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Development/Plasticity/Repair

Muscle IL13 Drives Ischemic Myalgia via ASIC3-Mediated
Sensory Neuron Sensitization

Jessica L. Ross,! “’Luis F. Queme,' “Elysia R. Cohen,'

Renita C. Hudgins,' and ““Michael P. Jankowski'-2
Department of Anesthesia, Division of Pain Management, Cincinnati Children’s Hospital Medical Center, and 2Department of Pediatrics, University of
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Musculoskeletal pain is a significantly common clinical complaint. Although it is known that muscles are quite sensitive to alterations in
blood flow/oxygenation and a number of muscle pain disorders are based in problems of peripheral perfusion, the mechanisms by which
ischemic-like conditions generate myalgia remain unclear. We found, using a multidisciplinary experimental approach, that ischemia
and reperfusion injury (I/R) in male Swiss Webster mice altered ongoing and evoked pain-related behaviors in addition to activity levels
through enhanced muscle interleukin-1 beta (IL13)/IL1 receptor signaling to group III/IV muscle afferents. Peripheral sensitization
depended on acid-sensing ion channels (ASICs) because treatment of sensory afferents in vitro with IL13-upregulated ASIC3 in single
cells, and nerve-specific knock-down of ASIC3 recapitulated the results of inhibiting the enhanced IL13/IL1r1 signaling after I/R, which
was also found to regulate afferent sensitization and pain-related behaviors. This suggests that targeting muscle IL13 signaling may be a

potential analgesic therapy for ischemic myalgia.
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ignificance Statement

syndrome, sickle cell anemia, or fibromyalgia.

Here, we have described a novel pathway whereby increased inflammation within the muscle tissue during ischemia/
reperfusion injury sensitizes group III and IV muscle afferents via upregulation of acid-sensing ion channel 3 (ASIC3),
leading not only to alterations in mechanical and chemical responsiveness in individual afferents, but also to pain-related
behavioral changes. Furthermore, these I/R-induced changes can be prevented using an afferent-specific siRNA knock-
down strategy targeting either ASIC3 or the upstream mediator of its expression, interleukin 1 receptor 1. Therefore, this
knowledge may contribute to the development of alternative therapeutics for muscle pain and may be especially relevant to
pain caused by issues of peripheral circulation, which is commonly observed in disorders such as complex regional pain
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Introduction
Musculoskeletal pain is one of the most common complaints of
patients seeking medical treatment, but basic mechanisms of my-
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algia development have yet to be determined fully (Mense, 2003,
2008). Although trauma and injury are major causes of muscle
pain, another prominent cause of myalgia originates from com-
plications in peripheral perfusion (Wasner et al., 2001; Coderre et
al., 2004; Naves and McCleskey, 2005; Ali and Carman, 2012),
which likely reflects the sensitivity of muscles to reduced oxygen-
ation and blood flow (Blaisdell, 2002; Carmo-Aratjo et al., 2007).
Ischemic-like conditions are a known cause of muscle pain in
numerous animal models and clinical conditions (Alam and
Smirk, 1937; Sinoway et al., 1989; Coderre et al., 2004; Ross et al.,
2014), including complex regional pain syndrome, sickle cell ane-
mia, fibromyalgia, and peripheral vascular disorder (Wasner et
al., 2001; Katz et al., 2007; Mense, 2008; Ali and Carman, 2012;
Zempsky et al., 2013). These discrete conditions cause transient
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ischemic-like states that alter a number of inflammatory cyto-
kines and growth factors designed to facilitate repair of the in-
jured muscles (Carmo-Araujo et al., 2007; Eisenhardt et al., 2012;
Ross et al., 2014). However, these same repair factors are also
known to be algesic (Dina et al., 2008; Jankowski et al., 2009a;
Jankowski and Koerber, 2010; Alvarez et al., 2014).

Recent testing of the response properties of individual group
III and IV muscle afferents using our ex vivo forepaw muscles/
median and ulnar nerves/dorsal root ganglion (DRG)/spinal cord
recording preparation in mice with ischemia and reperfusion
(I/R) injury showed a significant decrease in mechanical thresh-
olds and an increase in the number of muscle afferents responsive
to both noxious (“high metabolite”: pH 6.6, high lactic acid and
ATP concentrations) and non-noxious (“low metabolite”: pH
7.0, low lactic acid and ATP concentrations) mixtures of muscle
metabolites (Sinoway et al., 1989; Light et al., 2008; Jankowski et
al., 2013; Ross et al., 2014). Muscle afferent phenotypic switching
may be a critical feature of I/R injury that leads to pain because
these metabolite mixtures are known to be produced by the mus-
cles during ischemic contractions (Li et al., 2008; Light et al.,
2008; Birdsong et al., 2010) or during moderate exercise (Naves
and McCleskey, 2005) and can produce sensations of “pain” or
“fatigue” in humans, respectively (Pollak et al., 2014).

One possible candidate for pain generation after I/R injury is
acid-sensing ion channel 3 (ASIC3), which has been associated
with the generation of muscle pain in many animal models such
as models of inflammation, incision, and cardiac ischemia (Im-
mke and McCleskey, 2001a; 2001b; Sluka et al., 2003; Naves and
McCleskey, 2005; Benson and McCleskey, 2007; Sluka et al.,
2007). ASICs in group III/IV muscle afferents contribute to
mechanosensation (Sluka et al., 2007; Walder et al., 2010) and
afferent responsiveness to lactate and protons in the muscles (Im-
mke and McCleskey, 2001a; 2001b; Naves and McCleskey, 2005;
Light et al., 2008; Birdsong et al., 2010; Ross et al., 2014) and we
have shown previously that cells responsive to both noxious and
non-noxious metabolite mixtures after ischemia are more likely
to express ASIC3 (Ross et al., 2014).

Of the cytokines and growth factors upregulated in I/R-
injured forepaw muscles, increased interleukin-1 beta (IL13) ex-
pression is of interest because its receptor, IL1rl (Vigers et al.,
1997), is also upregulated in the DRGs (Ross et al., 2014), sug-
gesting a significant muscle—nerve interaction involving this
pathway. Because injection of other inflammatory cytokines such
as MCP-1 or IL-6 into the muscles induces mechanical hypersen-
sitivity (Dina et al., 2008; Alvarez et al., 2014), local cytokines
likely influence muscle afferent sensitization after I/R, possibly
through kinase-mediated signaling within the affected afferents
(Hallegua and Weisman, 2002; O’Neill and Greene, 1998; Mense,
2003). Because of the specific increases in ASIC3 and IL1r1 in
I/R-affected DRGs and upregulated IL18 in injured muscle tis-
sue, we propose that enhanced muscle-expressed IL13 upregu-
lates ASIC3 expression in muscle afferents during I/R via IL1r1 to
induce peripheral sensitization, leading to the development of
ischemic myalgia.

Materials and Methods

Animals. Male Swiss Webster mice (~4—8 weeks of age) were used for all
analyses. Animals were housed in a climate-controlled, pathogen-free
barrier facility with a 12 h:12 h light/dark cycle at Cincinnati Children’s
Hospital Medical Center (CCHMC) under supervision of veterinary ser-
vices and were given ad libitum access to standard rodent chow and
water. All procedures were compliant with National Institutes of Health
and AALAC International standards and were monitored and approved
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by the CCHMC Institutional Animal Care and Use Committee. Mice
were anesthetized with 3% isofluorane for all surgical procedures. No
analgesics were administered outside of the anesthesia used for surgeries
during the study, which is in accordance with our approved animal
protocols.

Ischemia/reperfusion surgery. For I/R injury, immediately after baseline
(BL) behavior or 1 d before ex vivo analysis, the brachial artery of the right
forelimb was exposed proximal to the ulnar artery/radial artery split and
the brachial artery occluded by tying a 70 silk suture around the vessel
and then closing the incision. Six hours after occlusion, the brachial
artery suture was removed and the incision closed. Animals were allowed
to recover in their home cages between surgeries. After the reperfusion
surgery, I/R mice were allowed to recover for 18 h before 1 d behavioral or
electrophysiological analysis or for up to 66 h for assays at the 3 d post-
occlusion time point. As described previously (Ross et al., 2014), specific
assays also necessitated a sham surgical control wherein the suture was
placed underneath the brachial artery, but not tied, during the initial
surgery. As in our previous report, naive and sham mice were not found
to be statistically different for any assay in this study and are thus com-
bined for ease of presentation (see Table 2 and “Statistical analysis” sec-
tion below).

siRNAs and nerve-specific injections. The specific targeting siRNAs used
in these experiments were determined by first transfecting Neuro2A cells
(ATCC) with one of four different ASIC3 or ILIrl targeting duplexes
(Thermo Scientific) and comparing the mRNA levels in these cultures
with mRNA isolated from the nontargeting control siRNA-treated con-
ditions. Real-time PCR analysis of cDNA (see below) generated from
these various conditions confirmed the most efficiently targeting se-
quence for ASIC3 and ILIrl. The targeting sequence for our ASIC3
siRNAs used in the remaining studies presented here is as follows: 5'-
UCC CUG ACU UCA AGA AUU AUU-3". The sequence for the ILIrl
siRNAs was the following: 5'-UGA CUG GAC UGC UAG AGU AUU-3".
The nontargeting control sequence used here was obtained from Queme
et al. (2016). This nontargeting sequence has been determined to not
target any gene in the mouse genome (Thermo Scientific). These indi-
vidual sequences were then modified with a 5’ thiol group on the sense
strand (Thermo Scientific) to facilitate conjugation to the lipophilic pep-
tide Penetratin-1 (MP Biomedicals), which has been shown to enhance
neuronal transfection of conjugated cargos, including siRNAs, at ~90—
95% efficiency (Davidson et al., 2004; Jankowski et al., 2006). As the
penetratin-linked siRNAs enters the reducing intracellular environment
of a neuron, the disulfide linkage is broken, allowing the siRNAs to
execute the degradation of their target mRNA effectively.

For siRNA injections, the median and ulnar nerves were exposed by
slightly retracting the biceps muscles without damage to any vein or
artery and lifted onto a Parafilm platform. Then, 0.1-0.2 ul of 90 um
Penetratin-1 linked nontargeting control (PenCON), ASIC3-targeting
(PenASIC3), or IL1rl-targeting (PenIL1rl) siRNAs were pressure in-
jected directly under the epineurium of the median and ulnar nerves
using a quartz microelectrode and picospritzer. These injections filled up
~2 mm?” of space within the nerve, allowing the siRNAs to access the
axons. After injection, Parafilm was removed and incision site closed.
Before injection, siRNAs were warmed to 65°C for 5 min.

The distance between the injection site and the DRGs was ~20 mm.
siRNAs were injected 2 d before I/R to allow for retrograde transport to
the afferent cell bodies within the DRGs, similar to previous reports
(Jankowski et al., 2009b, 2010, 2012a,b; Queme et al., 2016). This is the
minimum amount of time needed to detect siRNAs in the DRGs after
injection in vivo, which, based on the distance between injection site and
DRG, is consistent with passive diffusion within axons and not active
transport (Jankowski et al., 2009b, 2010). Furthermore, we also found
that conjugating siRNAs to Penetratin-1 is necessary for knock-down
because injecting unconjugated siRNAs into nerves of adult mice does
not show any level of knock-down in vivo (data not shown). This siRNA
injection paradigm has also been found not to induce antiviral-related
responses (Jankowski et al., 2009b, 2010, 2012b) and thus allows the
specific siRNAs to target the gene of interest for degradation in only the
neurons with axons in the injected nerve without induction of antiviral-
related off-target effects.
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Nerve crush controls. An additional subset of mice was used to test for
potential axonal injury during siRNA injections into the median and
ulnar nerves. Animals given a PenCON siRNA injection as described
above were compared with those with a nerve crush injury. For the nerve
crush, the median and ulnar nerves of the right forelimb were exposed,
each crushed with #5 fine-tip forceps for 3-5 s, and visually inspected for
the translucent appearance of the crush sites to confirm injury
(Jankowski et al., 2009b; Ross et al., 2014). After transcardial perfusion
with 3% paraformaldehyde, the right C8 and T1 DRGs were excised and
processed immunohistochemically as described below.

Protein isolation and Western blotting. The ipsilateral forepaw muscles
from a single mouse or C7, C8, and T1 DRGs were excised from two mice
and pooled for each condition (n = 3 per group) and then prepared for
Western blot as described previously (Jankowski et al., 2009a,b, 2010,
2012a,b; 2014). Briefly, samples were homogenized in lysis buffer con-
taining 1% SDS, 10 mm Tris-HCI, pH 7.4, and protease inhibitors (1
ug/ml pepstatin, 1 ug/ml leupeptin, 1 ug/ml aprotinin, 1 mm sodium
orthovanadate, and 100 ug/ml phenylmethylsulfonyl fluoride; Sigma-
Aldrich) and then 30 ug of sample from each condition was centrifuged
and boiled for 10 min in a denaturing buffer containing
B-mercaptoethanol and SDS before gel electrophoresis. Using a 12%
polyacrylamide SDS-PAGE gel, samples were then separated and trans-
ferred overnight to a PVDF (Millipore) membrane at 4°C. Membranes
were then blocked in LiCor Odyssey blocking buffer (1:1in 0.1 M PB) and
incubated in the following primary antibodies overnight at 4°C: IL1f3,
1:2000 (R&D Systems); IL1r1, 1:1000, and ASIC3, 1:700 (both Milli-
pore); and GAPDH, 1:2000 (ProSci). The LiCor Odyssey Imaging System
and Image Studio version 3.1 software (LiCor) were used to detect sec-
ondary antibody (LiCor) binding of infrared-dye-conjugated donkey
anti-guinea pig (1:10,000) or donkey anti-rabbit (1:20,000) at 800 nm
and donkey anti-chicken at 680 nm (1:20,000). Settings for detection
were consistent between runs. Immunoreactive bands were analyzed by
densitometry and quantified using Image]J software. Optical density was
normalized to GAPDH and reported as a fold change (mean = SEM).

Behavioral analyses. Assessments of spontaneous/ongoing pain-like
behaviors (paw guarding), mechanical hypersensitivity (von Frey paw
withdrawal thresholds), and muscle function (grip strength) were per-
formed as described previously (Ross et al., 2014). Briefly, during morn-
ing light hours, mice were placed in a raised acrylic glass chamber with a
steel mesh bottom and allowed to habituate for 30 min before testing. For
guarding behaviors, mice were assigned a score of 0—2 (where 0 = mouse
places foot firmly on mesh, 1 = mouse does not bear full weight on foot,
and 2 = mouse holds foot completely above mesh) every 5 min for 1 h,
totaling 12 observations. The average score for the 12 trials for each
mouse per behavior day was used for analysis (Xu and Brennan, 2010).
To assess mechanical hypersensitivity, the glabrous forepaw skin was
stimulated using an increasing series of calibrated von Frey filaments
(0.07—4 g). Threshold to withdrawal was recorded for three trials with 5
min intervals between each round and the average of the 3 trials was used
for analysis. For grip strength testing, mice were held by the tail over a
metal mesh grid connected to a grip strength meter (BioSeb) until they
grasped the grid firmly with both forepaws only and then pulled back
horizontally along the axis of the force sensor until they could not retain
their grip. Neither hindpaw was allowed to come in contact with the grid.
Grip strength was measured (in grams) in 3 rounds of 3 trials each, with
5 min between each round. These nine trials per mouse were averaged to
assess mean grip strength on each behavioral day. BL measurements for
each assessment were calculated immediately before I/R surgery and then
at 1 and 3 d after injury.

This study also added voluntary wheel running to assess activity levels
in our various conditions using an automated monitoring system (Lafay-
ette Instruments) that measures numbers of revolutions, allowing for the
calculation of velocity and distance traveled. After performing the other
BL behaviors, but immediately before occlusion surgery, the mice were
habituated to automated wheel cages (Lafayette Instruments) for 20-30
min. After the initial surgery, mice were singly housed in the wheel cages
up to 3 d after I/R and removed solely for reperfusion surgery and/or
other behavioral testing. Wheel-monitoring software recorded wheel ve-

J. Neurosci., June 29, 2016 - 36(26):6857— 6871 * 6859

locity and distance traveled in hourly bins. Experimenters were blinded
to animal injury conditions.

Ex vivo recording. We performed our single-unit muscle afferent elec-
trophysiological recording analysis exactly as described previously
(Jankowski etal.,2013; Ross et al., 2014; Queme et al., 2016). Briefly, mice
were deeply anesthetized with 90 mg/kg ketamine and 10 mg/kg xylazine
and perfused intracardially with ice-cold, oxygenated (95% O,/5% CO,)
artificial CSF (aCSF) containing the following (in mm): 127.0 NaCl, 1.9
KCl, 1.2 KH,PO,, 1.3 MgSO,, 2.4 CaCl,, 26.0 NaHCO,, and 10.0
D-glucose. Then, the right forepaw muscles, median and ulnar nerves,
C6-T2 DRGs, and spinal cord were dissected in continuity and trans-
ferred to a recording chamber filled with a separate solution of circulat-
ing, oxygenated aCSF that was kept on ice until recording. Once the
preparation was positioned and ready for recording, the aCSF was slowly
warmed to 32°C. Quartz microelectrodes (impedance >150 (1)) were
used to intracellularly record from C7, C8, and T1 DRG sensory neuron
somata. To isolate muscle afferents driven from the median and ulnar
nerves alone, each nerve was gently pulled into a suction electrode that
provided orthograde search stimuli (0.4—2 mA, 1 ms duration at 0.5 Hz).
When an electrically active cell was found, a bipolar concentric electrode
was used to localize its receptive field within the muscle (6—8 mA, 1 ms
duration). Once a forepaw muscle afferent was found, mechanical, ther-
mal, and chemical stimuli were applied, with ~20-30 s of recovery time
between each stimulus, to determine functional subtypes and response
properties.

Mechanical responses were assayed using an increasing series of cali-
brated von Frey filaments (0.07—-8 g). Thermal responses were tested
using ~1 ml of cold, then hot, physiological saline (~1°C and 52°C,
respectively) gently applied directly to the receptive field at a variable
flow rate. Last, chemosensitivity was determined via application of 10 ml
of oxygenated “low” (15 mw lactate, 1 um ATP, pH 7.0) and then “high”
(50 mwm lactate, 5 um ATP, pH 6.6) metabolite solutions (in warmed
aCSF) delivered to the inner recording chamber containing the muscles
using a valve controller with an inline heater. Because of its rapid degra-
dation, ATP was added to the metabolite solutions just before their ap-
plication. After metabolites were applied, the mechanical and thermal
stimuli were repeated to determine any effects of chemical stimulation on
mechanical or thermal responses in individual cells. As in our previous
studies (Jankowski et al., 2013; Ross et al., 2014), no sensitization to
mechanical or thermal stimuli was detected as a result of chemical stim-
ulation, nor were there any differences in firing or response types for any
stimulus measured between cells recorded at the beginning of an exper-
iment and those recorded at the end of an experiment in a given condi-
tion (data not shown). Therefore, it is highly unlikely that we were
experiencing any thermal or chemical sensitization in our recording
preparations. Conduction velocities (CVs) were calculated using the dis-
tance between the DRG and the suction electrode along with the re-
corded spike latency observed after electrical stimulation. Sensory
neurons were originally divided into group IIT and IV types based upon
their response characteristics, CVs, and spike shapes (Jankowski et al.,
2013). Parameters that were characterized offline using Spike2 software
included subtype prevalence, mechanical thresholds, thermal (hot/cold),
and chemical (“low” and “high” metabolite mixtures) responsiveness
and mean peak instantaneous frequencies (IFs) to each stimulus type.

A total of 318 cells were recorded and characterized from the various
conditions (naive: 45, control I/R: 96, PenIL1r1 + I/R: 67, PenASIC3 +
I/R: 68, 3 d I/R: 42). Group III and IV afferents were not found to be
significantly different in any of our experimental groups and thus were
combined for analysis. A subset of functionally characterized cells were
iontophoretically injected with 5% neurobiotin (NB; Vector Laborato-
ries) to be analyzed via immunohistochemistry using standard pr-
ocessing methodologies (see below) or filled with Lucifer yellow
(Sigma-Aldrich) for single-cell qQPCR, allowing for the assessment of the
neurochemical or molecular identity of single functionally defined mus-
cle afferents, respectively. A total of 37 cells underwent neurochemical
analysis. These same sections were also used to quantify DRG cell num-
bers (see below) in all injury conditions (1 = 3-7). For single-cell gPCR
(n = 6), DRGs with labeled cells were collected, cultured in vitro using
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standard dissociation protocols (Jankowski et al., 2006; Malin et al., 2007;
below), and processed for single cell real-time PCR (below).

Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (Jankowski et al., 2013; Ross et al., 2014; Queme et al.,
2016). C7, C8, or T1 DRGs containing NB-labeled cells were excised and
postfixed in 3% paraformaldehyde for 30 min and then embedded in
10% gelatin, incubated overnight in 3% paraformaldehyde, and cryopro-
tected in 20% sucrose. Embedded DRG sections (45 um) were first
treated with 10 mwm citrate buffer, pH 6.0, at 72°C for antigen retrieval,
then blocked in Tris-buffered saline containing bovine serum albumin
and Triton X-100 (10% and 0.1%, respectively; Sigma-Aldrich) and in-
cubated overnight with primary antibodies for acid-sensing ion channel
3 (guinea pig anti-ASIC3, 1:2000; Millipore) and P2X3 (rabbit anti-
P2X3, 1:2000; Thermo Scientific), phosphorylated c-Jun-N-terminal ki-
nase (rabbit anti-pJNK, 1:100; Cell Signaling Technology), activated
extracellular signal related kinase 1/2 (rabbit anti-pERK1/2, 1:200; Cell
Signaling Technology), phosphorylated p38 MAP kinase (rabbit anti-p-
P38, 1:200; Cell Signaling Technology), activated Src kinase (rabbit anti-
pSrc,1:200; Cell Signaling Technology) and/or P2X3 (rabbit anti-P2X3,
1:2000; Thermo Scientific). Sections were then labeled fluorescently with
corresponding secondary antibodies (anti-guinea pig Alexa Fluor 647,
1:400, or anti-rabbit Alexa Fluor594, 1:400; both Jackson Immuno
Research), as well as FITC-Avidin (1:750; Vector Laboratories) for visu-
alization of NB. For comparison of PenCON injection and nerve crush,
DRGs were processed using rabbit anti-ATF3 (1:1000; Millipore) pri-
mary antibody and anti-rabbit Alexa Fluor 594. All sections were
mounted on gelatin-coated permafrost slides with Fluoro-Gel (Electron
Microscopy Sciences) and stored in the dark at room temperature. A
separate set of DRGs from naive mice was used to confirm cellular pres-
ence of IL1r1 and were processed with rabbit anti-IL1r1 (1:250; AbCam)
and mounted with Fluoro-Gel II containing 4’,6-diamidino-2-
phenylindole (Electron Microscopy Sciences).

For analysis of IL1 localization within forepaw muscle tissue, age-
matched naive and 1 d I/R mice were perfused with 3% paraformalde-
hyde. Before excision of the right forepaw, all overlying skin was
removed. Before paraffin embedding, tissue was decalcified to soften
bones for sectioning at 5 um. All staining of muscle tissue was performed
using the Discovery XT (Ventana) automated staining platform. After
pretreatment with citrate (Ventana CC2 reagent), pH 6.0, at 72°C, slides
were incubated with rabbit anti-IL18 (1:75; Abcam) for 32 min and then
labeled using an UltraMap diaminobenzidine (DAB) Detection Kit
(Ventana) for detection of HRP-conjugated anti-rabbit secondary anti-
body binding. After DAB processing, slides were counterstained with
H&E (Ventana Bluing Reagent) or hematoxylin only for 4 min each,
dehydrated in a graded ethanol and xylene series, and coverslipped in
xylene-based mounting medium. Paraffin embedding, sectioning, and
immunohistochemical processing were performed by the CCHMC Pa-
thology Research Core. All labeling was characterized and documented
using Leica inverted fluorescence/bright-field or confocal microscopes
with sequential scanning to avoid bleed-through of the different fluoro-
phores. Images were compiled and prepared for publication using Pho-
toshop (Adobe).

Cell counting. For average cell numbers, DRGs processed for single-cell
immunohistochemistry as described above were used. Methods for ob-
taining average cell numbers were performed here according to a slightly
modified version of previous procedures (Christianson et al., 2006;
Jankowski et al., 2009a). On each slide that had been stained for ASIC3
and P2X3, three random, nonoverlapping sections not containing a NB-
labeled afferent were scanned using the Leica confocal microscope to
create a Z-stack of the full DRG section at 3 wm intervals. Then, 20 wm
optical sections were used for analysis to estimate total cell numbers.
ASIC3-positive and P2X3-positive cells were counted in the optical sec-
tions using Neurolucida software to ensure that cells were not counted
twice. Both markers were quantified in the same sections per slide. Total
cells per section were determined for each marker and averaged among
the three random sections per slide. Counts were performed on three to
seven slides per condition, with each slide corresponding to a represen-
tative DRG from a single animal, and the average counts per condition
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were used for analysis. Separate sections that were stained for p-JNK and
ASIC3 were also quantified in the above manner (n = 3-4).

Fluorogold tracer injection. For specific molecular analysis of forelimb
afferents, 10 ul of 4% Fluorogold (FG; Fluorochrome) was injected into
the right forepaw muscles using a 1 cc syringe with a 30 gauge needle
(Molliver et al., 2005). A 10-14 d incubation period was used to ensure
retrograde transport of the tracer to the DRGs. After removal of DRGs,
cells were cultured according to the procedures described below.

Cell culture. For primary DRG neuron cultures (Jankowski et al., 20065
Malin et al., 2007), appropriate DRGs of FG-injected mice or DRGs
obtained from ex vivo recording were collected in HBSS, dissociated with
cysteine/papain (0.03%, Sigma-Aldrich, and 20 U/ml, Worthington),
followed by collagenase II (0.3%; Worthington), and then triturated in
F12 complete medium (F12 containing 10% fetal bovine serum and 1%
penicillin/streptomycin) before plating onto poly-p-lysine/laminin (20
mg/ml each; Sigma-Aldrich)-coated glass coverslips placed in 35 mm
Petri dishes. Cells were allowed to incubate for 1-2 h and then flooded
with 1 ml of F12 complete medium or F12 containing 50 ng/ml IL13
(R&D Systems), 50 ng/ml IL13 plus 10 um SP600125 (JNK inhibitor II;
Millipore), 10 um SP600125 alone, 2.5 ug of CAPE alone (NFkB inhib-
itor; Calbiochem), or 50 ng/ml IL1 plus 2.5 ug of CAPE overnight for
subsequent single-cell analysis and/or immunohistochemistry. For cells
obtained from ex vivo recording, cells were allowed to incubate for up to
1 h. At the designated time, cells were then flooded with single-cell PCR
buffer containing the following (in mm): 140 NaCl, 10 glucose, 5 KCl, 10
HEPES, 1 MgCl,, and 2 CaCl,. Individual cells were collected using boro-
silicate electrodes and the Cell Tram Vario system (Eppendorf) under
bright-field optics after fluorescence detection using a Leica inverted
microscope.

Single-cell cDNA amplification and real-time PCR. All collected single
cells were used in real-time PCRs based on a modified protocol from
Kurimoto et al. (2007) as follows: collected cells were lysed in buffer
containing 4% IGEPAL, dNTPs, Oligo dT, and prokaryotic spike RNAs
(1000 copies of LYS transcripts) used for internal and reverse transcrip-
tion quality controls because internal controls such as GAPDH will in-
variably differ from cell to cell. RNAs were reverse transcribed with
Superscript III (Invitrogen) for 5 min to minimize the length of cDNAs
being produced and to reduce bias from other cDNA amplification
methods using Oligo dT primers (Kurimoto et al., 2006; Kurimoto et al.,
2007). The unreacted first-strand primer was excised with exonuclease I
and a poly-A tail was added to single cDNA strands. A second strand was
then synthesized and cDNAs were amplified globally using ExTaq (Ta-
kara) polymerase in a 20-cycle PCR. cDNA samples were diluted at 1:20
(1:10 for LYS) and used in SYBR Green qPCRs according to our previ-
ously described procedures (Jankowski et al., 2014; Ross et al., 2014; see
below). To verify that our spike RNA strategy was sufficient, we also
diluted whole DRG RNA to different single-cell levels (5, 10, and 100 pg)
and performed real-time PCR using these methods to confirm that, even
under conditions of differing total starting RNA concentrations, we
could obtain a consistent expression of our spike RNA (LYS; see Fig. 3¢c).

For real-time PCR analysis, diluted cDNAs were run in duplicate
SYBR Green real-time PCRs (20 ng/reaction) on a Step-One real-time
PCR machine (Applied Biosystems). The forward and reverse primer
sequences used for analysis have been described previously (Ross et al.,
2014) except for LYS (see below), ASIC2, and GAPDH. The primer se-
quences used for ASIC2 are as follows: forward: 5'-GCA CCT GTG GAG
GAA GTA CG-3'; reverse: 5'-CCC GCC CCA AAC AAA AAT CAG-3'.
For GAPDH, the following shortened sequence was used: forward: 5'-
ATG TGT CCG TCG TGG ATC TGA-3'; reverse: 5'-ATG CCT GCT
TCA CCA CCT TCT T-3'. GAPDH was first tested in each sample to
verify acquisition of single cell cDNAs. Cycle time (Ct) values for all
targets were normalized to the LYS spike RNA control (forward: 5'-GCC
ATA TCG GCT CGC AAA TC-3; reverse: 5'-AAC GAA TGC CGA AAC
CTC CTC-3') for single-cell gPCR. AACt values (used to determine fold
change) were then obtained by subtracting the normalized target gene’s
Ct value from naive/untreated controls. Then fold change was calculated
as 244t (Applied Biosystems) and reported as mean + SEM.

Statistical analysis. The fold change in protein expression detected in
Western blot and in single-cell nRNA expression were analyzed via one-
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Figure 1. Increased IL13 signaling at the IL1r1 receptor regulates myalgia-related behaviors after I/R injury. Increased muscle IL13 protein expression 1 d after I/R (a, b) is localized to

macrophages and neutrophils (arrows) present in injured muscles (c) as visualized with hematoxylin and eosin stain (left) or IL13 with hematoxylin only (right). n = 2. Expression of IL1r1 also
increases in the affected DRGs (d, e), but nerve-specific siRNA knock-down of IL1r1 (PenlL1r1 + I/R) prevents this I/R-induced upregulation (n = 3). Knock-down of the receptor likely affected all
neuronal cell types because IL1r1 was immunocytochemically localized (n = 3) to most DRG neurons (f). g, ATF3 (red) was used to mark injured neurons (arrows) in the affected (8 or T1 DRGs 1d
after either a median and ulnar nerve crush or an injection of nontargeting, control siRNAs (PenCON) into the median and ulnar nerves (n = 2-3 per condition). Crush injury readily induces ATF3
expression in DRGs, whereas PenCON injection does not. Behavioral deficits caused by I/R are also attenuated with IL1r1 knock-down (n = 8 per injury condition per task). h, Spontaneous
paw-guarding behaviors increase significantly 1 d afterinjury in the control I/R group compared with PenIL1r1 + I/Rand naive/sham animals. Furthermore, control I/R animals showed a significant
improvement within their group on D3 compared with D1 function (p << 0.001), whereas the other groups showed no significant guarding behaviors over time (p = 0.101). Both paw withdrawal
threshold (/) and grip strength (j) decreased significantly 1d after I/R, but these effects were attenuated by IL1r1 knock-down. On D3, the effects of /R alone had resolved in both tests. k, Voluntary
activity is significantly decreased within 1d after I/R, but is no different from PenIL1r1 + /R or naive/sham animals by D3. Average velocity is also not different between groups on any testing day
(I). Data are represented as mean = SEM and were analyzed via one-way ANOVA with Tukey’s post hoc or two-way RM ANOVA with Holm—Sidak post hoc tests. *p << 0.05 compared with

naive/sham.

way ANOVA with Tukey’s or Holm—Sidak post hoc tests. An additional
post hoc false discovery rate correction was used to validate single-cell
mRNA statistical analyses. Behavioral data were first analyzed with one-
or two-way repeated measures (RM) ANOVAs with Holm-Sidak post hoc
test on all tested conditions to ensure that there were no between-group
differences in the naive/sham and control I/R conditions and to validate
our statistical analyses before collapsing for presentation. Differences in
phenotype frequency between groups were compared with either x>
analysis (with Yates correction when applicable) or Fisher’s exact test.
Firing frequencies and thresholds to different stimuli were compared via
Kruskal-Wallis one-way ANOVA on ranks with Dunn’s post hoc test and
cell counts were analyzed using one-way ANOVA with Tukey’s post hoc
test. For all statistical procedures, the critical significance level was de-
fined at p < 0.05.

Results

Inhibition of IL1r1 in muscle afferents blocks pain-related
behaviors induced by ischemia and reperfusion injury

To confirm the findings from our previous study analyzing
mRNA levels in the muscles and DRGs (Ross et al., 2014), we first
quantified the relative protein expression of IL1 3and IL1r1 in the
forepaw muscles and C7/C8/T1 DRGs, respectively, 1 d after I/R.

We confirmed that, compared with naive/sham animals (sham vs
naive: 1.04 = 0.24-fold, p > 0.05), IL1S protein is significantly
upregulated in the muscles after I/R (Fig. 1a,b; control I/R: 2.2 =
0.05-fold increase vs naive/sham, p < 0.05; one-way ANOVA
with Tukey’s) and this appeared to be expressed in neutrophils
and macrophages (Fig. 1¢). We also verified the upregulation of
IL1r1 at the protein level in the DRGs (Fig. 1d,e; control I/R:
1.89 £ 0.16-fold increase; PenCON+I/R: 1.85 = 0.19-fold in-
crease; I/R alone: 1.94 *+ 0.32-fold increase; p > 0.05 vs each
other, see below; vs naive/sham, p = 0.014, sham vs naive: 0.98 *
0.09, p > 0.05, one-way ANOVA with Tukey’s test). Using im-
munocytochemistry, we determined that IL1rl appeared to be
localized to all neurons in the DRG (Fig. 1f). Therefore, we
wanted to test the hypothesis that upregulation of IL1r1 specifi-
cally in sensory neurons after I/R was responsible for our previ-
ously observed alterations in pain-related behaviors and muscle
afferent sensitization (Ross et al., 2014).

Therefore, we used a novel nerve-specific siRNA knock-down
strategy (Jankowski etal., 2009b, 2010, 2012a,b) to ensure that we
could effectively prevent the dynamic upregulation of IL1r1 after
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Table 1. Behavioral analyses and electrophysiological recording measurements during ex vivo recording in mice with I/R alone or PenCON + I/R

Behavioral assessments

Mean guarding score

Mean paw withdrawal threshold

BL D1 D3 BL D1 D3
I/R alone 0.024 = 0.02 0.79 = 0.15 0.2 = 0.06 3.18 = 0.44 0.27 = 0.77 1.07 £ 0.53
PenCON + I/R 0.021 £ 0.01 0.56 == 0.15 0.13 = 0.05 2.15 =038 0.53 =0.19 0.67 = 0.13
Mean daily wheel distance Mean wheel velocity % change grip strength
D1 D3 D1 D3 D1 D3
I/R alone 3446.4 + 673 3929.2 = 824 145 £ 034 171 £035 —1237 £62 —173£56
PenCON + I/R 31049 + 613 2994.6 + 403 1.74 = 0.66 1.73 £ 036 —9.98 = 45 0.11 £ 548
Ex vivo measurements
Response counts Mechanical thresholds
Low met High/both All met Mean SEM n
I/R alone 1/25 6/46 ol 1.45 0.76 10
PenCON + I/R 2/28 11/49 13/77 1.19 0.52 7

Values are presented as means = SEM.

Table 2. Behavioral analyses in naive mice compared with those that had sham surgery

Behavioral assessments

Mean guarding score

Mean paw withdrawal threshold

BL D1 D3 BL D1 D3
Naive 0.028 = 0.03 0.056 == 0.06 0.056 == 0.06 2.78 = 0.62 202022 0.78 == 035
Sham 0.042 = 0.03 0.063 = 0.03 0.114 £ 0.04 231 £0.55 1.19 £ 0.19 132£032
Mean daily wheel distance Mean wheel velocity 9% change grip strength
D1 D3 D1 D3 D1 D3
Naive 4061.7 = 1375 24547 = 874 284+ 1.15 1.95 = 0.69 0.073 £24 108 = 6.4
Sham 53249 *= 1342 2883.8 = 478 1.88 £0.77 215*+038 501+ 36 9.07 =579

Values are presented as means = SEM.

I/R at the protein level in the injured afferents. To control for
injection-related effects, we used a control, nontargeting siRNA
in conjunction with our injury model (PenCON + I/R). We first
assessed expression of activating transcription factor 3 (ATF3), a
marker of neuronal injury (Tsujino et al., 2000), in the DRGs,
finding that, similar to previous reports (Jankowski et al., 2009b),
our siRNA injection paradigm did not cause any significant dam-
age to the muscle afferents to be studied (Fig. 1g). Furthermore,
the injection of these nontargeting siRNAs in mice with I/R injury
did not alter any measure tested in this study compared with mice
with I/R alone (Table 1); therefore, data from these two condi-
tions were combined for ease of presentation. Similar results were
found between naive and sham groups (Table 2) and were there-
fore also combined for ease of presentation and to enhance sta-
tistical power. Compared with naive/sham animals, the
upregulation of IL1r1 protein in the C7/C8/T1 DRGs of control
I/R mice (1.89 £ 0.16) was prevented by injection of ILIrl-
targeting siRNAs (PenIL1rl + I/R) into the median and ulnar
nerves in mice with I/R (Fig. 1d,e; 1.29 = 0.51-fold increase vs
naive/sham, p > 0.05, p = 0.049 vs I/R). Because we determined
thatIL1r1 appeared to be localized to all neurons in the DRG (Fig.
1f), this knock-down was likely to affect all cell types undergoing
dynamic expression changes after I/R.

To assess the effects of nerve-specific IL1r1 knock-down on
pain-related behaviors known to occur after I/R (Ross et al.,
2014), we used multiple interrelated behavioral assays to measure
spontaneous and evoked pain, as well as muscle strength and
voluntary activity. First, we analyzed paw-guarding behaviors to
assess spontaneous/ongoing pain-related behaviors (Fig. 14). On

the first postinjury day (D1), the control I/R animals (n = 15)
showed significantly more paw-guarding behaviors (0.67 = 0.11)
thanat BL (0.02 = 0.01, p < 0.001) and compared with D1 scores
of both naive/sham (0.1 = 0.02, p < 0.001; n = 14) and PenILIr1
+ I/R (0.10 = 0.03, p < 0.001; n = 8) mice. Effects of I/R on
ongoing pain-related behaviors were found to be resolved by D3
(naive/sham: 0.1 % 0.03, control I/R: 0.17 % 0.04, PenIL1r1 +
I/R: 0.02 = 0.02, p = 0.398; two-way RM ANOVA with Holm—
Sidak test). The naive/sham and PenIL1r1 + I/R animals did not
differ in average guarding score (p = 0.615) at any time point.

We assessed mechanical hypersensitivity (Fig. 1i) using an
increasing series of calibrated von Frey filaments to stimulate the
plantar surface of the forepaws (Ross et al., 2014). At the D1 time
point, we found a significant effect of I/R in decreasing paw with-
drawal threshold (0.41 * 0.11 g) compared with their BL (2.64 *
0.31 g) or to time-matched naive/sham (1.5 * 0.17 g) animals
(p = 0.005). This difference was resolved by D3 (0.87 * 0.27 g;
P =0.799). All groups showed a slight decrease in threshold over
time (p = 0.05); however, the PenIL1r]l + I/R and naive/sham
conditions did not differ from each other at any time point (na-
ive/sham: BL = 2.6 = 0.43 g, D1 = 1.5+ 0.17g D3 = 1.2 *
0.22 g; PenIL1rl + I/R: BL =2.38 = 0.5g, D1 = 1.12 = 0.17 g,
D3 =13 * 0.19 g p = 0.266; two-way RM ANOVA with
Holm-Sidak test).

We also assessed muscle function among our groups by mea-
suring forelimb grip strength (Fig. 1j). Control I/R animals
showed significant grip strength impairment compared with
both PenILlrl + I/R and naive/sham animals (naive/sham:
2.87 * 2.38%, control I/R: —8.45 * 2.21%; p = 0.003; PenIL1rl
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Nerve-specific SIRNA knock-down of IL1r1 alters I/R-induced changes in group Il and IV muscle afferent phenotypes and response properties as assessed by ex vivo recording. a,

Compared with naive muscle afferents, I/R decreases the total number of cells responding to low (innocuous) metabolite solutions and increases the number of cells responsive to either high
(noxious) metabolites or both of these solutions; however, afferent phenotypes recorded in the PenlL1r1 + I/R condition were no different from naive. *p << 0.05, x 2 analysis. n = 45 characterized
cells per condition. b, IL1rT knock-down also prevents the I/R-associated decrease in mechanical threshold. ¢, Examples of responses to mechanical deformation of the muscles in naive/sham, control
I/R, and PenlL1r1 + I/R mice. d, Although I/R caused increased firing to low metabolites, nerve-specific inhibition of IL1r1 did not restore mean peak instantaneous firing frequencies to this
metabolite solution back to naive levels. e, Instantaneous frequencies to high metabolites were also not different in any group. f, I/R did not alter total numbers of thermally sensitive, mechanically
responsive, or silent fibers and siRNA knock-down of IL1r1 also did not affect these phenotypes. Data are represented as mean == SEM and were analyzed via Kruskal—Wallis one-way ANOVA on ranks

with Dunn’s test. *p << 0.05 compared with naive.

+ I/R: 3.59 £ 3.37%; p = 0.015 vs BL) at the D1 time point;
however, the naive/sham and PenIL1rl + I/R groups did not
differ (p = 0.896). Functional recovery was detected by D3 in the
control I/R group (1.08 = 2.75%, p > 0.05 vs D1 and D3 naive/
sham and PenIL1r1 + I/R). Data from these new cohorts of na-
ive/sham and control I/R animals completely confirmed our
recent report in mice with I/R (Ross et al., 2014).

Finally, we also measured voluntary running activity in each
animal using an automated wheel-monitoring system (Fig. 1k,I).
Although control I/R animals ran significantly fewer revolutions
than naive/sham animals on D1 (control I/R: 3546 * 491 revo-
lutions, naive/sham: 6124 = 1279 revolutions; p = 0.036),
PenIL1rl + I/R animals did not differ from either group in dis-
tance traveled (4453 * 938 revolutions, p = 0.09); however, by
D3, all experimental groups showed similar distances traveled
(naive/sham: 3100 * 429 revolutions, control I/R: 2156 * 374
revolutions, PenILIr]l + I/R: 3188 = 992 revolutions; p = 0.27).
No significant differences in running speed were found between
these three treatment groups (p = 0.39). The restoration of all
behavioral effects of I/R back to naive levels at the D3 time point
also supports the notion that our knock-down of IL1r1 is likely
sustained throughout testing.

We also performed these same tests in a separate group of
animals that were not exposed to the running wheel to determine
the effects of activity on the other pain-related behaviors. Wheel
activity did not appear to alter grip strength after I/R in any of our
conditions, so data were combined from these two groups in this
assay to enhance statistical power (naive/sham, n = 25; control
I/R, n = 40; I/R only, n = 15; PenCON + I/R, n = 25; PenILIrl
+ I/R, n = 14). However, it is important to note that this other
cohort of mice did not show a full resolution of spontaneous/
ongoing pain or evoked mechanical hypersensitivity back to na-
ive/sham levels by D3, although defects had significantly
improved from the D1 time point (data not shown).

IL1r1 knock-down inhibits injury-induced changes in
afferent chemosensitivity and mechanical threshold

We then performed our ex vivo intracellular muscle afferent re-
cording to determine specific response properties to thermal,
mechanical, and chemical stimulation in these groups. Similar to
our previous results (Ross et al., 2014), we found that control I/R
injured muscle results in significantly fewer muscle sensory neu-
rons (n = 3/56) that are responsive to only the “low” metabolites
(metaboreceptors) compared with either naive (n = 8/34; p =
0.018) or PenIL1rl + I/R mice (n = 10/47; p < 0.001, Fisher’s
exact test; Fig. 2a). Furthermore, the proportion of meta-
bolite-responsive cells responding to either “high” (metabo-
nociceptors) or both metabolite solutions was significantly
higher in the control I/R condition (n = 17/20) than in either the
naive (n = 5/13) or the PenIL1r1 + I/R (n = 13/23) conditions
(p < 0.001, x> analysis).

Although we assessed multiple response properties in our
functionally characterized afferents, similar to our previous re-
port (Ross et al., 2014), the only two response characteristics that
were found to be altered by I/R were mechanical thresholds and
mean peak IF to low metabolite stimulation of the muscles (Fig.
2b—d). Mechanical thresholds in muscle afferents were signifi-
cantly lower after control I/R (1.34 = 0.49 g; n = 17) than in
either the naive (3.57 £ 0.9 g;n = 14; p < 0.05) or PenIL1r1 + I/R
conditions (3.67 = 0.95 g; n = 15; p < 0.05, Kruskal-Wallis with
Dunn’s test). Although mechanical thresholds significantly de-
creased after I/R and were restored with IL1rl inhibition, the
peak firing of mechanically sensitive afferents to stimulation of
the muscles did not differ between groups (naive, 50.78 * 12.06
Hz, n = 15;control I/R, 33.37 = 6.57 Hz, n = 36; PenIL1r1 + I/R,
36.41 = 9.97 Hz, n = 20; Kruskal-Wallis, p > 0.05). The mean
peak IF to low metabolites was also significantly altered between
groups (Fig. 2d); however, whereas control I/R afferents showed
increased firing (9.73 * 2.97 Hz, n = 14) compared with naive
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Figure3.  ASIC3 upregulation after I/R is linked to increased IL1/3 and IL1r1 expression. a, FG-labeled primary afferents from DRG cultures (n = 3—6) for single-cell gPCR. b, Cells incubated in

IL1B-enriched medium showed significant upregulation of ASIC3 and TRPV1, but not P2X3, ASIC1, or ASIC2, compared with untreated cells (1 = 1012 cells per treatment). ¢, Verification of LYS
internal control for use in single-cell real-time PCR. We performed our single-cell gPCR analysis from whole DRG RNA samples diluted to varying starting concentrations (5, 10, and 100 pg) containing
the same amount of spike RNA (LYS: 1000 copies). Analysis of these postamplification samples shows that, even when varying the total starting RNA concentration (and thus the Ct values for GAPDH),
we still obtain a consistent level of the spike RNA. d, Representative immunohistochemical staining of ASIC3 or P2X3 protein in whole DRGs from naive, control I/R, and IL1r1 conditions are shown.
ASIC3-immunopositive cells are significantly increased in the control I/R condition over both the naive and PeniL1r1 + I/R conditions, which did not differ (e). Increased P2X3 after I/R was not
affected by IL1r1 knock-down (f). Data are represented as mean == SEM and were analyzed via one-way ANOVA with Tukey's post hoc test. *p << 0.05 compared with naive or untreated; #p > 0.05

compared with naive and control I/R. Scale bar for all images, 60 pLm.

afferents (1.07 = 0.42 Hz, n = 9; p < 0.05), inhibition of IL1r1 in
muscle afferents did not alter this change (PenILlrl + I/R,
7.33 +2.63 Hz,n = 13, p > 0.05). No differences in firing to cold
or hot saline or high metabolites were detected in any group nor
were any differences in mechanically, thermally, or silent fiber
prevalence found (p > 0.05; % Fig. 2e,f; data not shown). After
3 d, mice with I/R did not differ from the D1 control I/R or naive
groups in proportions of metabolite responsive afferents (low,
n = 4/18; high/both, n = 4/18),lowIF (2.72 £ 1.46 Hz,n = 5,p >
0.05), or mechanical threshold (1.47 = 0.59 g, n = 8, p = 0.13),
suggesting a partial recovery in these properties, which is consis-
tent with the behavioral data (p > 0.05, Kruskal-Wallis test).

IL1f treatment of primary afferents in vitro upregulates
ASIC3 gene expression in single cells

To determine the specific mechanistic role of IL18 in regulating
muscle afferent sensitization and subsequent pain-related behav-
iors, we retrogradely labeled primary afferents by injecting fluo-
rogold into the forepaw muscles of mice (n = 3—6) and treated
dissociated C7/C8/T1 DRGs with IL1B-enriched medium. We
then randomly collected and analyzed these labeled cells (n =
10-12 per condition) with single-cell real-time PCR for likely
mediators of muscle afferent sensitization (Molliver et al., 2005;
Ross et al., 2014; Fig. 3a—c). Compared with cells treated with
medium only, IL1B-treated afferents showed distinct upregula-

tion of ASIC3 (75.12 * 7.23-fold increase, p = 0.02) and TRPV1
(3.31 = 1.64-fold increase, p = 0.03), but did not alter signifi-
cantly the expression of the ATP-responsive ion channel P2X3 or
the other acid-sensing ion channels, ASIC1 and ASIC2 (5.12 =
3.22, 1.86 = 1.36, and 0.62 * 2.76, respectively, p > 0.05; one-
way ANOVA with Tukey’s test; Fig. 3b). Our normalization and
quantification methods for single-cell real-time PCR were vali-
dated by assessing the expression of GAPDH and the LYS spike
RNA in DRG samples of distinct starting concentrations. When
performing amplification of DRG RNAs with different starting
concentrations, we detected corresponding changes in Ct for
GAPDH, but no differences in the added LYS gene were detected
(Fig. 3¢).

Because we found previously that I/R injury upregulated
ASIC3 and P2X3 in the DRGs in vivo, but did not induce
TRPV1 expression (Ross et al., 2014), we assessed ASIC3 and
P2X3 specifically in the DRGs in vivo in our groups (Fig. 3d).
We found that the de novo ASIC3 protein expression detected
immunocytochemically after control I/R in whole DRGs
(mean number of cells per section: naive, 30.1 * 4.87; I/R,
51 £ 5.41; p < 0.05) was eliminated with IL1r1 knock-down
(PenILIrl + I/R, 34.3 £ 7.12; p = 0.025 vs control I/R, p =
0.555 vs naive). However, P2X3 expression in mice with IL1r1
knock-down was no different from naive or control I/R (mean
number of cells per section: naive, 24 = 4.51; I/R, 42.52 *= 6.1,
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p = 0.03 vs naive; PenIL1rl + I/R, 36.1 = 13.1,p > 0.25vs I/R
and naive; Fig. 3d—f).

Injury-induced expression of ASIC3 in metaboreceptors is
attenuated by IL1r1 knock-down

These results suggested that enhanced ASIC3 expression spe-
cifically after I/R injury in sensory neurons could be down-
stream of IL1B/IL1r1 signaling from the muscles. We thus
performed phenotypic analysis on our functionally defined
muscle afferents using two different strategies. First, we filled
selected functionally characterized muscle afferents intracel-
lularly during ex vivo recording with Lucifer yellow, dissoci-
ated the respective DRG in vitro, and performed single-cell
real-time PCR analysis on the identified cells (Fig. 4a). Next,
we performed similar analysis of functionally defined cells, but
analyzed the neurochemical content of select fibers using im-
munocytochemistry. We validated our previous work (Ross et
al., 2014) in that mechanically sensitive group III/IV muscle
afferents, as well as high metabolite responders contained
ASIC3, whereas low metabolite responders did not (Figs. 4,
5a—d, Table 3). Although, after I/R injury, metaboreceptors
were found to express ASIC3 (Fig. 5e—h, Table 3), afferent-
targeted ILIr1 knock-down prevented this upregulated ex-
pression of ASIC3 in these cell types and restored the normal
phenotypic proportions to that detected in naive mice (Fig.
5i—p, Table 3). P2X3 was found to be localized in small pro-
portions to all functionally defined cell types (Table 3). Fi-
nally, there was no notable variation between groups when
staining cold or heat responsive fibers and two silent fibers
were also labeled and characterized within the control I/R
condition, but both were found to be immunonegative for
P2X3 and ASIC3.

Inhibition of ASIC3 attenuates behavioral effects of ischemia
and reperfusion injury

To elucidate the specific role of ASIC3, we again used our
nerve-specific siRNA knock-down strategy in conjunction
with I/R injury. We first confirmed that IL1r1 knock-down

attenuated the injury-induced ASIC3 protein expression in
the DRGs in vivo (p = 0.025, I/R compared with all groups).
Then, we verified that our siRNA injection strategy was also
effective in knocking down I/R-induced ASIC3 protein ex-
pression directly in the DRGs (Fig. 6a) and performed our
behavioral assessments in mice with direct inhibition of ASIC3
upregulation after I/R (PenASIC3 + I/R). The PenASIC3 +
I/R-treated mice (n = 8) did not display increased guarding
behaviors like that previously described in the control I/R
condition (p = 0.016; vs naive/sham p = 0.36; Fig. 6). Naive/
sham and PenASIC3 + I/R animals were no different on D1
(p = 0.104) or D3 (p > 0.8). Furthermore, PenASIC3 + I/R
animals did not show alterations in guarding behaviors over
time (BL: 0.0 = 0.0, D1: 0.15 = 0.05, D3: 0.09 = 0.05; p =
0.169), similar to that seen in naive/sham and PenIL1r1 + I/R
mice (Fig. 1). PenASIC3 + I/R animals also failed to display
the reduced mechanical withdrawal thresholds (BL: 2.3 =
0.45g.D1: 1.6 = 0.33 g, D3: 1.2 = 0.13 g; p = 0.712; Fig. 6¢)
found in the control I/R animals on D1 (p = 0.038).

During assessment of grip strength (Fig. 6d), we found that,
although there appeared to be some improvement between D1
and D3 in the PenASIC3 + I/R condition (D1: —4.09 * 2.96%
from BL, D3:5.13 = 5.06%, n = 22; p < 0.1), the impairment
in grip strength was not significantly different from naive/
sham (p = 0.55) or control I/R mice (p = 0.41) at D1, thus
indicating a partial rescue of function. Regarding measure-
ment of voluntary activity (Fig. 6e,f), PenASIC3 + I/R animals
performed similarly to naive/sham and PenIL1rl + I/R ani-
mals (Fig. 1). PenASIC3 + I/R mice ran significantly greater
distances (6744 * 823 revolutions, p = 0.003) than control I/R
mice on D1. They were also no different from any group in
distance traveled on D3 (4596 = 1005 revolutions, p = 0.25).
Interestingly, they ran at consistently higher velocities
(D1: 3.96 = 0.53 m/min, D3: 3.72 = 0.8 m/min) than either
control I/R or naive/sham animals (p = 0.003, 0.043,
respectively).
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Neurochemical identification of single metabolite-responsive muscle afferents recovered from ex vivo recordings in each condition. A neurobiotin-labeled (green, arrows) naive muscle

afferent (a) that was responsive to low, but not high (d), metabolites was found to be immunonegative for both P2X3 (red) and ASIC3 (blue; b, c). After 1d I/R, a chemosensitive muscle afferent (e)
sensitive to both metabolite solutions (h) was immunopositive for P2X3 and ASIC3 (f, g). Characterized and labeled metabolite-sensitive afferents from the PenlL1r1 + I/R conditions showed
differing neurochemical phenotypes based on their metabolite selectivity (i—p). A neuron responsive to low metabolites was found to be P2X3 and ASIC3 immunonegative (j, k), whereas a high
responder from this condition was P2X3 and ASIC3 immunopositive (n, 0). Scale bar for all images, 60 pm.

Table 3. Immunostaining of ASIC3 and P2X3 in functionally characterized muscle
afferents recovered from the ex vivo recording preparations

ASIG3+/

Response type Condition ASIG3+ P2X3+ P2X3+
Mechanoreceptors Naive/sham 3/5 3/6 3/6
Control I/R 4/5 2/5 1/5
PenlL1r1 + I/R 0/6 2/6 0/6
PenASIC3 + I/R 01 ”n 0/1
Metabo-nociceptors Naive/sham 3/4 3/4 2/4
(high responders only) Control I/R 1/5 3/5 1/5
PenlL1r1 + I/R 23 0/3 0/3
PenASIC3 + I/R 0/2 12 0/2
Metaboreceptors (low Naive/sham 0/3 0/4 0/4
responders and hoth Control I/R 3/7 2/6 2/6
responders) PenlIL1r1 + I/R 0/4 2/4 0/4
PenASIC3 + I/R 0/3 0/3 0/3

Italics indicate discrepancies in ASIC3 expression between conditions.

ASIC3 knock-down blocks I/R-induced changes in afferent
response properties and neurochemical phenotypes similarly
to IL1r1 knock-down

We then found, using ex vivo recording, that the alterations in
proportions of metabolite responders observed after I/R were
also completely blocked by nerve-specific inhibition of ASIC3. As
found in the PenIL1r1 + I/R condition (Fig. 2), the population of
metaboreceptors in PenASIC3 + I/R (n = 10/51) was restored to

naive levels (p = 0.004 vs control I/R, Fisher’s exact test; Fig. 7a),
as were the proportions of metabo-nociceptors and cells re-
sponding to both metabolite solutions (1 = 11/21; p < 0.001 vs
control I/R, x?). Similar to the ILIr1 knock-down (Fig. 2), de-
creased mechanical thresholds induced by I/R (Fig. 7b,c) were
also blocked in the PenASIC3 + I/R condition (4.77 = 0.79 g, n =
13; p > 0.05 vs naive and control I/R, Kruskal-Wallis test); how-
ever, the increased mean peak instantaneous firing frequency to
low metabolites was unaffected by afferent-specific ASIC3
knock-down (14.37 = 7.25Hz, n = 12; p > 0.05 vs all groups; Fig.
7d). No changes were observed in firing to high metabolites (Fig.
7e) or in the proportions of mechanically, cold- or heat-sensitive
fibers, or silent fibers (Fig. 7f). Finally, we performed immuno-
cytochemical analysis of these functionally defined muscle affer-
ents and again found that low responders were ASIC3 negative
(Fig. 7g,h), whereas high responders remained ASIC3-positive
similar to that detected in naive mice (Figs. 4, 5, Table 3).

Activated c-Jun N-terminal kinase signaling promotes

ASIC3 expression

After characterizing the tightly correlated expression patterns
and functions of IL13, IL1r1, and ASIC3 in group III and IV
muscle afferents after ischemic injury, we wanted to determine
the potential mechanism through which IL18 may modulate
ASIC3 expression. Therefore, we performed additional analyses
of potential signaling mediators in the mitogen activated protein



Ross et al. @ Ischemia-Induced Muscle Afferent Sensitization

J. Neurosci., June 29, 2016 - 36(26):6857— 6871 * 6867

a z5 o ! g, 4
2 5 g 08 i 2

I ©~ 3
A g %06 53

5 © £ 04 £8 2
232 e =3

H 3y
=

0l . , | : : .
N I/RILA3 BL D1 D3 % OB DT D3

ASIC3 60-- [

GAPDH 37-- e e S %
d

o

8000
6000
4000
2000
# 0

D1 D3

—_

Grip Strength (%

Change from BL)

O OO0 O Ul O m;m
Daily Distance
(Revolutions)

1
-

Figure 6.

= Naive/Sham
=== Control I/R

=== PenASIC3+I/R

Velocity (m/min)
N N »

o

D1 D3 D1 D3

ASIC3 inhibition through siRNA-mediated knock-down attenuates I/R-induced alterations in voluntary activity and other pain-related behaviors. Total protein expression of ASIC3 is

increased in the affected (7/C8/T1 DRGs after I/R (a), but channel upregulation is blocked by nerve-specific siRNA knock-down of either IL1r1 or ASIC3 (n = 3). b, PenASIC3 + I/R animals were no
different from naive/sham animalsin spontaneous pain behaviors measured by the paw-guarding assay on D1 or D3 and they did not significantly change from BL measurements at either time point.
¢, Paw withdrawal thresholds in the PenASIC3 + /R group also did not change from BL levels; however, the I/R-induced grip strength deficit was not completely prevented by ASIC3 knock-down
(d) because PenASIC3 + I/R animals did not differ significantly from either control I/R or naive/sham animals at D1, even though there appeared to be significantimprovement between D1and D3
in the PenASIC3 + I/R condition. On D1, PenASIC3 + I/R animals ran significantly greater distances (e) than control I/R mice. They also ran at higher velocities () than either the naive/sham or
control I/R groups. This velocity difference also performed to D3 compared with the control I/R animals, but not to any other group. Data are represented as mean = SEM and were analyzed via
one-way ANOVA with Tukey's post hoc or two-way RM ANOVA with Holm—Sidak post hoc tests. n = 8 for each behavioral task. *p << 0.05 compared with all other conditions; #p << 0.05 compared

with naive/sham.

kinase (MAPK) family [extracellular signal related kinase (ERK)
1/2, p38 MAPK] and the SRC signaling and JNK pathways. No
significant labeling of naive DRGs was found when assessing ac-
tivated/phosphorylated (p-)-ERK1/2, p-p38 or p-SRC (data not
shown), which would have significantly hindered the ability to
fully quantify cell numbers after I/R. However, we found that
p-JNK not only showed detectable labeling in naive DRGs, but
also I/R injury-related upregulation, so we focused on this poten-
tial signaling mediator (Fig. 8). We determined that p-JNK is
significantly upregulated in the DRGs 3 h after I/R compared
with naive controls (mean number cells per section: naive: 5.67 =
0.6, 3 h I/R: 28.56 = 3.4, p < 0.001; Fig. 8a,b) and was heavily
colocalized with ASIC3 (mean ASIC3 cells coexpressing p-JNK:
naive: 21.6 = 1.8%, 3 h I/R: 47.5 = 0.8%, p < 0.001; Fig. 8a,c).
However, these changes in expression return to naive levels at
24 h after I/R (p-JNK+ cells: 6.67 = 0.6; ASIC3/p-JNK coexpres-
sion: 17.6 * 1.4%; both p > 0.05 compared with naive and p <
0.001vs 3 h I/R).

We then cultured retrogradely labeled afferents from FG-
injected forepaw muscles in growth media with or without IL13
enrichment, finding initially that IL183 treatment increased the
percentage of p-JNK positive, FG back-labeled afferents directly
(untreated: 56.5%, IL1B-treated: 81.8%, p << 0.05) in vitro. Fur-
thermore, IL1J3 treatment was found to increase ASIC3 mRNA
significantly (75.12 = 7.23 fold, p = 0.02) in these single cells,
which was inhibited when IL1B-treated cells were coincubated
with the JNK inhibitor SP600125 (Figs. 3b, 8f; IL13+SP600125:
5.07 = 4.79 fold, p = 0.365 vs untreated; SP600125 only: 0.45 =
5.63 fold, p = 0.531). To confirm more specifically that our ef-
fects were not due to other potential signaling pathways linked to
IL1B/IL1r1, we also performed control experiments to assess
whether IL13 may be mediating its effects on ASIC3 expression
via the NFkB pathway (O’Neill and Greene, 1998). To this end,
we treated afferents retrogradely labeled by FG from the muscles

with IL1B and the NF«B inhibitor CAPE (Chiechio et al., 2006)
and found that CAPE treatment had no effect on IL183-mediated
ASIC3 upregulation (IL13 + CAPE: 73.03 * 4.92 fold, p = 0.343
vs untreated; CAPE only: 23.77 = 4.85, p = 0.041). Using Mat-
Inspector software (Genomatix), we determined that JNK-
mediated ASIC3 expression is likely due to the fact that ASIC3 has
multiple AP1/Jun transcription factor-binding sites in its up-
stream promoter region (Fig. 8¢).

Discussion

Muscle pain is a widespread, yet poorly defined clinical phenom-
enon (Mense, 2003; 2008). Many muscle pain disorders have
been linked to problems of peripheral perfusion and the resulting
ischemic-like states have been linked, not only to pain, but to
tissue inflammation as well (Blaisdell, 2002; Coderre et al., 2004;
Eisenhardt et al., 2012), which could be a significant underlying
cause of the observed hypersensitivity in these muscle pain dis-
orders. Using our previously defined (Ross et al., 2014) model of
ischemic myalgia (I/R) in conjunction with nerve-specific sSiRNA
inhibition (Jankowski et al., 2009b, 2010, 2012a,b) of injury-
induced ASIC3 or ILIrl upregulation, we further explored the
role of muscle-derived signaling molecules on afferent sensitiza-
tion and subsequent manifestation of pain-like behaviors. With
this study, we have established a mechanism through which
ischemia-induced inflammatory cytokine signaling (IL13/IL1r1)
from the muscles modulates the dynamic changes in acid-sensing
ion channel protein expression in the primary muscle afferents,
leading to ischemic myalgia-like behaviors, potentially viaa c-Jun
N-terminal kinase-activated pathway.

Inflammation and ischemic myalgia

Patients with ischemia-related myalgia often report ongoing
pain, mechanical hypersensitivity, muscle weakness, and a reduc-
tion in overall activity (Blaisdell, 2002; Mense, 2003; Katz et al.,
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2007; Mense, 2008; Zempsky et al., 2013). Here, we assessed these
same features in a rodent model of I/R. Although none of these
tasks individually can describe the extent of myalgia in mice,
when combined, they allowed us to detect subtle behavioral dif-
ferences in ischemic muscle injury paradigms and allow us to
draw conclusions about the animals’ deep tissue “pain” (Seo et
al., 2010; Xu and Brennan, 2010; Ross et al., 2014). Control I/R
animals displayed increased mechanical hypersensitivity and
guarding behaviors, as well as decreased grip strength and volun-
tary activity, compared with naive/sham mice, recapitulating
clinical manifestations of ischemic myalgia (Figs. 1, 6). Further-
more, all I/R-induced behavioral deficits were inhibited by
afferent-targeted knock-down of either ASIC3 or IL1r1, suggest-
ing that the two receptors may share a common pathway to me-
diate the majority of injury-induced nociceptive-like behaviors.
Interestingly, the only difference between the two siRNA condi-
tions was that voluntary activity was significantly increased in
PenASIC3 + I/R, but not PenIL1r1 + I/R, mice compared with
control I/R animals (Figs. 1, 6). This is likely due to other roles of
IL1r1, but may also be caused by a more direct effect of ASIC3 on
this particular behavior.

Previous data have linked inflammatory cytokines, including
IL1, to painful sensations from the muscles (Ferreira et al., 1988;
Dinaetal., 2008; Noma et al., 2013; Alvarez et al., 2014). Blocking
IL1B prevents inflammation-induced hypersensitivity, whether
provoked by carrageenan or systemic administration of exoge-

nous IL1B (Ferreira et al., 1988), and IL1r] antagonists that are
used to treat rheumatoid arthritis-related inflammation have also
been shown to reduce pain (Hallegua and Weisman, 2002). IL13
is a known modulator of gene expression through numerous
pathways (McMahon et al., 2015; O’Neill and Greene, 1998) and,
in PenIL1r1 + I/R animals, both IL1r1 and ASIC3 upregulation
were inhibited after I/R (Figs. 1, 7), suggesting that ASIC3 is
downstream of IL1B/IL1r1. In support of this notion, Mamet et
al. (2002) have shown that IL1S3 stimulates DRG expression of
ASIC3 in vitro. When incubating cultured cells with solutions
containing IL13 before patch-clamp electrophysiology, they not
only showed a trend toward greater numbers of pH-responsive
cells, but also found significantly increased amplitudes of ASIC-
like currents. Here, we also found that primary afferents treated
with IL1B in culture show similar increases in ASIC3, but not
ASIC1 or 2, thus strengthening IL1S’s role in injury-induced
expression of ASIC3 specifically. Although IL1S treatment in-
duced TRPV1 upregulation in vitro, TRPV1 was not upregulated
in the affected DRGs after I/R (Ross et al., 2014). Therefore, I/R-
induced changes in muscle afferent function via IL13 are not
likely to be linked to TRPV1 upregulation.

Furthermore, a number of studies have linked ASIC3 to affer-
ent sensitization in other injury models of muscle pain (Benson et
al., 1999; Immke and McCleskey, 2001a; 2001b; Sluka et al., 2003;
Naves and McCleskey, 2005; Yagi et al., 2006; Benson and
McCleskey, 2007; Sluka et al., 2007; Birdsong et al., 2010; Gautam
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et al., 2010), as well as in ocular afferents (Callejo et al., 2015).
Recent studies analyzing meningeal afferents in an animal model
of migraine linked inflammatory signaling in the periphery with
ASIC-related afferent function, which mediated pain-related be-
haviors (Yan etal., 2012; Dussor, 2015). Here we show that group
II/IV muscle afferent sensitization and phenotypic switching af-
ter I/R is dependent upon upregulation of either IL1r1 or ASIC3
(Figs. 2, 4, 6, 7), similar to these reports in other systems. How-
ever our data also suggest that this effect may be mediated by JNK
activation in muscle afferents. Although it is likely that our ob-
served effects are not mediated by NF«B signaling (Fig. 8), we
cannot completely rule out other MAPK or SRC signaling path-
ways in this regulation. Regardless, our data imply that dynamic
expression of pain-related proteins in peripheral nociceptors un-
der conditions of altered blood flow and oxygenation (e.g., I/R)
may be dependent upon unique target-derived inflammatory sig-
naling mechanisms.

With our analyses of single DRG neurons, we were able to
determine that, in naive animals, ASIC3 expression is con-
strained to the metabo-nociceptors and mechanically sensitive
group III/IV muscle afferents, but 1 d after I/R, de novo ASIC3
expression was found in the DRGs and this appeared to be due to
specific upregulation of this channel in metaboreceptors (Figs. 4,
5, Table 3). This correlates with previous reports of ASIC3 ex-
pression within both naive and injury-affected muscle afferents

and the role of this channel in regulating mechanosensation and
chemosensation (Sluka et al., 2003; Molliver et al., 2005; Benson
and McCleskey, 2007; Fujii et al., 2008; Light et al., 2008; Bird-
songetal., 2010; Yan et al., 2011). This de novo ASIC3 expression
in metaboreceptors and mechanically sensitive muscle afferents
was prevented in both of our siRNA knock-down conditions.
Despite robust behavioral effects, inhibition of IL1r1 or ASIC3
did not alter the I/R-induced increase in firing to the innocuous
metabolite mixture (Figs. 2, 7), nor did it alter expression of P2X3
in DRGs or in functionally defined muscle afferents (Figs. 2, 3, 4,
5, 6, 7, Table 2). Therefore, it is possible that another target-
derived signaling molecule is responsible for upregulated P2X3
expression, which may drive changes in responsivity to “low”
metabolites. This could be pursued in the future; however, our
results clearly indicate that IL1r1 and ASIC3 are major con-
tributors to I/R-induced alterations in muscle afferent func-
tion and pain-related behaviors because knock-down of these
two receptors affected all of our behavioral measures, even
while firing to innocuous metabolites remained elevated (Figs.
2,7). Nevertheless, ASIC3-dependent phenotypic switching of
metabolite-sensitive muscle afferents, rather than altered in-
dividual responsiveness to lactate, ATP, or protons, is a likely
crucial mediator of pain-related behaviors after I/R because
these afferents project directly to pain-specific lamina I and II
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(Jankowski et al., 2013) and, under conditions of I/R, would
then be responding to a wider range of chemical stimulation.

Blood flow alterations simultaneously induce afferent sensiti-
zation and lead to inflammation, which could be further sensi-
tizing already vulnerable afferents, altogether resulting in a
persistent pain state (McMahon et al., 2015). This suggests that
therapeutic interventions targeting the endogenous inflamma-
tory reaction to ischemia/reperfusion injury (IL1B3/IL1r1), rather
than direct inhibition of channels that mediate altered mechano-
sensitivity and chemosensitivity (ASIC3), would be effective in
subjects with I/R-based myalgia. Although this may seem coun-
terintuitive due to the wound-healing aspect of the inflammatory
response, this strategy could circumvent the initial afferent
sensitization that develops into a persistent pain state found in
ischemic myalgia.

Multiple potential roles of muscle afferents after I/R

Group III/TV muscle afferents are also not solely involved in no-
ciception; they provide the peripheral sensory input for the exer-
cise pressor reflex (EPR), a circuit that stimulates increased
cardiac output and blood pressure during exercise (Zamir and
Maixner, 1986; Kaufman and Hayes, 2002). Both ASIC3 and
P2X3 have been linked to EPR regulation (Kaufman and Hayes,
2002; Hayes et al., 2008; McCord et al., 2010; Gerdle et al., 2014)
and the combinatorial effects of ASIC3 and P2X3 in detecting
metabolites during ischemia may be a major evoking stimulus for
the EPR after injury (Stone et al., 2014). Here, P2X3 was found to
be localized in small proportions to cells of all phenotypes, so it,
like other P2X channels (Birdsong et al., 2010), may be aiding in
detection of metabolites after I/R, but may play a larger role in
EPR regulation than in nociception. Elucidating the mechanisms
behind postinjury ASIC3 and P2X3 upregulation could lead to a
number of therapeutic breakthroughs, not only in early myalgia
interventions, but also in patients with comorbid alterations in
EPR function as well. Nevertheless, our data suggest that the
macrophage- and neutrophil-produced IL1 in the muscles dur-
ing I/R activates enhanced IL1rl in muscle afferents (Fig. 1) to
increase expression of ASIC3, possibly via JNK activation (Fig. 8),
which modulates their mechanical thresholds and chemosensory
function (Figs. 2, 3, 7) to direct pain-related behaviors after I/R
(Figs. 1, 6).
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