Two-tailed independent Student t test; (F-J), One-way ANOVA followed by Tukey multiple comparisons test; (K),
Two-way ANOVA followed by Bonferroni multiple comparisons test. *P < 0.05, **P < 0.01, **P < 0.001, n.s, means not significant. The error bars indicate the SEMs.
ANOVA, analysis of variance; ATF4, activated transcription factor 4; DRG, dorsal root ganglion; NT-siRNA, non-targeting siRNA; WT, wild-type.

Copyright © 2024 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


www.painjournalonline.com

8/ +AWAOANDMMBeAAAAVO/FIAEIDYIASALLIKIPOOAEIEAHIOI/AO AU

MY TXOMADYOINXYOHISABZIY TN+ NIOITWNOIZTARY HGRSHNAYE AQ ured/woo mm| sjeulnol//:dny woly pspeojumod

20¢2/6T/€0 uo

8 M-X. Xie et al. 00 (2024) 1-20

However, it often leads to severe side effects, such as eczematous
skin, contact dermatitis, and intense itching in both patients and
mice.®>% WT mice treated with DCP showed increased and
sustained scratching behavior, and deletion of ATF4 promoted the
chronic itch behavior induced by DCP (Fig. 2K). Moreover, DCP
treatment also significantly decreased the expression of ATF4 in
cervical DRG tissues of WT mice (Fig. 2L). Thus, these results
reveal that loss of ATF4 increases the itch sensitivity of mice.

3.3. Rescue of activated transcription factor 4 normalizes
itch sensitivity in Atf4*'~ mice

To further confirm the role of ATF4 in itch sensitivity, we
intrathecally injected AAV delivery vector encoding ATF4 under
the control of the neuronal promoter hSyn (rAAV-hSyn-Atf4-2A-
EGFP) to rescue the expression of ATF4 in the cervical DRG
neurons of Atf4™~ mice (rescued mice) and then subjected the
rescued mice to behavioral tests. EGFP was observed in cervical
DRG neurons of AAV-injected mice (Supplementary Fig. 2b,
http://links.lww.com/PAIN/C9), confirming the transgene ex-
pression in the cervical DRG neurons. The expression of ATF4
was rescued in cervical DRG of Atf4*~ mice after intrathecally
injected with rAAV-hSyn-Atf4-2A-EGFP (Figs. 1A and B). The
behavioral data showed that rescuing of ATF4 can restore the
spontaneous scratching behaviors in Atf4™~ mice to normal
levels (Fig. 2F). Activated transcription factor 4 rescued mice
displayed normal mechanically induced scratching to von Frey
(Supplementary Fig. 2a, http://links.lww.com/PAIN/C9). Com-
pared with Atf4™~ mice, the number of scratch bouts was
decreased in rescued mice following histamine and CQ treat-
ments (Figs. 2G-J). The restoration of ATF4 clearly counteracted
the promoting effect caused by ATF4 deletion on the chronic
itching induced by DCP (Fig. 2K). Thus, these data indicate that
rescue of ATF4 normalizes the itch sensitivity in Atf4™~ mice,
suggesting that ATF4 is necessary for the itch signal transduction.

3.4. Overexpression of activated transcription factor 4
alleviates the acute and chronic pruritus

Furthermore, we intrathecally injected AAV delivery vector
encoding ATF4 (rAAV-hSyn-Atf4-2A-EGFP) in WT mice to
overexpress ATF4 in the cervical DRG neurons (Supplementary
Fig. 3a, b, http://links.lww.com/PAIN/C9). There was no differ-
ence in spontaneous scratching behaviors between the ATF4
overexpression and control mice (Fig. 3A). Overexpression of
ATF4 significantly remitted histamine-, CQ-, and SLIGRL-
induced (PAR-2 agonist) acute pruritus (Figs. 3B-F). In compar-
ison to the control group, ATF4 overexpression mitigated the
chronic itching behavior induced by DCP and DNFB (allergic
contact dermatitis model) in mice (Figs. 3G and H). Because
ATF4 is also expressed in the brain®® and spinal cord,®* we next
determined the specific role of ATF4 in DRG neurons. To achieve
this, we locally injected AAV encoding ATF4 (rAAV-hSyn-Atf4-2A-
EGFP) into the spinal nerves just distal to the DRGs at the cervical
segments (C3 and C4). In mice injected with AAV solution, EGFP
was observed in DRG neurons (Supplementary Fig. 4a, http://
links.lww.com/PAIN/C9), confirming the transgene expression in
the cervical DRG neurons. The expression of ATF4 was also
increased in cervical DRG after local injection with rAAV-hSyn-
Atf4-2A-EGFP (Supplementary Fig. 4b, ¢, http://links.lww.com/
PAIN/C9). Behavioral data showed that local cervical DRG
overexpression of ATF4 did not alter spontaneous scratching
behaviors in mice (Fig. 3I) but significantly reduced acute pruritus
behavior induced by histamine and CQ (Figs. 3J-M). Compared

PAIN®

with the control group, local injection of AAV encoding ATF4 to
overexpress ATF4 in cervical DRG significantly alleviated chronic
itch induced by DCP (Fig. 3N). These results suggest that ATF4
expression in primary afferent sensory neurons is critical in
regulating acute and chronic itch behavior.

3.5. Loss of activated transcription factor 4 increases the
activity of sensory neurons induced by pruritogen

Subsequently, we employed in vivo intracellular calcium imaging
as a method to measure the activity of primary sensory neurons,
to investigate whether ATF4 had an impact on neuronal activity.
Atf4™~ and WT mice were injected intrathecally with AAV delivery
vector encoding the calcium indicator GCaMP6 (rAAV-CAG-
GCaMpé6s). The change of fluorescence signal after the
application of pruritogen in the hind paw indicates the activity of
DRG neurons (Fig. 4A). Following injection of either histamine (2
pg/pl, 5 pl) or CQ (4 wg/pl, 5 pb) into the ipsilateral hindpaw,
we observed robust activation of sensory neurons in L4 DRG
(Figs. 4A-E). Histamine and CQ activated a comparable pro-
portion of sensory neurons in WT mice (Figs. 4B and D), whereas
both pruritogens activated a higher percentage of neurons in
Atf4*~ mice (Figs. 4B and D). Furthermore, we isolated the
neuronal response by cell profile area and found that histamine
and CQ primarily elevated the activation of small-sized
(<500 pm?) and medium-sized (500-1000 pm?) DRG neurons
in Atf4*/~ mice (Figs. 4C and E). Consistently, both small-sized
(<500 wm?) and medium-sized (500-1000 pm?) DRG neurons
from Atf4* mice exhibited larger increases in intracellular
calcium following pruritogen stimulation (Figs. 4F and G). In
comparison to WT mice, the medium-sized DRG neurons
exhibited a pronounced hyperresponsiveness to histamine
(Fig. 4F) and CQ (Fig. 4G) stimulation applied to the hindpaw in
Atf4™~mice. However, small-sized DRG neurons from Atf4™/~
mice were also more responsive to histamine application
(Fig. 4F). In addition, we detected the individual neuron
responses in the 30 minutes period after histamine injection.
We observed that the neuronal responses were distributed
throughout the entire recording period, rather than being
concentrated solely in the early stages of histamine injection
(Fig. 4H), which is consistent with the duration of scratch
responses. Therefore, these findings suggest that ATF4 is
involved in the regulation of sensory neuron activity following
pruritogen stimulation.

3.6. Activated transcription factor 4 interacts with transient
receptor potential cation channel subfamily V member 4 in
sensory neurons

Histamine-induced itch typically involves histamine receptor type 1
(H1R) and/or type 4 (H4R),”® whereas CQ-induced itch stimulates
MrgprA3.%” To further elucidate the potential mechanisms by
which ATF4 regulates itching, we initially investigated whether
ATF4 has a regulatory role in the expression of H1R, H4R, and
MrgprA3. The results showed that, in comparison to WT mice, the
mMRNA expression levels of H1R, H4R, and MrgprA3 in Atfa™~
mouse DRG did not show significant changes (Supplementary
Fig. ba-c, http://links.lww.com/PAIN/C9). This indicates that ATF4
is not involved in regulating the expression of H1R, H4R, or
MrgprA3. Although more than a dozen TRPs have been identified
in DRG neurons,®® to date, only TRPV1, TRPA1, and TRPV4
channels have been implicated in itch signaling in sensory
neurons.®** Our research and that of our peers have shown that
ATF4 can directly interact with ion channels or receptors in
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Figure 3. Overexpression of ATF4 alleviates the acute and chronic pruritus. (A) The effect of intrathecal injection of AAV-expressing ATF4 (rAAV-hSyn-Atf4-2A-
EGFP) on the spontaneous scratching behaviors of mice. n = 6 mice per group. (B-F) The effect of intrathecal injection of AAV-expressing ATF4 (rAAV-hSyn-Atf4-
2A-EGFP) on the acute itch induced by histamine, CQ, and Ser-Leu-lle-Gly-Arg-Leu-NH2 (SLIGRL, PAR-2 agonist). n = 6-11 mice per group. (G, H) The effect of
intrathecal injection of AAV-expressing ATF4 (rAAV-hSyn-Atf4-2A-EGFP) on the chronic itch induced by DCP and 1-fluoro-2, 4-dinitrobenzene (DNFB). n = 6-7
mice per group. (I) The effect of spinal nerve injection of AAV-expressing ATF4 (rAAV-hSyn-Atf4-2A-EGFP) on the spontaneous scratching behaviors of mice. n =
8-10 mice per group. (J-M) The effect of spinal nerve injection of AAV-expressing ATF4 (rAAV-hSyn-Atf4-2A-EGFP) on the acute itch induced by histamine and
CQ. n = 10-12 mice per group. (N) The effect of spinal nerve injection of AAV-expressing ATF4 (rAAV-hSyn-Atf4-2A-EGFP) on the chronic itch induced by DCP.
n = 6 mice per group. (A-F, H-M) Two-tailed independent Student t test; (G, N), 2-way ANOVA followed by Bonferroni multiple comparisons test. *P < 0.05, **P <
0.01, **P < 0.001, n.s, means not significant. The error bars indicate the SEMs. AAV, adenoassociated virus; CQ, chloroquine; DCP, diphenylcyclopropenone;

EGFP, enhanced green fluorescent protein.

neurons.45,50,60,64 Furthermore, we investigated whether ATF4
interacts with TRPV1, TRPA1, and TRPV4 channels in DRG
neurons. The Co-IP data revealed a potential interaction of ATF4
with TRPV4 channels (Fig. 5A) and almost no interaction with
TRPA1 or TRPV1 channels (Figs. 5B and C) in mouse DRG protein
extracts. Double staining showed that ATF4 colocalized with

TRPV4 in mouse DRG neurons (Fig. 5D). In addition, we performed
high-resolution imaging by structured illumination microscopy
(SIM) and found that ATF4 colocalized with TRPV4 in sensory
neurons (Fig. 5E). To further confirm the possible ATF4/TRPV4
interaction, we used the PLA in isolated DRG neurons.® Proximity
ligation assay analysis revealed positive fluorescence signals on
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Figure 4. In vivo calcium imaging shows that DRG neurons from Atf4™/~ mice are hyperresponsive to pruritogen stimuli. (A and A’) Schematic diagram for the
in vivo calcium imaging of sensory neurons and the representative images of GCaMP6 fluorescence as a measure of intracellular calcium following pruritogen
stimulation to the hindpaw. White arrows indicate activated neurons. Scale bar, 100 wm. (B) The total rate of activated DRG neurons after hindpaw injection of
histamine in WT and Atf4*'~ mice. Empty circles represent imaging trials from independent mice. n = 4 mice per group. (C) The diameter distribution of the
proportion of activated DRG neurons after hindpaw injection of histamine in WT and Atf4*/~ mice. Empty circles represent imaging trials from independent mice.
n = 4 mice per group. (D and E) The overall and diameter distribution of the proportion of activated DRG neurons induced by CQ in WT and Atf4*~ mice. Empty
circles represent imaging trials from independent mice. n = 4 mice per group. (F) In comparison to control, small-sized and medium-sized DRG neurons in Atf4™~
mice showed significantly increased responses to histamine stimulation (<500 pum2 WT, n = 29 cells; Atf4+/’, n = 46 cells; 500-1000 me2 WT, n = 34 cells;
Atf4™~, n = 54 cells). (G) Compared with WT mice, DRG neurons from Atf4*/~ mice also had a significantly greater response to CQ stimulation applied to the
glabrous skin. This was particularly true of medium-sized cells (500-1000 wm? WT, n = 28 cells; Atf4*~, n = 48 cells). (H) The heatmaps of individual neurons
activated by histamine in WT mice (n = 73 cells). (B-G) Two-tailed independent Student t test. *P < 0.05, **P < 0.01, n.s, means not significant. The error bars
indicate the SEMs. CQ, chloroquine; DRG, dorsal root ganglion; WT, wild-type.

Copyright © 2024 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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Figure 5. ATF4 interacts with TRPV4 in sensory neurons. (A-C) Co-IP results showed that ATF4 interacted with TRPV4 in DRGs. DRG lysates were
immunoprecipitated with ATF4 antibody and immunoblotted with TRPV4, TRPA1, TRPV1, and ATF4 antibody as indicated. This experiment was repeated 3 times.
(D) Double immunostaining of ATF4 and TRPV4 in cervical DRG sections. Scale bar, 200 pm. (E) The high-resolution images show that the colocalization between
ATF4 and TRPV4 in cervical DRG neurons of mice. Scale bar, 5 wm. (F) Proximity ligation assay (PLA) showed positive signals of ATF4/TRPV4 interaction in
cultured DRG neurons, and staining was absent in negative control with omission of primary antibody (6 images from 2 repeats). Scale bar, 20 um. ATF4, activated
transcription factor 4; DRG, dorsal root ganglion; TRPV4, transient receptor potential cation channel subfamily V member 4.

cell bodies in cultured mouse DRG neurons, and staining was
absent in negative control group (Fig. 5F). These results indicate
close proximity of ATF4 and TRPV4 and possible interaction
between these 2 molecules in sensory neurons.

3.7. Activated transcription factor 4 inhibits the function of
transient receptor potential cation channel subfamily V
member 4 in sensory neurons

Furthermore, we investigated the role of ATF4 in regulating the
membrane, cytoplasm, and total expression of TRPV4 in DRGs.
The data showed that knockdown of ATF4 did not change the
membrane (Supplementary Fig. 6a, http://links.lww.com/PAIN/
C9), cytoplasm (Supplementary Fig. 6b, http://links.lww.com/
PAIN/C9), or total (Supplementary Fig. 6¢, http://links.lww.com/
PAIN/C9) expression of TRPV4 in DRGs of mice. Compared with
WT mice, the expression of TRPV4 in membrane, cytoplasm, and
total were comparable in DRGs of Atf4™~ mice (Supplementary

Fig. 6d-f, http://links.lww.com/PAIN/C9). Surface biotinylation
analysis revealed that the deletion of ATF4 did not affect the
membrane trafficking of TRPV4 in DRG neurons (Supplementary
Fig. 6g, http://links.lww.com/PAIN/C9). Consistently, overex-
pression of ATF4 did not alter the membrane (Supplementary
Fig. 6h, http://links.lww.com/PAIN/C9), cytoplasm (Supplemen-
tary Fig. 6i, http://links.lww.com/PAIN/C9), or total (Supplemen-
tary Fig. 6j, http://links.lww.com/PAIN/C9) abundance of TRPV4
in DRGs of mice. Thus, interference with ATF4 does not alter the
expression and trafficking of TRPV4 in sensory neurons.
Considering that ATF4 does not affect the expression and
membrane trafficking of TRPV4 and that ATF4 interacts with
TRPV4 in DRG neurons, we speculated that ATF4 may regulate
the function of TRPV4 channels. To further confirm whether ATF4
regulated the function of TRPV4, whole-cell patch clamp experi-
ments were performed in DRG neurons. Compared with WT
mice, 4-«PDD-induced (TRPV4 agonist, 10 uM)?2 currents were
increased in DRG neurons of Atf4™~ mice (Figs. 6A and B).
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Importantly, rescue of ATF4 in Atf4*~ mice significantly reduced

the 4-aPDD-induced currents in DRG neurons (Figs. 6A and B).
Furthermore, we examined another TRPV4 agonist-induced
(GSK101, 1 wM)®® Ca®" responses in dissociated DRG neurons
using vitro calcium imaging. The data showed that compared
with WT mice, GSK101 induced an increased Ca®* responses in
DRG neurons of Atf4™~ mice and reexpression of ATF4
normalized the Ca®" response (Figs. 6C-E). To further determine
whether ATF4 also modulates the TRPV1 and TRPA1 channels,
we examined the Ca®* responses to capsaicin®' (TRPV1 agonist)
and AITC? (TRPA1 agonist) treatments in WT and Atf4™~ DRG
neurons. The results showed that capsaicin-induced Ca®"
responses in DRG neurons were comparable between WT and
Atf4™~ mice (Supplementary Fig. 7a, http://links.lww.com/PAIN/
C9). In comparison to WT mice, the Ca®" responses in DRG
neurons induced by AITC were not observed to be altered in
Atf4™~ mice (Supplementary Fig. 7b, http://links.lww.com/
PAIN/C9). This indicates that ATF4 is not involved in regulating
the function of TRPV1 and TRPA1 channels in sensory neurons.
Furthermore, we investigated the regulatory effect of over-
expressing ATF4 on TRPV4 current in sensory neurons.
Compared with the control group, overexpression of ATF4
significantly decreased the TRPV4 currents induced by 4-aPDD
in sensory neurons (Figs. 6F and G). Therefore, this suggests that
ATF4 inhibits the function of TRPV4 in sensory neurons. To further
examine whether ATF4 regulates itching through the TRPV4
channel, we intraperitoneally administered a specific TRPV4
antagonist HC 067,047 (HC; 10 mg/kg)'®3® to WT and Atf4™*/~
mice and subsequently observed its effects on acute and chronic
itching. The results showed that when compared with the Atf4™~
+ vehicle group, the Atf4™~ + HC group displayed a significant
reduction in acute scratch bouts induced by histamine and CQ
(Figs. 6H and I). Blocking the TRPV4 channel also suppressed
the augmented effect of ATF4 deficiency on chronic itching
induced by DCP (Fig. 6J). Therefore, these results suggest that
ATF4 exerts its regulatory role on itching through the TRPV4
channel. Activated transcription factor 4 is known to regulate
gene transcription through its basic leucine zipper (0ZIP)
domain.?® To further exclude the effect of the transcriptional
function of ATF4, a transcription factor, on TRPV4 channels, we
overexpressed a transcriptionally inactive form of ATF4 (mutation
of bZIP: AbZIP) in DRG of WT mice by intrathecal injected rAAV-
hSyn-Atf4-AbZIP. The transcriptionally inactive form of ATF4 was
generated by site-directed mutagenesis with 7 amino acid
substitutions within the DNA-binding domain (*®?RYRQKKR>%®
to 2%2GYLEAAA?%8).16,27,53 The data showed that overexpres-
sion of a transcriptionally inactive form of ATF4 also did not alter
the membrane, cytoplasm, or total expression of TRPV4 in
sensory neurons (Figs. 7A-C). Notably, compared with the
control group, overexpression of a transcriptionally inactive form
of ATF4 significantly decreased the TRPV4 currents induced by
4-aPDD in sensory neurons (Figs. 7D and E). Consistently,
overexpression of a transcriptionally inactive form of ATF4
significantly alleviated histamine-induced and CQ-induced acute
pruritus and also reduced DCP-induced chronic pruritus in mice
(Figs. 7F-H). Thus, ATF4 interacts with TRPV4 and exerts
a significant inhibitory effect on its function in a nontranscriptional
manner in DRG neurons.

3.8. Activated transcription factor 4 regulates the function of
TRPV4 through 117-232 aa fragments

To determine how ATF4 interacted with TRPV4, we constructed 3
expression vectors, namely, ATF4-His (1-116 aa), ATF4-His (117-

PAIN®

232 aa), and ATF4-His (233-349 aa), and coexpressed them with
the TRPV4-Flag in HEK293T cells. Co-IP analysis showed that
the 117-232 aa region of ATF4 was found to be the major binding
site for TRPV4 (Fig. 8A). To further investigate the function of
ATF4 117-232 aa region, we intrathecally injected rAAV-hSyn-
Atf4-His (117-232)-2A-EGFP to overexpress 117-232 aa region
in DRG neurons of WT mice (Fig. 8B). The behavioral data
indicated that there was no significant difference in spontaneous
scratching behaviors between the mice with overexpression of
the 117-232 aa region and the control group (Fig. 8C). Over-
expression of the 117-232 aa region significantly reduced
histamine-evoked and CQ-evoked acute pruritus (Figs. 8D and
E). Compared with the control group, overexpression of the 117-
232 aa region also lessened DCP-evoked scratching behavior in
mice (Fig. 8F). Moreover, compared with the control group,
overexpression of the 117-232 aa region markedly reduced the
current of TRPV4 evoked by 4-aPDD in sensory neurons (Figs.
8G and H). Furthermore, we intrathecally injected rAAV-hSyn-
Atfd-His (117-232)-2A-EGFP in Atf4™~ mice to confirm the
function of the 117-232 aa region. The data showed that
intrathecal injection of rAAV-hSyn-Atf4-His (117-232)-2A-EGFP
significantly decreased the number of scratch bouts induced by
histamine, CQ, and DCP in Atf4*/~ mice (Figs. 81-K). Therefore,
these results indicate that ATF4 may regulate itch sensation
behavior and the function of TRPV4 through its 117-232 aa
fragments.

3.9. Interference with activated transcription factor 4
increases itch sensitivity in nonhuman primates, and
activated transcription factor 4 colocalizes with transient
receptor potential cation channel subfamily V member 4 in
human sensory neurons

Nonhuman primates have been tested for sensory research
because of their phylogenetic proximity to humans.'® Double
immunostaining showed that ATF4 colocalized with TRPV4 in
monkey DRG neurons (Fig. 9A). Furthermore, we tested whether
intrathecal injection of ATF4-siRNA affected the itch sensitivity in
nonhuman primates (Fig. 9B). The knockdown effect of ATF4-
siRNA was verified in monkey vero cells (Fig. 9C). The behavioral
data showed that ATF4-siRNA increased the spontaneous
scratching behaviors in nonhuman primates (Fig. 9D). We then
plantar injected histamine to establish the acute itch model in
nonhuman primates. Notably, ATF4-siRNA also increased the
number of scratch bouts induced by histamine in nonhuman
primates (Fig. 9E). Moreover, ATF4-siRNA markedly increased
the TRPV4 currents induced by 4-aPDD in sensory neurons of
nonhuman primates (Figs. 9F and G). Therefore, these results
suggest that in nonhuman primates, ATF4 may also be involved in
regulating itch sensitivity by modulating the function of TRPV4. To
evaluate the translational potential of this study, we further tested
the distribution pattern of ATF4 in human DRG sections.
Immunostaining showed that ATF4 was colocalized with TRPV4
in human DRG neurons (Fig. 9H). High-resolution images
confirmed the colocalization of ATF4 and TRPV4 in human
DRG neurons (Fig. 91), and also indicated that the 2 proteins were
close together. Therefore, ATF4 is involved in the regulation of itch
sensitivity in nonhuman primates, and ATF4 colocalizes with
TRPV4 in human sensory neurons.

4. Discussion

In this study, we have revealed that ATF4 is distributed in pruritus-
related sensory neurons and interacts with TRPV4 to inhibit the

Copyright © 2024 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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Figure 6. ATF4 inhibits the function of TRPV4. (A and B) The effect of deletion and reexpression of ATF4 on the current density of TRPV4 induced by 4-aPDD
(TRPV4 agonist, 10 wM) in sensory neurons. n = 10 neurons per group. (C) Representative images of calcium responses to GSK101 (TRPV4 agonist, 1 wM) and
KCL (40 mM) sequentially in sensory neurons from WT, Atf4*/~, and rescued mice. Scale bar, 50 pm. (D) Representative traces show a neuronal calcium response
to GSK101 (TRPV4 agonist, 1 wM) and KCL (40 mM) in sensory neurons from WT, Atf4™~ and rescued mice. (E) The effect of deletion and reexpression of ATF4
on the maximum Ca®" responses induced by GSK101 (TRPV4 agonist, 1 wM) and KCL (40 mM) in sensory neurons. n = 38 to 40 neurons per group. (F and G) The
effect of overexpression of ATF4 on the current density of TRPV4 induced by 4-«PDD (TRPV4 agonist, 10 M) in sensory neurons. n = 9 neurons per group. (H-J)
Scratching responses in WT and Atf4™~ mice preinjected (intraperitoneal) with vehicle control or TRPV4 antagonist HC (10 mg/kg) followed by histamine, CQ, or
DCP. n = 9to 10 mice per group. (B, E, H-J) One-way ANOVA followed by Tukey multiple comparisons test; (G), 2-tailed independent Student ¢ test. *P < 0.05,
**P < 0.01, **P < 0.001, n.s, means not significant. The error bars indicate the SEMs. ANOVA, analysis of variance; ATF4, activated transcription factor 4; CQ,
chloroquine; DCP, diphenylcyclopropenone; TRPV4, transient receptor potential cation channel subfamily V. member 4; WT, wild-type; HC, 2-Methyl-1-[3-(4-
morpholinyl)propyl]-5-phenyl-N-[3-(trifluoromethyl)phenyl]-1H-pyrrole-3-carboxamide HC067074; 4-aPDD, 4a-Phorbol-12,13-didecanoate.
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Figure 7. Overexpressing a transcriptionally inactive form of ATF4 alleviates the acute, chronic pruritus and reduces the current of TRPV4. (A-C) The effect of
overexpressing a transcriptionally inactive form of ATF4 on the membrane (A), cytoplasm (B), and total (C) expression of TRPV4 in DRGs. n = 6 samples per group
(2 mice mixed into a sample). (D and E) The effect of overexpressing a transcriptionally inactive form of ATF4 on the TRPV4 current induced by 4-o«PDD (TRPV4
agonist, 10 wM) in sensory neurons. n = 10 neurons per group. (F and G) The effect of overexpressing a transcriptionally inactive form of ATF4 on the acute itch
induced by histamine and CQ. n = 9 mice per group. (H) The effect of overexpressing a transcriptionally inactive form of ATF4 on the chronic itch induced by DCP.
n = 7 mice per group. (A-C, E-G) Two-tailed independent Student t test; (H), 2-way ANOVA followed by Bonferroni multiple comparisons test. *P < 0.05, *P <
0.01, **P < 0.001, n.s, means not significant. The error bars indicate the SEMs. ANOVA, analysis of variance; ATF4, activated transcription factor 4; CQ,
chloroquine; DCP, diphenylcyclopropenone; DRG, dorsal root ganglion; TRPV4, transient receptor potential cation channel subfamily V member 4; 4-aPDD, 4a-

Phorbol-12,13-didecanoate.

function of TRPV4 in sensory neurons in a nontranscriptional
form, thereby regulating itch perception (Fig. 10). Activated
transcription factor 4, also known as cAMP response element-
binding protein 2 (CREB-2), is a member of the ATF/CREB
transcription factor family, mainly involved in gene transcriptional
regulation.®? ATF4 is widely expressed in various tissues, playing
a crucial role in regulating diverse physiological and pathological
processes. Specifically, it is integral to the development of skeletal
and lens tissues; the absence of ATF4 has been linked to
hypoplasia in these structures.'”®” In the hippocampal neurons,
ATF4 participates in the regulation of synaptic plasticity and

memory formation.® ' In the cerebral cortex of Alzheimer disease
(AD), the level of ATF4 protein increases to 1.9 times that of
controls.*’ In addition, locally synthesized ATF4 in axons is
proposed to act as a mediator for the spread of the neurode-
generative signal in AD pathology.® This suggests its potential role
as a downstream signal of AB. Previous studies by us and our
peers have shown that ATF4 is abundantly expressed in primary
sensory neurons and is involved in the regulation of joint traction
pain and thermal nociception.'*%* Our data show that ATF4 is
expressed in pruritus-related sensory neurons in mice. Knocking
down of ATF4 in DRG neurons increased the spontaneous
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Figure 8. ATF4 regulates the function of TRPV4 through 117-232aa fragments. (A) Interaction between TRPV4 and ATF4 fragments. The ATF4-His (1-116 aa),
ATF4-His (117-232 aa), and ATF4-His (233-349 aa) were transiently coexpressed with TRPV4, and the cell lysates were immunoprecipitated with antibodies as
indicated. This experiment was repeated 3 times. (B) The expression of ATF4-His (117-232) fragments in DRGs of mice after intrathecal injection with rAAV-hSyn-
Atf4-His (117-232)-2A-EGFP in 21 days. Scale bar, 100 um. (C) The effect of intrathecal injecting rAAV-hSyn-Atf4-His (117-232)-2A-EGFP on the spontaneous
scratching behaviors of mice. n = 7 mice per group. (D and E) The effect of intrathecal injection of rAAV-hSyn-Atf4-His (117-232)-2A-EGFP on the acute itch
induced by histamine and CQ. n = 7 mice per group. (F) The effect of intrathecal injecting rAAV-hSyn-Atf4-His (117-232) -2A-EGFP on the chronic itch induced by
DCP. n = 6 mice per group. (G and H) The effect of intrathecal injection of rAAV-hSyn-Atf4-His (117-232)-2A-EGFP on the TRPV4 current induced by 4-aPDD
(TRPV4 agonist, 10 wM) in sensory neurons. n = 8 to 10 neurons per group. (-K) The effect of intrathecal injection of rAAV-hSyn-Atf4-His (117-232)-2A-EGFP on
the acute and chronic itch in Atf4™~ mice. n = 8 mice per group. (C—E, H) Two-tailed independent Student t test; (F and K), 2-way ANOVA followed by Bonferroni
multiple comparisons test; (I, J), One-way ANOVA followed by Tukey multiple comparisons test; *P < 0.05, **P < 0.01, **P < 0.001, n.s, means not significant.
The error bars indicate the SEMs. ANOVA, analysis of variance; ATF4, activated transcription factor 4; CQ, chloroquine; DCP, diphenylcyclopropenone; DRG,
dorsal root ganglion; TRPV4, transient receptor potential cation channel subfamily V. member 4; 4-aPDD, 4a-Phorbol-12,13-didecanoate.

scratching behaviors both in mice and nonhuman primates, itch models is required. Overexpression of ATF4 in sensory
indicating that ATF4 may function as a general negative regulator ~ neurons markedly alleviates the acute and chronic pruritus.
in itch regulation. To confirm this, further research on additional ~ Consistent with the behavioral phenotype, using in vivo calcium

Copyright © 2024 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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Figure 9. Interference with ATF4 increases acute itch sensitivity in nonhuman primates, and ATF4 colocalizes with TRPV4 in human sensory neurons. (A) Double
immunostaining of ATF4 and TRPV4 in DRG sections of monkeys. Scale bar, 200 um. (B) Monkeys were administered ATF4-siRNA through intrathecal (i.t.)
injection, and then, the experiments were performed after 2 days. (C) Immunostaining shows the expression of ATF4 by ATF4-siRNA treatment (50 nM, 48 hours) in
monkey vero cells. Scale bar, 50 um. (D) The effect of intrathecal injection of ATF4-siRNA on the spontaneous scratching behaviors in monkeys. n = 6 monkeys
per group. (E) Intrathecal injection of ATF4-siRNA on the acute itch induced by histamine in monkeys. n = 5 monkeys per group. (F and G) The effect of ATF4-
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0.05, *P < 0.01, **P < 0.001, n.s, means not significant. The error bars indicate the SEMs. ANOVA, analysis of variance; ATF4, activated transcription factor 4;
DRG, dorsal root ganglion; TRPV4, transient receptor potential cation channel subfamily V. member 4; 4-aPDD, 4a-Phorbol-12,13-didecanoate.
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current and promotes itch behavior. ATF4, activated transcription factor 4; TRPV4, transient receptor potential cation channel subfamily V. member 4.

imaging of populations of DRG neurons, we reveal an enhanced
response (in both small-sized and medium-sized cells) to the
stimuli with histamine and CQ in Atf4™/~ mice, indicating that
ATF4 controls the itch behavior by regulating the activity of
sensory neurons. Although a greater number of neurons are
activated by histamine and CQ in At4*~ mice, it remains
unclear, which specific neuronal subpopulation is being addi-
tionally activated, necessitating further research to address this
issue. In summary, ATF4 may be a potential target for a variety of
diseases, including AD, pathological pain, and chronic pruritus.

Transient receptor potential cation channel subfamily V
member 4 is a nonselective cation channel that is abundant in
sensory neurons and plays a key role in the sensory modulation of
itch signals.’®® Study has shown that complete deletion of
TRPV4 significantly inhibit histamine-induced and chloroquine
(CQ)-induced acute pruritus behavior in mice.>® Mutation of
TRPV4 also markedly alleviates chronic pruritus resulting from dry
skin induced by an acetone/ether mixture followed by water
(AEW) and allergic contact dermatitis induced by squaric acid
dibutylester (SADBE).*® Our data presented indicate that ATF4
interacts with TRPV4. Intriguingly, the deletion of ATF4 does not
alter the membrane, cytoplasmic, or total expression of TRPV4,
yet it notably increases the currents of TRPV4 in DRG neurons.
This unexpected discovery implies that ATF4, functioning as
a transcription factor, does not regulate TRPV4 through gene
expression but rather exerts a direct inhibitory effect on TRPV4
function by binding to it. This unveils a novel dimension to the
regulatory mechanisms between ATF4 and TRPV4 in DRG
neurons. This may be an important function of transcription
factors in addition to transcription, but further studies are needed.
Currently, the exploration of the nontranscriptional functions of
transcription factors represents a pivotal area of research. As
widely recognized, nuclear factor-kappa B (NF-«kB) serves as
a classical transcription factor that regulates the structure and

function of the nervous system through transcription.*®%* Our
recent work shows that NF-«kB interacts with Nav1.7 in sensory
neurons to enhance the current density of Nav1.7 and contrib-
utes to neuropathic pain in a nontranscriptional manner.®®
Although ATF4 is a transcription factor, it also has functions
other than transcription. Previous studies have shown that ATF4
directly interacts with GABAg receptors in the soma and the
dendritic membrane surface of both hippocampal neurons and
retinal amacrine cells.45,50,60 Our previous research has shown
that knocking down ATF4 significantly diminishes the membrane
expression of TRPM3 channels without affecting the total
expression of TRPM3 in DRG neurons. This indicates that ATF4
governs the membrane trafficking of TRPM3 channels through
a nontranscriptional mechanism.®* Therefore, ATF4, despite its
role as a transcription factor, may also participate in nontranscrip-
tional regulatory processes. Our data show that ATF4 interacts
with TRPV4 through the 117-232 aa fragments and over-
expression of the ATF4 117-232 aa fragments significantly remits
the histamine-evoked and CQ-evoked acute pruritus and DCP-
evoked chronic pruritus in mice. These suggest that the synthesis
of ATF4 117-232 aa peptide can be used as a potential drug for
clinical treatment of pruritus, which needs further study. Because
ATF4 plays a crucial role in the regulation of multiple physiological
functions and direct intervention of ATF4 expression may result in
multiple side effects, the development of ATF4 117-232 aa small
peptide drug is of great clinical significance.

Our data showed that ATF4 is involved in the regulation of
SLIGRL-induced acute itch and DNFB-induced allergic contact
dermatitis chronic itch. Study has shown that knocking out TRPV4
in Nav1.8 positive sensory neurons has no effect on SLIGRL-
induced acute itch and DNFB-induced allergic dermatitis chronic
itch.®® This suggests that the regulatory mechanism of ATF4 on
SLIGRL-induced and DNFB-induced itch may not involve the
modulation of TRPV4 but potentially operates through alternative

Copyright © 2024 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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pathways. The research indicates that SLIGRL and DNFB induce
itching through the modulation of Mas-related G protein—-coupled
receptors (Mrgprs).2%68 Both our study and research by colleagues
reveal that ATF4 participates in regulating the membrane trafficking
of ion channels and receptors in neurons.' "% It remains unclear
whether ATF4 is involved in the regulation of SLIGRL-induced and
DNFB-induced itch by modulating Mrgprs membrane trafficking.
Further research is needed to elucidate this mechanism. In addition
to the itch regulation, TRPV4 also plays a significant role in
modulating neuropathic pain®?® and mechanotransduction in
muscle fiber afferents.?® Moreover, TRPV4 exhibits widespread
expression in brain neurons, serving as a potential risk factor for the
development of brain diseases,*® including cerebral ischemic
reperfusion injury,?® brain edema,®® intracerebral hemorrhage,®?
epilepsy,®? and Parkinson disease.®® Thus, the function of TRPV4
inthe body is broad, rather than itch specific. Our data indicate that
ATF4 regulates a broader spectrum of itch types compared with
TRPV4. This suggests that ATF4 exhibits diverse potential
mechanisms in controlling itching. The inhibitory effect of ATF4
on TRPV4 might represent just one aspect of its modulation of the
itch mechanism. However, to confirm this, more extensive and in-
depth research is required. Although single-cell sequencing results
indicate that TRPV4 is primarily expressed in C-touch fibers that are
not responsive to pruritogens,®* numerous studies have confirmed
its involvement in regulating itch, such as histamine, 48/80, 5-HT,
AEW, and so on."36%70 However, there are also studies
indicating that TRPV4 does not play a role in regulating itching
induced by SLIGRL and DNFB.®° Therefore, the next focus of
research should be to determine the types of itching in which
TRPV4 is involved in regulation and those in which it is not.

In summary, we focused on 2 main aspects. First, we
investigated the regulatory role of ATF4 in itch, suggesting that
ATF4 may be a potential target for itch therapy. Second, we
explored the interaction between ATF4 and TRPV4 proteins, as
well as ATF4’s nontranscriptional regulation of TRPV4, revealing
potential mechanisms through which ATF4 regulates itch.
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