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Protein Kinase C Lambda Mediates Acid-Sensing Ion
Channel 1a-Dependent Cortical Synaptic Plasticity and Pain
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Chronic pain is a serious debilitating disease for which effective treatment is still lacking. Acid-sensingion channel 1a (ASIC1a) has been
implicated in nociceptive processing atboth peripheral and spinal neurons. However, whether ASIClaalso contributes to pain perception
at the supraspinal level remains elusive. Here, we report that ASICla in ACC is required for thermal and mechanical hypersensitivity
associated with chronic pain. ACC-specific genetic deletion or pharmacological blockade of ASIC1a reduced the probability of cortical
LTP induction and attenuated inflammatory thermal hyperalgesia and mechanical allodynia in male mice. Using cell type-specific
manipulations, we demonstrate that ASICla in excitatory neurons of ACC is a major player in cortical LTP and pain behavior. Mecha-
nistically, we show that ASICla tuned pain-related cortical plasticity through protein kinase C A-mediated increase of membrane traf-
ficking of AMPAR subunit GluAl in ACC. Importantly, postapplication of ASICla inhibitors in ACC reversed previously established
nociceptive hypersensitivity in both chronic inflammatory pain and neuropathic pain models. These results suggest that ASICla critically
contributes to a higher level of pain processing through synaptic potentiation in ACC, which may serve as a promising analgesic target for
treatment of chronic pain.
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Significance Statement

Chronic pain is a debilitating disease that still lacks effective therapy. Ion channels are good candidates for developing new
analgesics. Here, we provide several lines of evidence to support an important role of cortically located ASICla channel in pain
hypersensitivity through promoting long-term synaptic potentiation in the ACC. Our results indicate a promising translational
potential of targeting ASICla to treat chronic pain.

current treatment for chronic pain is not very effective (Woolf,
2010; Yekkirala et al., 2017). The most widely used analgesics for
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inflammatory drugs, for which the clinical efficacy is limited by
severe adverse effects and abuse liability (Roques et al., 2012;
Latremoliere and Costigan, 2018). On the other hand, pain per-
ception eventually resides in the brain (Chen, 2018). ACC is an
important forebrain structure involved in a variety of physiolog-
ical and pathological functions, including chronic pain (Chen et
al., 2018; Sellmeijer et al., 2018). Synaptic plasticity in ACC is
considered one of the most critical mechanisms underlying the
transition of pain from acute to chronic (Luo et al., 2014; Bliss et
al., 2016). Peripheral inflammatory or neuropathic pain elicits
dramatic plastic changes in synaptic transmission and morphol-
ogy of ACC neurons (Zhao et al., 2006; Ko et al., 2018), whereas
blocking or erasing aberrant cingulate plasticity produces signif-
icant analgesic effects in animals (Li et al., 2010; Wang et al.,
2011).

Accordingly, molecules involved in the induction and expres-
sion of plastic changes in ACC are potential drug targets for treat-
ing chronic pain (Bliss et al., 2016). Among several candidates,
NMDAR, a major glutamate receptor important for cortical LTP
(Paoletti et al., 2013), has been intensively investigated as an an-
algesic target by academic laboratories and pharmaceutical com-
panies. However, the use of a general NMDAR antagonist is
limited by side effects, such as ataxia and sedation (Chizh et al.,
2001; Wu and Zhuo, 2009). Another important glutamate recep-
tor, AMPAR, contributes to the expression of LTP through reg-
ulated trafficking into and out of synapses (Huganir and Nicoll,
2013). However, perampanel, a noncompetitive AMPAR antag-
onist used to treat partial seizures for people older than 12 years,
can induce serious adverse psychiatric and behavioral reactions
(Ettinger et al., 2015). Because of the limitations in targeting
classical glutamate receptors, it is necessary and important to
explore other molecule targets for chronic pain treatment.

Ion channels are emerging as promising targets for devising
and developing novel analgesics with promising therapeutic out-
comes (Waxman and Zamponi, 2014; Zamponi, 2016). Acid-
sensing ion channel (ASIC) family consists of six isoforms
(ASICla, 1b, 2a, 2b, 3 and 4) encoded by four genes (Kellenberger
and Schild, 2015), among which ASICla has been most fre-
quently studied because of its ubiquitous expression in the brain
(Wemmie et al., 2003). Previous work has unequivocally demon-
strated that ASICla plays crucial roles in modulating pain sensi-
tivity (Wemmie et al, 2013; Deval and Lingueglia, 2015).
Peripheral administration of a Texas coral snake toxin elicits
strong pain in mice through activation of ASIC1-expressing no-
ciceptors (Bohlen et al., 2011). In contrast, intrathecal injection
of mambalgin-1, a toxin isolated from black mamba venom, or
psalmotoxin 1 (PcTx1), a peptide extracted from South Ameri-
can tarantula, produces potent analgesic effect in an ASICla-
dependent manner (Mazzuca et al., 2007; Diochot et al., 2012).
However, despite these exciting results, fewer reports have illus-
trated the role of supraspinally localized ASICla in chronic pain.

Here, we investigated the role of ASICla in ACC neurons in
chronic pain and cortical plasticity. We found that genetic dele-
tion or pharmacological blockade of the ASICla channel in ACC
substantially attenuated thermal and mechanical hypersensitivi-
ties in inflammatory pain. Moreover, ASICla modulates pain
sensitivity by promoting AMPAR GluAl subunit trafficking and
induction of LTP in ACC through protein kinase C A (PKCA).
Importantly, post-treatments with ASIC1a inhibitors can reverse
preestablished pain hypersensitivity in both inflammatory and
neuropathic pain models, demonstrating a promising transla-
tional potential of targeting ASICla-mediated aberrant cortical
plasticity to treat chronic pain.
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Materials and Methods

Animals. The experiments were performed on C57BL/6], ASICla WT/
KO, and ASIC1a o1°X mice (male, 8—10 weeks old). The global ASICla
KO mice (RRID:MGI:2654038) were the generous gifts of Prof. Michael
J. Welsh (Howard Hughes Medical Institute, University of Iowa, Iowa
City, TA) (Wemmie et al., 2002). The conditional ASIC1a 1% mice
(RRID:IMSR_RMRC13158) were graciously provided by Prof. Cheng-
Chang Lien (National Yang-Ming University, Taiwan) (Wu et al., 2013).
All mice were housed in groups of 4 or 5 per cage under standard envi-
ronment (12 h light/dark cycles at 21°C and 50%-60% humidity) with
mouse chow and water ad libitum. Animal care and the experimental
procedures were approved by the Animal Ethics Committee of Shanghai
Jiao Tong University School of Medicine, Shanghai, China (Policy Num-
ber DLAS-MP-ANIM.01-05).

Animal model of pain. To induce inflammatory pain, complete
Freund’s adjuvant (CFA, 50% in saline, 20 ul; Sigma-Aldrich) was in-
jected into the plantar surface of the left hindpaw (Berta et al., 2014).
Sham control animals received 20 ul of saline. Unless otherwise stated,
pain-related behavioral tests were performed at day 1, 3, 5, and 7 after the
CFA injection. For neuropathic pain, we adopted a well-established
spared nerve injury (SNI) model as previously described (Bourquin et al.,
2006; Chen et al., 2015; Tan et al., 2017). Briefly, the mice were anesthe-
tized with isoflurane, and an incision was made to the lateral skin surface
of the thigh to expose the sciatic nerve and its branches. Then a 5.0 silk
tight ligation of the tibial and common peroneal nerves was performed,
followed by transection and removal of a 3 to 5 mm portion of the nerve.
However, the third peripheral branch of the sciatic nerve, the sural nerve,
was left intact, and any contact with or stretching of this nerve was care-
fully avoided. The muscle and skin were subsequently sutured, and ani-
mals were left to recover in a heated cage for 24 h. For the sham group, the
surgical procedures were almost the same, except that the nerves were
only exposed but not ligated/cut. Behavioral testing was performed at 7
and 14 d after the operation.

Cannula implantation and drug microinjection. Cannulation and mi-
croinjection were performed as described previously (Wang et al., 2011;
Ko et al., 2018). Animals were anesthetized and placed in a stereotaxic
frame (RWD Life Science). Guide cannulas were implanted bilaterally
into ACC with the following coordinates: AP 1.00 mm, lateral =1.47 mm
with a 30° angle, DV —1.65 mm from the skull. The cannulas were fixed
in the position with acrylic dental cement and secured with skull screws.
To prevent clogging, a stylus was placed in the guide cannula. Animals
were allowed to recover from surgery for at least 1 week before experi-
mental manipulations. For drug microinfusion, the stylus was removed
from the guide cannula, and a 30-gauge injector (1.00 mm lower than the
guide) cannula was used. The infusion cannula was conducted via PE20
tubing to a motorized microsyringe infusion pump (KDS 310, KD Sci-
entific). PcTx1 (10 uM in saline, 0.5 pl per side, Peptide Institute), com-
pound 5b (100 um in saline, 0.5 ul per side), and their respective vehicles
were microinfused into ACC at a rate of 0.1 ul/min. These drug doses
were chosen based on the previous literature using the similar pharma-
cological strategy to study the function of ASIC1a (Buta et al., 2015; Li et
al., 2016; Wang et al., 2018), as well as our preliminary experiments and
calculations on the diffusion range of the drug in the ACC according to
the estimated average volume of this brain region in an adult mouse.
Also, we did not observe any obvious neurological deficits in the drug-
infused animals, indicating the lack of significant side effects at the se-
lected doses. After the microfusion, the injector was left in place for 10
min for the drug to diffuse and act on its targets before experimental
testing. The injection sites were mapped postmortem by sectioning the
brain and performing Niss| staining. Animals with incorrect diffusion
scope were excluded from the data analysis.

Virus constructs. Adeno-associated virus (AAV) vectors (pAAV-MCS)
carrying the full-length of WT mouse ASIC1a (NM_009597.2) or PKCA
(NM_008857.3) cDNA were constructed with the coding sequences of
EYFP and mCherry fused to that of the N termini of ASICla and PKCA,
respectively, via the coding sequence for the “self-cleaving” 2A-peptide.
To ensure specific expression of ASICla (or PKCA) in neurons, human
synapsin I (hSyn) promoter was used. The construct was then packaged
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into AAV2/8 chimeric virus with AAV8 capsids and AAV2 ITR (inverted
terminal repeat) element. The pAAV-EGFP (or pAAV-mCherry) vector
driven by the hSyn promoter without ASICla (or PKCA) was used as a
control AAV vector (AAV-hSyn-Ctrl). The AAV vector for expression of
Cre recombinase or EGFP driven by the hSyn promoter was constructed
using similar methods.

To make the short hairpin RNA (shRNA) constructs, oligonucleotides
that contain 21 base sense and antisense sequences targeting mouse
ASICla (NM_009597.2, sense sequence, 5'-GGACATTCAGCAAGAT
GAATA-3") were connected with a hairpin loop followed by a poly(T)
termination signal (Li et al., 2016). These sequences were then cloned
into the vector pGLV1-U6-GFP (Genepharm). The negative control se-
quence was 5'-GTTCTCCGAACGTGTCACGT-3'. The shRNA vector
targeting mouse PKCA, 5'-CTGGATTTGCTGACATCCAAG-3' (Wang
etal., 2016), was prepared by inserting oligonucleotides containing these
sequences in pAAV-U6-MCS-EF1a-EGFP. Each plasmid was then pack-
aged into rAAV2/8 particles (AAV2 ITRs; AAV8 capsid). These proce-
dures were performed by Sunbio Medical Biotechnology. To knock out
ASICla specifically in excitatory neurons in ASICla™®¥1°% mice, AAV
vector for expression of Cre recombinase driven by CaMKII promoter
was constructed. AAV vector for expression of EGFP driven by CaMKII
promoter was used as a control in the same set of experiments.

Viral injection. For viral injection, mice at the age of 4—6 weeks were
anesthetized and placed in a stereotaxic apparatus (RWD Life Science).
The coordinates of ACC according to the mouse brain atlas were as
follows: AP 1.00 mm, lateral +0.30 mm, DV —1.80 mm. Viruses (titers of
all vectors >1.0 X 10'? viral genome-containing particles per milliliter)
were injected bilaterally (0.5 ul/side) into ACC using glass micropipettes
connected with a microinfusion pump (KDS 310, KD Scientific) at a rate
of 0.1 ul/min. After the microfusion, the microelectrode was left in place
for an additional 10 min to allow the viruses to diffuse. Mice were allowed
to recover for at least 4 weeks before behavioral or electrophysiological
experiments. Targeting was confirmed postmortem with fluorescence
above background in ACC bilaterally.

Open field test. After intra-ACC administration of saline or PcTx1 as
described above, each mouse was placed in the center of a square Plexi-
glas open field apparatus (40 X 40 X 35 cm) and allowed to freely explore
for 30 min. Activity was recorded and analyzed using the Ethovision
video-tracking system (Noldus Information Technology). Time spent
and distances traveled in the center zone (covering 20 cm X 20 cm) were
used as the measure of anxiety. Total distance traveled in the open field
was also measured and analyzed to assess the motor ability of the animal.

Hargreaves’ test. Thermal hyperalgesia was assessed by measuring paw
withdrawal latencies in response to a radiant heat source using Har-
greaves’ test. Briefly, mice were placed in a transparent plastic box (10 X
10 X 5 cm) on an elevated glass plate. Thermal stimulation was delivered
to the hindpaw from an infrared source (Ugo Basile) placed under the
glass plate. Paw withdrawal latency was recorded by the length of time
between the start of the infrared light and the foot withdrawal. Paw
withdrawal latencies were averaged from at least three consecutive tests,
with a minimum of 10 min between individual measurements.

von Frey test. Mechanical allodynia was examined by measuring paw
withdrawal thresholds in response to mechanical stimuli (calibrated von
Frey filaments). Briefly, the animal was placed in a transparent plastic
box (10 X 10 X 5 cm) on an elevated mesh screen. Calibrated von Frey
filaments with ascending order (0.07, 0.16, 0.40, 0.60, 1.00, 1.40, and
2.00 g) were used to stimulate the plantar surface of mouse hindpaw. Paw
withdrawal threshold was determined by a modified up-down method as
previously described (Chaplan et al., 1994).

Place escape/avoidance paradigm (PEAP). PEAP testing was conducted
as described previously (LaBuda and Fuchs, 2000; LaGraize et al., 2004;
Han et al., 2014). Individual mice were placed in a 50 X 30 X 30 cm
chamber on top of a raised mesh floor with one-half painted white (light
area) and the other half painted black (dark area). Animals were allowed
unrestricted movement throughout the test chamber. A suprathreshold
mechanical stimulus (4.0 g, von Frey filament) was applied to the plantar
surface of the hindpaws at 15 s intervals throughout the 30 min test
period. The mechanical stimulus was applied to the affected paw (ipsi-
lateral to the CFA/SNI) while the animal was located in the dark area, and
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the naive paw (contralateral to the CFA/SNI) was stimulated when the
animal was in the light area. Saline-injected and sham-ligated animals
were mechanically stimulated in an identical manner as the experimental
group. The percentage of time spent on the nonpreferred light side was
used to quantify the level of pain affect according to previous methods
(LaBuda and Fuchs, 2000; Han et al., 2014).

Subcellular fractionation. The ACC membrane fractions were prepared
3 d after CFA treatment as described previously (Xu et al., 2008; Duan et
al., 2012). Briefly, ACC samples were homogenized in a lysis buffer (10
mM Tris, pH 7.4, 300 mu™ sucrose, and 1 mm EDTA) containing protease
inhibitor mixture and then centrifuged at 8000 X g for 5 min at 4°C. The
pellet (P1) containing nuclei and cell debris was discarded. The superna-
tant (S1) was then centrifuged at 40,000 X g for 30 min at 4°C to obtain
crude membranes in pellet (P2). This pellet (P2), which included cellular
membranes, was resuspended in the lysis buffer with protease inhibitor
mixture. Protein contents in P2 were quantified using Pierce BCA Pro-
tein Assay Kit (Thermo Fisher Scientific). The expression of GluA1l and
ASIClain P2 (membrane fractions) was characterized by Western blot-
ting. Cadherin was used as the loading control of membrane extracts.

Primary culture of mouse cortical neurons. Cultured cortical neurons
were prepared as described previously (Zeng et al., 2013; Wang et al.,
2015). Postnatal day 1 C57BL/6 WT or ASICla KO mice (with a congenic
C57BL/6 background) were anesthetized with halothane. Brains were
removed rapidly and placed in ice-cold Ca**- and Mg>*-free PBS. Tis-
sues were dissected and incubated with 0.05% trypsin-EDTA for 15 min
at 37°C, followed by trituration with fire-polished glass pipettes, and
plated in poly-D-lysine-coated 35 mm culture dishes (5 X 10° cells per
dish). Neurons were cultured with Neurobasal medium containing 2%
B27 and 1% Glutamax supplements and maintained in a humidified 5%
CO, atmosphere incubator. Cultures were fed twice a week and used for
all the assays 1416 d after plating. Glial growth was suppressed by the
addition of 5-fluoro-2-deoxyuridine (20 pg/ml; Sigma-Aldrich) and uri-
dine (20 pwg/ml; Sigma-Aldrich). For Western blot analysis, cultured cor-
tical neurons were treated with an acidic solution, pH 6.0, for 10 min
before being homogenized for protein sample preparation. In some ex-
periments, we applied a Ca?* -free (with no Ca®" added and the addition
of 0.1 mm EGTA) pH 6.0 solution or a pH 6.0 solution pretreated with
BAPTA-AM (30 um) for 30 min to test the Ca®* dependence of acidosis-
induced PKCA phosphorylation. The pH 7.4 extracellular solution
(Ca?"-free or not) was used as a control.

Neuron transfection and calcium imaging. Calcium phosphate transfec-
tion was performed in cultured cortical neurons grown on glass cover-
slips on 7-10 DIV. Before transfection, the culture medium was changed
for fresh Neurobasal medium, and the original medium was readded. For
the 35 mm dish, 1-4 ug of GCaMP6 plasmid was added into 60 ul CaCl,
solution (0.3 M) with pipetting; then 60 ul HBSS (280 mm NaCl, 1.5 mm
Na,HPO,, 50 mm HEPES, pH 6.9) was added. After fully mixing, the
transfection solution was immediately transferred into the dish. After
incubation at 37°C for 1-1.5 h, the medium was replaced with CO,-
saturated Neurobasal medium (wash medium) to remove excess calcium
phosphate particles. After that, the wash medium was replaced with 1 ml
of the original medium and 1 ml of fresh Neurobasal medium plus B27
supplement and the dish returned to the culture incubator.

At 14-16 DIV, calcium imaging experiments were performed in neu-
rons transfected with GCaMP6. The neurons on coverslip were mounted
in standard extracellular solution and consecutively imaged using a
Nikon AIR laser scanning confocal microscope with a 20X lens.
GCaMP6 was excited with a 488 nm laser. Baseline recording under pH
7.4 (60 s) was rapidly changed to pH 6.0 (20 s), followed by pH 7.4
perfusion for another 50 s. GCaMP6 fluorescence change (AF/F,) repre-
senting Ca>™" alterations was calculated by (F — F,))/F,, where F refers to
the median of the fluorescence values during the baseline period (from 0
to 60 s).

Western blotting. Protein samples from different regions of mouse
brain or from cultured cortical neurons were separated in SDS-
polyacrylamide gel and transferred to polyvinylidene difluoride mem-
branes (GE Healthcare Life Science). The membranes were blocked in
5% nonfat milk for 2 h at room temperature and incubated overnight at
4°C with appropriate antibodies. Secondary antibodies conjugated to
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HRP were added to the membranes and incubated for 1 h at room tem-
perature followed by detection of the proteins with ECL solution. The
visualization was performed via the ImageQuant LAS4000 Molecular
Imaging System (GE Healthcare Life Sciences), and the density of immu-
noblots of proteins was quantified with National Institutes of Health
Image]J software (RRID:SCR_003070). Antibodies used were as follows:
ASICla (1:500, Santa Cruz Biotechnology, sc-13905; RRID:AB_633517),
GAPDH (1:1000, KangChen, KC-5G4, RRID:AB_2493106), a-tubulin
(1:1000, Sigma-Aldrich, T8203, RRID:AB_1841230), GluN2B (1:1000,
Millipore, MAB5220, RRID:AB_2112925), GluA1 (1:1000, Millipore,
AB1504, RRID:AB_2113602), pan-Cadherin (1:1000, Abcam, ab6528,
RRID:AB_305544), phosphorylated PKCA (p-PKCA, 1:5000, Abcam,
ab5813, RRID:AB_305131), PKCA (1:1000, Cell Signaling Technology,
2998, RRID:AB_2171737), and PKM{ (1:1000, Santa Cruz Biotechnol-
ogy, sc-216, RRID:AB_2300359). The specificity of all antibodies used in
this study has been validated in previous literature (Kutsuwada et al.,
1996; Zamanillo et al., 1999; Volk et al., 2013; Wang et al., 2016) and
separately validated again by us in our preliminary experiments using
appropriate controls (data not shown).

Immunohistochemistry. After appropriate survival times, animals were
anesthetized and perfused with PBS followed by 4% PFA in 0.1 M phos-
phate buffer, pH 7.4. The brains were postfixed at 4°C overnight, im-
mersed in 30% sucrose for 24—48 h at 4°C for cryoprotection, and then
frozen in OCT. Transverse sections (30 wm) were cut on a cryotome
(Leica Microsystems). After being blocked with PBS containing 10%
donkey serum and 0.5% Triton X-100 for 2 h at room temperature,
the free floating ACC sections were incubated overnight at 4°C with
rabbit anti-NeuN (1:500, Cell Signaling Technology, 12943, RRID:
AB_2630395) or mouse anti-Vglut2 (1:500, Millipore, MAB5504, RRID:
AB_2187552) in PBS with 2% normal donkey serum and 0.1% Triton
X-100. After three 10 min rinses, the sections were then incubated in
AlexaFluor-568-conjugated donkey anti-rabbit IgG (1:500, Invitro-
gen, A10042, RRID:AB_2534017) or AlexaFluor-568-conjugated don-
key anti-mouse IgG (1:500, Invitrogen, A10037, RRID:AB_2534013) for
2 h at room temperature. After three 10 min rinses, the sections were
incubated in DAPI (1:2000; Sigma-Aldrich, D9542) for 10 min at room
temperature and then washed. The sections were finally mounted using
ProLong Gold Antifade Mountant (Thermo Fisher Scientific) and then
observed with a Leica Microsystems SP8 confocal laser scanning micro-
scope.

Brain slice preparation and patch-clamp recordings. Experiments were
performed on ACC slices as described previously (Koga et al., 2015; Song
et al., 2017). Briefly, after decapitation, the mouse brain was quickly
removed and placed in well-oxygenated (95% O,/5% CO,, v/v) ice-cold
aCSF containing the following (in mwm): 125 NaCl, 2.5 KCl, 12.5
p-glucose, 1 MgCl,, 2 CaCl,, 1.25 NaH,PO,, and 25 NaHCO;, pH 7.35-
7.45. Three coronal brain slices (300 wm) were obtained at the level of
ACC with a vibratome (Leica Microsystems VT 1000S) and incubated at
31°C in oxygenated aCSF for at least 1 h. Then the brain slice was trans-
ferred to a recording chamber placed on the stage of a microscope
(Olympus, BX51WI) equipped with an infrared differential interference
contrast video monitor. EPSCs were recorded from layer II/III pyramidal
neurons with an Axon 200B amplifier (Molecular Devices), and the stim-
ulations were delivered by a bipolar tungsten stimulating electrode
placed in layer V/VI of the ACC (Song et al., 2017). The recording pi-
pettes (3—5 M()) were filled with a solution containing the following (in
mwMm): 132.5 Cs-gluconate, 17.5 CsCl, 2 MgCl,, 0.5 EGTA, 10 HEPES, 4
Mg-ATP, and 5 QX-314 chloride (280-300 mOsm, pH 7.2 with CsOH).

AMPAR-mediated EPSCs were induced by repetitive stimulations at
0.03 Hz, and neurons were voltage-clamped at —70 mV, except where
indicated otherwise. The input-output relation of EPSCs was obtained by
giving different stimulation intensities onto layer V/VI of the ACC slice.
Paired-pulse facilitation was induced by delivering two consecutive
pulses with a 25,50, 75, or 100 ms interpulse interval and calculated as the
ratios of the second response peak values over the first response peak
values. To isolate ASICla-dependent synaptic currents, we treated the
ACC slice from either WT or ASICla KO mice with CNQX (20 um) and
D-APV (50 or 100 uM) after obtaining stable AMPAR-mediated EPSCs
with different stimulation intensities under the voltage-clamp mode.
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Then amiloride (200 um) or PcTx1 (100 nm) was applied to ensure the
involvement of ASICI in the relatively small remaining current after
blocking AMPAR- and NMDAR-mediated synaptic transmission (Du et
al., 2014; Kreple et al., 2014). To determine AMPAR/NMDAR ratio, peak
amplitude of EPSCs at —70 mV in the presence of picrotoxin (100 pum)
was measured as AMPAR-mediated currents, and peak amplitude of
EPSCs at 40 mV in the presence of picrotoxin (100 um) and CNQX (20
uM) was measured as NMDAR-mediated currents. The mEPSCs of su-
perficial layer (layer IT and IIT) pyramidal neurons in ACC were obtained
at —70 mV in the presence of TTX (0.5 um) and picrotoxin (100 um)
without stimulation and analyzed using MiniAnalysis (Synaptosoft,
RRID:SCR_002184). Spiking activity of ACC neurons was measured un-
der current-clamp mode with an internal solution containing the follow-
ing (in mm): 145 K-gluconate, 5 NaCl, 10 HEPES, 2 MgATP, 0.1 Na,GTP,
0.2 EGTA, and 1 MgCl, (280-300 mOsm, pH 7.2 with KOH). The initial
access resistance was 15-30 M2, and it was monitored throughout the
experiment. Data were discarded if the access resistance changed >20%
during experiment.

Multichannel field potential recordings. A commercial 64-channel mul-
tisite recording system (MED64; Alpha-Med Sciences) was used for ex-
tracellular field potential recordings. The procedure for preparation of
the MED64 probe (MED64 probe, P515A) followed standard methods as
previously described (Liu et al., 2016). Slice preparation for the MED64
recording was based on the procedures mentioned above. Acutely pre-
pared ACC slices were allowed to recover for at least 2 h at 31°C in
oxygenated aCSF. Then one slice was positioned on the MED64 probe in
such a way that the area of ACC was entirely covered by the recording
dish mounted on the stage of an inverted microscope (IX51, Olympus).
The slice was continuously perfused with oxygenated and fresh aCSF at a
rate of 2 ml/min with the aid of a peristaltic pump (Minipuls 3; Gilson)
throughout the experimental period.

After the slice had been allowed to recover for 20 min on the probe, one
of the microelectrodes covering the deep layer V-VI of the ACC slice was
selected for stimulation by visual observation through a charge-coupled
device camera (DP70; Olympus) connected to the inverted microscope.
For test stimulation, monopolar, biphasic constant-current pulses (0.2
ms in duration) were delivered by the data acquisition software (Mobius;
Panasonic, Alpha-Med Sciences) at 0.017 Hz through the selected stim-
ulating microelectrode. The fEPSPs recorded at the remaining micro-
electrodes were amplified by a 64-channel amplifier, displayed on the
monitor screen, and stored on the hard disk of a microcomputer for
offline analysis. For LTP induction, after the baseline synaptic responses
were stabilized for at least 30 min, a theta burst stimulation (TBS) pro-
tocol (5 bursts at 5 Hz, repeated 5 times at 10 s intervals, 4 pulses at 100
Hz for each burst) was delivered with the stimulation intensity eliciting
40%-—60% of the maximum response (Li et al., 2010; Song et al., 2017; Ko
etal,, 2018). For LTD induction, stable baseline responses were recorded
for at least 20 min before delivery of the low-frequency stimulation (LFS)
protocol (1 Hz, 900 pulses) (Liu and Zhuo, 2014). To test the effects of
channel inhibitors on LTP induction, the ASICla inhibitor PcTx1 (100
nm) was applied from 15 min before until 15 min after the TBS delivery.
For LES-LTD, PcTx1 or another ASICla channel inhibitor compound 5b
(100 nm) was applied from 15 min before LFS and maintained continu-
ously during the LFS. All multichannel electrophysiological data were
analyzed offline by the MED64 Mobius software. For quantification of
LTP and LTD data, the slope of fEPSPs was measured, normalized, and
expressed as percentage change from the baseline level. The numbers of
activated channels versus LTP-showing or LTD-showing channels were
counted, and the induction ratios of cingulate LTP/LTD were calculated
as follows: (number of LTP- or LTD-showing channels/number of all
activated channels) X 100% (Li et al., 2016; Liu et al., 2016).

Experimental design and statistical analysis. Before the start of experi-
ments, all animals were acclimatized to their environment for at least 1
week. Mice were assigned to different groups randomly in pharmacolog-
ical and genetic studies. All behavioral tests were conducted in a
temperature-controlled room by an experimenter blinded to the identity
of drug treatment and/or mouse genotype. Group sample size was chosen
on the basis of previous studies using the same methodologies. Animals
with incorrect viral injections or cannula locations were excluded from
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final analyses. All immunoblotting experiments were repeated at least
three times with similar results. Prism software (GraphPad 6.0; RRID:
SCR_002798) was used to conduct the statistical analysis. Data distribu-
tion was assumed to be normal, but this was not formally tested. The
variance between the groups that are being statistically compared is sim-
ilar. For every figure, statistical tests are justified as appropriate. Tests for
statistical differences between groups were performed using Student’s ¢
test or a one-way ANOVA or two-way repeated-measures ANOVA fol-
lowed by Tukey’s or Sidak’s post hoc test as described in the text. All data
are presented as the mean * SEM. In all cases, p < 0.05 was considered
statistically significant.

Results

Manipulations of ASICla in ACC affect pain hypersensitivity
Before dissecting the function of ASICla in ACC, we first ana-
lyzed the expression of ASICla in the ACC. Western blot analysis
showed that ASICla protein was highly enriched in ACC, com-
parable with the amounts in olfactory bulb and insular cortex
(ACC: t3) = 6.455, p = 0.0075 vs hippocampus; insular cortex:
t3y = 3.932, p = 0.0293 vs hippocampus; amygdala: £;, = 6.740,
p = 0.0067 vs hippocampus; Student’s t test; Fig. 1A). To confirm
the functional expression of ASICla in ACC neurons, we mea-
sured ASICla-mediated synaptic response in neurons of superfi-
cial layer (layer II-IIT) of ACC slices evoked by stimulating deep
layer (layer V-VI) at an intensity of 40 wA under whole-cell
voltage-clamp mode. After blocking AMPARs and NMDARs, re-
spectively, with CNQX (20 M) and D-APV (50 uM), a small
component of the EPSC remained in WT neurons (19.9 = 2.1 pA,
n = 7 neurons/3 mice). This was significantly inhibited by
amiloride (200 uM), a nonselective ASIC blocker (Du et al.,
2014), and PcTx1 (100 nm), a selective ASIC1a inhibitor (Escou-
basetal., 2000) (amiloride: 3.26 * 1.2 pA, n = 7 neurons/3 mice,
te) = 8.185,p = 0.0002 vs CNQX + APV, paired Student’s ¢ test;
PcTx1: 4.19 * 1.3 pA, n = 8 neurons/3 mice, t;, = 6.791, p =
0.0003 vs CNQX + APV, paired Student’s ¢ test; Fig. 1B). Simi-
larly, the residual current in the presence of p-APV and CNQX
was largely lacking in ASIC1la KO neurons (3.94 = 1.4 pA,n =7
neurons/4 mice, ., = 6.225, p = 0.00004 vs WT, unpaired
Student’s t test; Fig. 1B). To exclude the possibility that the resid-
ual current might be due to less complete blockade of NMDARs
by the relatively low dose of D-APV, we repeated the above re-
cordings using a higher dose of D-APV (100 um) and CNQX (20
uM). However, the amiloride-sensitive synaptic current was still
readily detected (EPSC amplitude after CNQX+APV:28.9 = 2.2
pA; EPSC amplitude after CNQX + APV + amiloride: 2.8 * 2.1
pA; n = 7 neurons/4 mice, t, = 4.831, p = 0.0029, paired Stu-
dent’s t test). To examine whether the ASICla-mediated EPSC in
the ACC is intensity-dependent, we performed electrophysiolog-
ical recordings with a lower baseline stimulation intensity (10
1A). Interestingly, the amiloride-sensitive current became insig-
nificant in the presence of CNQX and APV (EPSC amplitude
after CNQX+APV: 4.5 * 1.8 pA; EPSCamplitude after CNQX +
APV + amiloride: 2.6 = 1.2 pA; n = 7 neurons/4 mice, t =
1.167, p = 0.2874, paired Student’s t test). These results demon-
strate that, similar to previous observations in other brain regions
(Du et al.,, 2014; Kreple et al., 2014; Yu et al,, 2018), ASICla
contributes to synaptic transmission in the ACC, but only under
high input stimulation intensities, which would be expected to
release more protons into the synaptic cleft to induce ASICla
activation.

Considering the previously reported role of ASICla in noci-
ceptive modulation at peripheral and spinal levels (Bohlen et al.,
2011; Diochot et al., 2012; Duan et al., 2012), we next evaluated
whether ASICla in ACC also contributes to cortical pain process-
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ing. First, we examined the role of cingulate ASICla in inflam-
matory pain through the conditional gene deletion strategy by
injecting AAV encoding Cre recombinase driven by the human
synapsin I promoter for neuron-specific expression (AAV-hSyn-
Cre) into ACC of ASIC1a™¥1°% mjce (Wu et al., 2013). The
inflammatory pain model was established 1 month later by in-
jecting CFA into mouse hindpaw (Fig. 1C). AAV-expressing GFP
was used as the control (AAV-hSyn-Ctrl) (Fig. 1D). Immuno-
staining showed that almost all of the GFP-positive cells ex-
pressed the neuron marker, NeuN, indicating the specificity of
virus infection in neurons (Fig. 1 E, F). The effectiveness of AAV-
hSyn-Cre was confirmed by Western blotting showing reduced
ASICla expression in ACC compared with AAV-hSyn-Ctrl (¢,
= 12.34, p = 0.0002, unpaired Student’s ¢ test; Fig. 1G). Notably,
the conditional deletion of ASICla in ACC greatly attenuated
CFA-induced thermal (F(,, = 38.13, p = 0.0005, two-way
repeated-measures ANOVA; Tukey’s multiple-comparison test:
day 1: p = 0.0001; day 3: p = 0.0011; day 5: p = 0.0065; day 7: p =
0.0123; Fig. 1H) and mechanical hypersensitivity (F, ;) = 15.58,
p = 0.0056, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: day 1: p = 0.0102; day 3: p = 0.0027;
day 5: p = 0.0252; day 7: p = 0.0137; Fig. 1I), implicating an
important contribution of cingulate ASICla in inflammatory
pain.

As an alternative approach to eliminate ASICla expression,
we generated AAV encoding an shRNA for ASICla, driven by the
U6 promoter. AAV-ASICla-shRNA or a negative control virus
(AAV-NC-Ctrl) was injected bilaterally in ACC of WT mice (Fig.
1J-L). The shRNA-mediated knockdown of ASICla in ACC also
alleviated inflammatory pain hypersensitivity (thermal: F, ;) =
47.82, p = 0.0002, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: day 1: p = 0.0025; day 3: p = 0.0165;
day 5: p = 0.0440; day 7: p = 0.2949; Fig. 1M; mechanical: F, ,, =
9.83, p = 0.0165, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: day 1: p = 0.0426; day 3: p = 0.0277;
day 5: p = 0.0439; day 7: p = 0.3250; Fig. 1N). Together, these
results support a specific role for ACC-expressed ASICla in the
development of inflammation-induced pain hypersensitivity.

In addition to genetic manipulation of ASICla expression, we
also pharmacologically blocked ASICla activation by injecting
PcTx1 bilaterally into ACC (10 uM, 0.5 ul per side), on the day
before, during, and 1 d after the CFA injection (Fig. 2A, B). The
treatment with PcTx1 prevented development of inflammatory
thermal hyperalgesia compared with the saline control (F(, o) =
24.9, p = 0.0007, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: day 1: p = 0.0001; day 3: p = 0.00005;
day 5: p = 0.0056; day 7: p = 0.1450; Fig. 2C). Control experi-
ments showed that PcTx1 had no effect on basal nociception,
locomotor ability, and anxiety-related emotional state of naive
mice (Fig. 2D-I). Thus, pharmacological blockade of ASICla
yielded similar results as genetic deletion of ASICla gene, point-
ing to the importance of cingulate ASICla function in inflamma-

tory pain.

ASIClais required for LTP induction in ACC

ASICla-mediated synaptic plasticity plays pivotal physiological
roles in specific brain regions, such as spatial memory in hip-
pocampus and conditioned taste aversion in insular cortex
(Wemmie et al., 2002; Li et al., 2016). Meanwhile, LTP in ACC is
considered as a critical cellular mechanism of chronic pain (Bliss
etal., 2016). Thus, we hypothesized that ASICla may contribute
to inflammatory pain hypersensitivity through regulation of
ACC LTP. To test this hypothesis, we evaluated the role of
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Figure 1.  Genetic manipulations of ASICTa in ACCinfluence inflammatory pain hypersensitivity. A, Representative images and quantification of Western blots showing ASIC1a protein enrichment in
ACC and several other brain regions. Data represent optical density values normalized to that of hippocampus. n = 4 mice. 0B, Olfactory bulb; IC, insular cortex; AMY, amygdala; HIP, hippocampus. B,
Representative traces of EPSCs recorded with a high basal stimulation intensity before and after APV (50 rum) + CNQX, and after amiloride or PcTx1 in WT or ASIC1a KO mice. Bottom, Quantification of the
ASIC-mediated synaptic currents. n = 7 or 8 neurons/3 mice for WT; n = 7 neurons/4 mice for ASIC1a KO. €, Schematic diagram of experimental procedure for conditional deletion experiments. D, Schematic
illustration of the viral vectors for AAV-hSyn-Ctrl and AAV-hSyn-Cre. E, Confocal image showing efficient expression of AAV-hSyn-Cre in ACC of an ASICTa "™ mouse. Scale bar, 200 um. F, Colabeling of
virus-derived GFP with the neuronal marker NeuN. Scale bar, 100 r.m. G, Representative images and quantification of Western blots showing that AAV-hSyn-Cre injection reduced ASICTa expressionin ACC (n =
3 mice per group). H, I, ACC-specific deletion of ASICTa significantly attenuated CFA-evoked thermal hyperalgesia (H) and mechanical allodynia (/). n = 8 mice for each group. J, Schematic diagram of
experimental procedure for knockdown experiments. K, Schematicillustration of the viral vectors for AAV-NC-Ctrl and AAV-ASIC1a-shRNA. L, Representative images and quantification of Western blots showing
that AAV-ASIC1a-shRNA injection reduced ASIC1a expressionin ACC (n = 4 mice per group). M, N, Genetic knockdown of ASICTa in ACC produced significant analgesic effects in thermal (M) and mechanical (V)
pain tests. n = 8 mice per group. BL, Baseline; Ctrl, control. Data are mean = SEM. *p << 0.05, **p << 0.01, ***p < 0.001, **p < 0.001.
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Figure 2.  Pharmacological manipulations of ASIC1a in ACC affect inflammatory pain hypersensitivity. A, Schematics of the experimental protocol for €. The animals were pretreated with the

selective ASIC1a blocker, PcTx1, injected in ACC. CFA-induced inflammatory pain was then behaviorally assessed. B, Example Nissl-stained image depicting the location of the injection cannula
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ASICla in cingulate LTP inducibility. First, we showed that
global deletion of ASICla did not significantly alter basal synaptic
transmission and intrinsic membrane excitability of ACC neu-
rons (Fig. 3). Neither input-output curve of AMPAR-mediated
EPSC (Fig. 3F,G) nor the mEPSC frequency/amplitude (Fig.
3L-N) was altered by ASIC1la KO. There was equally no signifi-
cant change in the presynaptic neurotransmitter release proba-
bility as demonstrated by the lack of any effect on paired-pulse
ratio (Fig. 3H,I). In particular, we did not detect any significant
change in AMPAR/NMDAR ratio in the ASICla KO mice (Fig.
3J,K), suggesting no apparent alteration of NMDAR currents
after genetic deletion of ASICla.

We next examined the possible involvement of ASICla in LTP
induction, using a previously established 64-channel multielec-
trode array (MED64) recording system (Liu et al., 2016). The
relative position of the MED64 probe with an ACC slice is exem-
plified in Figure 4A. An electrode channel (Fig. 4A, right, red dot)
was chosen to deliver electrical stimulation in the deep layer of
the ACC slice, whereas those other channels of the 64-channel
array that could reliably detect clear fEPSPs were assumed to be
recording sites. These are referred to as activated channels. With
the application of TBS from the stimulation channel, the percent-

age of activated channels that developed LTP, defined as LTP
induction ratio (see Materials and Methods), reached 75.2 *
5.3% in slices from control ASIC1a"™* mice injected with
AAV-hSyn-Ctrl (Fig. 4 B, C). Remarkably, with conditional dele-
tion of ASICla in ACC (AAV-hSyn-Cre-injected), the LTP in-
duction ratio greatly reduced to 29.4 = 8.0% (t,o) = 4.784,p =
0.0007 vs AAV-hSyn-Ctrl, unpaired Student’s t test; Fig. 4C).

To confirm that the impaired ACC LTP indeed resulted from
the loss of ASIClain ACC, we injected AAV driven by the human
synapsin I promoter for neuron-specific ASICla overexpression
(AAV-hSyn-ASICla) into ACC of adult ASIC1a KO mice. Intra-
ACC injection of AAV-hSyn-ASICla, but not AAV-hSyn-Ctrl,
successfully rescued LTP (Fig. 4D), with the induction ratio in-
creased from 32.4 * 3.6% for AAV-hSyn-Ctrl to 81.1 % 5.6% for
AAV-hSyn-ASICla (t,5, = 7.451, p < 0.0001 vs AAV-hSyn-Ctrl,
unpaired Student’s t test; Fig. 4E). Aside from genetic manipula-
tions, we also performed pharmacological experiments and
found that bath application of either PcTx1 (100 nm) or another
ASICla inhibitor, compound 5b (100 nm) (Buta et al., 2015),
blocked cingulate LTP induction (Fig. 4 F, G). These results fur-
ther substantiate that ASICla function is crucial for cingulate
LTP induction.
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Figure 3.

Intrinsic membrane properties and baseline synaptic transmission are unaltered in ACC of ASICTa KO mice. A-E, Representative traces (4) and pooled data (B—E) showing no effect of

ASICTa deletion on action potential firing properties in ACC pyramidal neurons. B, Intensity-dependent increase in number of spikes elicited in ACC. €, Action potential amplitude. D, Action potential
half-width. E, Resting membrane potential of ACC neurons in ASIC1a WT and KO mice (n = 8 neurons/3 or 4 mice). F, G, Representative traces (F) and quantification of evoked EPSCs (G) showing
no effect of ASICTa deletion on input-output relationship of excitatory synaptic transmission in ACC (n = 8 neurons/4 mice). H, I, Representative plots (H) and quantification (/) of paired-pulse ratio
recordings showing no effect of ASIC1a deletion on the probability of presynaptic neurotransmitter release (n = 9—11 neurons/4 or 5 mice). J, K, Representative traces (/) and quantification (K
of AMPAR/NMDAR ratios in ACC demonstrating no effect of ASICTa deletion (n = 1012 neurons/3 mice). L—N, Representative traces (L) and quantification (M,N) revealing no obvious difference
in the amplitude (M) or frequency (') of mEPSCs recorded in ACC pyramidal neurons (n = 1416 neurons/4 or 5 mice). Data are mean == SEM. N.S., not significant.

ASIClais not required for LTD induction in ACC

We next investigated the effect of ASICla deletion/inhibition
on cingulate LTD, another form of synaptic plasticity induced
by LES (Liu and Zhuo, 2014). With the conditional KO of
ASICla in ACC of ASIC1a"%°* mice using AAV-hSyn-Cre,
LTD was still induced by LFS with an induction ratio of 79.0 =
8.8%, which did not differ significantly from the AAV-hSyn-
Ctrl-injected ASIC1a 19X mijce (77.1 + 0.5%, tg = 0.2215,
p = 0.8303 vs AAV-hSyn-Ctrl, unpaired Student’s ¢ test; Fig.
4H,I). Consistently, inhibiting ASICla function with PcTx1
or 5b also failed to prevent LFS-induced cingulate LTD (Fig.
4],K). Together, these findings indicate that ASICla selec-
tively regulates the inducibility of LTP in ACC, without affect-
ing LTD.

ASICla in excitatory neurons of ACC is the major player in
LTP and pain hypersensitivity

The aforementioned results show an important role of ASICla in
the cingulate LTP and behavioral sensitization to peripheral in-
flammation. We next asked whether there is any cell type-related
difference for the involvement of ASICla in pain hypersensitiv-
ity. Previous optogenetic studies have revealed that excitatory
neurons are main contributors in ACC that modulate pain per-
ception (Kang et al., 2015; Sellmeijer et al., 2018). Therefore, we
first specifically knocked out ASIC1a in ACC excitatory neurons,
by injecting AAV driven by the CaMKII promoter for excitatory
neuron-specific Cre recombinase expression (AAV-CaMKII-
Cre) into the ACC of ASIC1afo¥fo* mice (Fig. 5A,B). The
AAV-CaMKII-EGFP served as a control (AAV-CaMKII-Ctrl).
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Figure4. ASIClais selectively involved in LTP induction in ACC. A, Left, Schematic diagram showing the location of ACC being studied. Right, Light microscopy photograph showing placement
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of the MED64 probe relative to the ACCslice. Red dot indicates the stimulation site where regular electrical stimuli were delivered to the deep layer of ACC. B, €, Conditional deletion of ASIC1ain ACC
neurons reduced the induction probability of LTP (n = 6slices/6 mice). B, Summary plot of fEPSP slopes showing impaired LTP in the ASIC1a conditional KO mice. C, Induction ratios of cingulate LTP,
calculated using the following formula: (number of LTP-showing channels/number of all activated channels) XX 100%. D, E, Expression of exogenous ASICTa in ACC rescued cingulate LTP induction
in ASIC1a null mice (n = 7 or 8 slices/4 or 5 mice). F, G, Summary plot of fEPSP slopes showing impairment of LTP induction in ACC treated with ASICTa blockers, PcTx1 (F, n = 6 slices/6 mice), and
compound 5b (G, n = 6 slices/6 mice). B, D, F, G, Insets, Representative fEPSP traces at the time points indicated by numbers in the graph. Calibration: 100 wV, 10 ms. Arrows indicate the TBS
application. H, Summary plot of fEPSP slopes showing comparable induction of cingulate LTD in control and conditional ASICTa KO mice (n = 5 slices/5 mice). I, Induction ratios of LTD. J, K, Bath
application of PcTx1 (J, n = 6 slices/5 mice) or compound 5b (K, n = 5 slices/5 mice) did not block LTD induction in ACC. H, J, K, Insets, Representative fEPSP traces at the time points indicated.
Calibration: H, K, 100 1.V, 10 ms; J, 50 .V, 10 ms. Horizontal bars represent the LFS or drug delivery as indicated. Data are mean == SEM. ***p < 0.001, N.S., not significant.



5782 - J. Neurosci., July 17,2019 - 39(29):5773-5793

Li, Su et al. @ Cortical ASIC1a Contributes to Chronic Pain

B D O\S\ G <
ASICAalertex +CFA AAV-CaMKII-Ctrl RN
| NN EEEEEEEEE RN NN EEE N EEEEEEEEEEI O'a O'a
J ANAYAWA Da
ADA;/ylnéo(ﬁi\C/}_) BL Day 1 AAV-CaMKII-Cre ASIC1a | s |— 60
CaMKII-Ctrl / Crel Pain test | [AA] camki JEGERI2AT cre | 150 GAPDH |a— — 35
C —
C @ E 30 days after
on ® virus injection
o <
o O 100
58 o
»n3
< N 5
Cm
=
£ E
° o
x £
30 days after virus injection CaMKII-Ctrl CaMKII-Cre
E F G
—~ 15+ —8— ASIC1a™fx.CFA: AAV-CaMKII-Ctrl a 2.0- —@— ASIC1a™¥x-CFA: AAV-CaMKII-Ctrl
2L —@— ASIC1a"lx-CFA: AAV-CaMKII-Cre ; —@— ASIC1a"ex.CFA: AAV-CaMKII-Cre
iy [s) 200 -
c 124 e
Q 0 1.51 —
= o X
~ ¥ < c>"150- .unuo
— 91 = o) Y L
© *% * © 2 seses? 4
3 2 1.0 S 1 _000000000000000000000
S 5 ok = ) 100 §o 088 cmnm e eeea e
° = o 3
o © )
= < 051 B o AAV-CaMKII-Ctrl
= 3 = 50 1 o AAV-CaMKII-Cre
3 z t
& 5 1
o 01 L - - - Al 0.04= > - - L 0 T T T T T
BL 1 3 5 7 BL 1 3 5 7 30 0 30 60 90 120
Days after CFA injection Days after CFA injection Time (min)
H | J
1207 @ CaMKII-Ctrl 1207 mm CaMKII-Ctrl
o 2 CaMKIl-Cre 1509 1] 2 3l 4 o BE CaMKil-Cre  N.S.
—1 1004 - ® T ¢ C —1 100 1 oo
Y— (4 Y—
o 5 s LFS ° °
o 80- o 112 o 801
S 0 00t === e =
C 50l ** o 8 2 T 60
g % 2] m g
T 401 o % 504 4 = 40+
o o o AAV-CaMKII-Ctrl S
S 2] T m, « AAV-CaMKil-Cre 3 )
£ = £
o
04 68D 0 T T T T T 0-
0 20 40 60 80 100
Time (min)
Figure5.  ASICTain excitatory neurons of ACCis the major contributor to cingulate LTP and behavioral hypersensitivity. A, Schematic of the experimental procedure for excitatory neuron-specific

ASIC1a deletion. B, Schematic diagram of the viral vectors for AAV-CaMKII-Ctrl and AAV-CaMKII-Cre. €, Confocal images showing the colocalization of GFP (i.e., the AAV-CaMKII-EGFP virus) and
Vglut2 (excitatory neuronal marker) immunofluorescence. Filled arrowheads indicate the colabeled neurons. Scale bar, 50 wm. D, Representative images and quantification of Western blots
demonstrating that AAV-CaMKII-Cre injection reduces ASICTa expression in ACC (n = 4 mice per group). E, F, Conditional deletion of ASICTa in excitatory neurons significantly attenuated
CFA-evoked thermal hyperalgesia (E) and mechanical allodynia (F).n = 10 mice for each group. G, H, Conditional deletion of ASIC1a in excitatory neurons reduced induction probability of cingulate
LTP (G, summary plot of fEPSP slopes; H, induction ratios of LTP). n = 6 or 7 slices/6 or 7 mice. I, J, LTD was not affected by ASIC1a deletion in excitatory neurons of ACC (/, summary plot of fEPSP
slopes; J, induction ratios of LTD). n = 6 slices/6 mice. G, I, Insets, Representative fEPSP traces at the time points indicated by numbers in the graph. Calibration: 100 wV, 10 ms. G, Arrow indicates
the TBS application. /, Horizontal bar represents the LFS delivery to induce LTD. Data are mean = SEM. *p << 0.05, **p << 0.01, ***p < 0.001, N.S., not significant.

Confocal imaging analysis showed that most GFP-positive cells
colocalized with the marker of excitatory neurons, Vglut2, con-
firming the specificity of virus infection (Fig. 5C). Western blot-
ting data demonstrated the significant reduction of ASICla
protein expression in the conditionally deleted group compared
with the control (t, = 2.98, p = 0.0246, unpaired Student’s ¢
test; Fig. 5D). Behaviorally, the selective deletion of ASICla in

ACC excitatory neurons significantly reduced CFA-evoked ther-
mal and mechanical hypersensitivity (thermal: F, 5y = 6.75, p =
0.0288, two-way repeated-measures ANOVA; Tukey’s multiple-
comparison test: day 1: p = 0.0003; day 3: p = 0.0097; day 5: p =
0.0483; day 7: p = 0.0489; Fig. 5E; mechanical: F(, o) = 12.26,p =
0.0067, two-way repeated-measures ANOVA; Tukey’s multiple-
comparison test: day 1: p = 0.0134; day 3: p = 0.0205; day 5: p =
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0.0266; day 7: p = 0.0234; Fig. 5F). Electrophysiologically, LTP
induction ratio reduced from 71.5 * 5.9% for AAV-CaMKII-
Ctrl-injected to 21.0 = 9.3% for AAV-CaMKII-Cre-injected
ASIC1a"1°* mice (t,,) = 4.389, p = 0.0011, unpaired Stu-
dent’s ¢ test; Fig. 5G,H ). However, LTD was induced successfully
with an induction ratio of 82.4 = 7.3% in the AAV-CaMKII-Cre
group, comparable with the control (76.2 * 2.8%, ,4, = 0.7967,
p = 0.4441, unpaired Student’s ¢ test; Fig. 51,]).

ASIClais required for chronic pain-induced membrane
translocation of GluA1 in ACC

So far, the above results suggest that ASICla in excitatory neu-
rons of the ACC contributes to inflammatory pain sensitization
through promoting LTP of synaptic transmission. To explore the
molecular mechanisms underpinning the involvement of ASICla
in cingulate LTP and inflammatory pain, we first examined
whether the expression of ASICla was upregulated in ACC after
CFA injection. However, in contrast to our previous finding that
CFA-induced inflammation resulted in increased expression of
ASICla in dorsal horn of spinal cord (Wu et al., 2004), the total
protein levels of ASICla remained unaltered at day 1, day 3, and
day 7 after CFA injection (Fig. 6 A, B). Yet, the amount of ASICla
protein on the plasma membrane appeared to increase, suggest-
ing an enhanced membrane trafficking of ASICla in response to
CFA-induced peripheral inflammation (4, = 3.723, p = 0.0058,
WT-saline vs WT-CFA, unpaired Student’s t test; Fig. 6 E,F).
Second, GluN2B, a critical subunit of NMDAR, has been shown
to play critical roles in ACC LTP and chronic pain (Wu and Zhuo,
2009). We observed a significant increase in total protein levels of
GluN2B, but not that of GluAl, in ACC of CFA-injected mice
(GluN2B: F3 ;,) = 4.47, p = 0.0276, one-way ANOVA; Tukey’s
multiple-comparison test: WT-saline vs WT-CFA, p = 0.0421;
Fig. 6C,D). However, this change was unaffected by ASICla
deletion, suggesting that the upregulation of GluN2B was inde-
pendent of ASICla (one-way ANOVA followed by Tukey’s
multiple-comparison test: KO-saline vs KO-CFA, p = 0.0476;
Fig. 6D).

Another important step of cingulate LTP is AMPAR traffick-
ing, which also plays a role in chronic pain (Toyoda et al., 2007).
We next used subcellular fractionation (for details, see Materials
and Methods) to examine the changes in membrane content of
AMPARs in the ACC. A marked increase in the plasma mem-
brane level of GluA1 subunit of AMPAR was detected following
CFA-induced inflammation in WT mice, but not ASICla KO
mice (F;,4 = 5.34, p = 0.0116, one-way ANOVA; Tukey’s
multiple-comparison test: WT-saline vs WT-CFA, p = 0.0439;
KO-saline vs KO-CFA, p = 0.6927; Fig. 6 E,F), suggesting that
ASICla is critical for AMPAR trafficking to the membrane sur-
face during CFA-induced inflammatory responses. Consistent
with the biochemical findings, electrophysiological recordings
showed an enhancement of AMPAR-mediated synaptic trans-
mission in ACC 3 d after CFA injection, which was significantly
attenuated by ASICla gene deletion (F(5,,, = 6.61, p = 0.0026,
two-way ANOVA; Tukey’s multiple-comparison test: WT-saline
vs WT-CFA, p = 0.0400, p = 0.0015, p = 0.0026, and p = 0.0011
for 70, 80, 90, and 100 wA, respectively; KO-saline vs KO-CFA,
p=0.0190, p = 0.0018, p = 0.0021,and p = 0.0026 for 70, 80, 90,
and 100 A, respectively; WT-CFA vs KO-CFA, p = 0.0422, p =
0.0385, and p = 0.0325 for 80, 90, and 100 A, respectively; Fig.
6G,H). The postsynaptic mechanism of ASICla-dependent up-
regulation of AMPAR function was validated through the mea-
surement of mEPSCs in ACC neurons. Whereas ACC of WT mice
exhibited increases in both frequency and amplitude of mEPSCs
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after peripheral inflammation (mEPSC frequency: F; »4) = 6.29,
p = 0.0021, one-way ANOVA; Tukey’s multiple-comparison
test: WT-saline vs WT-CFA, p = 0.0069; Fig. 61,]; mEPSC am-
plitude: F; 55y = 3.78, p = 0.0215, one-way ANOVA; Tukey’s
multiple-comparison test: WT-saline vs WT-CFA, p = 0.0146;
Fig. 6,K), the ACC of ASICla KO mice only acquired an in-
crease in mEPSC frequency, but not amplitude (one-way
ANOVA followed by Tukey’s multiple-comparison test: KO-
saline vs KO-CFA, mEPSC frequency, p = 0.0108; mEPSC am-
plitude, p = 0.5830; Fig. 6-K). Furthermore, CFA-induced
decrease in paired-pulse ratio did not differ between WT and
ASICla KO groups (Fig. 6 L, M), indicating that ASICla was not
required for pain-related enhancement of presynaptic transmit-
ter release. Together, these results implicate that ASICla contrib-
utes to CFA-induced increase in GluA1 membrane trafficking in
ACC and thereby enhances excitatory synaptic strength and no-
ciceptive sensitivity.

ASICla works through PKCA to promote LTP and

pain hypersensitivity

Next, we examined the downstream signaling molecules required
for ASICla-dependent GluA1 membrane trafficking and LTP in-
duction. The atypical PKC isoforms, including PKCA and PKM(,
have been reported to play critical roles in the initiation and
maintenance of hippocampal LTP, respectively (Wang et al.,
2016). Interestingly, atypical PKC isoforms are also involved in
the pathogenesis of chronic pain (Li et al., 2010; Marchand et al.,
2011). Because the electrophysiological data showed an induc-
tion deficit in the early phase of cingulate LTP following ASICla
deletion (Fig. 4B), we explored the possibility that PKCA is the
missing link between ASICla and AMPAR tracking during cin-
gulate LTP. We first checked whether PKCA activation was af-
fected in the ACC after peripheral inflammation and whether
such an effect required ASICla. Three days after saline or CFA
injection, ACC tissues were collected and subjected to Western
blotting analysis, which showed an increase in the phosphoryla-
tion levels of PKCA, without any detectable change in total ex-
pression of PKCA. Importantly, ASICla deletion blocked the
CFA-induced increase in PKCA phosphorylation (F; 54, = 2.523,
p = 0.0368, one-way ANOVA; Tukey’s multiple-comparison
test: WT-saline vs WT-CFA, p = 0.0427; KO-saline vs KO-CFA,
p = 0.7440; Fig. 7 A, B), indicating that the phosphorylation of
PKCA in ACC during inflammatory pain proceeds in an ASICla-
dependent manner.

We then generated AAV constructs that express a PKCA-
targeting sShRNA, AAV-PKCA-shRNA, and a negative control vi-
rus (AAV-NC-Ctrl), and injected the virus bilaterally in ACC of
WT mice (Fig. 7C,D). One month after viral injection, the levels
of PKCA and its phosphorylated form were significantly de-
creased in ACC (PKCA: t(,, = 3.373, p = 0.0280, unpaired Stu-
dent’s ¢ test; p-PKCA: ¢,y = 2.84, p = 0.0469, AAV-NC-Ctrl vs
AAV-PKCA-shRNA, unpaired Student’s ¢ test; Fig. 7E,F). In-
triguingly, CFA-induced thermal hyperalgesia and mechanical
allodynia were also dramatically attenuated (thermal: F, ;5 =
21.47, p = 0.0003, two-way repeated-measures ANOVA; Sidak’s
multiple-comparison test: day 1: p = 0.0012; day 3: p = 0.0147;
day 5: p = 0.0076; day 7: p = 0.0058; mechanical: F; ;5, = 11.25,
p = 0.0044, two-way repeated-measures ANOVA; Sidak’s
multiple-comparison test: day 1: p = 0.0074; day 3: p = 0.0137;
day 5: p = 0.0084; day 7: p = 0.0259; Fig. 7G,H ). Moreover, the
knockdown of PKCA prevented the induction of cingulate LTP
(Fig. 7I), with the induction ratio reduced to 23.7 * 4.2% com-
pared with the control group (77.9 % 6.0%, t,5, = 7.518, p <
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Figure 6.  ASIC1a contributes to pain-related increase in membrane trafficking of AMPAR GluA1 subunitin ACC. 4, B, Representative images (A) and quantification (B) of Western blots showing
that CFA injection did not induce significant changes in the expression of total ASIC1a in ACC (n = 5 mice per group). Ipsi, Ipsilateral; Contra, contralateral. C, D, Representative images (C) and
quantification (D) of Western blots showing that CFA injection evoked a strong ASIC1a-independent upregulation of total GluN2B expression in ACC (WT-saline, n = 4 mice; WT-CFA, n = 4 mice;
KO-saline, n = 4 mice; KO-CFA, n = 3 mice). E, F, Representative images (E) and quantification (F) of Western blots showing that CFA injection induced a significant increase in the membrane
content of GluAT and ASIC1a in ACC (WT-saline, n = 5 mice; WT-CFA, n = 5 mice; KO-saline, n = 4 mice; KO-CFA, n = 4 mice). The CFA-evoked membrane trafficking of GluA1 was not detected
in ACC of ASICTa KO mice. Membrane fractions were prepared by subcellular fractionation for assessing GluAT and ASIC1a levels in the plasma membrane. G, H, Representative traces (G) and
quantification (H) of evoked EPSCs demonstrating that CFA injection enhanced AMPAR-mediated synaptic transmission in ACC, which was attenuated by ASICTa deletion (n = 8 neurons/4 mice).
I-K, Representative traces (/) and quantification (J,K') of mEPSCs demonstrating that CFA injection resulted in increases in mEPSC frequency (/) and amplitude (K'), and ASIC1a deletion blocked the
change in mEPSCamplitude, but not frequency, in ACCneurons (n = 8 neurons/4 mice). L, M, Representative traces of paired-pulse ratio recording (L) and its quantification (M) demonstrating that
ASICTa is not involved in CFA-induced enhancement of presynaptic transmitter release (WT-saline, n = 10 neurons/5 mice; WT-CFA, n = 12 neurons/4 mice; KO-saline, n = 11 neurons/4 mice;
KO-CFA, n = 12 neurons/5 mice). Data are mean =+ SEM. *p < 0.05 versus saline. **p << 0.01 versus saline. “p << 0.05 versus WT, N.S., not significant.



Li, Su et al. @ Cortical ASIC1a Contributes to Chronic Pain

A

o)

[ JWT-Saline [_JKO-Saline

J. Neurosci., July 17,2019 - 39(29):5773-5793 « 5785

C
C57BL *CFA

WT KO B WT-CFA M KO-CFA i O i
@ @ 200 l NS, /\ A
NI SaNP NS e 3 AAV inj. (ACC) BL Dayl 3
3 S S O kDa 2 Day -30 AAV-NC
F ] <150 - -
p-PKC\ I ] 70 S Doy S0ANC [ Pantest |
_ o
PKCA . -] — 70 500 D
g AAV-NC-Ctrl
a-Tubulin @_55 _% 50 |AAV]us | Negative Control |EF1a -
Day 3 g 0 AAV-PKCA-shRNA
AAVJUG | PKCA-shRNA  |EF1
p-PKCA PKCA 22 I EZRIR AR =z
E - F G
~~ 157 - C57BL-CFA: AAV-NC-Ctrl
> B AAV-NC-Ctrl »
\ fo‘(\ - f ~ -o- e » A x
O’O\S \(\G“ _ 150 [ ] AAV-PKCA-shRNA 5 C57BL-CFA: AAV-PKCA-shRNA
A% N kDa o Q' 12
2 L
PKCA [ w70 e 8 Lo
Qo ©
S * * S 6]
©
PKMC | s | 2 s0{ ez il £
E o 3 34
0- o ol : . . .
30 days after PKCA p-PKCA PKM( BL 1 3 5 7
virus injection Days after CFA injection
H J
@ 2.0, - C57BL-CFA: AAV-NC-Ctrl
s -0-C57BL-CFA: AAV-PKCA-shRNA B AAV-NC-Ctrl
° [J AAV-PKCA-shRNA
< 200- o
S 1.5 B-120
) = 2 ol
£ 7 < 150- LA 5100 °
T 10 % = 2 oeeeet! o ‘
= *% 92 400 1 4,00009°0000090000000 =
@© 77 GO i s e e e —
"5 o 3 c
£ 0.54 17} * AAV-NC-Ctrl 2
S Q. 507 ©AAV-PKCA-shRNA 3
L >
= = 4 2
D“_’ 0.0 + L - - 0 T T T T T -
BL 1 3 5 7 30 0 30 60 90 120
Days after CFA injection Time (min)
Figure7. Geneticknockdown of PKCA in ACCreduces inflammatory pain hypersensitivity and cingulate LTP. 4, B, Representative images (4) and quantification (B) of Western blots showing that

CFAinjectioninduced a significantincrease in the phosphorylation of PKCA in ACCof WT but not that of ASIC1a KO mice (n = 6 mice per group). €, Schematic of the experimental procedure for PKCA
knockdown. D, Schematic diagram of the viral vectors for AAV-NC-Ctrl and AAV-PKCA-shRNA. NC, Negative control. E, F, Representative images (E) and quantification (F) of Western blots
demonstrating that AAV-PKCA-shRNA injection significantly reduced the total and p-PKCA levelsin ACC (n = 3 mice per group). G, H, Genetic knockdown of PKCA in ACC produced analgesic effects
inboth thermal () and mechanical (H) pain tests (AAV-NC-Ctrl, n = 8 mice; AAV-PKCA-shRNA, n = 9 mice). 1, J, Knockdown of PKCA in ACC neurons reduced the induction probability of LTP (n =
7 or 8 slices/5 mice). I, Summary plot of fEPSP slopes. Insets, Representative fEPSP traces at the time points indicated. Calibration: left, 50 1.V, 10 ms; right, 100 1.V, 10 ms. Arrow indicates the TBS
application. J, Induction ratios of cingulate LTP. Data are mean == SEM. *p << 0.05, **p << 0.01, ***p << 0.001, N.S., not significant.

0.0001, unpaired Student’s ¢ test; Fig. 7J). These observations
support the notion that PKCA knockdown can mimic the effect
of ASICla loss of function in reducing cingulate LTP and miti-
gating inflammatory pain.

To further strengthen the conclusion that PKCA is an inter-
mediator linking ACC ASICla to synaptic potentiation and be-
havioral sensitization, we tested whether overexpression of
exogenous PKCA in ACC could rescue the behavioral defects and
impaired LTP in ASICla KO mice (Fig. 8A,B). Intra-ACC ad-
ministration of AAV-hSyn-PKCA resulted in a profound increase
in the expression levels of both PKCA and its phosphorylated
form compared with AAV-hSyn-Ctrl (PKCA: ¢, = 9.27, p =
0.0001, unpaired Student’s t test; p-PKCA: ¢, = 6.288, p =

0.0008, AAV-hSyn-Ctrl vs AAV-hSyn-PKCA, unpaired Student’s
t test; Fig. 8C,D), which also successfully restored inflammatory
pain hypersensitivity in ASICla null mice (thermal: F,, =
17.78, p = 0.0040, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: day 1: p = 0.0090; day 3: p = 0.0183;
day 5: p = 0.0208; day 7: p = 0.0164; mechanical: F, ;) = 8.81,
p = 0.0209, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: day 1: p = 0.0428; day 3: p = 0.0022;
day 5: p = 0.0124; day 7: p = 0.0076; Fig. 8 E, F). Furthermore,
after expressing the exogenous PKCA, ACC LTP was fully recov-
ered (Fig. 8G), with the induction ratio reaching 79.0 * 6.2% in
the ASICla KO mice, which is significantly higher than that
achieved by the AAV-hSyn-Ctrl-injected group (27.2 * 8.6%,
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Figure8. PKCA mediates ASICTa-dependent cortical LTP and inflammatory pain hypersensitivity. A, Schematic of the experimental procedure for PKCA overexpression. B, Schematic diagram of
the viral vectors for AAV-hSyn-Ctrl and AAV-hSyn-PKCA. C, D, Representative images (€) and quantification (D) of Western blots demonstrating that AAV-hSyn-PKCA injection enhanced expression
and phosphorylation of PKCA in ACC (n = 4 mice per group). E, F, Overexpression of PKCA in ACC of ASICTa KO mice recovered CFA-induced thermal hyperalgesia (E) and (Figure legend continues.)
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tao) = 4.879, p = 0.0006, unpaired Student’s t test; Fig. 8H ). In
the CFA-injected ASICla KO mice, AAV-hSyn-PKCA also res-
cued the elevation of membrane GluA1l expression in ACC (¢4, =
2453, p = 0.0496, AAV-hSyn-Ctrl vs AAV-hSyn-PKCA, un-
paired Student’s ¢ test; Fig. 81,]). To exclude the possibility that
PKCA and ASICla act parallelly, instead of sequentially, we
examined the effect of PKCA knockdown in the ASICla null
background (Fig. 8K-N). We found that the simultaneous
knockdown/KO of PKCA and ASICla in ACC with the coinjec-
tion of AAV-PKCA-shRNA and AAV-hSyn-Cre, respectively, in
ASIC1a ™% mjce did not further increase the thermal (Foon =
12.73, p = 0.0001, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: AAV-hSyn-Ctrl + NC-Ctrl vs AAV-
hSyn-Cre + NC-Ctrl, day 1: p = 0.00007; day 3: p = 0.006; day 5:
p = 0.0085; day 7: p = 0.0189; AAV-hSyn-Cre + NC-Ctrl vs
AAV-hSyn-Cre + PKCA-shRNA, day 1: p = 0.5984; day 3: p =
0.8742; day 5: p = 0.9561; day 7: p = 0.8948; Fig. 80) or mechan-
ical (F,,7) = 10.25, p = 0.0005, two-way repeated-measures
ANOVA; Tukey’s multiple-comparison test: AAV-hSyn-Ctrl +
NC-Ctrl vs AAV-hSyn-Cre + NC-Ctrl, day 1: p = 0.0394; day 3:
p = 0.0236; day 5: p = 0.0106; day 7: p = 0.0471; AAV-hSyn-
Cre + NC-Ctrl vs AAV-hSyn-Cre + PKCA-shRNA, day 1: p =
0.8842; day 3: p = 0.9767; day 5: p = 0.6648; day 7: p = 0.8945;
Fig. 8P) pain threshold compared with the conditional ASICla
KO alone. These results indicate that the effects of ASICla and
PKCA on pain hypersensitivity are not additive. Therefore, a fail-
ure to activate PKCA signaling in ACC represents the major def-
icit in the ASICla KO mice that leads to the diminished
inflammatory pain and cingulate LTP.

ASICla induces PKCA phosphorylation through intracellular
Ca’" increase

Next, we asked what might be the molecular mechanism linking
ASICla activation to PKCA phosphorylation in ACC. It has been
shown that PKCA activation relies on elevation of intracellular
Ca’*, which further triggers phosphoinositide 3-kinase activa-
tion (Suzuki et al., 2003; Ren et al., 2013). Here, we used primary
cultures of cortical neurons to determine whether intracellular
Ca’* elevation caused by ASICla is involved in increasing PKCA
phosphorylation. First, we performed Ca*" imaging experiments
to show that application of the acidic, pH 6.0, solution elicited a
rise in intracellular Ca®" concentration in cultured mouse corti-
cal neurons, and this effect was completely lacking in ASIC1a KO
neurons (Fig. 94). Second, we performed Western blot to illus-
trate that the acidic solution treatment induced a significant in-

<«

(Figure legend continued.) ~ mechanical allodynia (F).n = 8 mice per group. G, H, Overexpres-
sion of PKCA restored cingulate LTP induction (n = 6 slices/4 mice). G, Summary plot of fEPSP
slopes. Insets, Representative fEPSP traces at the time pointsindicated. Calibration: 100 .V, 10
ms. Arrow indicates the TBS application. H, Induction ratios of cingulate LTP. 1, J, Representative
images (/) and quantification (J) of Western blots showing that PKCA overexpression rescued
CFA-induced membrane delivery of GluA1 in ACC of ASIC1a KO mice (n = 4 mice per group). K,
Schematic of the experimental procedure for PKCA knockdown in conditional ASIC1a KO mice.
L, Schematic diagram of the viral vectors for AAV-hSyn-Ctrl, AAV-hSyn-Cre, AAV-NC-Ctrl, and
AAV-PKCA-shRNA. NC, Negative control. M, N, Representative images (M) and quantification
(N) of Western blots demonstrating that AAV-PKCA-shRNA injection significantly reduced ex-
pression of total and p-PKCA in ACCof conditional ASIC1a KO mice (n = 4 mice per group). 0, P,
Genetic knockdown of PKCA in ACC produced no further analgesic effects in either thermal (0)
ormechanical (P) pain tests in the conditional ASIC1a KO mice (AAV-hSyn-Ctrl + AAV-NC-Ctrl,
n = 11 mice; AAV-hSyn-Cre + AAV-NC-Ctrl, n = 10 mice; AAV-hSyn-Cre + AAV-PKCA-
shRNA, n = 9 mice). Data are mean = SEM. *p << 0.05, **p << 0.01, ***p << 0.001, N.S., not
significant.
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crease in the phosphorylation of PKCA in the cultured cortical
neurons; however, this increase was blocked by the removal of
Ca”" from the treatment solution (F(s 5 = 1.27, p = 0.0448,
one-way ANOVA; Tukey’s multiple-comparison test: WT-pH
7.4vs WT-pH 6.0, p = 0.0040; WT-pH 7.4 vs WT-pH 6.0, Ca>*
free, p = 0.8800; Fig. 9B, C) or the incubation with BAPTA-AM
to prevent the elevation of the intracellular Ca®* (F5 5, = 2.94,
p = 0.0410, one-way ANOVA; Tukey’s multiple-comparison
testt WT-pH 7.4 vs WT-pH 6.0, p = 0.0072; WT-pH 7.4 vs
WT-pH 6.0, BAPTA-AM, p = 0.9459; Fig. 9 D, E). Moreover, the
acid-induced increase in PKCA phosphorylation was not seen in
ASICla KO neurons (Fig. 9B—E). These findings suggest that, in
cortical neurons, acid activation of ASICla triggers PKCA phos-
phorylation in a Ca**-dependent manner.

Blocking ASICla in ACC reverses established

pain hypersensitivity

Finally, to address the possibility of targeting ASICla for pain
management, we evaluated whether inhibiting ASICla could
block the preestablished pain hypersensitivity. Interestingly, a
post-treatment with intra-ACC administration of PcTx1 3 d after
CFA administration reversed the established inflammatory pain
hypersensitivity (Fig. 10A,B). The analgesic effect of PcTx1 on
thermal hypersensitivity was clearly evident at 10 min after the
drug administration and subsided at ~90 min (F, o) = 10.44,
p = 0.0103, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: saline vs PcTx1, p = 0.0002, p =
0.0034, and p = 0.1328 for 10, 30, and 90 min, respectively; Fig.
10B). Considering the better drugability of small molecules, we
further evaluated the synthetic ASICla inhibitor, compound 5b,
through bilateral injection into ACC (100 uMm, 0.5 ul per side)
(Fig. 10C). Notably, the post-treatment with 5b attenuated ther-
mal hypersensitivity in WT mice similarly as PcTx1 (F; 14y =
27.94, p < 0.0001, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: saline vs 5b, p = 0.0022, p = 0.0097,
p = 0.0475, and p = 0.7320 for 10 min, 30 min, 90 min, and 1 d,
respectively; Fig. 10D) but did not further attenuate the already
reduced thermal hypersensitivity in ASICla KO mice (two-way
repeated-measures ANOVA followed by Tukey’s multiple-
comparison test: saline vs 5b, p = 0.6219, p = 0. 7168, p = 0.8536,
and p = 0.7082 for 10 min, 30 min, 90 min, and 1 d, respectively;
Fig. 10D), confirming the specific involvement of ASICla in the
drug effect.

Next, we tested whether ASIC1a antagonism has similar anti-
hyperalgesic effects in other animal models of chronic pain. We
used the well-established SNI model of neuropathic pain in adult
mice as previously described (Bourquin et al., 2006; Tan et al.,
2017). Post-treatment with intra-ACC administration of PcTx1
at 7 d after SNI significantly reversed the mechanical allodynia,
with the analgesic effect lasting for at least 90 min (F, 5, = 26.94,
p = 0.0006, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: saline vs PcTx1, p = 0.0004, p <
0.0001, and p = 0.0074 for 10, 30, and 90 min, respectively; Fig.
10E,F). Similarly, bilateral injection of compound 5b also an-
nulled the established mechanical hypersensitivity in the SNI
model of neuropathic pain (F, gy = 9.08, p = 0.0146, two-way
repeated-measures ANOVA; Tukey’s multiple-comparison test:
saline vs 5b, p = 0.0017, p = 0.0005, p < 0.0001, and p = 0.0055
for 10 min, 30 min, 90 min, and 3 h, respectively; Fig. 10G,H). To
rule out inflammation as a confounding contributor to hypersen-
sitivity in the SNI model, we also tested the ASICla inhibitors at
14 d after SNI when the inflammatory response to surgery sub-
sided. Again, the nerve injury-induced mechanical allodynia was
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Figure9.  ASIC1ainduces PKCA phosphorylation through intracellular Ca* increase. A, Acid (pH 6.0)-induced changes in cytosolic Ca** signal, indicated by GCaMP6 fluorescence, in cultured
WT or ASIC1a KO mouse cortical neurons. n = 9 or 10. Thick lines indicate mean. Shaded areas represent SEM. Right, Representative images of GCaMP6-labeled neurons at indicated time points (1,
I, and 1I). Scale bar, 10 wm. B, C, Representative images (B) and quantification (C) of Western blots showing that the acidic solution, pH 6.0, treatment elicited a significant increase in the
phosphorylation of PKCA in cultured cortical neurons from WT but not ASIC1a KO mice. A Ca 2 -free pH 6.0 solution failed to evoke PKCA phosphorylation. n = 4. D, E, Representative images (D)
and quantification (E) of Western blots showing that chelating intracellular Ca2* by BAPTA-AM also eliminated the acidic solution-induced PKC phosphorylation. n = 4. **p < 0.01, N.S., not
significant.

attenuated by the intra-ACC administration of PcTx1 (F(, o =
6.90, p = 0.0275, two-way repeated-measures ANOVA; Tukey’s
multiple-comparison test: saline vs PcTx1, p = 0.0026, p =
0.0068, and p = 0.0464 for 10, 30, and 90 min, respectively; Fig.
10L]) and compound 5b (F, 4y = 15.22, p = 0.0036, two-way
repeated-measures ANOVA; Tukey’s multiple-comparison test:
saline vs 5b, p = 0.0001, p = 0.0004, and p = 0.0179 for 10, 30,
and 90 min, respectively; Fig. 10K,L). Together, these results
suggest that cingulate ASICla can serve as a good target for future
development of drugs against chronic pain, including both in-
flammatory and neuropathic types.

It has been suggested that ACC mainly plays a role in the
affective (or aversive) component of pain. Several research
groups, using multiple pain conditions and interventions, have
shown that ACC excitation correlates with increased aversive re-
sponses to pain (LaGraize et al., 2004; LaGraize and Fuchs, 2007;
Qu et al., 2011; Navratilova et al., 2015; Sellmeijer et al., 2018).
Therefore, we tested whether ASIC1a in the ACC contributes to
pain-related negative affect. We used pain-evoked PEAP to eval-
uate the affective responses to chronic pain as previously de-
scribed (LaBuda and Fuchs, 2000; Han et al., 2014). Surprisingly,
we found that postinjection of compound 5b, at the same dose as
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Inhibiting ASICTa in ACC reverses the preestablished inflammatory and neuropathic pain hypersensitivity. A, Schematic diagram of the experimental protocol for B. PcTx1 was

microinfused into ACC at day 3 after CFA injection. B, Post-treatment with PcTx1 at ACC reversed CFA-induced thermal hyperalgesia. n = 10 mice for each group. €, Schematic diagram of the
experimental protocol for D. Similar to 4, but another ASIC1a inhibitor, compound 5b, was injected in ACC to determine the analgesic effects. D, Compound 5b significantly reversed inflammatory
pain in WT mice but had no effect on ASICTa KO mice, excluding any nonspecific action of compound 5b. n = 10 mice for each group. E, Schematic diagram of the experimental protocol for F. PcTx1
or saline was microinfused into ACCat day 7 after SNI. F, Post-treatment with PcTx1 reversed SNI-induced mechanical allodynia. n = 10 mice for each group. G, H, Compound 5b produced a similar
antihyperalgesia effect in the SNI model of neuropathic pain. n = 10 mice for each group. I, Schematic diagram of the experimental protocol for J. PcTx1 or saline was microinfused into ACC at day
14 after SNI. J, Post-treatment with PcTx1 still reversed SNI-induced mechanical allodynia at the later stage of neuropathic pain. n = 10 mice for each group. K, L, Intra-ACC administration of
compound 5b produced a similar antihyperalgesia effect at day 14 after SNI. n = 10 mice for each group. Data are mean == SEM. *p < 0.05, **p << 0.01, ***p < 0.001.

that to produce the aforementioned antiallodynic effects, could
not relieve the aversiveness of either CFA-induced inflammatory
pain or SNI-induced neuropathic pain (Fig. 11). Compared with
the control group (intraplantar saline plus intra-ACC saline, or
sham injury plus intra-ACC saline), animals with intra-ACC ad-
ministration of either saline or 5b spent significantly more time in
the light half of the chamber to avoid stimulation of the inflamed
hindpaw (F,,5) = 268.3, p < 0.0001, two-way repeated-
measures ANOVA; Tukey’s multiple-comparison test: CFA-
saline vs CFA-5b, p = 0.3155, p = 0.1334, p = 0.6613, p = 0.9904,
p = 0.8928, and p = 0.7176 for 5, 10, 15, 20, 25, and 30 min,
respectively; Fig. 11A,B) or nerve-injured hindpaw (7 d after
SNI: F; 1) = 138.2, p < 0.0001, two-way repeated-measures
ANOVA; Tukey’s multiple-comparison test: SNI-saline vs SNI-
5b, p = 0.9616, p = 0.9756, p = 0.5214, p = 0.1041, p = 0.4873,

and p = 0.9861 for 5, 10, 15, 20, 25, and 30 min, respectively; Fig.
11C,D; 14 d after SNI: F(, 4y = 154.5, p < 0.0001, two-way
repeated-measures ANOVA; Tukey’s multiple-comparison test:
SNI-saline vs SNI-5b, p = 0.5072, p = 0.9133, p = 0.3663, p =
0.8990, p = 0.7721, and p = 0.4000 for 5, 10, 15, 20, 25, and 30
min, respectively; Fig. 11E,F). These findings indicate that
ASICla in the ACC contributes pain hypersensitivity through
sensory, rather than affective, aspect of pain processing.

Discussion

ASICla channel has been well documented to contribute to
pathophysiology of several neurological diseases, such as chronic
pain (Duan et al., 2012), stroke (Wang et al., 2015), and epilepsy
(Ziemann et al., 2008). The present study reveals a novel function
of ASICla in ACC, where it is abundantly expressed and criti-
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cally involved in nociceptive hypersensitivity through modu-
lating the strength of excitatory synaptic transmission.
Specifically, we show that disrupting ASICla expression/or
function in ACC by either genetic deletion or pharmacological
blockade significantly relieves CFA-induced heat hyperalgesia
and mechanical allodynia, as well as the enhancement of cor-
tical synaptic adaptations caused by chronic inflammatory
pain. Moreover, we reveal that ASICla participates in cingu-
late LTP induction through a PKCA-dependent increase in
GluA1l receptor membrane trafficking, eventually leading to
enhanced synaptic efficacy and behavioral sensitization. This
represents the first demonstration of the synaptic role of
ASIClain ACC. Another novelty of this study lies in the dem-
onstration of PKCA in cortical processing of pain, while most
previous studies have focused on the role of spinal PKCA in
nociceptive processing. More importantly, we show that the
preestablished pain hypersensitivity can be reversed by drug
inhibition of cingulate ASICla. These results not only extend
our understanding of the supraspinal role of ASIC1a but also
provide proof of principle for the therapeutic potential of
targeting ASICla to treat chronic pain.

ASICs are excitatory cation channels directly gated by extra-
cellular protons (Kellenberger and Schild, 2015). Growing stud-
ies have reported the importance of ASICla in multiple aspects of
nociception as well as several animal models of chronic pain.
However, the majority of these studies focused on the peripheral
and spinal ASICla, with little attention paid to the function of
cortical ASICla in pain processing (Wemmie et al., 2013; Deval
and Lingueglia, 2015). Here, we demonstrate the role of ASICla
in ACC by first showing its contribution to the development of
inflammatory pain hypersensitivity. To selectively manipulate
ASIClain ACC, we used a number of genetic and pharmacolog-
ical strategies. First, we injected AAV-Cre virus into ACC of
ASIC1a 1% mice to specifically delete the channel in this brain
area. This resulted in attenuated heat and mechanical hypersen-

sitivity in the CFA model of inflammatory pain. Second, we
knocked down ASICla expression in ACC by shRNA and ob-
tained similar analgesic effects. Third, preemptive treatment with
PcTx1 reduced the elevated inflammatory pain sensitivity. Last,
we selectively disrupted ASICla in excitatory neurons of ACC
and showed them to be critical for inflammatory sensitization.
Together, these findings strongly argue for the importance of
cingulate ASICla in gating sensory hypersensitivity under in-
flammatory conditions.

It is well documented that ASICla, apart from being involved
in multiple pathological processes, exerts its physiological func-
tions by regulating synaptic transmission and plasticity in the
brain (Huang et al., 2015). However, ASICla appears to play
differential roles in synaptic plasticity in different brain regions.
For instance, ASICla is important for LTP induction in hip-
pocampus and amygdala (Du et al., 2014; Chiang et al., 2015; Liu
et al., 2016), but it mainly regulates LTD inducibility in insular
cortex (Li et al., 2016). These differences may underlie the vari-
able effects of the channel on behavioral responses of various
tasks. Here, we found ASICla to selectively regulate LTP induc-
tion in ACC. The exact reason(s) for the differential effects of
ASICla on synaptic plasticity is not fully understood. The differ-
ent locations of ASICla in distinct cell types from different brain
regions, as well as the selective alterations in specific signaling
pathways related to LTP or LTD resulting from ASICla inhibi-
tion, could all contribute to the diverse outcomes (Li et al., 2016).
More interestingly, ASICla appears to use different downstream
signaling pathways to regulate the same type of synaptic plastic-
ity, such as LTP. In hippocampus, ASICla modulates LTP
through both NMDAR-dependent and -independent pathways
(Liuetal., 2016). In ACC, however, ASICla works through PKCA
to facilitate GluA1 synaptic delivery and in turn synaptic poten-
tiation (see below). Therefore, the mechanisms by which ASICla
regulates synaptic plasticity can be quite complex and diverse,
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varying greatly depending on brain regions, cell types, and down-
stream signaling pathways.

LTP in sensory pathways has been proposed to be one of the
most important cellular substrates for pain chronicity (Luo et al.,
2014). The present results clearly show that ASICl1a is involved in
both cingulate LTP and inflammatory pain hypersensitivity. To
define the underlying mechanism, we focused on molecular pro-
cesses that have been reported to contribute to LTP. A large body
of literature supports the importance of AMPAR trafficking in
LTP expression in several brain regions, including hippocampus
and ACC (Toyoda et al., 2007; Penn et al., 2017; Zhou et al.,
2018). Accordingly, we reveal that ASICla contributes to
CFA-induced upregulation of membrane content of GluAl-
containing AMPARs in ACC. This finding is in line with the
previous report showing that ASICla promotes calcium-
permeable AMPAR activity under conditions of ischemia or aci-
dosis (Quintana et al., 2015). Interestingly, previous studies have
stressed the NMDAR dependence of multiple ASICla-regulated
functions, which occurs indirectly through ASICla-induced
membrane depolarization due to Na™ influx mediated by the
channel (Gao et al., 2005; Wemmie et al., 2013; Yu et al., 2018).
Although we do not exclude the possibility that ASICla contrib-
utes to cingulate LTP also through an NMDAR-dependent
mechanism, our previous work indicates that ASICla mediates
hippocampal LTP induction through both NMDAR-dependent
and NMDAR-independent mechanisms. Thus, it would be im-
portant for future studies to determine whether and to what ex-
tent ASICla exerts its effect on cingulate LTP induction through
NMDARSs. The evidence collected here supports PKCA as a crit-
ical mediator that links ASIC1a to GluA1 trafficking. Whereas the
knockdown of PKCA in ACC resulted in LTP impairment and
behavioral analgesia, overexpression of exogenous PKCA in ACC
restored inflammatory hyperalgesia in ASICla KO mice. More
critically, the knockdown of PKCA did not further increase the
pain threshold in conditional ASICla KO mice, making it un-
likely that ASICla and PKCA play parallel or additive roles in
cingulate LTP and inflammatory pain. Our findings strongly sug-
gest that ASICla promotes cingulate LTP and pain sensitization
through, at least partially, PKCA-regulated membrane trafficking
of GluA1l. In line with this assessment, previous work has shown
PKCA to be crucial for synaptic incorporation of AMPARSs during
hippocampal LTP and trace fear conditioning (Ren et al., 2013;
Wang et al., 2016). Together, our present study adds a new di-
mension for cortical function of PKCA, revealing its regulation by
ASICla and contribution to cortical synaptic potentiation and
behavioral sensitization to inflammatory pain.

Modulation of ion channel signaling has the potential to ef-
fectively treat pain. Ion channel modulators, such as lidocaine
and pregabalin, act on voltage-gated sodium channels and cal-
cium channels to reduce pain in the clinical setting (Skerratt and
West, 2015). As a type of nonclassical ion channels, ASICla plays
an important role in chronic pain processing at both peripheral
and central levels of the sensory axis (Deval and Lingueglia,
2015). Moreover, deletion or inhibition of ASICla does not ob-
viously affect normal sensation or other important physiological
functions, which may make ASICla a better druggable target with
fewer adverse effects. The present results clearly show that not
only can a peptide inhibitor of ASICla, PcTx1, reverse the estab-
lished pain hypersensitivity with intra-ACC administration, but
the novel small-molecule inhibitor of ASICla, compound 5b,
also exerts a similar analgesic effect. Importantly, the analgesic
effect was demonstrated in both inflammatory and neuropathic
pain models. Because of great difficulties in delivering large pep-
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tides for clinical use, the small-molecule-based 5b provides an
excellent base for developing more potent and orally available
ASICla drugs to alleviate chronic pain in the future.

In conclusion, we report the supraspinal role of cortically lo-
cated ASICla in pain processing using multiple neurobiological
approaches. ASICla critically gates pain sensitivity through reg-
ulating the probability of cingulate LTP induction, in which
PKCA serves as a crucial mediator. Together with previous re-
ports on the pronociceptive function of ASICla in peripheral and
spinal levels, our findings highlight the promising potential of
targeting ASICla for future development of new molecular med-
ications for chronic pain. This is of great clinical significance
considering the huge unmet need in clinical pain management.
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