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ASIC3 inhibition modulates
inflammation-induced changes in the
activity and sensitivity of Ao and C fiber
sensory neurons that innervate bone
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Abstract

The Acid Sensing lon Channel 3 (ASIC3) is a non-selective cation channel that is activated by acidification, and is known to
have a role in regulating inflammatory pain. It has pro-algesic roles in a range of conditions that present with bone pain, but
the mechanism for this has not yet been demonstrated. We aimed to determine if ASIC3 is expressed in Ao and/or C fiber
bone afferent neurons, and to explore its role in the activation and sensitization of bone afferent neurons after acute
inflammation. A combination of retrograde tracing and immunohistochemistry was used to determine expression of ASIC3
in the soma of bone afferent neurons. A novel, in vivo, electrophysiological bone-nerve preparation was used to make
recordings of the activity and sensitivity of bone afferent neurons in the presence of carrageenan-induced inflammation, with
and without the selective ASIC3 inhibitor APET x2. A substantial proportion of bone afferent neurons express ASIC3,
including unmyelinated (neurofilament poor) and small diameter myelinated (neurofilament rich) neurons that are likely to be
C and A/ nerve fibers respectively. Electrophysiological recordings revealed that application of APET x2 to the marrow
cavity inhibited carrageenan-induced spontaneous activity of C and AJ fiber bone afferent neurons. APET x2 also inhibited
carrageenan-induced sensitization of A¢ and C fiber bone afferent neurons to mechanical stimulation, but had no effect on
the sensitivity of bone afferent neurons in the absence of inflammation. This evidence supports a role for ASIC3 in the
pathogenesis of pain associated with inflammation of the bone.
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Introduction . :
expressed in peripheral sensory neurons where they

Inflammation is a major component of many bony
pathologies, including bone cancer, osteoarthritis and
osteoporosis.' > Cell damage or lysis following inflamma-
tion is accompanied by the production and release of
extracellular protons.*> Osteoclast-mediated bone remod-
eling also releases extracellular protons and is a hallmark
of osteoporosis,’ and also occurs in some types of
bone cancer.” '® Extracellular protons are potent activa-
tors of peripheral sensory neurons and are therefore a
likely trigger for pain in these conditions.*!'' '3
Acid-sensing ion channels (ASICs) are voltage-
independent proton-gated sodium channels that are acti-
vated by a drop in extracellular pH."* ASICs 1-3 are

assemble as homomeric or heteromeric channels con-
taining three ASIC subunits to sense changes in extra-
cellular pH."> The ASIC3 subunit is known to play a role
in regulating inflammatory pain.*'®'® Furthermore,
inhibiting ASIC3 attenuates pain behaviors in animal
models of  osteoporosis, bone cancer and
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osteoarthritis,®**?* suggesting that pharmacological

manipulation of ASIC3 might provide benefit for pain
management in bony pathology. ASIC3 is also upregu-
lated in dorsal root ganglia (DRG) neurons in animal
models of these same diseases,®”*° 2 further suggesting
that at least some of the effects of inhibiting ASIC3 are
likely due to their expression in peripheral sensory neu-
rons that innervate bone.

Recently, toxins targeting ASICs have been isolated
from a variety of venomous animals, and have been used
to establish the role of ASICs in pain.*** APETx2 is a
toxin isolated from a sea anemone that selectively and
effectively inhibits homomeric and heteromeric channels
containing ASIC3, but does not inhibit channels formed
from closely related ASIC subunits, including ASIC1 and
ASIC2.%%?" APET %2 has been utilized to demonstrate a
role of ASIC3 containing channels in acid-induced,
inflammatory and post-operative pain in rodents.'®'®
Inhibiting ASIC3 with APET X2 also improves pain-
like behavior in a mouse model of osteoporosis® and mul-
tiple myeloma.?® Whilst the specific inhibition of ASIC3
by APET x2 poses an opportunity for the treatment of
pain accompanying an acidic microenvironment in bone,
it is not yet clear if and how inhibiting ASIC3 with
APETx2 affects the function of the sensory neurons
that innervate bone (bone afferent neurons).

We have recently developed a model of acute inflam-
matory bone pain induced by injection of carrageenan
directly into the marrow cavity of the rat tibia.”® We
have made electrophysiological recordings using this
model to show that the activity and sensitivity of bone
afferent neurons are rapidly altered by acute inflamma-
tion. The aim of the present study was to explore if and
how inhibition of ASIC3 with APET x2 affects the func-
tion of different sub-populations of bone afferent neu-
rons in this model of acute experimental inflammation
in bone.

Materials and methods

Male Sprague-Dawley rats weighing between 200 and
250 g were used in this study. Animals were housed in
pairs in a 12h light/dark cycle and were provided with
food and water ad libitum. All experiments conformed to
the Australian National Health and Medical Research
Council code of practice for the use of animals in
research and were approved by the University of
Melbourne Animal Experimentation Ethics Committee.

Electrophysiological recordings using an in vivo
bone-nerve preparation
Recording configuration. Recordings of the activity and sen-

sitivity of bone afferent neurons were made using an
in vivo bone-nerve electrophysiological preparation,

described in detail in our previous publications.” ' In

brief, urethane anesthetized rats (50% w/v, 1.5g/kg i.p.)
were prepared for recording. A fine branch of nerve that
innervates the marrow cavity of the tibia was isolated
and placed over a platinum hook electrode for extracel-
lular recording. Whole-nerve electrical activity was
amplified (1000x) and filtered (high pass 100 Hz, low
pass 3kHz) (DP-311 differential amplifier, Warner
Instruments), sampled at 20kHz (PowerLab,
ADInstruments, Australia) and stored to PC using
LabChart recording software (ADInstruments). A
ramp-and-hold mechanical stimulus was delivered to
the endings of bone afferent neurons by raising intra-
osseous pressure with an injection of heparinised physi-
ological saline (0.9% sodium chloride), delivered
through a needle implanted into the marrow cavity
with an initial flow rate of 7ml/min during the ramp
phase, and a constant 300 mmHg of pressure delivered
for 20-sec duration during the hold phase. Carrageenan
(10pul; 3% in saline; Sigma-Aldrich), APETx2 (10 pl;
I uM in saline; Alomone) and/or saline (vehicle control)
were delivered as a single injection to the marrow cavity
through a second needle. The volume of the bone
marrow cavity is approximately 100-200 pl, thus a
10 ul APET x2 injection will be diluted at least 10-fold.
We therefore predict the local concentration of APET x2
in the marrow cavity to be approximately 0.05-0.1 pM.
At this concentration, APETx2 has been shown to
inhibit ASIC3 homomers (ICsy of 63nM) and hetero-
mers (ICsy of 100-2000nM), but not NaV1.8 (ICs, of
2.6 uM).?%3233 There were no changes in the pressure
recorded in the marrow cavity while these agents were
being injected. In a separate experiment, either saline
(10 ul) or APETx2 (10 ul; 1 uM in saline) were injected
into the tibia without carrageenan to determine whether
inhibition of ASIC3 alone had any effect on the mechan-
ical sensitivity of bone afferent neurons.

All action potentials (spikes) with positive and/or
negative peaks clearly above noise were sampled from
the whole-nerve recordings. We were unable to routinely
record conduction velocities in each experiment because
we could not electrically stimulate the receptive fields of
individual bone afferent neurons buried deep inside the
marrow cavity. Instead, we classified spikes as originat-
ing from C, Ad or Af units on the basis of previously
published experiments, using the same recording config-
uration, in which we demonstrated a linear relationship
between conduction velocity and peak-to-peak
action potential amplitude for units activated with
mechanical stimulation from within the bone
marrow.””>! On the basis of this relationship, impulses
with amplitudes <40pV were defined as originating
from C fibers (conduction velocities <2.5m/s) and
those with amplitudes between 40 and 145uV were
defined as originating from A¢J fibers (conduction
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velocities between 2.5 and 12.5m/sec). For a thorough
discussion of how this division was selected, see Nencini
et al.”? Further analyses were performed on data derived
from spikes with amplitudes consistent with either Ad or
C fiber conduction velocities.

Protocols and analysis. In a previous study, we have shown
that the activity and sensitivity of bone afferent neurons
are rapidly altered by acute carrageenan-induced inflam-
mation of bone.?® In particular, injection of carrageenan
induced an increase in ongoing activity of bone afferent
neurons, reduced their threshold for mechanical activa-
tion, and increased their discharge frequency in response
to mechanical stimulation, relative to injection of saline
alone. To determine if inhibition of ASIC3 could atten-
uate carrageenan-induced changes in the function of
bone afferent neurons in the present study, we compared
the activity and sensitivity of bone afferent neurons in
animals injected with carrageenan and APET x2, to that
in animals injected with carrageenan and saline, and in
some cases in animals injected with saline alone.

For analysis of ongoing activity, a continuous whole-
nerve recording was made from 5minutes before, to
60 minutes after injection of carrageenan and
APET x2/saline. The number of spikes before and after
the injection was reported in a frequency histogram gen-
erated using 20 sec bin widths. The onset of carrageenan-
induced activity was defined as the time at which the
mean frequency of discharge in two consecutive 20 sec
bins exceeded that of the mean frequency of discharge in
all pre-injection bins. Area under the curve (AUC.¢0)
was determined using the trapezoid rule (spikes x min)
in GraphPad Prism (GraphPad Software).

For analysis of sensitivity to mechanical stimulation,
single mechanically-activated Ad-bone marrow nocicep-
tors were isolated from whole-nerve recordings made
during application of the ramp-and-hold intra-osseous
pressure stimulus using a spike discrimination software
(LabChart v8.1.7, ADInstruments). Single unit dis-
charge frequency and thresholds for mechanical activa-
tion during the pressure stimulus were determined before
(baseline) and at 15 mins after application of carrageen-
an and APETx2/saline. Both discharge frequency and
threshold for activation were expressed as a percentage
of pre-injection baseline values. Discharge frequency was
reported over the entire 20 sec ramp-and-hold pressure
stimulus (total response). Units with decreases in
mechanical threshold greater than 20% compared to
baseline threshold were defined as sensitized. We were
not able to isolate individual C fiber units using our
recording configuration and so cannot comment on
whether single C fiber units were sensitized to mechan-
ical stimulation. However, we report data for all spikes
with amplitudes consistent with C fiber activity in whole-
nerve recordings. This allows us to consider if there are

changes in the discharge frequency of C fiber units at the
whole nerve level.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism (GraphPad Software). For analyses of whole-
nerve Ao and C fiber ongoing activity, comparisons of
the area under the curve (AUC(g4) were made
between treatment groups using a Student’s t-test
(carageenan+APET x2 vs carageenan-+saline). For anal-
yses of the response of single Ad bone afferent neurons to
mechanical stimulation, comparisons between treatment
groups were evaluated using a mixed model nested one-
way ANOVA (saline alone, carrageenan and saline, car-
rageenan and APET x2) followed by Dunnett’s post hoc
analysis, or a nested t-test (saline alone, APET x2 alone).
A mixed model design was used to avoid potential errors
related to pseudo replication for electrophysiological
data that included multiple cells derived from a single
recording preparation. For analyses of the response of
C fiber activity in whole-nerve recordings, comparisons
between treatment groups were made with a Kruskal-
Wallis test followed by Dunn’s post hoc analysis (saline
alone, carrageenan and saline, carrageenan and
APETx2), or a Mann-Whitney test (saline alone,
APETx2 alone). Post hoc testing was not performed
unless the ANOVA F value was significant. In all cases,
P <0.05 was used to define statistical significance. In
cases where multiple cells were isolated from a single
recording, n=number of cells and N=number of
recordings.

Retrograde tracing and immunohistochemistry

Animals were anesthetized with isoflurane (4% induc-
tion; 2.5% maintenance). A skin incision was made
over the medial aspect of the left tibia and a small hole
was made in the cortical bone on the medial aspect of the
tibial diaphysis using a sterile 26-gauge needle. A
Hamilton syringe was used to inject the retrograde
tracer Fast Blue (2pul FB; 10% dH,O, Illing Plastics
GmbH) through the hole and directly into the medullary
cavity. The hole was sealed with bone wax to prevent
leakage into surrounding tissues, and the entire area was
washed extensively with 0.1 M phosphate-buffered saline
(pH7.4, PBS). There was no leakage to surrounding tis-
sues. The skin incision was closed with stainless steel
autoclips. Animals were left for a 10-day recovery
period to allow for transport of the tracer from the med-
ullary cavity to neuronal cell bodies located in the DRG
(Figure 1(a)).

Ten-days post-surgery, animals were anaesthetized
with an overdose of ketamine/xylazine (ketamine
130mg/kg, xylazine 10mg/kg; i.p.), and perfused via
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Figure |. Images of retrograde labeled (Fast blue; FB) and immuno-labeled bone afferent neurons in sections through the DRG. (A)
Schematic representation of the retrograde tracing approach used in this study. Fast Blue (FB) was injected into the marrow cavity (MC) of
the rat tibia (N =4). The tracer was taken up by nerve terminals and transported back to their soma in the dorsal root ganglion (DRG),
permitting identification of sensory neurons that innervate the rat tibia. (B) Size/frequency distribution of all retrograde labeled bone
afferent neurons analyzed in this study. Retrograde labeled bone afferent neurons that expressed ASIC3 were mostly small or medium
sized neurons (<1800 pm?2). (C)—(R) Images of retrograde and immuno-labeled bone afferent neurons in sections through the DRG. Each
horizontal set of panels shows the same field of a single section. Arrowheads identify retrograde labeled bone afferent neurons throughout.
Asterisks (*) indicate bone afferent neurons that are ASIC3+. C-F shows FB (C), ASIC3 immuno-labeling (D), NF200 immuno-labeling (E)
and a merged image (F). G-J shows FB (G), ASIC3 immuno-labeling (H), CGRP immuno-labeling (I) and a merged image (J). K-N shows FB
(K), ASIC3 immuno-labeling (L), TrkA immuno-labeling (M) and a merged image (N). O-R shows FB (O), ASIC3 immuno-labeling (P), TrpV|
immuno-labeling (Q) and a merged image (R). Scale bars = 100 pm.

the ascending aorta with 500 ml heparinized PBS fol- then immuno-labeled to determine if retrograde-labeled
lowed by 500 ml Zamboni’s fixative (2% formalin and neurons expressed ASIC3, NF200 (myelinated neurons),
15% saturated picric acid in 0.1 M phosphate buffer). TrkA (NGF-sensitive neurons), CGRP (peptidergic
Lumbar DRG L3 were dissected and left overnight in nociceptors), and/or TRPV1 (polymodal nociceptors).
30% sucrose-PBS, then frozen in liquid nitrogen-cooled Details of the primary and secondary antibodies are pro-
isopentane and sectioned at 12um using a cryostat. vided in Table 1. All antibodies were diluted in PBS
Multiple series of sections were collected on gelatinized  containing 0.3% Triton X-100 and 0.1% sodium azide.
glass slides (0.1% chrome alum and 0.5% gelatin) and Sections were washed three times in PBS and blocked for
air-dried for one hour. Retrograde labeled cells in each ~ one hour in PBS containing 10% normal horse serum
section were imaged with a 10x objective, using a Zeiss and 1% Triton X-100, and then incubated overnight in
Axioskop fluorescence microscope (Zeiss, Oberkochen, the primary antisera at room temperature. In cases
Germany) fitted with an AxioCam MRm camera. A where double or triple labeling was used to identify
DAPI UV filter was used to identify FB. Sections were colocalization of ASIC3 and NF200 with TrkA,
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Table |I. Details of the primary and secondary antibodies in this study.
Specificity/
Primary antibody Immunogen Manufacturing details characterization Dilution
Acid sensing ion-channel 3 Corresponding to resi- Neuromics; guinea pig 41-43 1:300
(ASIC3) dues 285-304 of the polyclonal; #GP14105
extracellular domain rat
ASIC3
Calcitonin gene-related Synthetic rat CGRP con- Sigma-Aldrich; rabbit 3435 1:1000
peptide (CGRP) jugated to KLH polyclonal; #C8198
Neurofilament 200 Carboxyterminal tail seg- Sigma-Aldrich; mouse 36 1:1000
(NF200) ment of pigneurofila- monoclonal; #N0142
ment H-subunit
Tyrosine receptor kinase Purified recombinant rat R&D Systems; goat poly- 3 1:1000
A (TrkA) TrkA extracellular clonal; #AF1056
domain (Ala33-Pro418)
Transient receptor poten- Intracellular C-terminus Alomone Labs; rabbit 38.39 1:1000
tial Vanilliod | (TRPVI) of rat TRPV| (824-838) polyclonal; #ACC-030
Secondary antibody Manufacturing details Dilution
Donkey anti-Goat Alexa Flour 594 Jackson Immuno- Research, #705-585-147 1:200
Donkey anti-Guinea Pig Alexa Flour 488 Jackson Immuno- Research, #706-545-148 1:200
Donkey anti-Mouse Alexa Flour 647 Molecular probes, Invitrogen, #A3157 1:200

CGRP or TRPVI, all antibodies were diluted in the
same incubation solution. The following day, sections
were washed three times and incubated in secondary
antibody for 2hours at room temperature. Following
another three washes, the slides were cover-slipped
using DAKO (Carpentaria, CA) fluorescence mounting
medium.

Immuno-labeling of DRG sections was examined and
photographed with a 10x objective using a Zeiss
Axioskop fluorescence microscope (Zeiss, Oberkochen,
Germany) fitted with an AxioCam MRm camera. FITC,
Texas Red and Cy5 filter sets were used to discriminate
labeling with the Alexa Fluor 488, 594 and 647 fluoro-
phores, respectively. Images of immuno-labeled cells
were aligned with those taken of retrograde labeled
cells by using landmarks such as the edge of the section,
surrounding blood vessels and other cells. Cell counts
and soma size measurements (cross-sectional area of
soma; pm?) were made directly from images using Zen
Lite software (Zen 2011, Zeiss, Oberkochen, Germany).
Cells were classified on the basis of soma size as small
(<800 um?), medium  (800-1800 pm?), or large
(>1800 um?).*° To prevent double counting, sections
on each series were taken 60 um apart and only cells
with a nucleus visible under the microscope were exam-
ined. We determined the proportion of retrograde
labeled bone afferent neurons that expressed each anti-
body marker for each animal and presented it as mean +
SEM (%). Figures were prepared using CorelDraw soft-
ware (CorelDraw Graphics Suite, Ottawa, Canada).

Individual images were contrast and brightness adjusted.
No other manipulations were made to the images.

Antibody specificity

The ASIC3 antibody (polyclonal guinea pig anti-ASIC3,
Neuromics, #GP14105) is raised against the extracellular
domain of rat ASIC3 (corresponding to amino acid res-
idues 285-304). The specificity of the antibody has been
validated in the nodose ganglia of ASIC3 knockout
mice, which show no ASIC3 immunoreactivity.*' It
labels ASIC3-transfected COS-7 cells, but not cells
transfected with ASICla, 1b or 2.** Preabsorption
with rat ASIC3 abolishes immuno-labeling in rat trigem-
inal ganglia** and DRG.** It does not label tissue in the
brainstem, which has no reported ASIC3 mRNA,* and
omission of the primary antibody resulted in no labelling
in rat DRG* and in the current study. Indistinguishable
results were obtained when the antibody was compared
with another ASIC3 antibody, raised in a different host
species, to label vascular innervation.** The CGRP anti-
body (polyclonal rabbit anti-CGRP, Sigma-Aldrich,
#C8198) is raised in rabbit against synthetic rat CGRP
conjugated to keyhole limpet hemocyanin. This anti-
body binds to rat and human CGRP, and human
B-CGRP, but has no cross-reactivity with other peptides
(manufacturer’s information). Immuno-staining of sen-
sory nerve terminals in rat glabrous skin,** and the rat
spinal dorsal horn,* was abolished when the antibody
was preabsorbed with rat CGRP. The NF200 antibody
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Table 2. The percentage of retrograde labeled bone afferent neurons that express ASIC3, TrkA, TRPVI, NF200 and CGRP in the DRG.

Number of
Number of retrograde labeled bone Percentage
animals afferent neurons (mean £ SEM)
Percentage of bone afferent neurons that are:
ASIC3+ 4 171 29+3
TrkA+ 4 171 6l £5
TRPVI+ 4 142 30£5
CGRP+ 4 144 43+8
Proportion of myelinated (NF200+) bone afferent neurons that 4 171 13+4
expressed ASIC3
Proportion of unmyelinated (NF200-) bone afferent neurons that 4 171 61 £5
expressed ASIC3
Proportion of ASIC3 bone afferent neurons that are myelinated 4 171 26+7
(NF200+)
Proportion of ASIC3 bone afferent neurons that are unmyelinated 4 171 74+7
(NF200-)
Proportion of ASIC3 bone afferent neurons that express CGRP 4 144 74+9
Proportion of ASIC3 bone afferent neurons that express TrkA 4 171 72411
Proportion of ASIC3 bone afferent neurons that express TRPV| 4 142 49+9
(monoclonal  mouse anti-NF200, clone N52,  signaling molecules (TrkA, TRPV1 and CGRP)

Sigma-Aldrich, #N0142) is raised against the carboxy-
terminal tail segment of porcine neurofilament H-subu-
nit. Western blot analysis of the rat DRG using this
antibody showed a single band at 200-kDa, and prein-
cubation with porcine NF200 abolished immuno-
staining in DRG sections.’® The TrkA antibody
(polyclonal goat anti-TrkA, R&D Systems, #AF1056)
is raised against the extracellular domain of rat TrkA
(Ala33-Pro418), and showed less than 1% cross-
reactivity with recombinant mouse TrkB and TrkC in
direct ELISA and Western blot (manufacturer’s infor-
mation). Staining of rat trigeminal ganglia was abolished
when this antibody was preabsorbed with a blocking
peptide.’” The TRPVI antibody (polyclonal rabbit
anti-TRPV1, Alomone, #ACC-030,) is raised against
the intracellular c-terminus of rat TRPV1 (correspond-
ing to amino acids 824-838). Immuno-staining using this
antibody was absent in the trigeminal ganglia of TRPV1
knockout mice but was present in wild-type controls.*®
Staining was also abolished in guinea pig corneal epithe-
lium and rat DRG when it was preabsorbed with
TRPVI control peptide.*’

Results

ASIC3 is expressed in medium diameter myelinated

(Ad fiber) and small diameter unmyelinated (C fiber)
bone dafferent neurons

We used a combination of retrograde tracing and immu-

nohistochemistry to determine the proportion of bone
afferent neurons that express ASIC3, and/or other pain

(Figure 1). Retrograde labeled bone afferent neurons
were predominantly small or medium sized neurons
(>93% of those counted were less than 1800 pm?).
ASIC3 was expressed in approximately one third of
bone afferent neurons (29 £ 3%; Table 2). The majority
of ASIC3 expressing bone afferent neurons were unmy-
elinated (NF200-; 74 +7%; Table 2), but some were
myelinated (NF200+; 26 &+ 7%; Table 2). Most ASIC3
expressing bone afferent neurons expressed CGRP (74 +
9%; Table 2) or TrkA (724 11%; Table 2), and half
expressed TRPV1 (49+9%; Table 2). Interestingly,
more than half of all unmyelinated (NF200-) bone affer-
ent neurons expressed ASIC3 (61+5%; Table 2).
A much smaller proportion of myelinated (NF200+)
bone afferent neurons expressed ASIC3 (13 £4%;
Table 2). These findings show that ASIC3 is expressed
in both Ad and C bone afferent neurons, and suggest
that most ASIC3 expressing bone afferent neurons are
NGF-sensitive, peptidergic nociceptors.

Inhibition of ASIC3 decreases carrageenan-induced
activity of A and C fiber bone dfferent neurons

To determine whether ASIC3 contributes to acute
inflammation-induced increases in the activity of bone
afferent neurons, ongoing activity was assayed in ani-
mals treated with carrageenan+APET x2 (Figure 2(b)),
and was compared to activity assayed in animals treated
with carrageenan+saline (Figure 2(a)). There was a
rapid, carrageenan-induced increase in the activity of
A bone afferent neurons recorded from animals co-
injected with saline (latency to onset of 3.5+ 1.3 min),
that subsided within 30minutes (Figure 2(c)). In
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Figure 2. Inhibition of ASIC3 with APETx2 inhibits carrageenan-induced activity in Ad and C fiber bone afferent neurons. (a) and (b) are
examples of whole-nerve recordings before (baseline) and after application of carrageenan+-saline (a) or carrageen+APETx2 (b). These
examples show a clear increase in spike activity when carrageenan is injected into the tibia in the presence of saline (a), but not when co-
administered with APETx2 (b). (c) Frequency histograms of the total number of AS fiber spikes isolated from whole-nerve recordings
before and after co-application of carrageenan with saline (N =5) or APETx2 (I uM; N = 6). (d) There was a reduction in the AUCg_¢omin
for AS fiber spikes in animals treated with APETx2 compared to saline (Unpaired t-test, P < 0.001). (e) Frequency histograms of the total
number of C fiber spikes isolated from whole-nerve recordings before and after co-application of carrageenan with saline (N =4) or
APETX2 (I uM; N =5). (f) There was a reduction in the AUCq_¢omin for C fiber spikes in animals treated with APETx2 compared to saline
(Unpaired t-test, P < 0.001). Bin width =20 seconds. Data are represented as mean £ SEM.

contrast, there was a later (latency to onset of 9.2 £-
2.6min) and more prolonged carrageenan-induced
increase in C fiber activity in these same animals, that
lasted for up to 50 minutes (Figure 2(¢)). The spike fre-
quency histograms revealed clear decreases in AJ
(Figure 2(c)) and C fiber (Figure 2(e)) activity in animals
co-administered with APETx2, relative to those co-
administered with saline. There was also a significant
decrease in activity, measured as the area under the
curve generated from histograms of individual record-
ings, for both Ao (Figure 2(d)) and C fiber units
(Figure 2(f)). These findings show that inhibition of
ASIC3 with APETx2 reduces carrageenan-induced
increases in the ongoing activity of Ad and C bone affer-
ent neurons.

Inhibition of ASIC3 attenuates carrageenan-induced
sensitization to mechanical stimulation

To determine if inhibition of ASIC3 could attenuate
carrageenan-induced changes in the sensitivity of bone
afferent neurons to mechanical stimulation, we com-
pared measures of sensitization to mechanical stimula-
tion in animals administered carrageenan+APET X2,
carrageenan+saline or saline alone. There was a clear
increase in sensitivity of bone afferent neurons in ani-
mals administered carrageenan-+saline (Figure 3(b))

relative to those administered saline only (Figure 3(a)),
and there was a clear reduction in the sensitivity of bone
afferent neurons to the mechanical stimulus in animals
administered carrageenan+APET x2 (Figure 3(c)) rela-
tive to those administered carrageenan+saline (Figure 3
(b)). For analysis of the threshold for activation of single
Ao bone afferent neurons, mixed model analysis with
Dunnett’s post hoc testing (F [7.486], DFn [2], Dfd
[18], P <0.05) revealed a reduction in threshold for acti-
vation in animals after administration of carragee-
nan-+saline, relative to those administered saline alone
(Figure 3(d)), and an increase in the threshold for acti-
vation in  animals after administration  of
carrageenan+APET x2, relative to those administered
carrageenan+saline (Figure 3(d)). We also classified
units as sensitized by carrageenan if their threshold for
activation was reduced by more than 20%, relative to
the threshold for activation of the same unit before car-
rageenan was injected, and compared the numbers of
sensitized and  not-sensitized  units in  the
carrageenan+APET x2 vs carrageenan+saline treated
animals. A chi-square test revealed that significantly
fewer of the single units were sensitized in animals
treated with carrageenan+APET x2 compared to carra-
geenan+saline (Figure 3(e)). For analysis of the dis-
charge frequency of single Ad bone afferent neurons,
mixed model analysis with Dunnett post hoc testing
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Figure 3. Inhibition of ASIC3 with APETx2 inhibits carrageenan-induced mechanical sensitization in Ad and C fiber bone afferent
neurons. (a)—(c) are examples of a whole-nerve recording and rasters of single Ad fiber neuronal activity in response to a 300 mmHg ramp-
and-hold pressure stimulus, in an animal injected with saline only (a), carrageenan-+saline (b) and carrageenan+APETx2 (c). These
examples show increased spike activity when carrageenan was injected into the tibia with saline (b), relative to when saline was injected
into the tibia alone (a), and decreased spike activity when carrageenan was injected into the tibia in the presence of APETx2 (c), relative to
when it was injected into the tibia in the presence of saline (b). (d) There was a reduction in threshold for activation of single Ad fiber units
in animals administered carrageenan-+saline (N =7, n=15), relative to those administered saline alone (N=7, n=10) (Dunnett test,
P < 0.05), and an increase in the threshold for activation in animals administered carrageenan+APETx2 (N =7, n= |6), relative to those
administered carrageenan+-saline (Dunnett test, P < 0.05). (e) Significantly fewer of the single units were sensitized in animals treated with
carrageenan+APETx2 compared to carrageenan+-saline (Chi-square test, P < 0.05). (f) There was an increase in single Ad fiber unit
discharge frequency in animals administered carrageenan-+saline (N =7, n=15), relative to those administered saline alone (N=7,
n=10) (Dunnett test, P < 0.05), and a reduction in discharge frequency in animals administered carrageenan+APETx2 (N=7, n=16),
relative to those administered carrageenan+-saline (Dunnett test, P < 0.05). (g) There was an increase in C fiber discharge in

animals treated with carrageenan+-saline (N = 6) relative to animals treated with saline alone (N =7) (Dunn’s test; P < 0.05), and reduced
C fiber activity for animals treated with carrageenan+APETx2 (N =9) relative to animals treated with carrageenan+saline (Dunn’s test,
P < 0.05).

(F [7.489], DFn [2], Dfd [18], P<0.05) revealed an stimulation, and that APETx2 reduces carrageenan-

increase in discharge frequency in animals after admin-
istration of carrageenan+saline, relative to those admin-
istered saline alone, and a reduction in discharge
frequency in animals after administration of
carrageenan+APET x2, relative to those administered
carrageenan+-saline (Figure 3(f)). For analysis of the
whole-nerve C fiber discharge frequency, a Kruskal
Wallis test with Dunn’s post hoc testing (KW
ANOVA; total response H(2)=16.44 P < 0.05) revealed
significantly increased C fiber discharge in animals
after treatment with carrageenan-+saline relative to
animals treated with saline alone, and reduced C fiber
spike activity for animals after treatment with
carrageenan+APET x2 relative to animals treated with
carrageenan+saline (Figure 3(g)). Taken together,
these findings show that carrageenan sensitizes both
Ao and C fiber bone afferent neurons to mechanical

induced sensitivity of bone afferent neurons to mechan-
ical stimulation.

Inhibition of ASIC3 alone does not affect the ability of
bone afferent neurons to respond to mechanical
stimulation

To determine if inhibiting ASIC3 with APET x2 affected
the mechanical sensitivity of bone afferent neurons in the
absence of inflammation, the threshold for activation
and the discharge frequency of bone afferent neurons,
in response to mechanical stimulation, was compared in
naive animals treated with APET x2 or saline alone (no
carrageenan). There was no difference in the sensitivity
of bone afferent neurons to the same mechanical stimu-
lus before (Figure 4(a)) or after APET x2 administration
(Figure 4(b)). Comparisons using a nested t-test revealed
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Figure 4. Inhibition of ASIC3 with APETx2 does not affect mechanical sensitivity of AS and C fiber bone afferent neurons. (a) and (b) are
examples of a whole-nerve recording and rasters of single Ad fiber activity in response to a 300 mmHg ramp-and-hold pressure stimulus, in
an animal before () and after (b) injection of APETx2. They show no difference in spike activity before (a) or after (b) injection of APETx2.
(c) There was no change to threshold for activation of single Ad fiber units in animals administered APETx2 (N=5, n= 1), relative to
those administered saline alone (N=7, n=17) (nested t-test, P > 0.05). (d) There was no change to discharge frequency in animals
administered APETx2 (N =5, n= 1 1), relative to those administered saline alone (N =7, n = 17) (nested t-test, P > 0.05). (f) There was no
change to whole-nerve C fiber discharge in animals treated with APETx2 (N =15), relative to animals treated with saline alone (N =6)

(Mann Whitney test; P > 0.05).

there were no differences between the threshold for acti-
vation (Figure 4(c)) or discharge frequency (Figure 4(d))
of AJ bone afferent neurons in animals injected
with saline vs those injected with APETX2.
A Mann-Whitney test also revealed no difference in
whole-nerve C fiber discharge frequencies in animals
after injection of saline vs those injected with APET x2
(Figure 4(¢)).

Discussion

The main findings of the present study are that ASIC3 is
expressed in a substantial proportion of bone afferent
neurons, and that pharmacological inhibition of
ASIC3 with APETx2 reduces carrageenan-induced
increases in activity and mechanical sensitivity of Ad
and C fiber bone afferent neurons.

Using retrograde tracing, we found that ASIC3 is
expressed in approximately one third of bone afferent
neurons, both in unmyelinated (C) and some small diam-
eter myelinated (AJ) neurons. This is consistent with our
electrophysiological findings showing physiological

effects of ASIC3 inhibition on the activity and sensitivity
of both Ad and C bone afferent neurons after acute
inflammation. Our findings are broadly consistent with
other studies using retrograde tracers that show ASIC3
expression in 50% of small diameter muscle afferent
neurons and 28% of small diameter cutaneous afferent
neurons,** 43% of thoracolumbar and 42% lumbosacral
of colonic sensory afferent neurons,* between 18-31%
of knee joint afferents,”’ and 33% of trigeminal neurons
that project to tooth pulp.** We have further shown that
the majority of ASIC3 expressing bone afferent neurons
co-express CGRP and/or the NGF receptor TrkA, indi-
cating that they are mostly peptidergic, NGF-sensitive
nociceptors. NGF-sensitive nociceptors are known to
play a central role in regulating inflammatory pain.*>*
Our finding in the present study of ASIC3 and TrkA
co-expression in bone afferent neurons, suggests that
NGF-sensitive bone afferent neurons are likely to be
important sensors of changes to the pH of the bone
microenvironment when inflammation is present.

We have previously shown that activation of TRPV1
(another acid sensing ion channel) sensitizes Ad and C
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fiber bone afferent neurons to mechanical stimulation.*
Of note, approximately half of the ASIC3 expressing
bone afferent neurons we observed in the present study
also express TRPVI1. There are previous electrophysio-
logical studies demonstrating that many small DRG
neurons that have ASIC currents, also possess TRPV1
currents.”® However, the pH sensitivity of ASIC chan-
nels and TRPVI1 channels expressed in DRG neurons
differ, with proton-gated current activated by pH > 6
being mainly mediated by ASICs in rat DRG neurons.”
Taken together with our data showing that there may be
multiple sub-populations of bone afferent neurons that
express TRPV1 and/or ASIC3, these data suggests that
there may be heterogeneity in the function of different
sub-populations of ASIC3 expressing bone afferent
neurons.

Carrageenan is a sulfated polysaccharide that is used
to induce acute inflammatory reactions accompanied by
hyperalgesia.’' >° Localized peripheral injections of car-
rageenan result in rapid infiltration of neutrophils and
plasma extravasation of proteins at the site of injec-
tion,>>>">® and the release from activated immune cells
of a number of inflammatory mediators (including his-
tamine, prostaglandins, NGF and bradykinin) and/or
endogenous lipid activators (such as arachidonic acid),
which are known to interact with peripheral sensory
neurons.*®>7**% Our finding that APETx2 reduces
carrageenan-induced activity in both Ad and C bone
afferent neurons suggests that ASIC3 modulates, at
least in part, acute inflammation-induced activity of
bone afferent neurons. Acute pain can be mediated
through either direct and/or indirect activation of
ASIC3 expressed on the peripheral nerve terminal end-
ings of nociceptors.'®2%3%% Direct activation can be via
stimulation of ASIC3 embedded in the membrane of
nerve terminals by extracellular protons,67’68 an effect
that could be further potentiated by endogenous lipid
activators such as arachidonic acid.®>® It is unlikely
that carrageenan-induced inflammation increases the
expression of ASIC3 in bone afferent neurons during
our recordings, because there is not enough time for
transcriptionally regulated events to occur. However,
ASICs are expressed on non-neuronal cell types that
reside in bone. Osteoclasts, macrophages and dendritic
cells all express ASICs and are themselves able to medi-
ate the effects of acidosis associated with inflamma-
tion.”””* They can release extracellular protons and
cytokines which can indirectly activate ASIC3, or
other ion channels and receptors, embedded in the mem-
brane of peripheral nerve terminals.”® Given that CGRP
can cause degranulation of mast cells, and that mast cell
mediators increase the proton sensitivity of ASIC3,7* it
is also possible that release of CGRP from peptidergic
bone afferent neurons may contribute to mast cell-
mediated changes in the sensitivity of ASIC3 expressed

in bone afferent neurons. We cannot differentiate
between direct or indirect effects in our preparation.

However, it has been demonstrated that APET x2
directly inhibits C fiber spontaneous nerve activity in
response to acidification in a skin-nerve preparation,
and injection of moderately acidic solutions under the
skin cause spontaneous flinching that is inhibited by co-
injection with APETx2.'® There is also evidence of
behavioral effects of ASIC3 inhibition in a model of
osteoarthritis, but it is not clear if this was due to effects
on neuronal ASIC3, or if it was due to reduced damage
to cartilage via actions on ASIC3 expressed by
chondrocytes.?!

Sensitization to mechanical stimulation is a feature
that is common to many bony pathologies, including
osteoarthritis and bone cancer.>”>’® ASICs can be mod-
ulated and their currents potentiated by protein kinase C
mediated phosphorylation, and nitric oxide dependent s-
nitrosylation, augmenting their response to acidifica-
tion.””” APETx2 acts at the external side of ASIC3
and rapidly inhibits ASIC3 currents induced by acidifi-
cation.?® Here we have shown that inhibition of ASIC3
prevents carrageenan-induced sensitization of both Ad
and C bone afferent neurons to mechanical stimulation.
This is similar to what is observed for ASIC3 modula-
tion in other tissue types. For example, intra-plantar and
intra-muscular carrageenan-induced sensitization is
inhibited in ASIC3 KO mice compared to wildtype con-
trols,*>®! and administration of an acidic inflammatory
soup results in the sensitization of muscular and mucosal
colonic afferents to mechanical stimulation in control
mice, but not in ASIC3 KO mice.* While ASIC3 knock-
out does not abolish mechanically activated currents in
cultured DRG neurons,®® there is some evidence that
ASIC3 can act as a mechanoreceptor. Ad mechanorecep-
tors recorded in the skin-nerve preparation taken from
ASIC3 KO mice have increased sensitivity to mechanical
stimulation even in the absence of any inflammation.®®5*
ASIC3 KO mice also display reduced visceral nocicep-
tion, demonstrated by reductions in colonic afferent
activity and impaired visceromotor reflexes in response
to a noxious mechanical stimulus.®*%#¢ Knockout of
ASIC3 from murine proprioceptors impairs their ability
to transduce mechanical stimuli, and the mice have def-
icits in grid and balance beam walking tasks.*”** Our
findings show that ASIC3 inhibition with APET x2 has
no effect on responses of bone afferent neurons to nox-
ious mechanical stimulation, delivered as increased
intraosseous pressure, in naive animals.

Bisphosphonates are anti-bone resorption drugs
which inhibit osteoclast activity prevent acidosis, and
relieve pain in patients with osteoporosis®*” and in ani-
mals with bone cancer.”’”* This suggests that a large
part of the pain phenotype in these bony pathologies
may be driven by a change in pH.”? Blocking ASIC3
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with resveratrol or APET x2 attenuates pain behaviors
in animal models of osteoporosis and bone cancer, fur-
ther suggesting that modulating ASIC3 function may be
of therapeutic benefit in the treatment of pain in these
conditions.’*?* Additionally ASIC3 is upregulated in
DRG neurons in animal models of osteoporosis,® bone
cancer?>*%* and multiple myeloma.?® Taken together
with the results of the present study, we suggest that
ASIC3 expressing bone afferent neurons are activated
and/or sensitized by protons and inflammatory media-
tors to signal pain associated with these conditions. Our
findings provide a mechanism to support the therapeutic
potential of inhibiting ASIC3 to treat bone pain. Future
studies utilizing ASIC3 potentiators, arachidonic acid
and lysophosphatidylcholine, in conjunction with acido-
sis of the bone marrow cavity, may provide further evi-
dence for the contribution of ASIC3 to signaling pain in
bony pathology.
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