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Abstract: Therapeutic ultrasound (tUS) is widely used in chronic muscle pain control. However,
its analgesic molecular mechanism is still not known. Our objective is to reveal the mechanism of
the tUS-induced analgesia in mouse models of fibromyalgia. We applied tUS in mice that have
developed chronic hyperalgesia induced by intramuscular acidification and determined the tUS
frequency at 3 MHz, dosage at 1 W/cm? (measured output as 6.3 mW/cm?) and 100% duty cycle for
3 minutes having the best analgesic effect. Pharmacological and genetic approaches were used to
probe the molecular determinants involved in tUS-mediated analgesia. A second mouse model of
fibromyalgia induced by intermittent cold stress was further used to validate the mechanism
underlying the tUS-mediated analgesia. The tUS-mediated analgesia was abolished by a pre-
treatment of NK1 receptor antagonist—RP-67580 or knockout of substance P (Tac1™”). Besides, the
tUS-mediated analgesia was abolished by ASIC3-selective antagonist APETx2 but not TRPV1-se-
lective antagonist capsazepine, suggesting a role for ASIC3. Moreover, the tUS-mediated analgesia
was attenuated by ASIC3-selective nonsteroid anti-inflammation drugs (NSAIDs)—aspirin and di-
clofenac but not by ASIC1a-selective ibuprofen. We next validated the antinociceptive role of
substance P signaling in the model induced by intermittent cold stress, in which tUS-mediated
analgesia was abolished in mice lacking substance P, NK1R, Asicla, Asic2b, or Asic3 gene. tUS
treatment could activate ASIC3-containing channels in muscle afferents to release substance P
intramuscularly and exert an analgesic effect in mouse models of fibromyalgia. NSAIDs should be
cautiously used or avoided in the tUS treatment.

Perspective: Therapeutic ultrasound showed analgesic effects against chronic mechanical hyper-
algesia in the mouse model of fibromyalgia through the signaling pathways involving substance P
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and ASIC3-containing ion channels in muscle afferents. NSAIDs should be cautiously used during tUS

treatment.

© Published by Elsevier Inc. on behalf of the American Pain Society
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fibromyalgia, is a common and troublesome pre-

sentation in pain clinics; however, the current
treatment for fibromyalgia remains insufficient." Animal
models for fibromyalgia are good tools to test efficacy and
mechanism of treatment.’ Among them, the acid-induced
chronic muscle pain model (or the Sluka model) and in-
termittent cold stress (ICS) models are 2 frequently em-
ployed rodent models.>* In the Sluka model, repeated
intramuscular acid stimuli and activation of acid-sensing ion
channels 1b and 3 (ASIC1b and ASIC3) and transient re-
ceptor potential vanilloid 1 (TRPV1) are required to induce
chronic hyperalgesia.”” In particular, ASIC3 knockout
(ASIC3™) completely abolished the first acid-induced tran-
sient hyperalgesia and the development of chronic hyper-
algesia induced by a second acid injection.® The ICS model
can induce chronic hyperalgesia of the hind paws in wild-
type and ASIC3” mice, although ASIC3 knockout attenu-
ates muscle hyperalgesia.® We previously revealed that in-
tramuscular substance P (also known as neurokinin-1, NK1)
could inhibit ASIC3 activation in muscle afferent neurons,
resulting in an antinociceptive effect in the Sluka model.®®
The antinociceptive signal of substance P in muscle affer-
ents acts through the neurokinin receptor 1 (NK1R) in a G-
protein-independent manner to open the Kv7, which is
very different from its conventional excitatory role as the
primary nociceptive transmitter.”'® We also reported that
low-level laser therapy (LLLT)-mediated analgesia occurred
via the activation of TRPV1 and release of substance P in
muscle afferents in the Sluka model."" The analgesic effect
of LLLT can be blocked by pretreatment with the NK1R
antagonist RP-67580 and TRPV1 antagonist capsazepine. In
addition, no analgesic effect was observed in mice lacking
substance P (Tac1™).

Therapeutic ultrasound (tUS) is one of the most widely
used physical modalities that reduces chronic pain, such as
osteoarthritis, tendinitis, plantar fasciitis, and fi-
bromyalgia.? US is a mechanical sound wave absorbed by
the target tissue along the penetrating pathway. It is be-
lieved that tUS has thermal and nonthermal effects during
treatment.”® The resulting mechanical sonic energy is ab-
sorbed by the target tissue and converted into thermal
energy, which results in the heating of deeper tissues.'”
These thermal changes translate into various physiological
effects, including augmentation of blood flow and capil-
lary permeability, enhancement of fibrous tissue ex-
tensibility, elevation of pain threshold, and alteration of
neuromuscular activity leading to muscle relaxation. Non-
thermal changes, mainly mechanical and acoustic
streaming effects of sound waves, also contribute to an
increased rate of chemical activity, alteration in the per-
meability of cell membranes, expansion of gas-filled bub-
bles, and an increase in fluid flow.'> However, these effects
are not easily separated in real-world practice.’® It is rea-
sonable to hypothesize that tUS exerts its analgesic effect

C hronic widespread muscle pain, characterized by

by stimulating certain types of thermo- and/or mechan-
oreceptors.

Since tUS has an analgesic role similar to LLLT in
chronic muscle pain,’” we hypothesized that tUS, also
having similar analgesic mechanisms like LLLT, could
treat chronic muscle pain through the activation of ion
channels on muscle afferents and thus modulate in-
tramuscular substance P secretion.'’ This study aimed to
elucidate the mechanism underlying tUS analgesia in a
mouse model of fibromyalgia.

Methods

Animals

Adult (8-16 weeks old) male (or both male and female in
some cases) C57BL/6J mice were used in the Sluka model.
Adult (8 weeks old) female C57BL/6J mice were used in the
ICS treatment model unless specifically mentioned, since
female mice exhibited a longer-lasting mechanical hyper-
algesia than male mice exposed to ICS.'® The animals were
obtained from the National Laboratory Animal Center
(Taipei, Taiwan). All procedures followed the Guide for the
Use of Laboratory Animals (National Academies Press,
Washington, DC, USA) and were approved by the Institu-
tional Animal Care and Use Committee of the College of
Medicine, National Taiwan University, and Academia Si-
nica. Experiments were performed by minimizing the
number of mice and their suffering without compromising
the quality of the experiments. Mice with tachykinin 1
(Tac1™) were kindly gifted to us from Dr. Zimmer at the
University of Bonn'® and were backcrossed with C57BL/6)
mice for>10 generations. Mice with NK1R knockout
(Tacr1™) were generated by Dr. Steve Hunt at University
College London, imported from the European Mouse Mu-
tant Archive (EM:05452), and backcrossed with B57BL/6J
mice for 10 generations.”” The congenic Tac7” and Tacr1™
mice used in this study were offspring of Tac?* and
Tacr1*" intercrosses, respectively, as previously described.®
ASIC1a knockout (ASIC1a™) mice were kindly gifted from
Dr. Lien at National Yang Ming Chiao Tung University
(Taipei)’' and the mice used in the behavioral studies were
offspring of the heterozygote ASIC1a*" intercross in a
congenic C57BL/6) background, as previously described.”
Trov1™ mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and generated using Trpv7+" inter-
crosses. ASIC1b™ and ASIC3” mice were generated in our
laboratory as previously described.””* The experimental
design is shown in Table 1.

Generation of ASIC2a and ASIC2b
Knockouts

ASIC2a and ASIC2b are encoded by Accn1.>” They
differ only in the 5’ terminus of the messenger ribonu-
cleic acid within exon 1. AS/C2a and ASIC2b knockout
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ANIMALS (c578L/6J AND  ANIMAL MODELS
SPECIFIC GENE
KNOCKOUT MICE)

INTERVENTIONS

BEHAVIOR ASSAYS HISTOLOGY EXAMINATION

Adult male and

Sluka model (inject at day O Therapeutic US with/

von Frey filament test PERK expression in dorsal

female & 1)Modified Sluka model  without specific inhibitors root ganglions
(inject at day O with RP- injection from day 4 to day
67580) 8. (Some followed from day
Adult female only Intermittent cold stress 11 to day 15)
model
Accni1 gene
exoni-b exoni-a

Asic2b knockout

Asic2a knockout

Figure 1. Generation of knockout mice lacking ASIC2a or ASIC2b. Exon composition and experimental design to generate ASIC2
(Accn1) knockout mice using CRISPR/Cas9 technology. To knock down ASIC2a, 2 single-guide RNAs (sgRNAs) were used to target the
5’-upstream and the 3’-downstream of exon 1a of ASIC2, and to knockout ASIC2b, 2 sgRNAs were used to target the 5-upstream

and the 3’-downstream of exon 2b of ASIC2.

(ASIC2a™, ASIC2b™) mouse lines were generated using
genome-editing clustered regularly interspaced short
palindromic repeat (CRISPR) technology. Briefly, nuclei
of C57BL/6J mouse zygotes were injected with Cas9 RNA
and 2 single-guide RNAs, one targeting the 5’-upstream
region of exon 1 and the other targeting the 3’-down-
stream region of exon 1 of ASIC2a (NM_001034013.2) or
ASIC2b (NM_001034013.2) (Fig 1). After germline
transmission, we screened for the correct exon 1 dele-
tion for ASIC2a™ and ASIC2b™" lines by polymerase chain
reaction using the following primers:

ASIC2a-WT-F: GAGAGCTCGGAGAGAGTATCCTAC
ASIC2a-KO-F: TCTACTGTAGGGTCTGCACACATG
ASIC2a-R: TGACAAGATGTTTCTGTCACACG
ASIC2b-WT-F: ACCCCAGTTTTTACGCTGATCC
ASIC2b-WT-R: GTCTCAGCAGAAAGCAGCTCC
ASIC2b-KO-F: GGAAAGACGGGGTAACGGTG
ASIC2b-KO-R: GGAGTTTTCTCCTAGACTCCGTG

Sluka Model of Acid-Induced Chronic
Muscle Pain

The Sluka model, a mouse model of noninflammatory
chronic muscle pain or fibromyalgia, was used to test
the analgesia induced by tUS. In this model, 2 repeated

acidic saline injections administered 2 days apart to one
side of the gastrocnemius muscle (GM) caused bilateral,
long-lasting mechanical hyperalgesia in both hind
paws.” Acidic saline was prepared in 10 mM 2-[N-mor-
pholino]ethanesulfonic acid and adjusted to pH 4.0 with
1N NaOH. In this study, the Sluka model was also
modified to induce chronic muscle pain using a single
intramuscular acid injection combined with an NK1R
antagonist, 100 yM  2-[1-imino-2-(2-methoxyphenyl)
ethyl]-7,7-diphenyl-4-perhydroisoindolone (3aR, 7aR)
(RP-67580, Tocris, Avonmouth, UK), as described.® RP-
67580 was prepared from a 20 mM stock solution (in
100% ethanol) to a final concentration of 100 uM in
saline (pH 7.4). Coinjection of acid saline and RP-67580
can induce long-lasting mechanical hyperalgesia, an
exact phenocopy of the Sluka model, and minimize the
failure rate of chronic pain induction. Unless specified
(while 2 injections of acid saline were applied), we in-
jected 20 pL of acidic saline (pH 4.0) combined with RP-
67580 into the GM of the left legs of the mice.

ICS Model

The second mouse model of fibromyalgia used to test
the tUS effect was induced by ICS, as established by
Ueda et al.* In brief, mice were keptin a4 + 2°C (cold
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room) overnight from 16:30 to 10:00 the next day, then
kept alternatively in rooms at 24 + 2°C (room tem-
perature) and 4 + 2 °C every 30 minutes for 6 hours as a
run of ICS treatment. During ICS treatment, food pellets
and 1% agar were placed on the mesh floor of the cage.
After 2 days of ICS treatment, the mice were housed in
individually ventilated cages at room temperature. The
mechanical responses of the hind paws and GM were
measured before and post-ICS at days 4 to 8.

Behavioral Assays

Animals were housed in a group of 3 to 5 with a 12-hour
light/12-h dark cycle (lights on at 8:00). The behavior tests
were performed between 9:00 and 16:00 in the light cycle
of animals. For behavioral tests, the mice were acclimated
to the behavioral rearing room for at least 1 week and
transported to the behavioral testing room for at least
1 hour before the tests. Mechanical hyperalgesia was as-
sessed by applying a .2 mN von Frey filament to the plantar
surface of both hind paws.®? A positive response was de-
fined as foot lifting when a von Frey filament was applied.
For each paw, the filament was applied 5 times at 30 sec-
onds intervals. Responses of the paw to mechanical stimuli
were measured before and 4 hours, 1 day, and 4 days after
the acid injection(s) or ICS treatment, as well as daily after
tUS.? The experimenter who conducted the von Frey test
was blinded to the mouse genotypes and/or drug treat-
ments. For the pharmacological experiments, the drug so-
lution was intramuscularly injected into the left GM
3minutes before tUS treatment. The mice received the
solvent intramuscularly as a control. PcTx1, a specific ASIC1a
blocker, and capsazepine, a potent TRPV1 antagonist, were
purchased from Tocris (Avonmouth, UK).>> Capsazepine
was prepared from a 20mM stock solution (in 100%
ethanol) to a final concentration of 50 uM in saline (pH
7.4). APETx2, a potent and specific ASIC3 inhibitor, was
obtained from Alomone Laboratories (Jerusalem, lIsrael).
Aspirin (acetylsalicylic acid), diclofenac, and ibuprofen so-
dium were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

Mouse Models of tUS

TUS was administered to isoflurane (2%) anesthetized
animals via the AutoSound 5.6 applicator (Richmar, NY,
USA). The ultrasound output was characterized using a
hydrophone (HGL-0400, Onda, Sunnyvale, CA, USA),
and ultrasound-induced temperature changes were as-
sessed using thermocouples. As the mouse muscle is thin
and the ultrasound device produces a 2.5 ms tone burst
signal, one should avoid resonance to occur in the
muscle. We used a water layer to mimic the muscle layer
and found the intensity of 1 MHz stimulation was 16
times higher than 3MHz. Thus, we only employed
3 MHz in this study. Before tUS treatment, the left leg of
each mouse was shaved. Different doses and duty cycles
of 3 MHz ultrasound for 3 minutes were applied to the
GM daily for 5 days from the fourth day after the acid
injection(s) or ICS treatment. In some cases, after the tUS
effects disappeared, we employed tUS treatment on the
mice again from days 11 to 15 to test the effects of

drugs at higher doses or drugs targeting the same ion
channels. The responses of both hind paws to mechan-
ical stimuli were measured before and 1.5 hours after
tUS. Appropriate receptor antagonists indicated in
specific experiments were added to the formula to de-
lineate the molecular pathway. The combined formula
was injected intramuscularly into the left GM at the
middle level 3 minutes before tUS treatment.

Immunohistochemistry Studies of DRG

We measured extracellular signal-regulated kinase
phosphorylation (pERK) as a surrogate marker to assess
the tUS-induced neuronal activation of muscle afferent
dorsal root ganglia (DRG) neurons. Anesthetized mice
received tUS treatment for 3 minutes and were im-
mediately perfused with 3% paraformaldehyde
through the femoral vein. Before tUS treatment, the
mouse legs were shaved and topically treated with
sincaine cream 5% (SINPHAR Pharmaceutical, llan,
Taiwan) for 10 minutes, which contained lidocaine and
prilocaine, to avoid contact-induced pERK expression in
cutaneous afferent DRG neurons. Lumbar 4 DRGs were
collected, postfixed, dehydrated with 30% sucrose for 1
day, and then embedded in optimal cutting tempera-
ture compound for frozen sections. DRG sections were
cut to 12 pm thickness using a Leica CM3050S cryostat
and incubated with blocking solution (50 mmol/L Tris
[hydroxymethyllaminomethane-buffered saline con-
taining 1% bovine serum albumin, .1% Triton X-100,
and .002% sodium azide) for 2 hours. Primary anti-
bodies against pERK (dilution 1:500; Cell Signaling
Technology, Boston, MA, USA) and substance P (dilution
1:500; Neuromics, Northfield, MN) were diluted in the
blocking solution. The secondary antibodies used were
Alexa Fluor 488(ab’)2 fragments of goat antirabbit, and
Alexa Fluor 594(ab’)2 fragments of goat antiguinea pig
(1:1000 in blocking solution, Molecular Probes, Thermo
Fisher Scientific, Waltham, MA). Images were acquired
using a confocal microscope (Zeiss LSM700 Stage; Zeiss,
Oberkochen, Germany).

Statistical Analysis

GraphPad Prism 7.0 (GraphPad, San Diego, CA) was
used for statistical analyses, and all results are presented
as the means + SEM. Behavioral data were analyzed
using a 2-way analysis of variance followed by the
posthoc Holm-Sidak test. pERK data were analyzed
using the Student's t-test. P < .05 was considered sta-
tistically significant.

Results

Dose-Dependent Effects of tUS on Acid-
Induced Mechanical Hyperalgesia in the
Sluka Model

The tUS treatment was delivered via a 2 cm? “Therapy
Hammer” transducer to the left GM for 3 minutes
(Fig 2A). Compared with sham treatment, unilateral
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Figure 2. Analgesic effect of different doses of ultrasound on acid-induced chronic mechanical hyperalgesia. (A) Setup of the
therapeutic ultrasound treatment. The mouse was anesthetized with 2% isoflurane. The ultrasound treatment was applied to the
surface of the gastrocnemius muscle for 3 minutes. (B, C) Two intramuscular injections of acidic saline (pH 4.0) on day 0 and day 1,
respectively, were used to induce bilateral chronic mechanical hyperalgesia of the hind paws in the mice. From days 4 to 8, the mice
received different doses daily (0, 1, and 2 W/cm?) of 3 MHz ultrasound treatment (100% duty cycles) for 3 minutes. (D, E) The mice
with acid-induced chronic hyperalgesia were treated with ultrasound daily for 1, 2, or 3 days or without ultrasound. The withdrawal
responses of the hind paws were evaluated before and 1.5 hours after the ultrasound treatment. The arrowheads indicate the dates
with intramuscular acid injection. The arrows indicate the ultrasound treatment. D, day; US, ultrasound stimulation. *P < .05,
**P < .01 compared with days 4 or 11 before ultrasound treatment; #P < .05 compared with DO.

treatment with 3 MHz tUS (100% duty cycles) at 1 and
2 W/cm? (based on device setting) significantly reduced
mechanical hyperalgesia on both the ipsilateral and
contralateral hind paws of wild-type mice that received
2 intramuscular acid injections (Figs 2B and 2C). The
analgesic effects of tUS lasted for 24 to 48 hours (Figs 2D
and 2E) and were not compromised by repeated daily
treatment for 5 days (Figs 2B and 2C). Since the device
setting at 1W/cm? was adequate to produce an an-
algesic effect on chronic muscle pain, we chose 1 W/cm?
as our treatment dose in subsequent experiments.
Next, we investigated the effect of duty cycles on tUS
analgesia. Mice with chronic hyperalgesia were treated
with 3 MHz and 1 W/cm? of tUS at different duty cycles
(20, 50, and 100%) for 3 minutes on the GM surface of
the left leg. Compared with pre-tUS, unilateral tUS
treatment with 50% and 100% duty cycles significantly
reduced acid-induced hyperalgesia in both the ipsi-
lateral and contralateral hind paws (Fig 3A). Accord-
ingly, we chose a device setting of 3 MHz, 100% duty
cycle, and dosage of 1 W/cm? as our treatment dose in
later experiments, as it showed the best analgesic effect
in the Sluka model. To determine the ultrasound in-
tensity, the ultrasound probe output was characterized
using a hydrophone. A culture dish was placed on top of
the probe to create a water buffer that represented the
muscle layer (Fig 3B). The measured ultrasound ampli-
tude across the probe showed an uneven distribution
with multiple hotspots (Fig 3C). Using this setup, we
measured the ultrasound intensity and peak stress
around the center of the probe at different duty cycles
(Fig 3D). In general, the measured peak stress remained
the same in all duty cycles, whereas the intensity

increased with the duty cycles. The ultrasound output at
a 100% duty cycle was still very low, with an intensity of
6.3mW/cm? and a peak stress of 16.2kPa. The tem-
perature increase in water was less than 1.5°C in
3 minutes, suggesting a minimum thermal effect in our
animal studies (Fig 3E).

RP-67580 and Tac1 Knockout Inhibited
the tUS Analgesia in the Sluka Model

We have previously shown that substance P signaling
is antinociceptive in muscle afferents in the Sluka model
of chronic muscle pain.” To test if substance P signaling
is involved in tUS-mediated analgesia, we blocked the
substance P receptor, NK1R, 3 minutes before tUS
treatment. Intramuscular injection of RP-67580, a po-
tent and selective tachykinin NK1R antagonist, abol-
ished tUS-induced analgesia in the Sluka model,
whereas tUS treatment significantly reduced acid-in-
duced mechanical hyperalgesia in the vehicle group
(Figs 4A and 4B).

The tachykinin 1 gene encodes 4 products of the ta-
chykinin peptide hormone family, substance P, and
neurokinin A, as well as related peptides, neuropeptide
K and neuropeptide gamma. We chose Tac!” mice to
further validate the involvement of substance P in tUS
analgesia. Similar to the results of RP-67580, tUS sig-
nificantly reduced acid-induced mechanical hyper-
algesia in wild-type mice but had no effect on Tac?™”
mice (Figs 4C and 4D). These results suggest an analgesic
role for substance P in tUS treatment in the Sluka model
of chronic widespread pain.
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Figure 3. Effects of duty cycles on ultrasound output and ultrasound-mediated analgesia. (A) When coinjection with 100 uM RP-
67580 (on day 0), a single intramuscular acid injection (pH 4.0), was sufficient for the development of bilateral chronic mechanical
hyperalgesia of the hind paws in mice. On days 4 to 8, the mice received different duty cycles daily of 1 W/cm? ultrasound at a
frequency of 3 MHz for 3 minutes. The withdrawal responses were evaluated before and 1.5 hours after the ultrasound treatment.
Blank arrows indicate the i.m. acid injection combined with RP-67580. Filled arrows indicate the ultrasound treatment. D, day.
*P < .05, **P < .01 compared with day 4 before ultrasound treatment. (B) The measurement setup of ultrasound output. The
hydrophone was immersed in the water of a culture dish, which was placed on top of the ultrasound probe. (C) Ultrasound peak
stress (kPa) measured across the probe. (D) The measured ultrasound intensities and peak stress at different duty cycles. (E) The

measured temperature increased with time during the ultrasound stimulation.

Involvement of ASIC3 in tUS Analgesia

Next, we probed the molecular determinants that
responded to tUS stimulation, which led to substance P
release. Because tUS might produce thermal, mechan-
ical, and acoustic streaming effects, we tested the roles
of thermal transducers (TRPV1 channels) and acoustic
streaming transducers (ASICs) in tUS analgesia.”®?’

We first tested the role of TRPV1 in tUS analgesia
because TRPV1 functions as a pain and temperature
sensor in mammals.”> We have previously shown that
capsazepine, a selective antagonist of TRPV1, can
abolish LLLT-mediated analgesia in the Sluka model.""
Mice preinjected with capsazepine had the same levels
of mechanical hyperalgesia after tUS as those in the
control group, which received only tUS without capsa-
zepine injection. This phenomenon was noted in both
the ipsilateral and contralateral paws (Figs 5A and 5B).
Thus, tUS-induced analgesia does not occur through the
TRPV1 pathway.

We next examined the roles of ASIC subtypes in tUS
analgesia because ASICs are known to be dual-function
proteins involved in both acid-sensing and mechano-
sensing.”” The mechano-sensing properties of ASICs are
specified in tether-mode mechanotransduction, in
which mechanically sensitive ion channels are opened
via stretching of force-transducing proteins that tether
to the ion channels from the extracellular matrix and
intracellular cytoskeleton proteins.?*>°

Currently, selective antagonists for ASIC subtypes in-
clude PcTx1, a 40-amino acid toxin from tarantula
venom targeting ASIC1a®’; mambalgin-1, a 57-amino
acid toxin from mamba snake venom targeting ASIC1a
and ASIC1b%; and APETx2, a 42-amino acid toxin iso-
lated from the sea anemone Anthopleura elegantissima
targeting ASIC3.%* Pretreatment with PcTx1 and mam-
balgin-1 had no effect on tUS-mediated analgesia in the
Sluka model (Figs 5C-5F), whereas APETx2 abolished tUS
analgesia (Figs 5G and 5H). These results are intriguing
because ASICla could be mechanically activated to
mediate an antinociceptive effect via the release of
substance P in dextrose prolotherapy models.>* There-
fore, we further validated the effect of tUS in ASIC1a™
mice. Consistently, tUS significantly reduced acid-in-
duced mechanical hyperalgesia in both male and female
ASIC1a™ mice (Figs 6A-6D). Thus, tUS-induced analgesia
is mediated through an ASIC3-dependent pathway.

Aspirin and Diclofenac, but Not
Ibuprofen, Diminished the tUS-Mediated
Analgesia

We further validated the role of ASIC3 in tUS an-
algesia. Since intramuscular acidification induces non-
inflammatory muscle pain in the Sluka model, we can
validate the roles of ASICs in tUS analgesia with non-
steroidal anti-inflammatory drugs (NSAIDs) that show
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Figure 4. Involvement of substance P in ultrasound-mediated analgesia. (A, B) The analgesic effect of ultrasound treatment was tested in
mice with chronic mechanical hyperalgesia induced by a single intramuscular acid injection combined with 100 uM RP-67580 (on day 0).
From days 4 to 8, the mice received daily saline (N=7) or 100 uM RP-67580 (N = 10) injection 3 minutes before a 3 minutes ultrasound
treatment at the condition of 1W/cm?, 3MHz. (C, D) A single intramuscular injection of acidic saline (pH 4.0) on day 0 in substance P
knockout (Tac7”, N =8) mice or 2 injections on days 0 and 1 in wild-type mice (WT, N =7) were used to induce bilateral chronic mechanical
hyperalgesia of the hind paws. From days 4 to 8, the mice received 1W/cm? ultrasound treatment daily at a frequency of 3 MHz for
3 minutes at the ipsilateral gastrocnemius muscle. The withdrawal tests were evaluated before and 1.5 hours after the treatment. The
analgesic effect of ultrasound was abolished in the RP-67580 injection and Tac7” mice group. The blank arrows and filled arrowheads
indicate the intramuscular acid injection with or without RP-67580, respectively. The filled arrows indicate the time points with ultrasound
treatment. D, day. *P < .05 compared with day 4 before the ultrasound treatment.

selective inhibition of ASIC subtypes. Aspirin and diclo-
fenac reduce inflammation and pain in clinical condi-
tions and specifically inhibit ASIC3; ibuprofen, another
NSAID used primarily to treat fever and pain, also se-
lectively inhibits ASIC1a.%®

Mice preinjected with 20 L of 500 yM and 5 mM as-
pirin or 200 uM diclofenac in the GM before tUS par-
tially  reduced mechanical hyperalgesia but
compromised the tUS analgesic effect. With tUS treat-
ment, the mice preinjected with aspirin and diclofenac
showed more severe pain-like responses than those
preinjected with saline (Figs 7A-7D). However, tUS an-
algesia was not affected in mice preinjected with 20 pL
of 500 uM ibuprofen in the GM (Figs 7E and 7F). To-
gether, these results indicate that aspirin and diclofenac
can inhibit the analgesic effect of tUS, suggesting an
ASIC3-dependent pathway for tUS analgesia.

Molecular Determinants of tUS-Mediated
Analgesia in a Mouse Model of ICS-
Induced Fibromyalgia

Since intramuscular acid injection-induced mechan-
ical hyperalgesia depends on the activation of ASIC1b,

ASIC3, and TRPV1, we had no way to validate the tUS
analgesia in the corresponding knockout mice in the
Sluka model. In particular, ASIC3-dependent pain
chronicity and ASIC3-mediated analgesia are para-
doxical. Thus, we adopted a second mouse model of
fibromyalgia induced by ICS, in which ICS-treated mice
developed mechanical hyperalgesia of the hind paws
independent of ASIC3.% Thus, we successfully induced
widespread mechanical hyperalgesia in the ICS model
in mice lacking substance P, NK1R, ASIC1a, ASIC1b,
ASIC2a, ASIC2b, ASIC3, or TRPV1 (Fig 8). tUS treatment
showed analgesic effects in wild-type mice with ICS-
induced chronic mechanical hyperalgesia. As expected,
the analgesic effect of tUS was completely abolished
in Tacl”and Tacr1” mice (Figs 8A and 8B). tUS an-
algesia was also abolished in ASIC1a™, ASIC2b™, and
ASIC3” mice but was not affected in ASICTb”,
ASIC2a™, and Trpv1” mice treated with ICS (Figs 8C-
8H). Intriguingly, tUS analgesia was induced in the first
trial but was abolished in consecutive trials in ASICTa™
mice (Fig 8C). Together, we revealed that substance P
and NK1R, as well as ASIC1a, ASIC2b, and ASIC3,
were involved in tUS-mediated analgesia in the ICS
model.
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Figure 5. Roles of ASIC1a, ASIC1b, ASIC3, and TRPV1 in ultrasound-mediated analgesia. The effects of selective ion channel
blockers on ultrasound-mediated analgesia were tested in the mice with chronic mechanical hyperalgesia induced by a single
intramuscular acid injection combined with 100 uM RP-67580 (on day 0). From days 4 to 8 after the acid injection, the mice received
a daily injection of 20 pL saline, (A, B) 50 M capsazepine, (C, D) 10 nM PcTx1, (E, F) mambalgin-1 (MB1), or (G, H) 40 nM APETx2
3 minutes before a 3 minutes ultrasound treatment at 1W/cm? and 3 MHz. The withdrawal tests were performed before and
1.5 hours after the treatment. The blank arrows indicate the intramuscular acid injection of RP-67580. The filled arrows indicate the
time points of ultrasound treatment. D, day. *P < .05, compared with day 4 before ultrasound treatment.
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Figure 6. Effect of ultrasound-mediated analgesia in ASIC7a knockout mice. The analgesic effect of ultrasound treatment was
tested in mice with chronic mechanical hyperalgesia induced by a single intramuscular acid injection combined with 100 pM RP-
67580 (on day 0). Starting on day 4, the mice received daily ultrasound (US) treatment at the condition of 1W/cm? 3 MHz for
3 minutes in the gastrocnemius muscle for 5 days. (A, B) The effect of ultrasound on male AS/C1a*"* and ASIC1a™ mice. (C, D) Effect
of ultrasound on female ASIC7a*"* and ASIC1a™ mice. The blank arrows indicate intramuscular acid injection with RP-67580. The
filled arrows indicate the time points of ultrasound treatment. D, day. *P < .05, compared with day 4 before ultrasound treatment.
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Figure 7. Effect of aspirin, diclofenac, and ibuprofen on ultrasound-mediated analgesia. The effects of NSAIDs on ultrasound-
mediated analgesia were tested in mice with chronic mechanical hyperalgesia induced by a single intramuscular acid injection
combined with 100 uM RP-67580. Mice received daily injections of saline or (A, B) aspirin (ASP) in 500 pM (filled arrows) or 5mM
(filled arrowheads), (C, D) 200 uM diclofenac (Dico), or (E, F) 500 uM ibuprofen (IBU) 3 minutes before a 3 minutes ultrasound (US)
treatment at 1 W/cm? and 3 MHz. The withdrawal tests were performed before and 1.5 hours after the treatment. The blank arrows
indicate intramuscular acid injections combined with RP-67580. The filled arrows or arrowheads indicate the time points of ul-
trasound treatment. D, day. *P < .05, compared to the day before the injection and ultrasound treatment. #P < .05, compared with
the saline + US group on the same day.

US-Induced pERK Expression in Substance  neurons, we carefully examined tUS-induced pERK ex-

P-Expressing DRG Neurons pression by blocking the activation of skin afferent
neurons with local anesthetics (lidocaine and prilo-

To further understand how tUS can mediate an anti- caine). As a result, tUS only induced pERK expression in
nociceptive effect, we examined whether tUS could se- a small portion of DRG neurons, mainly colocalized with

lectively activate substance P-expressing DRG neurons in substance P expression, and the tUS-induced pERK ex-
an ASIC3-dependent manner. Since the antinociceptive pression was significantly reduced in ASIC3” mice
role of substance P signal is specific for muscle afferent (Figs 9A-9F).
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Figure 8. Analgesic effect of tUS on ICS-induced chronic mechanical hyperalgesia in Tac1™, Tacr1”, ASIC1a™, ASIC1b™, ASIC2a™,
ASIC2b™, ASIC3”, and Trpv1™ mice. The analgesic effects of tUS were tested in mice with ICS-induced chronic hyperalgesia. On day
4 after the ICS treatment, (A) wild-type (WT) mice (N = 10) and Tac7” mice (N=9), (B) WT mice (N =7), and Tacr1” mice (N=9), (C)
WT mice (N=6) and ASICTa” mice (N=7), (D) WT mice (N=7) and ASICTb™" mice (N =10), (E) WT mice (N=6) and ASIC2a”" mice
(N=6), (F) WT mice (N=6) and ASIC2b™" mice (N=6), (G) WT mice (N=6) and ASIC3” mice (N=6), and (H) WT mice (N=8) and
Trpv1"' mice (N =8) received daily ultrasound (US) treatment at the condition of 1 W/cm?, 3 MHz for 3 minutes at the gastrocnemius
muscle for 5 days. The blank arrows indicate the intramuscular acid injections combined with RP-67580. The filled arrows indicate
the time points of ultrasound treatment. D, day. *P < .05, compared with day 4 before tUS; #P < .05, compared with WT.
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Figure 9. Involvement of acid-sensing ion channel 3-dependent pERK expression in tUS analgesia. (A) Representative images of
the dorsal root ganglia (DRG) sections showing tUS-induced pERK expression in substance P-positive neurons in wild-type (ASIC3*/*)
mice. (B) Representative images of tUS-induced pERK expression in DRG sections of ASIC3 knockout (ASIC37") mice. (C) Quantitative
analyses of substance P expression in the DRGs of ASIC3** and ASIC3”" mice. (D) Quantitative analyses of pERK expression in the
DRGs of ASIC3** and ASIC3” mice. (E) Quantitative analyses of pERK expression in substance P-expressing DRG neurons. (F) Ratios
of pERK-expressing DRG neurons colocalized with substance P. The arrows indicate pERK immunoreactive neurons. *P < .05,

**P < .01 between genotypes, scale bar=20 um.

Conclusions

Here, we successfully demonstrated that tUS an-
algesia can be achieved via low-intensity ultrasound-
mediated mechanotransduction with minimal thermal
effects in mouse models of fibromyalgia induced by
intramuscular acid injection(s) (the Sluka model) and
ICS (ICS model) and revealed that the mechanism un-
derlying tUS analgesia was mediated via the ASIC3-
substance P signaling pathway. Low-intensity ultra-
sound with a dose of 1W/cm? (measured ultrasound
output of 6.3mW/cm?) showed analgesic effects
lasting for over 24 hours in mice, and repeated daily
ultrasound treatment was not found to compromise
the analgesic effect. The 100% duty cycle showed the
best analgesic effect when 3 MHz ultrasound was ap-
plied for 3 minutes in the Sluka model. In addition, the
same tUS condition mediated the analgesic effect in
the ICS model. Substance P and ASIC3 are involved in
tUS-induced analgesia, according to 5 pieces of evi-
dence. First, pretreatment with a potent tachykinin
antagonist can block tUS analgesia. Second, tUS has no
analgesic effect in Tac1” and Tacr7”" mice, both of
which have impaired substance P signaling. Third, the
analgesic effect of tUS can be inhibited by ASIC3 in-
hibitors, including APETx2, aspirin, and diclofenac, in
the Sluka model. Fourth, the analgesic effect of tUS
was abolished in ASIC3” mice in the ICS model. Fifth,
tUS treatment selectively activated pERK expression in
substance P-expressing DRG neurons of wild-type
mice, but pERK-responsive neurons were largely re-
duced in ASIC3” mice.

Intriguingly, tUS analgesia is mediated via the same
antinociceptive pathway of substance P signaling in

muscle afferents, as shown in laser therapy, pro-
lotherapy, and acid-mediated antinociception.”""3%3¢
Substance P is generally known as a neurotransmitter
that conveys pain signals from nociceptors in many pain
models.?” However, accumulated evidence has shown
that intramuscular injection of substance P does not
generate pain.*® We previously demonstrated that
substance P acts on NK1Rs via a G-protein-independent,
tyrosine kinase-dependent pathway in muscle afferents,
which enhances M-type potassium currents to silence
nociceptor excitation.® In addition, substance P can also
trigger the release of reactive oxygen species to aug-
ment M-type potassium currents, thereby suppressing
the excitability of nociceptors.’” Therefore, how tUS
triggers the release of substance P from muscle affer-
ents to treat chronic muscle pain is an interesting topic
for further investigation.

Ultrasound is not only applied to musculoskeletal
pain control in the field of physical medicine but also in
the modulation of certain brain regions for the treat-
ment of neuropsychiatric diseases.”’ Similar to US neu-
romodulation, the potential mechanisms of US-induced
analgesia include mechanosensitive ion channel mod-
ulation, membrane deformation, intramembrane cavi-
tation model, and thermal modulation.”’ The cavitation
phenomenon is less likely in our study because it usually
occurs at submegahertz frequencies.*” Several thermo-
and mechanosensitive ion channels have been proposed
as receptors of the US, including TRPV1, TREK-1/2, MEC-
4, and ASICs.”’**“® A recent study showed that the
application of 1.7 MHz focused ultrasound (1.0 MPa,
10 Hz pulse repetition frequency, duty cycles 40%) for
30 seconds on cultured cells in vitro or the mouse brain
in vivo could increase the local temperature from 37 °C
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to 42 °C and thus activate TRPV1, which is a thermo-
sensitive ion channel responding to noxious heat.*®
However, we did not observe an essential role of TRPV1
in our tUS condition because neither the TRPV1 an-
tagonist capsazepine nor Trpv1 knockout abolished tUS
analgesia in the mouse models of fibromyalgia. This was
consistent with our probe output characterization
(Fig 3E), suggesting a limited thermal effect, if any, in
our setup. In contrast, the inhibitory effects of ASIC3
antagonists (APETx2, aspirin, and diclofenac) and ASIC3
knockout on tUS analgesia suggest that tUS might
trigger tether-mode mechanotransduction in the
muscle.

ASIC3, which belongs to the epithelial Na+ channel/
degenerin/acid-sensing ion channel (ENaC/DEG/ASIC)
gene family, is a dual-function protein involved in acid
sensation and mechanosensation.?>” ASIC3 is one of
the most sensitive acid sensors in the somatosensory
nerve systems.”® With high sensitivity to acidosis,
ASIC3 is involved in pain-associated tissue acidosis oc-
curring in ischemia, inflammation, and fatiguing ex-
ercise.*® ASIC3, together with ASIC1b and TRPV1, are
essential acid sensors for acid-induced pain chronicity
in the Sluka model.”>” In addition, ASIC3 is expressed in
various somatosensory neurons involved in nocicep-
tion, proprioception, and mechanotransduction.*®>°
In DRG proprioceptors, ASIC3 is known as the mole-
cular determinant involved in tether-mode mechan-
otransduction, by which mechanically sensitive ion
channels are activated by neurite stretching via the
extracellular matrix and cytoskeleton proteins te-
thering to the channels.”®> To our knowledge, no pre-
vious study has reported that ASIC3 was specifically
involved in US neuromodulation. Notably, Kubanek
et al found that pulsed US-activated MEC-4, a
homolog of ASIC3, elicited robust reversal behavior in
wild-type Caenorhabditis elegans nematodes in a
pressure-, duration-, and pulse-protocol-dependent
manner. The US responses were preserved in mutants
unable to sense thermal fluctuations and absent in
mutants (eg, mec-4) that lacked neurons required for
mechanosensation.”® Interestingly, a recent study
showed that low-intensity ultrasound can modulate
ASIC1a-dependent neural activity in mouse brains and
cultured cortical neurons in vitro.?” Based on this
finding, we found that tUS-induced analgesia was
partially affected in ASIC1a” mice in the ICS model,
suggesting that heteromeric ASIC1a/ASIC3 channels
may be involved in tUS analgesia in muscle afferents.
Further studies should investigate how the tUS con-
dition we applied can activate tether mechan-
otransduction in muscle so that the clinical
applications of tUS can be further optimized and ad-
justed for different tissues in terms of the tissue type,
size, and depth.

Although we have revealed that ASIC3 is the principal
molecular determinant involved in tUS analgesia, it is
intriguing to note that ASIC3 is also the molecular de-
terminant involved in chronic pain in 3 mouse models of
fibromyalgia induced by intramuscular acidification (the
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Sluka model), ICS, and repeated intermittent sound
stress.”’>" As mentioned above, ASIC3 is expressed in a
wide range of DRG neurons, so it is rational to hy-
pothesize that at least 2 ASIC3-positive neuron popu-
lations are involved in pronociceptive and
antinociceptive functions. The ASIC3-containing chan-
nels in the pronociceptive and antinociceptive ASIC3
neurons may be composed of homomeric ASIC3 chan-
nels or heteromeric ASIC3 channels containing different
ASIC subtypes. In the ICS model, knockouts of ASICTa,
ASIC2b, or ASIC3 abolished tUS analgesia, suggesting
that the heteromeric ASIC3 channels composed of
ASIC1a, ASIC2b, and ASIC3 might be the substrate for
tUS. In contrast, pronociceptive ASIC3-containing chan-
nels might be homomeric ASIC3 and/or heteromeric
ASIC1b/ASIC3 channels. Nevertheless, further studies are
required to confirm this hypothesis.

The role of NSAIDs in tUS analgesia is clinically im-
portant and requires further discussion. NSAIDs, such as
diclofenac, are commonly used in pain relief patches
and plasters and are combined with tUS in pain clinics.
As shown in the Sluka model, aspirin, diclofenac, and
ibuprofen partially reduced mechanical hyperalgesia.
However, the combined use of aspirin and diclofenac
would compromise tUS analgesia. In contrast, ibuprofen
did not affect tUS. Voilley et al analyzed the effects of
13 NSAIDs on ASIC1a and ASIC3 activity and found that
only flurbiprofen and ibuprofen selectively inhibited
ASIC1a, and aspirin, salicylic acid, and diclofenac selec-
tively inhibited ASIC3.>° Although we only tested 3
NSAIDs in the Sluka model, the clinical use of aspirin,
salicylic acid, and diclofenac is not recommended in tUS
for different types of musculoskeletal pain.

This study had several limitations. First, the signaling
pathways connecting substance P and ASIC3 should be
elucidated in the future. Besides, we did not inject
tracer in the treated GM, so we were not sure that the
pPERK expression neurons were actually muscle affer-
ents. In addition, the analgesic mechanism of tUS in
other tissues, such as tendons, joints, and fascia, de-
serves further research. Whether other mechano-sti-
mulating modalities, such as shockwave, employ the
same analgesic mechanism as tUS merits further study.
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