
FASEB J. 2022;36:e22083.	 		 		 |	 1 of 19
https://doi.org/10.1096/fj.202100606R

wileyonlinelibrary.com/journal/fsb2

Received:	4	June	2021	 |	 Revised:	3	November	2021	 |	 Accepted:	22	November	2021

DOI:	10.1096/fj.202100606R		

R E S E A R C H  A R T I C L E

Upregulation of acid sensing ion channels is associated 
with esophageal hypersensitivity in GERD

Xu Han1 |   Yawen Zhang2 |   Allen Lee2 |   Zhaoshen Li3 |   Jun Gao3 |   Xiaoyin Wu2 |   
Jiulong Zhao3 |   Hui Wang3 |   Di Chen3 |   Duowu Zou4 |   Chung Owyang2

1Department	of	Gastroenterology,	Shanghai	Ninth	People's	Hospital,	Shanghai	Jiao	Tong	University	School	of	Medicine,	Shanghai,	China
2Division	of	Gastroenterology	and	Hepatology,	Department	of	Internal	Medicine,	University	of	Michigan,	Ann	Arbor,	Michigan,	USA
3Division	of	Gastroenterology,	Changhai	Hospital,	Second	Military	Medical	University,	Shanghai,	China
4Department	of	Gastroenterology,	Ruijin	Hospital,	Shanghai	Jiao	Tong	University	School	of	Medicine,	Shanghai,	China

This	is	an	open	access	article	under	the	terms	of	the	Creat	ive	Commo	ns	Attri	butio	n-	NonCo	mmerc	ial-	NoDerivs	License,	which	permits	use	and	distribution	in	any	
medium,	provided	the	original	work	is	properly	cited,	the	use	is	non-	commercial	and	no	modifications	or	adaptations	are	made.
©	2021	The	Authors.	The FASEB Journal	published	by	Wiley	Periodicals	LLC	on	behalf	of	Federation	of	American	Societies	for	Experimental	Biology.

Abbreviations:	ASICs,	acid	sensing	ion	channels;	DRG,	dorsal	root	ganglia;	ED,	esophageal	distention;	EMG,	electromyography;	GERD,	
gastroesophageal	reflux	disease;	IBS,	irritable	bowel	syndrome;	NERD,	nonerosive	reflux	disease;	PPIs,	proton	pump	inhibitors;	RE,	reflux	
esophagitis;	siRNA,	small	interfering	RNA;	TNF-	α,	tumor	necrosis	factor-	α;	VMR,	visceromotor	response.

Correspondence
Duowu	Zou,	Department	of	
Gastroenterology,	Ruijin	Hospital,	
Shanghai	Jiao	Tong	University	School	
of	Medicine,	No.	197	Ruijin	Second	
Road,	Huangpu	District,	Shanghai	
200025,	China.
Email:	zdw_pi@163.com
Chung	Owyang,	Division	of	
Gastroenterology	and	Hepatology,	
Department	of	Internal	Medicine,	
University	of	Michigan,	1500	E.	
Medical	Center	Drive,	Ann	Arbor,	MI	
48109-	5362,	USA.
Email:	cowyang@med.umich.edu

Funding information
The	studies	were	supported	by	grants	
from	the	National	Natural	Science	
Foundation	of	China	(Grant	nos.	
81370493	and	81670485)	(DZ),	the	
National	Institutes	of	Health	(NIH)	
1K23	DK124567	(AL)	as	well	as	NIH	
2R01	DK058913	(CO),	P30	DK	34933	
(CO)	and	Shanghai	Pujiang	Program	
(Grant	nos.20PJ1409700)

Abstract
Proton	 pump	 inhibitors	 (PPIs)	 are	 the	 mainstay	 of	 therapy	 for	 gastroesopha-
geal	reflux	disease	(GERD)	but	up	to	60%	of	patients	have	inadequate	response	
to	therapy.	Acid	sensing	ion	channels	(ASICs)	play	important	roles	in	nocicep-
tion.	This	study	aimed	to	investigate	whether	the	increased	expression	of	ASICs	
results	in	neuronal	hyperexcitability	in	GERD.	Esophageal	biopsies	were	taken	
from	GERD	patients	and	healthy	subjects	to	compare	expression	of	ASIC1	and	3.	
Next,	gene	and	protein	expression	of	ASIC1	and	3	from	esophageal	mucosa	and	
dorsal	root	ganglia	(DRG)	neurons	were	measured	by	qPCR,	Western-	blot	and	
immunofluorescence	in	rodent	models	of	reflux	esophagitis	(RE),	non-	erosive	re-
flux	disease	(NERD),	and	sham	operated	groups.	Excitability	of	DRG	neurons	in	
the	GERD	and	sham	groups	were	also	tested	by	whole-	cell	patch-	clamp	record-
ings.	We	demonstrated	that	ASIC1	and	3	expression	were	significantly	increased	
in	patients	with	RE	compared	with	healthy	controls.	This	correlated	positively	
with	symptom	severity	of	heartburn	and	regurgitation	(p <  .001).	Next,	ASIC1	
and	3 gene	and	protein	expression	in	rodent	models	of	RE	and	NERD	were	simi-
larly	increased	in	esophageal	mucosa	as	well	as	T3–	T5	DRG	neurons	compared	
with	sham	operation.	DRG	neurons	from	RE	animals	showed	hyperexcitability	
compared	with	sham	group.	However,	intrathecal	injection	of	ASIC	specific	in-
hibitors,	PcTx1	and	APTEx-	2,	as	well	as	silencing	ASIC1	and	3 genes	with	specific	
siRNAs	prevented	visceral	hypersensitivity.	Overall,	upregulation	of	ASIC1	and	
3 may	lead	to	visceral	hypersensitivity	in	RE	and	NERD	and	may	be	a	potential	
therapeutic	target	for	PPI	non-	responsive	patients.
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1 	 | 	 INTRODUCTION

Gastroesophageal	reflux	disease	(GERD)	is	a	common	dis-
order	 characterized	 by	 reflux	 of	 gastric	 contents	 leading	
to	 chronic	 symptoms,	 such	 as	 heartburn,	 regurgitation,	
and/or	chest	pain.1	Population-	based	studies	suggest	that	
GERD	is	a	common	disorder	and	the	prevalence	appears	
to	be	growing	worldwide,	particularly	 in	North	America	
and	East	Asia.2

The	spectrum	of	GERD	includes	erosive	reflux	disease	
(ERD)	 characterized	 by	 the	 presence	 of	 esophagitis	 and	
non-	erosive	 reflux	 disease	 (NERD)	 characterized	 by	 the	
absence	 of	 endoscopically	 visible	 lesions	 and	 the	 pres-
ence	of	abnormal	pH	monitoring.3 NERD	represents	up	
to	60%	of	all	patients	with	reflux	symptoms.	 It	has	been	
increasingly	recognized	as	the	most	common	cause	of	re-
flux	symptoms	in	community	populations	with	significant	
impact	on	quality	of	life.	Compared	to	patients	with	ero-
sive	 esophagitis,	 NERD	 patients	 have	 been	 shown	 to	 be	
less	responsive	to	proton	pump	inhibitors.4

The	mainstay	of	treatment	for	GERD	typically	involves	
acid	suppressive	therapies,	such	as	proton	pump	inhibitors	
(PPIs).	 A	 meta-	analysis	 showed	 that	 PPIs	 were	 effective	
in	healing	erosive	esophagitis	in	86%	of	cases.5	However,	
symptom	 response	 is	 much	 more	 variable.	 Studies	 have	
documented	 that	 20%–	60%	 of	 GERD	 patients	 are	 either	
partial	or	complete	non-	responders	to	PPI	therapy,	partic-
ularly	in	NERD.6–	8 This	represents	a	substantial	and	grow-
ing	population	of	patients	who	are	inadequately	treated.

Visceral	hypersensitivity	is	believed	to	be	an	important	
pathogenic	factor	in	the	development	of	reflux	symptoms	
with	one	study	documenting	hypersensitivity	to	both	acid	
and	mechanical	stimuli	in	30%	of	patients.9	Previous	stud-
ies	have	documented	that	several	mechanisms	contribute	
to	the	development	of	visceral	hypersensitivity,	including	
peripheral	and	central	 sensitization.10	However,	 the	mo-
lecular	mechanisms	leading	to	visceral	hypersensitivity	in	
GERD	remain	unclear.

The	acid	sensing	ion	channels	(ASICs	1–	3)	are	a	family	
of	voltage-	insensitive	epithelial	Na+	channels.11	ASICs	are	
heavily	expressed	in	small	and	medium	sensory	neurons	
which	point	 to	 their	 importance	 in	modulating	nocicep-
tion.	Animal	models	have	confirmed	 their	 role	 in	 trans-
mitting	 nociceptive	 and	 mechanosensory	 signals.12–	14	
In	humans,	ASIC3	was	 found	to	be	overexpressed	 in	 in-
flamed	 intestines	 from	 patients	 with	 Crohn's	 disease.15	

Although	 these	 findings	 as	 well	 as	 the	 possibility	 that	 a	
pH-	dependent	 channel	 may	 be	 involved	 in	 nociception	
in	an	acid-	related	disorder	are	intriguing,	little	is	known	
about	the	role	of	ASICs	in	GERD.

We	hypothesize	that	inflammation	due	to	chronic	acid	
reflux	 leads	 to	upregulation	of	ASIC1	and	3	resulting	 in	
visceral	hypersensitivity	in	GERD.	In	this	study,	we	aimed	
to	investigate	expression	of	ASIC1	and	3	in	esophageal	bi-
opsies	in	patients	with	erosive	esophagitis	compared	with	
healthy	controls.	To	determine	 if	upregulation	of	ASIC1	
and	3	are	related	 to	chronic	acid	reflux	and	mucosal	 in-
flammation,	we	employed	a	rodent	model	of	reflux	esoph-
agitis	(RE)	as	well	as	a	rodent	model	of	NERD	to	quantify	
expression	of	ASIC1	and	3	in	esophageal	mucosa	as	well	as	
esophageal-	specific	 dorsal	 root	 ganglion	 (DRG)	 neurons	
(T3–	T5).	Furthermore,	to	demonstrate	whether	altered	ex-
pression	of	ASIC1	and	3	are	involved	in	esophageal	hyper-
sensitivity	in	GERD,	we	applied	a	whole-	cell	patch-	clamp	
and	acid	perfusion	as	well	as	esophageal	distension	(ED)	
techniques	to	study	the	electrophysiology	of	DRG	neurons	
and	esophageal	motor	and	sensory	functions	in	these	two	
rodent	models	of	GERD.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Esophageal biopsies in GERD 
subjects and healthy controls

Esophageal	biopsies	were	obtained	 from	subjects	under-
going	upper	endoscopy	at	the	Changhai	Hospital,	Second	
Military	 Medical	 University.	 During	 endoscopy,	 biopsy	
specimens	were	obtained	from	esophageal	mucosa	3 cm	
proximal	to	the	gastroesophageal	junction	and	preserved	
in	liquid	nitrogen.	All	human	experiments	were	approved	
by	 the	 institutional	 review	 board	 at	 the	 Second	 Military	
Medical	University.	Informed	consent	was	obtained	from	
all	subjects	prior	to	acquisition	of	tissue.

2.1.1	 |	 Symptom	assessment

Prior	to	endoscopy,	all	patients	and	healthy	controls	com-
pleted	the	GerdQ	questionnaire	to	characterize	the	pres-
ence	of	GERD	as	well	as	frequency	and	severity	of	GERD	
symptoms	(score	ranges	from	0	to	18).16
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2.1.2	 |	 GERD	subjects

Patients	(age	18–	70)	with	typical	symptoms	of	GERD,	in-
cluding	 heartburn,	 regurgitation,	 and/or	 chest	 pain	 for	
at	least	1 month	as	well	as	findings	of	Los	Angeles	(LA)	
grade	 A	 or	 grade	 B	 erosive	 esophagitis	 on	 upper	 endos-
copy	were	enrolled	in	this	study	into	Group	A	and	Group	
B,	respectively.17

2.1.3	 |	 Healthy	controls

Esophageal	biopsies	were	also	obtained	from	healthy	sub-
jects	 (age	 18–	70)	 without	 GERD	 symptoms	 undergoing	
upper	endoscopy	for	routine	screening	of	gastric	cancer.

2.2	 |	 Rodent model of GERD

2.2.1	 |	 Animals

Male	Sprague	Dawley	rats	(200–	250 g;	Sino-	British	SIPPR/
BK	Lab	Animal	Ltd,	Shanghai,	China)	were	used	 for	all	
animal	 experiments.	 The	 rats	 were	 fed	 standard	 labora-
tory	 diet	 and	 maintained	 on	 a	 12:12  h	 light-	dark	 cycle	
(lights	on	at	6:00 a.m.	to	6:00 p.m.).	Temperature	and	hu-
midity	were	maintained	at	constant	levels.

Rodents	were	randomly	divided	into	two	groups	in	this	
study:	Group	1	constituted	 the	RE	(n = 5)	or	NERD	ro-
dent	 group	 (n  =  5)	 while	 Group	 2	 (n  =  5)	 consisted	 of	
a	sham-	operated	rodent	group.	Preoperative	and	postop-
erative	care	of	 the	GERD	and	sham	rodent	groups	were	
identical.	 All	 experimental	 procedures	 were	 performed	
in	accordance	with	NIH	guidelines	and	approved	by	the	
Institutional	Animal	Care	and	Use	Committee	 (IACUC)	
at	the	University	of	Michigan.

2.2.2	 |	 RE	rodent	model

Rodents	were	housed	singly	in	cages	and	deprived	of	food	
for	 24  h	 before	 and	 after	 surgery.	 The	 rodent	 model	 of	
GERD	 was	 based	 off	 a	 prior	 method	 devised	 by	 Omura	
et	al.	(Supporting	Information	Figure S1).18	Rodents	were	
anesthetized	 with	 an	 intraperitoneal	 (i.p.)	 injection	 of	
ketamine	(100 mg/kg)	and	xylazine	(10 mg/kg).	The	ab-
domen	was	opened	by	using	a	3-	cm	upper	midline	 inci-
sion.	 The	 transitional	 region	 between	 the	 forestomach	
and	glandular	stomach	was	ligated	with	2-	0 silk	thread	to	
restrict	the	compliance	of	the	stomach.	A	latex	ring	made	
from	 18-	Fr	 Nelaton	 catheter	 (width,	 2  mm)	 was	 placed	
around	the	area	proximal	to	the	pyloric	sphincter	in	order	
to	 restrict	 gastric	 emptying.	 For	 rodents	 in	 the	 control	

group,	 the	 abdomen	 was	 opened	 without	 ligation	 and	
restriction.	 Rodents	 were	 subcutaneously	 injected	 with	
Rimadyl	(5 mg/kg)	for	analgesia.

2.2.3	 |	 NERD	rodent	model

A	 NERD	 rodent	 model	 was	 established	 using	 hyper-
glycemia	 combined	 with	 mental	 stress	 as	 previously	
described.19	Briefly,	rats	were	given	free	access	to	fructose-	
water	(200 g/L)	for	28 days	while	the	control	group	was	
provided	 free	 water	 without	 fructose.	 The	 NERD	 model	
rats	were	also	placed	in	plastic	restraint	devices	for	2 h/day		
for	 14  days.	 Control	 rats	 were	 kept	 in	 cages	 without	 re-
straint	in	the	same	room.	The	veracity	of	this	model	was	
confirmed	by	typical	histological	changes	of	NERD	in	the	
esophageal	mucosa,	including	dilated	intercellular	spaces	
(DIS),	 basal	 cell	 layer	 hyperplasia,	 papillary	 elongation,	
and	 intraepithelial	 inflammatory	 cell	 infiltration.19	 A	
semi-	quantitative	assessment	of	DIS	was	assessed	by	light	
microscopy	under	40×	magnification	as	described	previ-
ously.20	Briefly,	a	small	intercellular	space	was	defined	as	
diameter	 less	 than	 one	 lymphocyte	 while	 large	 was	 de-
fined	as	diameter	greater	than	or	equal	to	one	lymphocyte.	
The	 severity	 of	 DIS	 was	 scored	 in	 one	 high-	power	 field	
as	 follows:	 0	 (≤5  small	 intercellular	 spaces);	 1	 (≥6  small	
intercellular	 spaces	 and	≤5  large	 intercellular	 spaces);	 2	
(≥6  large	 intercellular	 spaces).	 The	 individual	 and	 total	
histological	 scores	 were	 assessed	 based	 on	 published	
studies.20–	22

2.3	 |	 Histology

All	 rodents	 were	 euthanized	 on	 postoperative	 day	 15.	
The	esophagus	was	removed	en	bloc	quickly	and	opened	
longitudinally,	pinned	flat	on	a	corkboard,	then	fixed	in	
10%	 buffered	 formalin	 overnight.	 The	 esophagus	 was	
then	 dehydrated	 before	 paraffin	 fixation	 and	 staining	
with	 hematoxylin	 and	 eosin	 (H&E).	 Histological	 ex-
amination	was	carried	out	on	serial	sections	with	5 μm	
thickness.	Mucosal	integrity	and	inflammatory	changes	
within	 the	 mucosa	 and	 deeper	 layers	 were	 assessed	
histologically.

2.4	 |	 Real- time quantitative polymerase 
chain reaction

Cellular	 RNA	 was	 extracted	 from	 rodents'	 esophageal	
mucosa,	 DRG	 as	 well	 as	 human	 biopsy	 specimens	 by	
using	 Trizol	 Reagent	 (Invitrogen,	 Carlsbad,	 CA,	 USA)	
and	 Qiagen	 (Hilden,	 Germany)	 RNeasy	 mini	 columns	
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according	 to	 the	 manufacturer's	 recommendations.	
Total	extracted	RNA	were	reverse-	transcribed	into	first-	
strand	cDNA	by	using	100 U/ml	of	reverse	transcriptase	
(Takara	Biomedicals,	Shiga,	Japan)	and	0.1 μM	of	oligo	
(dT)-	adapter	 primer	 (Takara)	 in	 a	 50-	μl	 reaction	 mix-
ture.	 Real-	time	 RT-	PCR	 was	 carried	 out	 with	 a	 Light	
Cycler	 (Roche	 Molecular	 Biochemicals,	 Mannheim,	
Germany)	 using	 the	 DNA-	binding	 dye	 SYBER	 Green	 I	
for	the	detection	of	PCR	products.	Relative	gene	expres-
sion	by	RT-	PCR	was	calculated	using	the	2−ΔΔCT	method	
as	described	previously.23	Fold	changes	in	gene	expres-
sion	were	calculated	relative	to	the	average	of	the	control	
group.	 Standard	 curves	 were	 used	 to	 evaluate	 the	 effi-
ciency	of	PCR	amplification.

2.5	 |	 Western blot analysis

Frozen	 specimens	 from	 rodents	 were	 homogenized	 in	
100  μl	 lysis	 buffer	 containing	 a	 mixture	 of	 proteinase	
and	 phosphatase	 inhibitors	 and	 then	 centrifuged	 at	
15 000 rpm	for	15 min	at	4°C.	The	protein	concentration	
was	determined	using	a	BCA	Protein	Assay	Kit	(Pierce,	
Rockford,	 IL).	 A	 total	 of	 50 μg	 of	 protein	 was	 resolved	
on	12%	precasted	SDS-	PAGE	gels,	then	transferred	to	a	
polyvinylidene	 fluoride	 (PVDF)	 membrane	 (Millipore,	
Bedford,	MA).	The	PVDF	membrane	was	blocked	with	
5%	 non-	fat	 milk	 in	 PBS	 containing	 0.1%	 Tween	 20	 for	
2 h	at	room	temperature	and	then	incubated	overnight	
at	4°C	with	primary	antibodies.	The	following	antibod-
ies	were	used	 in	 this	 study:	GAPDH,	anti	TNF-	α,	 anti-	
ASIC1,	and	anti-	ASIC3	antibody	(1:1000,	abcam,	USA).	
After	washing	with	Tris-	Buffered	Saline,	0.1%	Tween	20	
Detergent	 (TBST),	 the	 blots	 were	 incubated	 for	 2  h	 at	
room	temperature	with	HRP-	conjugated	secondary	anti-
body	(1:5000;	Amersham	Biosciences,	San	Francisco,	CA,	
USA),	visualized	by	using	Electro-	Chemi-	Luminescence	
(ECL)	 chemiluminescent	 detection	 system	 (Amersham	
Biosciences).

2.6	 |	 Immunofluorescent staining

2.6.1	 |	 Dorsal	root	ganglia

After	the	rats	were	sacrificed,	the	chest	was	opened,	and	
the	 ascending	 aorta	 was	 then	 infused	 with	 ice-	cold	 sa-
line	 and	 4%	 paraformaldehyde.	 The	 T3–	T5	 DRGs	 were	
removed	 and	 incubated	 with	 4%	 paraformaldehyde	 for	
3 h	at	room	temperature	and	then	replaced	with	30%	su-
crose	 for	 24  h	 at	 4°C.	 The	 DRGs	 were	 then	 embedded	
in	Histoprep	and	were	cut	at	a	thickness	of	10 μm	on	a	
cryostat.

For	 double	 immunofluorescence,	 the	 DRG	 sections	
were	 incubated	 with	 a	 mixture	 of	 anti-	ASIC1	 (1:1000,	
abcam,	 USA),	 monoclonal	 neuronal-	specific	 nuclear	
protein	 (NeuN)	 (1:500,	 Millipore,	 USA),	 and	 anti-	ASIC3	
(1:1000,	 abcam,	 USA)	 overnight	 at	 4°C.	 The	 sections	
were	 washed	 with	 PBS	 and	 then	 incubated	 with	 Alexa	
488-	conjugated	 goal	 anti-	rabbit	 IgG	 (1:200;	 Jackson	
ImmunoResearch	 Laboratories,	 USA)	 for	 2  h	 at	 room	
temperature.

2.6.2	 |	 Lower	esophageal	submucosal-	
specific	dorsal	root	ganglia	neurons

For	 experiments	 involving	 patch	 clamp	 recordings,	 six	
to	 eight	 injections	 were	 made	 at	 different	 sites	 into	 the	
lower	 esophageal	 submucosa	 of	 control	 and	 experi-
mental	 rodents	 with	 the	 lipid-	soluble	 fluorescence	 dye,	
1,19-	dioleyl-	3,3,39,3	 tetramethyl-	lindocarbocyanin	meth-
anesulfonate	(DiI;	Invitrogen,	Carlsbad,	CA,	USA).	After	
injection,	rodents	were	euthanized	on	day	15.	Only	fluo-
rescence	dye	labeled	DRG	neurons	from	T3–	T5	were	used	
for	patch	clamp	studies.

2.7	 |	 Primary DRG neuron preparation

Rodents	 were	 decapitated	 immediately	 after	 euthaniza-
tion,	 and	 bilateral	 thoracic	 dorsal	 root	 ganglia	 neurons	
(T3–	T5)	 were	 acutely	 dissected	 out.	 DRG	 neurons	 were	
then	 incubated	 in	 dissecting	 solution	 (NaCl	 130  mM,	
KCl	5 mM,	KH2PO4	2 mM,	CaCl2	1.5 mM,	MgSO4	6 mM,	
glucose	10 mM,	and	HEPES	10 mM,	pH	7.2,	osmolarity	
305  mOsm)	 with	 trypsin	 (1.2  mg/ml,	 Sigma,	 St.	 Louis,	
MO,	 USA)	 and	 collagenase	 D	 (1.5–	1.8  mg/ml,	 Roche,	
Mannhein,	 Baden-	Württemberg,	 Germany)	 for	 1.5  h	 at	
34.5°C.	DRGs	were	harvested	from	the	enzyme	solution,	
washed	with	external	solution,	and	then	transferred	to	2 ml	
of	the	dissecting	solution	containing	DNase	(0.5 mg/ml).		
Single	 cell	 suspensions	 were	 then	 harvested	 by	 repeat	
trituration	through	flame-	polished	glass	pipettes	and	put	
onto	acid-	cleaned	glass	coverslips.

2.8	 |	 Whole- cell patch- clamp recordings

A	 coverslip	 containing	 the	 adherent	 DRG	 neurons	 was	
placed	in	a	recording	chamber	and	attached	to	the	stage	
of	an	inverted	microscope	(IX71;	Olympus,	Tokyo,	Japan)	
equipped	for	both	fluorescence	and	phase	objectives.	The	
external	 solution	 contained	 NaCl	 130  mM,	 KCl	 5  mM,	
KH2PO4	 2  mM,	 CaCl2	 2.5  mM,	 MgCl2	 1  mM,	 glucose	
10 mM,	and	HEPES	10 mM,	pH	7.2,	adjusted	by	NaOH,	
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osmolarity	290–	300 mOsm.	The	patch	pipettes	had	a	re-
sistance	 of	 3–	5  MΩ	 when	 they	 were	 filled	 with	 the	 so-
lution	 containing	 potassium	 gluconate	 140  mM,	 NaCl	
10 mM,	HEPES	10 mM,	glucose	10 mM,	BAPTA	5 mM,	
and	CaCl2	0.01 mM.	Pipette	solutions	were	adjusted	to	pH	
7.25	by	KOH,	osmolarity	295 mOsm.	Cells	labeled	by	DiI	
were	held	at	−60 mV.	Up	to	80%	of	series	resistance	was	
compensated.	The	potential	and	current	recordings	were	
filtered	 at	 2–	5  kHz	 and	 sampled	 at	 50	 or	 100  μs/point.	
Electrophysiological	recordings	were	performed	at	room	
temperature.	 Data	 were	 stored	 through	 HEKA	 EPC10	
(HEKA	Instruments,	Lambrecht,	Germany)	and	analyzed	
by	Patch	Master	Software	(HEKA	Instruments).

2.9	 |	 Intrathecal injection of specific 
inhibitors or siRNA of ASIC1 and 3

In	 the	 rodent	 model	 of	 RE,	 PcTx1,	 APTEx-	2,	 or	 vehicle	
(saline)	 (1  nmol	 per	 rat)	 was	 administered	 intrathecally	
15 min	before	the	ED	test.24,25	In	separate	studies,	10 ml	
of	a	 siRNA	(ASIC1	or	ASIC3)	 (2 μg)/i-	Fect	 (Neuromics)	
mix	was	 injected	 intrathecally	using	a	Hamilton	syringe	
and	a	25-	gauge	needle.	Animals	received	one	injection	per	
day	for	3 days	before	the	ED	test.	SiRNA	ASIC1,	SiRNA	
ASIC3	and	the	corresponding	scramble	siRNAs	were	or-
dered	from	Sigma.	Intrathecal	injections	were	performed	
freehand	under	isoflurane	anesthesia	(2%	isoflurane	inha-
lation)	between	spinal	T3	and	T5	vertebrae	of	rats	as	previ-
ously	described.26	RT-	PCR	studies	showed	that	intrathecal	
administration	 of	 specific	 ASIC1	 and	 ASIC3  siRNAs	 re-
sulted	in	>70%	reduction	of	ASIC1	and	3	expression	in	the	
T3-	T5	thoracic	dorsal	root	ganglia.

2.10	 |	 Esophageal HCl perfusion test

To	 demonstrate	 development	 of	 visceral	 hypersensitiv-
ity,	we	used	hydrogen	chloride	(HCl)	perfusion	and	me-
chanical	distension	to	evoke	pain	response.	Acid-	evoked	
pain	 responses	 were	 performed	 according	 to	 a	 previous	
report.27	 Briefly,	 intraesophageal	 HCl	 was	 administered	
using	a	polyethelyene	(PE)	tube	inserted	into	the	lower	es-
ophagus	of	rats	(8 cm	from	the	incisors).	The	PE	tube	was	
attached	to	a	needle	connected	to	a	1 ml	syringe.	Different	
concentrations	 of	 0.2  ml	 HCl	 solutions	 (0.001,	 0.01	 and	
0.1 N)	were	used	for	perfusion.	Normal	saline	(0.2 ml)	was	
used	as	control.	Both	HCl	and	normal	saline	were	infused	
over	1 min	and	the	EMG	activities	of	the	trapezius	muscle	
were	recorded.	Four	flushes	of	0.2 ml	of	warm	saline	were	
injected	after	each	HCl	infusion	to	rinse	away	the	residual	
acid	in	the	esophagus.	To	avoid	de-	sensitization,	each	HCl	

injection	was	separated	by	30 min	intervals.	Each	test	so-
lution	was	repeated	3	to	4	times	for	each	rat.

2.11	 |	 ED test

We	 next	 measured	 sensitivity	 to	 esophageal	 distention	
(ED),	which	is	a	recognized	model	of	GERD	in	rats27	and	
also	 has	 evidence	 of	 clinical	 relevance	 in	 the	 pathogen-
esis	of	GERD	in	humans	as	well.28	Low-	threshold	mecha-
noreceptors	modulate	spinal	nociceptive	pathways	while	
high-	threshold	 mechanoreceptors	 mediate	 esophageal	
nociception.29	 Briefly,	 Teflon-	coated,	 silver	 wires	 were	
implanted	into	the	trapezius	muscle	in	the	neck	4–	5 days	
before	the	beginning	of	the	experimental	procedures.	ED	
was	produced	using	a	1 cm	length	latex	balloon,	ligated	to	
the	end	of	PE-	240	tubing.	The	balloon	was	placed	orally	in	
the	thoracic	esophagus	(8 cm	from	the	incisors)	in	anes-
thetized	rats	(2%	isoflurane	inhalation;	Baxter,	France).27	
After	 recovery	 from	 anesthesia,	 rats	 were	 placed	 in	 the	
middle	of	a	40 × 40 cm	polymethyl	acrylate	box	and	the	
catheter	was	connected	to	an	electronic	barostat	appara-
tus	 (Synectics	 Visceral	 Stimulator,	 Medtronic,	 France).	
ED	 was	 produced	 by	 an	 increase	 of	 pressure	 using	 an	
esophageal	 balloon.	 Balloon	 pressure	 was	 increased	 to	
20,	40,	60,	80 mmHg	and	held	for	20 s.	Graded-	intensity	
stimulation	 trials	 were	 conducted	 to	 establish	 stimulus	
response	curves.	Each	distention	trial	consisted	of	3 seg-
ments:	 a	 20-	s	 predistention	 baseline	 period,	 a	 20-	s	 dis-
tention	 period,	 and	 a	 20-	s	 post-	distention	 termination	
period	with	a	5-	min	interstimulus	interval.	EMG	activity	
was	 amplified	 and	 digitized	 using	 a	 SPIKE2/CED	 1401	
data	acquisition	interface	(Cambridge	Electronic	Design,	
Cambridge,	UK).	The	responses	were	considered	stable	if	
there	was	<20%	variability	between	2	consecutive	trials	of	
each	ED.	The	increase	in	the	area	under	the	curve	of	EMG	
amplitude	during	ED	from	the	baseline	period	before	ED	
was	recorded	as	the	response.

2.12	 |	 Statistical analysis

All	data	are	presented	as	mean ± SEM.	Continuous	data	
were	compared	using	t-	tests	while	one-	way	ANOVA	with	
Bonferroni's	 correction	 for	 multiple	 comparisons	 were	
applied	for	continuous	data	from	more	than	two	groups.	
For	continuous	variables	that	were	not	normally	distrib-
uted,	 comparison	 between	 groups	 was	 performed	 using	
Wilcoxon	 tests.	 A	 nominal	 value	 of	 p  <  .05	 was	 consid-
ered	statistically	significant.	Statistical	analyses	were	per-
formed	using	SPSS	11.0.0 software	(SPSS	Inc.,	Chicago,	IL,	
USA).
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3 	 | 	 RESULTS

3.1	 |	 Expression of ASIC1, 3 in human 
esophageal mucosa

A	total	of	28	patients	with	LA	grade	A	esophagitis	(group	
A),	15	patients	with	LA	grade	B	esophagitis	(group	B),	and	
16  healthy	 controls	 (group	 C)	 were	 recruited	 (Table  1).	
ASIC1	 and	 3  mRNA	 subunits	 were	 identified	 in	 human	
esophageal	biopsies	by	RT-	PCR	and	normalized	against	ex-
pression	of	B-	actin.	Compared	with	healthy	controls	(group	
C),	 there	was	a	significant	 increase	 in	gene	expression	of	
ASIC1	(group	A	vs.	group	C	[5.3 ± 1.0	vs.	1.1 ± 0.2,	p < .01],	
group	B	vs.	group	C	[9.2 ± 2.4	vs.	1.1 ± 0.2,	p < .01])	and	
ASIC3	(group	A	vs.	group	C	[3.4 ± 0.6	vs.	1.1 ± 0.2,	p < .001],	
group	B	vs.	group	C	[14.8 ± 3.8	vs.	1.1 ± 0.2,	p < .01])	in	the	
esophageal	mucosa	of	GERD	subjects	(Figure 1).

We	next	determined	whether	ASIC1	and	3 gene	expres-
sions	 were	 correlated	 with	 changes	 in	 symptom	 scores	 by	

GerdQ.	In	patients	with	LA	grade	A	esophagitis,	ASIC1	and	
3	 expressions	 were	 strongly	 correlated	 with	 symptoms	 of	
heartburn,	while	ASIC3	expression	showed	a	positive	cor-
relation	with	regurgitation	(Table 2).	Meanwhile,	a	trend	was	
observed	for	ASIC1	and	3	expression	and	symptoms	of	re-
gurgitation	in	patients	with	LA	grade	B	esophagitis	(Table 2).

3.2	 |	 Esophageal mucosal histology in RE 
rodent model

After	 surgical	 induction	 of	 GERD,	 large,	 excavated	 ulcera-
tions	with	inflammatory	cell	infiltrates	of	neutrophils,	eosino-
phils,	 and	 other	 inflammatory	 cells	 within	 the	 submucosa	
were	observed	in	the	esophagus	after	15 days	(Figure 2E,F).	
Additionally,	 marked	 thickening	 of	 the	 esophageal	 epithe-
lium,	 elongation	 of	 lamina	 propria	 papillae,	 and	 basal	 cell	
hyperplasia	were	detected	in	this	model	of	RE	(Figure 2E,F,	
Table 3).

Healthy 
controls

LA grade A 
esophagitis

LA grade B 
esophagitis

Number	of	subjects 16 28 15

Gender

Male,	N	(%) 10	(62.5) 19	(67.9) 10	(66.7)

Female,	N	(%) 6	(37.5) 9	(32.1) 5	(33.3)

Age,	mean	(SD) 50.3	(11.6) 52.8	(11.2) 57.9	(10.7)

GerdQ	score,	median 1.5 6.5 9

Use	of	PPIs,	N	(%) 0	(0) 10	(35.7) 2	(13.3)

Abbreviations:	GerdQ,	gastroesophageal	reflux	disease	questionnaire	(ranging	from	0	to	18);	LA,	Los	
Angeles	classification;	PPIs,	proton	pump	inhibitors.

T A B L E  1 	 Baseline	demographic	
information	for	GERD	patients	and	
healthy	controls

F I G U R E  1  ASIC1&3	levels	were	up-	regulated	in	group	A	and	group	B	patients	with	GERD.	The	relationship	between	ASIC1	and	3	
gene	levels	and	endoscopic	grading	of	reflux	esophagitis	based	on	the	Los	Angeles	classification.	Both	ASIC1	and	3 gene	expressions	were	
correlated	with	the	severity	(grade)	of	esophagitis.	**p < .001;	***p < .0001	for	GERD	patients	compared	with	healthy	controls
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3.3	 |	 Esophageal mucosal histology in 
NERD rodent model

After	induction	of	NERD,	there	were	changes	in	the	mu-
cosal	 layer,	 including	 basal	 cell	 hyperplasia,	 papillary	
elongation	and	DIS	(Table 3).	However,	there	were	little	or	
no	inflammatory	cells	or	erosions	(Figure 2C,D).	In	addi-
tion,	the	total	histological	scores	were	significantly	milder	
compared	to	the	scores	observed	in	the	RE	rats	(Table 3).

3.4	 |	 Increased esophageal expression of 
TNF- α in RE rodent model (mucosa and 
DRG)

As	TNF-	α	has	previously	been	shown	to	rapidly	enhance	
functional	activity	of	ASICs	in	primary	sensory	neurons,30	
we	measured	TNF-	α	gene	and	protein	expression	in	rodent	
esophageal	mucosa	by	qPCR	and	western	blot.	Compared	
with	 the	 sham-	operated	 group,	 the	 RE	 group	 showed	

T A B L E  2 	 Increased	ASIC1	and	3	expression	is	associated	with	severity	of	esophagitis	and	GERD	symptoms

LA grade A esophagitis LA grade B esophagitis

Regurgitation Heartburn Regurgitation Heartburn

ASIC1 Pearson	correlation .515 .798** .572 −.204

Sig.	(2-	tailed) .105 .003 .052 .524

N 11 11 12 12

ASIC3 Pearson	correlation .663* .732** .520 −.208

Sig.	(2-	tailed) .014 .004 .083 .516

N 13 13 12 12

Note: Increased	ASIC1	and	3	expression	was	associated	with	symptoms	of	GERD	as	well	as	LA	grade	esophagitis.	For	patients	with	LA	grade	A	esophagitis,	
there	was	a	positive	correlation	between	ASIC	1 gene	expression	and	reflux	symptoms,	such	as	heartburn	(r = .798,	p < .01).	There	was	also	a	positive	
correlation	between	the	ASIC	3 gene	expression	and	GERD	symptoms	including	heartburn	(r = .732,	p < .01)	and	regurgitation	(r = .663,	p < .05).	For	patients	
with	LA	grade	B	esophagitis,	a	trend	towards	positive	correlation	was	observed	between	regurgitation	and	ASIC1	(r = .572,	p = .05)	and	ASIC3	expression	
(r = .52,	p = .083).
*p	<	.05;	**p	<	.01.

F I G U R E  2  Histology	of	esophageal	mucosal	injury	in	GERD	rodent	model.	Representative	images	of	esophageal	lesions	(H&E	stain)	
under	10×	(A,	C	and	E)	and	40×	(B,	D	and	F)	magnification.	(A,	B)	sham-	operated	(CON)	group	(n = 5);	(C,	D)	non-	erosive	reflux	disease	
(NERD)	group	(n = 5)	with	mild	esophagitis	characterized	by	basal	cell	hyperplasia,	papillary	elongation	and	several	dilated	intracellular	
spaces.	Reflux	esophagitis	(RE)	group	(n = 5)	with	(E)	severe	esophagitis	characterized	by	basal	cell	hyperplasia,	papillary	elongation,	
obvious	dilated	intracellular	spaces;	and	(F)	inflammatory	cells	infiltration	and	erosion.	n = 3	to	5	rats/group
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significantly	higher	TNF-	α	gene	(4.2 ± 1.5	vs.	1.0 ± 0.2,	
p < .05)	and	protein	expression	(1.96 ± 0.2	vs.	1.0 ± 0.01,	
p < .01),	respectively	(Supporting	Information	Figure S2).

3.5	 |	 Upregulation of ASIC1 and 3 
expressions in esophageal mucosa and 
DRGs in RE model

We	next	measured	gene	and	protein	expression	of	ASIC1	
and	3	by	qPCR	and	western	blot.	In	the	esophageal	mu-
cosa	of	the	rodent	RE	group,	there	was	significantly	higher	
gene	expression	of	ASIC1	(1.5 ± 0.6	vs.	1.0 ± 0.1,	p = .05)	
and	 ASIC3	 (4.2  ±  1.1	 vs.	 1.0  ±  0.1,	 p  <  .05)	 compared	
with	the	sham-	operated	group	(Figure 3A).	Western-	blot	
analysis	 confirmed	 higher	 protein	 expression	 of	 ASIC1	
(2.7 ± 0.8	vs.	1.0 ± 0.01,	p < .05)	and	ASIC3	(2.4 ± 0.6	vs.	
1.0 ± 0.01,	p < .05)	in	the	esophageal	mucosa	of	the	RE	
group	compared	with	sham-	operated	group	(Figure 3B).

ASIC1	and	3 gene	expressions	in	rodent	DRG	neurons	
were	 also	 measured.	 On	 postoperative	 day	 15,	 T3–	T5	
DRG	neurons	were	dissected.	Rodents	 in	 the	RE	group	
exhibited	significantly	higher	gene	expression	of	ASIC1	
(2.0  ±  0.2	 vs.	 1.0  ±  0.1,	 p  <  .05)	 and	 ASIC3	 (2.2  ±  0.1	
vs.	 1.0  ±  0.1,	 p  <  .01)	 compared	 with	 the	 sham-	group	
(Figure  3C).	 Similarly,	 the	 rodents	 in	 the	 RE	 group	
showed	significantly	higher	protein	expression	of	ASIC1		
(1.4  ±  0.1	 vs.	 1.0  ±  0.1,	 p  =  .05)	 and	 ASIC3	 (2.7  ±  0.1	
vs.	1.0 ± 0.1,	p < .01)	compared	with	the	sham-	operated	
group	by	Western	blot	(Figure 3D).

A	 population	 of	 sensory	 neurons	 in	 T3–	T5	 DRGs	
which	 innervate	 the	 esophagus	 were	 identified	 by	 co-	
localization	of	ASIC1	or	3	(green)	and	NeuN,	a	biomarker	
for	neurons.	 In	 these	sensory	neurons,	 rodents	 from	the	
RE	 group	 exhibited	 a	 significantly	 higher	 percentage	 of	
ASIC1	(45.5% ± 4.1	vs.	25.0% ± 2.0,	p < .05)	and	ASIC3	
(56.5 ± 3.9	vs.	27.8% ± 1.2,	p < .01)	positive	DRG	neurons	
compared	with	the	sham-	operated	rodents	(Figure 4A–	D).

As	 ASIC1	 and	 3	 are	 expressed	 by	 both	 sensory	 neu-
rons	and	esophageal	epithelial	cells,31	we	next	examined	
whether	 the	 increases	 in	ASIC1	and	3	expression	 in	 the	
DRG	parallel	 the	 increases	 in	 the	esophageal	mucosa	 in	
this	rodent	model	of	GERD.	We	found	that	gene	expres-
sion	 of	 ASIC1	 and	 ASIC3	 in	 DRG	 neurons	 correlated	
positively	 with	 ASIC1	 (r  =  .805,	 p  =  .005)	 and	 ASIC3	
(r = .852,	p < .005)	expression	in	esophageal	epithelium,	
respectively	 (Table  4).	 Similarly,	 we	 found	 ASIC1	 and	 3	
protein	expression	 in	DRG	neurons	correlated	positively	
with	 ASIC1	 (r  =  .801,	 p  =  .005)	 and	 ASIC3	 (r  =  .719,		
p	= .02)	expression	in	esophageal	epithelium,	respectively	
(Table 5).	These	data	support	the	increased	expression	of	
ASIC1	and	3	occurring	at	the	neuronal	level	paralleled	the	
increases	in	the	esophageal	mucosa.T
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F I G U R E  4  ASIC1&3	expression	is	upregulated	in	DRG	neurons	innervating	the	esophagus	in	RE.	(A)	Analysis	of	ASIC1	expression	in	
dorsal	root	ganglion	(DRG)	neurons	innervating	the	esophagus	(T3–	T5).	Colocalization	of	ASIC1	(green)	and	NeuN	(red)	in	the	T3–	T5	in	
both	RE	model	(n = 5)	and	sham	group	(n = 5).	Double	staining	of	ASIC1	with	NeuN,	as	a	biomarker	for	neurons,	showed	colocalization	in	
DRG.	Merged	image	shows	ASIC1-	positive	neurons	expressing	or	not	expressing	NeuN.	(B)	Histograms	represent	the	percentage	of	the	total	
population	of	ASIC1-	positive	neurons	colocalized	with	NeuN	in	sham-	operated	and	RE	model	(*p < .05).	(C)	Representative	images	show	
the	distribution	of	ASIC3-	positive	and	NeuN-	immunoreactive	neurons	in	the	DRG.	Double	immunocytochemical	labeling	was	performed	on	
the	T3–	T5	DRG	removed	from	surgically-	induced	RE	rats	and	sham-	operated.	Merged	image	shows	ASIC3-	positive	neurons	expressing	or	
not	expressing	NeuN.	(D)	The	histograms	represent	the	percentage	of	ASIC3-	positive	neurons	expressing	NeuN	in	the	RE	and	sham	groups	
(**p < .001)

ASIC1 gene expression ASIC3 gene expression

DRG 
neurons

Esophageal 
epithelial 
cells

DRG 
neurons

Esophageal 
epithelial 
cells

Pearson	correlation	
coefficient	(r)

1 .805 1 .852

N 10 10 10 10

Significance	(2-	tailed) .005 .002

T A B L E  4 	 Increased	gene	expression	
of	ASIC1	and	3	in	DRG	neurons	correlates	
with	ASIC1	and	3	expression	from	
esophageal	mucosa	in	a	rat	model	of	RE
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ASIC1 protein expression ASIC3 protein expression

DRG 
neurons

Esophageal 
epithelial 
cells

DRG 
neurons

Esophageal 
epithelial 
cells

Pearson	correlation	
coefficient	(r)

1 .801 1 .719

N 10 10 10 10

Significance	(2-	tailed) .005 .019

T A B L E  5 	 Increased	protein	
expression	of	ASIC1	and	3	in	DRG	
neurons	correlates	with	ASIC1	and	3	
expression	from	esophageal	mucosa	in	a	
rat	model	of	NERD

F I G U R E  5  ASIC3,	ASIC1	and	TNF-	α	gene	expression	levels	in	esophageal	mucosa	of	control	and	NERD	rodents.	(A)	Comparison	of	
esophageal	mucosa	ASIC3 mRNA	expression	level	relative	to	GAPDH	between	control	and	NERD	rodents.	(B)	Comparison	of	esophageal	
mucosa	ASIC1 mRNA	expression	level	relative	to	GAPDH	between	control	and	NERD	rodents.	(C)	Comparison	of	esophageal	mucosa	
TNF-	α	mRNA	expression	level	relative	to	GAPDH	between	control	and	NERD	rodents.	n = 6	to	8/group.	Data	were	expressed	by	
mean ± SEM.	*p < .05	for	NERD	compared	with	control	group.	CON,	control;	NERD,	nonerosive	reflux	disease

F I G U R E  6  ASIC3	and	ASIC1	protein	expression	levels	in	DRG	neurons	of	control	and	NERD	rodents.	(A)	Comparison	of	T3–	T5	
DRG	neurons	ASIC3	protein	expression	level	measured	by	western	blot	between	control	and	NERD	rodents.	(B)	Comparison	of	T3–	T5	
DRG	neurons	ASIC1	protein	expression	level	measured	by	western	blot	between	control	and	NERD	rodents.	n = 6	to	8/group.	Data	were	
expressed	by	mean ± SEM.	*p < .05	for	NERD	compared	with	control	group.	CON,	control;	NERD,	nonerosive	reflux	disease
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F I G U R E  7  Enhanced	excitability	of	dorsal	root	ganglion	neurons	in	RE	model.	(A)	DiI-	fluorescence	(right)	and	bright-	field	(left)	images	
of	acutely	isolated	DRG	neurons	innervating	the	esophagus	are	shown	in	red	in	DiI-	fluorescence	image.	(B)	Resting	membrane	potentials	
(RPs)	in	DRG	in	sham-	operated	(n = 5)	and	surgically	induced	RE	rats	(n = 5)	(***p < .0001).	(C)	DRGs	in	surgical	RE	group	showed	a	
markedly	decreased	action	potential	(AP)	threshold	compared	with	sham	group	(*p < .05).	(D)	DRGs	in	RE	model	displayed	a	significantly	
reduced	rheobase	compared	with	sham	group	(***p < .0001).	Typical	traces	of	APs	evoked	by	2	times	(E)	and	3	times	(F)	rheobase	current	
stimulation	(**p < .01;	***p < .0001	for	RE	compared	with	sham	group).	Typical	traces	of	APs	evoked	by	100 pA	(G),	300 pA	(H)	and	500 pA	
(I)	ramp	current	stimulation	(***p < .0001	for	RE	compared	with	sham	group)
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3.6	 |	 Upregulation of ASIC 3 expression 
in esophageal mucosa and DRGs in 
NERD model

In	 the	 NERD	 rodent	 group,	 gene	 expression	 of	 ASIC3	
in	 the	 esophageal	 mucosa	 was	 significantly	 higher	 com-
pared	 to	 the	 control	 group	 (5.36  ±  1.89	 vs.	 1.11  ±  0.22,	
p < .05,	Figure 5A).	The	gene	expression	of	ASIC1	in	the	
NERD	group	also	showed	an	increase	although	it	failed	to	
reach	statistical	significance	(2.22 ± 1.03	vs.	1.11 ± 0.23,	
Figure  5B).	 We	 also	 measured	 TNFα	 gene	 expression	 in	
the	esophageal	mucosa.	Compared	with	the	control	group,	
TNFα	gene	expression	in	the	NERD	group	was	significantly	
elevated	(6.13 ± 2.40	vs.	1.18 ± 0.27,	p < .05,	Figure 5C).

Similar	 to	 the	 esophageal	 mucosa,	 there	 was	 upreg-
ulation	 in	 the	 protein	 expression	 of	 ASIC3	 in	 the	 DRG	
neurons	 in	T3–	T5	 (1.57  ±  0.13	 vs.	 1.00  ±  0.10,	 p  <  .05;	
Figure  6A).	 However,	 we	 did	 not	 detect	 any	 significant	
change	in	ASIC1	protein	expression	in	this	group	of	DRG	
neurons	(Figure 6B).	Furthermore,	we	did	not	find	any	dif-
ference	in	ASIC2,	4,	or	5 mRNA	expression	in	the	esoph-
ageal	mucosa	or	T3–	T5	DRG	neurons	between	NERD	and	
control	groups	(Supporting	Information	Figure S3).

3.7	 |	 Increased excitability of DRG 
neurons in RE rodent model

To	 investigate	 the	 potential	 role	 of	 ASIC1	 and	 3	 in	 the	
activation	of	peripheral	nociceptors,	electrophysiological	

recordings	were	performed	on	DRG	neurons.	Fluorescent	
dye	 DiI-	labeled	 lower	 esophageal	 submucosal-	specific	
DRG	 (including	 T3–	T5	 DRGs)	 neurons	 were	 recorded	
(Figure 7A).	The	passive	and	active	membrane	properties	
of	DRG	neurons	in	sham	and	RE	groups	were	measured.	
Under	 whole-	cell	 current	 clamp	 recordings,	 the	 resting	
membrane	potentials	(RPs)	in	sham	and	RE	groups	were	
−51.9 ± 0.3	and	−45.1 ± 0.5 mV	(p < .0001),	respectively	
(Figure 7B).

We	 next	 compared	 the	 provoked	 excitability	 of	 DRG	
neurons.	 The	 action	 potential	 (AP)	 threshold,	 the	 min-
imal	voltage	at	which	 the	AP	was	generated,	was	mark-
edly	decreased	in	the	RE	group	compared	to	sham	group	
(−30.7 ± 1.5 mV	vs.	−20.4 ± 4.6 mV,	n = 9,	p =  .0032)	
(Figure 7C).	 Rheobase,	 the	minimal	 stimulation	current	
required	to	evoke	APs,	was	significantly	decreased	in	the	
RE	group	compared	with	sham	group	(22.8 ± 4.8	pA	vs.	
82.2 ± 3.2	pA,	n = 9,	p < .0001)	(Figure 7D).	In	addition,	
the	number	of	APs	evoked	by	300-	ms	2	times	(2×)	and	3	
times	(3×)	rheobase	current	stimulation	was	significantly	
higher	in	the	RE	group	compared	with	sham	group	(2×,	
6 ± 0.9	vs.	3.2 ± 0.5,	n = 9,	p = .0132;	3×,	10.8 ± 0.9	vs.	
5.6 ± 0.6,	 n = 9,	 p =  .0002)	 (Figure 7E,F).	The	number	
of	 APs	 evoked	 by	 100,	 300	 and	 500  pA	 current	 ramps	
was	 significantly	 increased	 in	 the	 RE	 group	 compared	
with	sham	group	(100	pA	ramp,	17.7 ± 1.0	vs.	3.8 ± 1.0,	
n = 9,	p <  .0001;	300 pA	ramp,	25.7 ± 1.2	vs.	9.9 ± 0.9,	
p < .001;	500 pA	ramp,	33.2 ± 1.5	vs.	18.2 ± 1.4,	p < .0001)	
(Figure 7G–	I).	These	findings	indicate	that	RE	results	in	
hyperexcitability	of	esophagus-	specific	DRG	neurons.

3.8	 |	 Visceral hypersensitivity induced 
by chronic acid reflux is mediated by 
upregulation of ASIC1 and 3 in RE model

Both	control	and	RE	rats	showed	pH-	dependent	increases	
in	the	VMR	to	acid	perfusion	(Figure 8).	These	responses	
were	significantly	enhanced	in	RE	rats.	The	mean	ampli-
tude	of	the	electromyogram	(AUC	in	microvolts	per	20 s)	
was	3.24-	fold	(p <  .05)	and	3.44-	fold	(p =  .05)	higher	 in	
the	RE	rats	 than	the	control	group	in	response	to	perfu-
sion	of	0.01 N	and	0.1 NHCl	respectively	(Figure 8).	These	
findings	 provide	 evidence	 of	 visceral	 hypersensitivity	 in	
RE	rats.

We	next	examined	whether	RE	rats	showed	visceral	hy-
persensitivity	to	pressure	distension	and	determined	if	this	
was	mediated	by	upregulation	of	ASIC.	While	both	control	
and	RE	rats	showed	pressure	dependent	increases	in	VMR	
to	ED	these	responses	were	significantly	enhanced	in	RE	
rats	(Figure 9A)	indicating	development	of	visceral	hyper-
sensitivity	to	mechanical	stimulation.	We	then	determined	
if	ASIC1	and	ASIC3	contribute	to	the	transmission	of	the	

F I G U R E  8  Visceral	hypersensitivity	induced	by	acid	perfusion	
in	RE	rodents.	Different	concentrations	of	0.2 ml	HCl	solutions	
(0.001,	0.01	and	0.1 N)	or	normal	saline	(NS)	were	injected	into	
the	lower	esophagus	of	the	rats	and	maintained	for	1 min.	Four	
flushes	of	0.2 ml	warm	saline	were	used	to	rinse	residual	acid	in	
the	esophagus	and	30 min	were	allowed	to	elapse	between	each	
injection.	The	EMG	activities	from	trapezius	during	perfusion	were	
recorded.	n = 3	to	4	rats/group.	Data	was	compared	by	EMG	mean	
amplitude	AUC	in	20 s	and	expressed	by	mean ± SEM.	*p < .05	for	
RE	group	compared	with	control	group	at	each	concentration	of	
HCl.	RE,	reflux	esophagitis
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visceral	nociceptive	message	within	the	spinal	cord	in	RE	
rats	by	administering	selective	ASIC1a	blocker	PcTx1	and	
ASIC3	blocker	APETx2	intrathecally	and	then	challenging	
with	esophageal	distention	from	0	to	80 mmHg.	PcTx1	in-
jection	significantly	increased	behavioral	pain	thresholds	
from	20 ± 6 mmHg	(p < .05)	to	80 ± 3 mmHg	(p < .05)	in	
the	RE	model	 (Figure 9A).	Similar	 to	PcTx1,	 intrathecal	
injection	 of	 APET2	 also	 reversed	 the	 mechanical	 hyper-
algesia	in	the	RE	group	(Figure 9A).	To	confirm	these	ob-
servations,	we	showed	that	in	vivo	knockdown	of	ASIC1	
and	3 gene	expressions	in	the	RE	rodent	group	through	in-
trathecal	injection	of	specific	siRNA	targeting	ASIC1	and	

3 mRNA	caused	a	significant	decrease	in	pain	perception	
in	response	to	ED	compared	to	rats	treated	with	scramble	
siRNA	(Figure 9B).

3.9	 |	 Visceral hypersensitivity is 
mediated by upregulation of ASIC 3 in 
NERD model

Rats	 in	 the	 NERD	 group	 also	 developed	 signs	 of	 vis-
ceral	 hypersensitivity.	 While	 both	 control	 and	 NERD	 rats	
showed	 pressure	 dependent	 increases	 in	 the	 VMR	 to	 ED,	

F I G U R E  9  Visceral	hypersensitivity	induced	by	chronic	acid	reflux	is	reversed	by	inhibiting	or	silencing	ASIC1	and	3.	Mean	amplitude	
of	abdominal	muscle	contractions	are	expressed	as	area	under	the	curve	(AUC)	after	baseline	subtraction	(n = 5	in	each	group).	(A)	Effect	
of	intrathecal	injection	of	selective	ASIC1	blocker	PcTx1	or	ASIC3	blocker	APETx2	on	pain	behavior	in	response	to	esophageal	distension	
in	the	RE	rodent	model.	Intrathecal	injection	of	selective	ASIC1	blocker	PcTx1	or	ASIC3	blocker	APETx2	normalized	pain	response	to	
esophageal	distension	in	RE	rodent	model.	*p < .05;	**p < .01;	***p < .0001	for	RE	compared	with	controls	(CON);	#p < .05;	##p < .01;	
###p < .001	for	RE	compared	with	RE	and	PcTx1;	while	$p < .05;	$$p < .01;	$$$p < .001	for	RE	compared	with	RE	and	APETx2	at	each	
esophageal	distention	pressure.	(B)	Effect	of	siRNAs	(ASIC1si,	ASIC3si	and	scramble)	on	behavior	pain	measured	as	EMG	response.	
Silencing	ASIC1	or	ASIC3	by	specific	siRNAs	but	not	scramble	siRNA	prevented	the	development	of	visceral	hyperalgesia	in	response	to	
chronic	acid	reflux.	*p < .05;	**p < .01;	***p < .0001	for	RE	and	scramble	compared	with	controls	(CON);	#p < .05;	##p < .01;	###p < .001	for	
RE	and	scramble	compared	with	RE	and	PcTx1;	while	$p < .05;	$$p < .01;	$$$p < .001	for	RE	and	scramble	compared	with	RE	and	APETx2	at	
each	esophageal	distention	pressure.	CON,	control	group;	EMG,	electromyographic	activity
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these	responses	were	significantly	enhanced	in	NERD	rats	
(Figure  10A,B).	 The	 mean	 amplitude	 of	 the	 EMG	 (AUC	
in	 microvolts	 per	 20  s)	 was	 1.75-	fold	 (p  <  .001),	 1.55-	fold	
(p  <  .01)	 and	 1.45-	fold	 (p  <  .05)	 higher	 than	 the	 control	
group	 in	response	 to	20-	,	40-	,	and	60-	mmHg	distension	 in	
the	esophagus,	respectively.	These	changes	were	prevented	
by	 intrathecal	 injection	 of	 APETx-	2,	 an	 ASIC3	 inhibitor	
(p < .05)	(Figure 10C,D)	indicating	visceral	hypersensitivity	
in	the	NERD	group	was	mediated	by	upregulation	of	ASIC3.

4 	 | 	 DISCUSSION

GERD	is	the	most	common	outpatient	diagnosis	leading	
to	gastroenterology	consultation	and	its	prevalence	is	in-
creasing	worldwide.32	PPIs	remain	the	mainstay	of	treat-
ment	for	GERD	but	there	is	a	growing	number	of	subjects	
who	are	either	partial	or	complete	non-	responders	to	PPI	
therapy.	 Given	 the	 disease	 burden	 as	 well	 as	 the	 health	
care	related	costs	of	this	patient	population,	understand-
ing	the	mechanisms	by	which	subjects	continue	to	have	

symptoms	 despite	 adequate	 acid	 suppression	 remains	 a	
vital	and	important	mission.	One	important	factor	that	has	
been	consistently	demonstrated	in	prior	studies	is	the	de-
velopment	of	visceral	hypersensitivity	in	GERD.33–	35 This	
likely	 involves	 both	 peripheral	 and	 central	 sensitization	
but	 the	 neurophysiological	 basis	 driving	 visceral	 hyper-
sensitivity	remains	unclear.

Several	 pain-	causing	 stimuli,	 such	 as	 inflammation,	
ischemia,	 or	 tumorigenesis,	 are	 associated	 with	 tissue	
acidosis.36 This	hints	at	the	possibility	of	pH-	sensitive	re-
ceptors	on	nociceptive	neurons.	However,	 the	molecular	
mechanisms	 by	 which	 sensory	 neurons	 detect	 changes	
in	 extracellular	 pH	 were	 unknown	 until	 recently	 when	
ASICs	were	discovered.37	ASICs	are	particularly	sensitive	
to	extracellular	acidification	and	are	expressed	by	both	pe-
ripheral	nociceptive	neurons	as	well	as	areas	of	the	cen-
tral	 nervous	 system	 involved	 in	 pain	 processing.38  This	
suggests	that	ASICs	are	critical	in	nociception	and	trans-
mission	of	pain	signals.	Among	ASICs,	ASIC1	and	3	are	
the	most	 sensitive	 to	protons	and	are	activated	by	 small	
fluctuations	 in	 pH.39  These	 ASIC	 receptors	 also	 appear	

F I G U R E  1 0  Visceral	hypersensitivity	induced	by	esophageal	distension	regulated	by	ASIC3.	(A)	EMG	activities	from	trapezius	after	
esophageal	distension	(20,	40,	60,	80 mmHg)	in	control	and	NERD	rodents.	(B)	Representative	images	of	EMG	activities	from	trapezius	after	
esophageal	distension	(20,	40,	60 mmHg)	in	control	and	NERD	rodents.	(C)	EMG	activities	from	trapezius	after	esophageal	distension	(20,	
40,	60,	80 mmHg)	in	NERD	rodents	with	or	without	ASIC3	inhibitor	administration.	APTEx-	2	(1 nmol/rat),	an	ASIC3	inhibitor,	was	injected	
intrathecally	(T3–	T5)	into	the	NERD	rodents	15 min	before	the	esophageal	distension.	(D)	Representative	images	of	EMG	activities	from	
trapezius	after	esophageal	distension	(20,	40,	60 mmHg)	in	NERD	rodents	with	or	without	ASIC3	inhibitor	administration.	n = 3	to	9	rats/
group.	Data	was	compared	by	EMG	mean	amplitude	AUC	relative	to	self-	baseline	in	20s	and	expressed	by	mean ± SEM.	*p < .05;	**p < .01;	
***p < .001	for	NERD	compared	with	control	group	at	each	esophageal	distension	pressure.	CON,	control;	NERD,	nonerosive	reflux	disease
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to	be	sensitive	to	mechanical	pressure	as	we	showed	that	
in	 both	 the	 RE	 and	 NERD	 model	 rats,	 the	 visceral	 hy-
persensitivity	to	pressure	distension	could	be	blocked	by	
ASIC	inhibitors	or	intrathecal	silencing	of	the	ASIC	1	and	
3 gene	expressions.

The	contribution	of	ASICs	to	pain	perception	in	GERD,	
an	acid-	related	disorder,	 is	 tantalizing	but	still	unknown.	
Animal	models	using	ASIC3 knockout	mice	have	shown	
altered	acid-	evoked	pain	responses.12,13 There	is	upregula-
tion	 of	 ASIC1a	 in	 DRG	 neurons	 as	 well	 as	 ASIC1	 and	 2	
in	spinal	cord	in	a	rodent	model	of	IBS.24,40	However,	this	
is	the	first	study	to	demonstrate	that	expression	of	ASIC1	
and	3	are	upregulated	in	GERD.	Furthermore,	ASIC1	and	3	
expressions	correlated	positively	with	the	severity	of	symp-
toms	 in	patients	with	GERD.	Although	 the	 increased	ex-
pression	of	ASIC1	and	3	from	esophageal	mucosal	biopsies	
in	our	human	studies	is	most	likely	reflecting	ASIC	expres-
sion	in	epithelial	cells,	it	was	not	feasible	to	measure	ASIC	
expression	in	DRG	neurons	 in	patients.	We	subsequently	
demonstrated	that	RE	and	NERD	groups	in	rodents	have	
higher	expression	of	ASIC-		and	NeuN-	expressing	sensory	
neurons	innervating	the	esophagus	compared	with	control	
rats.	While	we	do	not	know	whether	all	NeuN	positive	neu-
rons	were	projecting	to	the	esophagus,	we	further	observed	
that	 ASIC1	 and	 3	 expressions	 in	 DRG	 neurons	 strongly	
correlated	 with	 ASIC	 expression	 in	 esophageal	 epithe-
lial	cells	in	our	rodent	models	of	GERD.	A	prior	study	by	
Akiba	et	al.	employing	immunofluorescence	demonstrated	
that	ASIC1-	3	were	expressed	in	the	esophageal	epithelium,	
muscularis	mucosa,	as	well	as	in	the	DRGs.31 These	find-
ings	suggest	that	the	increased	expression	of	ASICs	in	the	
esophageal	mucosa	may	be	used	as	a	 surrogate	 to	 reflect	
the	increased	expression	of	ASICs	in	the	DRG	neurons.	As	
such,	upregulation	of	ASIC	expression	 in	 the	esophageal	
mucosa	may	be	a	relevant	marker	of	peripheral	sensitiza-
tion	and	visceral	hypersensitivity	in	GERD.

It	is	of	interest	to	note	that	ASIC3	was	upregulated	in	
patients	with	Crohn's	disease.15 We	demonstrated	that	ex-
pression	of	a	proinflammatory	cytokine,	TNF-	α,	in	esoph-
ageal	mucosa	was	increased	in	animal	models	of	RE	and	
NERD.	This	was	associated	with	the	increased	expression	
of	ASIC1	and	3	in	esophageal-	specific	DRGs.	Prior	stud-
ies	have	demonstrated	that	pro-	inflammatory	mediators,	
such	as	nerve	growth	factor	and	serotonin,	lead	to	the	in-
creased	expression	of	ASIC1a,	ASIC2b,	and	ASIC3	in	the	
DRGs.41,42  While	 these	 data	 suggest	 that	 inflammation	
from	GERD	results	in	increased	ASIC1	and	3	expressions	
in	sensory	neurons	which	may	regulate	central	pain	path-
ways	leading	to	central	sensitization,	further	confirmatory	
studies	detailing	the	effect	of	TNF	inhibition	and	ASIC	ex-
pression	are	required.

We	 then	 performed	 whole	 cell	 patch	 clamp	 studies	
which	 showed	 reduced	 rheobase,	 markedly	 decreased	

action	 potential	 threshold,	 and	 increased	 number	 of	 ac-
tion	 potentials	 in	 esophageal-	specific	 DRG	 neurons	 ob-
tained	 from	 a	 RE	 rodent	 model.	The	 esophagus,	 similar	
to	other	visceral	organs,	receives	dual	sensory	innervation	
from	both	vagal	and	spinal	neurons.43 Vagal	afferent	neu-
rons	have	cell	bodies	in	the	nodose	ganglia	and	likely	are	
sensitive	to	mechanical	distention	but	do	not	play	a	direct	
role	in	nociception.44	In	contrast,	spinal	afferent	neurons	
with	cell	bodies	located	in	the	DRG	are	essential	in	trans-
mission	of	nociception.45	A	rodent	study	using	whole-	cell	
voltage-	clamp	recordings	from	DRG	and	nodose	ganglion	
neurons	innervating	the	stomach	noted	that	acid-	elicited	
currents	were	at	least	partly	gated	by	ASICs.46	In	addition,	
prior	studies	have	demonstrated	that	hyperexcitability	of	
spinal	afferent	neurons	likely	mediate	visceral	hypersen-
sitivity	 in	 GERD.33,35	 However,	 the	 mechanisms	 leading	
to	neuronal	hyperexcitability	remain	unclear.	Our	model	
suggests	that	inflammation	from	GERD	leads	to	upregu-
lation	of	ASIC1	and	3	expression	both	 in	 the	esophagus	
as	well	as	in	esophageal-	specific	DRG	neurons.	This	is	as-
sociated	with	hyperexcitability	of	DRG	neurons	involved	
in	 esophageal	 nociception.	 These	 findings	 may	 explain	
both	peripheral	and	central	sensitization	of	pain	pathways	
leading	to	esophageal	hypersensitivity	which	is	the	most	
consistent	finding	in	GERD.47

To	confirm	the	possibility	that	upregulation	of	ASIC1	
and	3	contributes	to	enhanced	pain	perception	in	GERD,	
we	examined	the	effects	of	specific	inhibitors	of	ASIC1	and	
3,	PcTx1	and	APETx2,	on	esophageal	hyperalgesia.	In	our	
rodent	RE	model,	visceral	hypersensitivity	was	observed	
15  days	 following	 induction	 of	 acid	 reflux.	This	 was	 ac-
companied	by	upregulation	of	ASIC1	and	3	in	the	esopha-
geal	mucosa	and	DRG	neurons	innervating	the	esophagus.	
Intrathecal	administration	of	inhibitors	or	specific	siRNA	
of	ASIC1	and	3	prevented	the	development	of	visceral	hy-
persensitivity	and	normalized	the	VMR	to	esophageal	acid	
perfusion	 as	 well	 as	 ED.	Together,	 these	 data	 show	 that	
peripheral	 inactivation	of	ASIC1	and	3	produces	signifi-
cant	analgesia	in	a	rat	model	of	RE,	and	therefore	support	
the	 involvement	of	ASIC1	and	3-	containing	channels	 in	
visceral	hypersensitivity	in	GERD.

NERD	 represents	 the	 common	 phenotype	 seen	 in	
GERD.	Indeed,	most	of	the	community-	based	GERD	pa-
tients	appear	to	have	NERD,48	but	is	less	responsive	to	PPI	
therapy	 compared	 to	 erosive	 esophagitis.	 Interestingly,	
although	 NERD	 shows	 less	 mucosal	 injury	 induced	 by	
acid	reflux,	these	patients	appear	to	be	less	responsive	to	
proton	pump	inhibitors	as	compared	with	patients	with	
erosive	 esophagitis.4	 In	 addition,	 many	 NERD	 patients	
are	 more	 sensitive	 to	 weak	 acid	 reflux	 than	 those	 with	
erosive	esophagitis,49 suggesting	the	presence	of	visceral	
hypersensitivity	 in	 these	 patients.	This	 is	 confirmed	 by	
our	pain	behavior	studies	using	a	rodent	model	of	NERD.	
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Furthermore,	 we	 showed	 that	 this	 was	 accompanied	
by	an	 increased	expression	of	ASIC3	 in	 the	esophageal	
mucosa	as	well	as	T3–	T5	DRG	neurons	 innervating	 the	
esophagus.	 The	 exaggerated	 pain	 responses	 were	 pre-
vented	by	pretreatment	with	 intrathecal	 injection	of	an	
ASIC3	inhibitor,	APETx-	2,	suggesting	visceral	hypersen-
sitivity	in	NERD	is	mediated	by	upregulation	of	ASIC3.	
It	 is	 conceivable	 that	 acid	 exposure	 disrupts	 intercellu-
lar	 connections	 in	 the	 esophageal	 mucosa,	 producing	
DIS	 and	 increasing	 esophageal	 permeability,	 allowing	
refluxed	acid	to	penetrate	the	submucosa	and	reach	che-
mosensitive	nociceptors	such	as	ASIC3.	Further	studies	
may	 investigate	 whether	 acid	 suppression	 may	 lead	 to	
downregulation	of	ASIC	expression	and	subsequent	nor-
malization	of	neuronal	activity.

While	 our	 study	 demonstrates	 several	 strengths,	 in-
cluding	identification	of	a	novel	pathway	for	visceral	hy-
persensitivity	in	GERD	in	both	animal	models	and	human	
patients,	there	are	limitations	as	well.	First,	human	stud-
ies	were	performed	only	 in	a	Chinese	population.	Given	
the	large	differences	in	the	prevalence	of	GERD	between	
Asian	 and	Western	 countries,	 there	 may	 be	 regional	 dif-
ferences	in	GERD	pathophysiology,	including	dietary,	life-
style,	and	genetics,	that	we	were	not	able	to	demonstrate.	
Secondly,	 while	 we	 used	 common	 rodent	 models	 for	 RE	
and	NERD,	neither	are	perfect	models	with	the	RE	model	
employing	 delayed	 gastric	 emptying	 to	 induce	 GERD	
while	the	NERD	model	is	more	consistent	with	chemical	
esophagitis.	 Development	 of	 animal	 models	 that	 more	
closely	 mirror	 the	 pathophysiology	 of	 GERD	 in	 humans	
is	needed.	Thirdly,	it	is	not	clear	whether	changes	in	ASIC	
expression	 are	 local	 or	 systemic	 phenomena	 in	 GERD.	
Future	studies	may	determine	whether	downregulation	of	
ASIC	expression	by	specific	 inhibitors	may	 improve	out-
comes	in	GERD.

In	 conclusion,	 this	 study	 demonstrated	 that	 symptom	
severity	 and	 esophageal	 inflammation	 in	 patients	 with	
GERD	are	associated	with	upregulation	of	ASIC1	and	3	ex-
pressions.	Similarly,	in	an	animal	model	of	RE	and	NERD,	
we	 also	 showed	 that	 inflammation	 leads	 to	 upregulation	
of	ASIC	expression	in	both	esophageal	mucosa	as	well	as	
esophageal-	specific	DRG	neurons.	Furthermore,	 this	was	
associated	with	hyperexcitability	of	DRG	neurons.	We	fur-
ther	demonstrated	that	in	vivo	knockdown	of	ASIC1	and	3	
expression	or	intrathecal	administration	of	ASIC	inhibitors	
normalized	pain	response	to	esophageal	distention	or	acid	
perfusion.	 Our	 data	 support	 a	 role	 for	 ASICs	 in	 the	 me-
diation	 of	 peripheral	 and	 central	 sensitization	 leading	 to	
visceral	hypersensitivity	which	is	a	key	mechanism	in	the	
pathogenesis	 of	 GERD	 symptoms.	 Identification	 and	 de-
velopment	of	ASIC-	specific	antagonists	may	provide	an	ef-
fective	pharmacological	strategy	for	treating	patients	with	

GERD	who	are	unresponsive	to	conventional	acid	suppres-
sion	therapies.	This	is	especially	important	in	patients	with	
NERD	who	are	less	responsive	to	proton	pump	inhibitors.
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