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Abstract 

The s wallo wing r eflex is a critical component of the digesti v e pr ocess, trigger ed when food or liquids pass fr om the oral 
cavity to the oesophagus. Although adenosine triphosphate (ATP) is inv olv ed in various physiological processes, its 
potential to trigger the s wallo wing reflex has not been fully explored. This study investigated the ability of ATP to induce 
the s wallo wing refle x and e xamined the inv olv ement of the purinor ece ptor P2X3 in this pr ocess. We observ ed that the 
topical application of e xo genous ATP to the superior laryngeal nerve (SLN)-innervated s wallo wing-related regions 
dose-de pendentl y facilitated the triggering of the s wallo wing reflex. P2X3 receptors were predominantly localized on nerve 
fibres within these regions, including intraepithelial and subepithelial nerves and those associated with taste-bud-like 
structures. In the nodose–petrosal–jugular ganglionic complex, approximately 40% of retrogradely traced SLN-afferent 
neur ons expr essed P2X3, with 59% being medium-sized, 30% small, and 11% large. Prior topical application of a P2X3 
antagonist in SLN-innervated, s wallo wing-related regions significantly reduced the number of ATP-induced s wallo wing 
r eflexes. Furthermor e, topical application of a P2X3 r ece ptor a gonist mor e selecti v e than ATP facilitated r eflex triggering in a 
dose-dependent manner. These findings suggest that e xo genous ATP facilitates the triggering of the s wallo wing reflex 

thr ough the acti v ation of P2X3 r ece ptors. This acti v ation excites affer ent neur ons that suppl y peripheral sw allowing-r elated 

r egions, stim ulating the sw allowing central pattern generator to facilitate the reflex. The current findings suggest the 
therapeutic potential of ATP or P2X3 agonists for dysphagia treatment and provide valuable physiological insights into the 
inv olv ement of purinergic signaling in triggering the s wallo wing reflex. 

Submitted: 25 October 2024; Revised: 27 February 2025; Accepted: 27 February 2025 

© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of American Physiological Society. This is an Open Access article distributed under 
the terms of the Cr eati v e Commons Attribution-NonCommercial License ( https://creativecommons.org/licenses/by-nc/4.0/ ), which permits 
non-commer cial re-use , distribution, and r e pr oduction in any medium, pr ovided the original work is pr operl y cited. For commercial r e-use, please 
contact journals.permissions@oup.com 1 

http://www.oxfordjournals.org
mailto:mohammad.zakir.hossain@mdu.ac.jp
mailto:junichi.kitagawa@mdu.ac.jp
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


2 Function , 2025, Vol. 6, No. 2 

Ke y w ords: adenosine triphosphate; s wallo wing reflex; P2X3 receptors; superior laryngeal nerve-afferents; P2X3 agonists; 
nodose–petrosal–jugular ganglionic complex 

art/zqaf010_gra.eps


Hossain et al. 3 

I

T
r
v
y
l  

r
c
u
t
i
t

l
v
p
r
v
i
i
a
r
a
l
i
t
a

 

t
t
c
w
f  

b
l
7
A
p
t
i

t
T
i
r
h
r
t
p
b
m
t

A
t

M

F  

3
i  

m
c

I
N
v
i
a
t
r
d  

V
f
R

S

A
i  

l
e
n  

t  

w
t
s  

r  

t
t
t
t
m
i
s

S

T  

i
w
M
i
o
n
I
i
a
r
n  

c  

E
a  

n
fi  

fi
T  

u
U
1
C
a

w
m
i
e  
ntroduction 

he s wallo wing reflex is crucial for transporting ingested mate- 
ials like food, liquids, and sali v a to the oesophagus while pre- 
 enting their entr y into the r espirator y tract. 1–3 The lar yngophar- 
nx and associated laryngeal regions supplied by the superior 
ar yngeal nerv e (SLN) (a br anc h of the v a gus nerv e) play a pi v otal
ole in triggering the s wallo wing reflex. 1 , 4–6 Applying mechani- 
al and chemical stimuli to the regions or direct electrical stim- 
lation to the SLN triggers the s wallo wing reflex, indicating 
he importance of these regions. 1 , 5–8 These stimuli potentially 
nduce the release of signaling molecules that excite nerves, ini- 
iating the s wallo wing reflex. 5 , 6 

While adenosine triphosphate (ATP) is renowned as a cel- 
ular energy sour ce , it also serves as a signaling molecule in 

arious physiological and pathological processes across multi- 
le systems, including car dio vascular, 9 respiratory, 10 immune, 11 

 enal, 12 gastr ointestinal, 13–15 and central and peripheral ner- 
ous systems. 16–21 Although previous studies have indicated the 
nv olv ement of ATP in triggering the s wallo wing reflex, 5 , 6 , 22 , 23 

nvestigations into the effects of e xo genous ATP in this conte xt 
r e lacking. Neur ological disorders (eg, str oke) and a ging often 

esult in abnormality in the s wallo wing process or delayed initi- 
tion of the s wallo wing reflex, termed oropharyngeal dysphagia, 
eading to aspiration pneumonia caused by food particles enter- 
ng the airways. 24–29 Understanding the ability of ATP to elicit 
he s wallo wing r eflex could aid the dev elopment of therapeutic 
pproaches for oropharyngeal dysphagia. 

The action of ATP relies on purinergic r ece ptor 2 (P2 r ece p-
ors), which can be categorized into P2X and P2Y r ece p- 
or classes. 16 , 17 , 30 P2Y r ece ptors, belonging to the G protein- 
oupled r ece ptor famil y, acti v ate intracellular signaling path- 
 ays thr ough second messengers. Conv ersel y, P2X r ece ptors 

unction as lig and-g ated ion c hannels, r apidl y r esponding to ATP
y facilitating cation influx (eg, Na + and Ca ++ ), impacting cel- 
ular excitability. This receptor class includes 7 subtypes (P2X1- 
), eac h c har acterized by specific distributions and functions. 
mong the P2 r ece ptors, P2X3 is pr edominantl y expr essed in 

eripheral sensory neurons and plays a pivotal role in sensory 
ransmission. 16 , 17 , 30 Hence, it is plausible that P2X3 receptors are 
nv olv ed in ATP-induced s wallo wing reflexes. 

Our previous studies have shown that activation of various 
ransient r ece ptor potential (TRP) c hannels (e g, TRPV1, TRPV4, 
RPA1) 31–33 in the peripheral s wallo wing-related regions facil- 

tated the triggering of s wallo wing reflexes. Although these 
 ece ptors ar e known for transducing v arious sensations (eg, 
eat, pain) from the oral cavity and craniofacial regions, our 
esear c h, along with studies from other groups, has indicated 

hat these r ece ptors in the pharyngeal and laryngeal regions 
lay a role in triggering the s wallo wing reflex. 5 , 6 , 31–35 On the 
asis of these findings, we hypothesize that purinergic r ece ptors 
ay also be inv olv ed in triggering the s wallo wing reflex, similar 

o TRP channels. 
The current study aimed to determine whether e xo genous 

TP can trigger the s wallo wing reflex and investigate the poten- 
ial inv olv ement of P2X3 r ece ptors in mediating this r esponse. 

aterials and Methods 

 ifty-seven male Spr ague Da wle y r ats, w eighing appr oximatel y
00-450 g, were used in this study. The rats were used for 
mm unohistochemistr y ( n = 8), PCR ( n = 2), and the assess-

ent of the s wallo wing reflex ( n = 47). All experimental pro- 
edur es wer e appr ov ed by the Matsumoto Dental Uni v ersity 
ntr amur al Animal Care and Veterinary Science Committee (Ref. 
o. 394). Animals were housed at the Matsumoto Dental Uni- 
ersity animal facility under controlled conditions, maintain- 
ng a temperature of 22 ± 2 ◦C, 40 ± 5% relative humidity, and 

 12-h light/dark cycle. Food and water were provided ad libi- 
um. Our protocols prioritized minimizing animal suffering and 

 educing the n umber of animals used. All experimental proce- 
ur es adher ed to the ARRIVE (Animal Resear c h: Reporting of In
i v o Experiments) guidelines esta b lished by the National Centre 

or the Replacement, Refinement, and Reduction of Animals in 

esear c h. 

urgery 

fter inducing urethane anaesthesia (1.0-1.5 g/kg, administered 

ntr aperitoneally), the r ats w ere positioned supine , and a mid-
ine incision was made on the ventral surface of the neck to 
xpose the tr ac hea. To sustain respir ation, a custom-made can- 
 ula w as delicatel y inserted into the tr ac hea. A small se gment of

he ventr al tr ac hea w as surgicall y r emov ed to create a delivery
indow for solutions. The bilateral SLNs were preserved, while 

he pharyngeal (IX-ph) and lingual (IX-li) br anc hes of the glos- 
ophar yngeal nerv e , as w ell as the pharyngeal (X-ph) and recur-
 ent lar yngeal (RLN) br anc hes of the v a gus nerv e , w ere bilater ally
ransected. This meticulous dissection was designed to focus on 

he SLNs and pr ev ent any influence of non-SLN components on 

he triggering of the s wallo wing reflex. In a separate experiment, 
he bilateral SLNs were also transected, along with the afore- 

entioned nerves, to confirm whether the SLNs are involved 

n triggering the s wallo wing reflex in this study’s experimental 
etup. 

wallowing Reflex Recording 

o identify the s wallo wing reflex, electrom y ogr am (EMG) activ-
ty of the m ylohy oid muscle was recorded using bipolar fine 

ir e electr odes (stainless-steel and ur ethane-coated; Unique 
edical Co., Ltd., Tokyo, Japan) . 31–33 , 36 During reflex trigger- 

ng, high-amplitude EMG activity was observed in the mylohy- 
id muscle, with each high-amplitude event in the EMG sig- 
al corresponding to one instance of the s wallo wing reflex. 

dentification of triggered s wallo wing reflexes involved assess- 
ng the high-amplitude EMG signals of the m ylohy oid muscle 
nd visual c hec king of lar yngeal mov ements associated with 

eflex initiation. 31–33 , 36 Examiners utilized a loudspeaker con- 
ected to the EMG signal to aid in observing m ylohy oid mus-
le firing. In some r ats, respir atory c hest movements and the
MG activity of the rectus abdominis muscle were also recorded 

longside the m ylohy oid m uscle acti vity. The r ectus a bdomi-
is EMG activity was recorded using the same type of bipolar 
ne wir e electr odes. The EMG signals wer e filter ed and ampli-
ed using a bioelectric amplifier (MEG-5200, Nihon Kohden, 
ok yo, J apan). Respirator y chest mov ements wer e measur ed
sing a piezoelectric transducer (ADInstruments, Inc., Colorado, 
SA). All signals were acquired and digitized using a Power 
401 data acquisition system (Cambridge Electronic Design Ltd., 
ambridge, UK) and stored on a hard dri v e for subsequent 
nalysis. 

Recording the activity of one or more muscles associated 

ith s wallo wing has been widely adopted as a standardized 

ethod for identifying the s wallo wing reflex. Previous studies, 
ncluding those from our group, have utilized high-amplitude 
lectrom y ogr aphic (EMG) activity in the m ylohy oid muscle ,



4 Function , 2025, Vol. 6, No. 2 

a  

a  

h  

d  

t  

r  

m  

c  

U  

i  

f  

p  

d  

t  

t  

w  

a  

m  

a  

n  

i  

o  

t  

g  

c  

s  

m  

r

S

T  

s  

a  

s  

t  

T  

(  

c  

t  

g  

a  

i  

o  

n  

t  

w  

r  

d  

t  

a  

s  

2

P

T  

2
C  

e  

c  

d  

8  

B  

o  

r  

P  

T

P

T  

c  

M  

C  

r  

(  

A  

v  

s  

a  

i  

s

L

I  

(  

A  

w  

r  

l

I
S

D  

s  

s  

4  

i  

q  

T  

F  

2
 

s  

t  

t  

a  

A  

t  

a  

T  

t  

p  

c  

T  

i  

O

R

T  

p  

g  

T  

s  
long with visual observation of laryngeal movements, to reli-
 b l y identify the reflex. 7 , 31–33 , 36–40 To further confirm that the
igh-amplitude EMG bursts observed in the m ylohy oid muscle
uring our experiments r e pr esented sw allowing r eflexes rather
han coughing or other airway defense reflexes, we recorded
 espirator y chest movements and EMG activity from both the
 ylohy oid and rectus abdominis muscles (the latter being asso-

iated with the cough reflex 41 ) in certain rats ( Figure S1 A and B).
pon ATP administration, r e petiti v e high-amplitude EMG bursts

n the m ylohy oid muscle were observed within a short time-
r ame , accompanied by a period of complete cessation of res-
iration (apnoea) ( Figure S1 B). Importantly, no EMG activity was
etected in the rectus abdominis muscle. The absence of respira-
ory chest movements and rectus abdominis activity confirmed
hat the high-amplitude EMG bursts in the m ylohy oid muscle
er e attributa b le to sw allowing r eflexes rather than coughing,

s the cough reflex is typically associated with chest move-
ents involving inspiration followed by forceful expiration and

cti v ation of abdominal muscles, including the rectus abdomi-
is. 41 , 42 As respiration graduall y r esumed following the trigger-

ng of these r e peated r eflexes, subsequent sw allowing r eflexes
ccurred at progressively longer intervals, again without rec-
us abdominis activity. Following saline administration, a sin-
le s wallo wing r eflex w as induced, accompanied by a v er y brief
essation of respiration ( Figure S1 A). These observations further
upport that the high-amplitude EMG bursts in the m ylohy oid
uscle following ATP application were indicative of s wallo wing

eflexes. 

timulating Solutions 

he stimulating solutions employed in the experiment included
aline (NaCl 0.9%, Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan)
nd various concentrations of ATP disodium salt (Tocris Bio-
cience, Bristol, UK; 0.5, 1, 10, 20, and 50 m m ). A 50 m m stock solu-
ion of ATP disodium salt was prepared by dissolving it in saline.
he pH of the stock solution was adjusted to match that of saline

appr oximatel y pH 6) by adding sodium hydroxide. Other con-
entr ations of ATP w er e pr e par ed by diluting the stock solu-
ion with saline. The tonicity of the solutions is unlikely to vary
r eatl y, as they were diluted in saline, and the osmolarity of ATP
t the aforementioned concentrations is relatively low, accord-
ng to a previous study that measured the osmolarity of vari-
us ATP concentrations. 43 A syringe equipped with a 21-gauge
eedle (blunt tip) was utilized to administer the solutions to
he SLN-innerv ated sw allowing-r elated r e gions. Eac h solution
 as administer ed in a volume of 50 μL. Subsequentl y, r eflex
 esponses wer e r ecorded for a duration of 1 min following each
eli v er y. A 2-3-min interval was observed between the adminis-
rations of different solutions. The administered solutions were
spirated during this interval, and the regions were rinsed with
aline. All solutions were administered at room temperature (22-
4 ◦C). 

2X3 Antagonist 

his study used Gefapixant (5-[(2,4-diamino-5-p yrimidin yl)oxy]-
-methoxy-4-(1-meth yleth yl)-benzenesulfonamide); Med- 
hemExpress, New Jersey, USA) as a P2X3 antagonist. The
fficacy of Gefapixant for this purpose has been pr eviousl y
onfirmed. 44–48 Gefapixant was prepared by dissolving it in 3%
imethyl sulfoxide (Sigma-Aldrich, St. Louis, MO) and 1% Tween
0 (Sigma-Aldrich, St. Louis, MO), followed by dilution in saline.
efore administering ATP solutions, either the P2X3 antagonist
r its vehicle was instilled into the SLN-innervated s wallo wing-
 elated r e gion for 15 min then aspir ated. The vehicle for the
2X3 antagonist consisted of a solution of dimethyl sulfoxide,
ween 80, and saline. 

2X3 Agonist 

o investigate whether activation of P2X3 receptors is suffi-
ient to trigger s wallo wing reflexes, α, β-methylene ATP ( α, β-
ethyleneadenosine 5’-triphosphate trisodium salt; Cayman
hemical, Michigan, USA), a more selective agonist for P2X3
 ece ptors compar ed to ATP, was used. Various concentrations
0.5, 1, 10, and 20 m m ) were tested. The efficacy of α, β-methylene
TP in acti v ating P2X3 r ece ptors has been demonstrated in pr e-
ious studies. 49–51 A 20 m m stock solution was prepared by dis-
olving the compound in saline, and the pH was adjusted to
ppr oximatel y 6 (matching that of saline) using sodium hydrox-
de . Low er concentr ations w er e pr e par ed by diluting the stock
olution with saline. 

idocaine 

n an experiment, a local anaesthetic, 2% lidocaine (2-
Dieth ylamino)-N-(2,6-dimeth ylphen yl) acetamide Xylocaine;
straZeneca Ltd., Osaka, Japan) was topically applied to assess
hether the sensory nerves of the SLN-innervated, s wallo wing-
 elated r egion ar e inv olv ed in triggering the ATP-induced sw al-
owing reflex in the experimental setup of this study. 

mm unohistoc hemistry of SLN-innerv a ted Peripher al 
wallo wing-Rela ted Regions 

ee pl y anaesthetized r ats underw ent tr anscardial perfu-
ion with saline followed by 4% par aformaldehyde . The
 wallo wing-related re gions w ere dissected then immersed in
% paraformaldehyde for 1 h. The specimens were subsequently
ncubated in 30% sucrose until fully submerged to ensure ade-
uate cr yopr otection. The samples were then embedded in
issue-Tek Optimal Cutting Temperature Compound (Sakura
 inetek, Toky o, Japan) and sectioned in the sagittal plane (8 or
5 μm) before being mounted on glass slides. 

The sections underwent incubation with 5% normal goat
erum in 0.01 M phosphate-buffered saline containing 0.3% Tri-
on X-100 for 1 h to minimize nonspecific binding. Subsequently,
he sections were exposed to rabbit monoclonal anti-P2X3
ntibodies (1:300 dilution; Cat# ab300493; RRID: AB 2 941 895;
bcam, Cambridge, UK) at 4 ◦C o vernight, follo wed by incuba-

ion with a fluorescent dye-conjugated secondary antibody (Goat
nti-rabbit Alexa Fluor 594; Cat# A-11037; RRID: AB 2 534 095;
hermo Fisher Scientific, Waltham, MA, USA) for 2 h at room

emper ature . Sections w ere then treated with 4,6-diamidino-2-
henylindole (DAPI) for 10 min to visualize cell nuclei. Finally,
ov erslips wer e applied using a mounting medium (PermaFluor;
hermo Fisher Scientific), and the specimens were exam-

ned utilizing fluorescence microscopy (BZ-X700; Keyence Corp.,
saka, Japan). 

e verse Tr anscription Pol ymer ase Chain Reaction 

otal ribonucleic acid (RNA) was extracted from the nodose–
etrosal–jugular ganglionic complex (NPJc) and trigeminal
anglia (TG) using a NucleoSpin 

R © RNA kit (Macher ey-Na gel;
akara Bio Inc., Shiga, Japan). Subsequently, cDNA was synthe-
ized using SuperScript IV (VILO Master Mix with ezDNase TM ,

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
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Table 1. Cell Size Distribution of Fluorogold-Stained and Non-Fluorogold-Stained P2X3 Immunoreactive Neurons in the NPJc. 

Small ( < 600 μm 

2 ) Medium (600-1200 μm 

2 ) Large ( > 1200 μm 

2 ) 

FG-stained 
Non-FG- 
stained FG-stained 

Non-FG- 
stained FG-stained 

Non-FG- 
stained 

NG 28.21% 

(101/358) 
36.96% 

(119/322) 
60.62% 

(217/358) 
53.73% 

(173/322) 
11.17% 

(40/358) 
9.32% 

(30/322) 
PG 29.63% 

(8/27) 
46.16% 

(337/730) 
40.74% 

(11/27) 
40.74% 

(341/730) 
29.63% 

(8/27) 
7.12% 

(52/730) 
JG 43.18% 

(19/44) 
50.00% 

(185/370) 
54.55% 

(24/44) 
42.70% 

(158/370) 
2.27% 

(1/44) 
7.30% 

(27/370) 
NPJc 29.84% 

(128/429) 
45.08% 

(641/1422) 
58.74% 

(252/429) 
47.26% 

(672/1422) 
11.42% 

(49/429) 
7.67% 

(109/1422) 

All data were obtained from 45 sections (3 sections/ganglion/rat) n = 5. The numbers in parentheses indicate the numbers of neurons analyzed. NG, nodose ganglion; 
PG, petrosal ganglion; JG, jugular ganglion; NPJc, nodose–petrosal–jugular ganglionic complex. 
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hermo Fisher Scientific). PCR was conducted with specific 
rimer sets employing TaKaRa Ex Taq 

R © (Takara Bio Inc., 
higa, Japan). The primer sequences used were as follows: 
or P2X3, forward 5 ′ -CTGGCTA CAA CTTCA GGTTT-3 ′ , r ev erse 5 ′ - 
C ACCTCCTC AAACTTCCTG-3 ′ (product size 258 bp) was used; 

or β-actin , forward 5 ′ -A GA CTTCGA GCAA GA GATGG-3 ′ , r ev erse
 

′ -A GGAA GGAA GGCTGGAA GA G-3 ′ (product size 138 bp) was 
sed. β-actin served as the reference gene. The PCR products 
ere assessed by 2% agarose gel electrophoresis in 0.5% Tris- 
or ate-ethylenediaminetetr aacetic acid buffer and visualized 

ost-staining with an ethidium bromide solution. 

mm unohistoc hemistry of the NPJc 

luor ogold (FG) w as employed to trace SLN-afferent neurons in 

he NPJc r etr ogradel y. The right-sided SLN w as isolated and tran- 
ected at its entry to the th yroh y oid membr ane under pento- 
arbital anaesthesia. Subsequently, the SLN was inserted into a 
mall tube filled with 4% FG. Then, 5 to 7 days post-FG incor- 
oration, dee pl y anaesthetized r ats underw ent tr anscardial per- 
usion with saline followed by 4% paraformaldehyde. Each gan- 
lion in the right-sided NPJc was identified based on its anatom- 
cal location and r elati v e position. The nodose ganglion was dis- 
inguished by its attachment to the main trunk of the v a gus 
erve, oriented to war d the thorax. The jugular ganglion was 

ocated in the direction of the brainstem, opposite to the main 

 a gus nerv e trunk, while the petr osal ganglion w as positioned 

etween these 2 structures. To maintain proper anatomical ori- 
ntation during embedding, the NPJc was excised along with a 
mall segment of the main v a gus nerv e trunk. The excised tis- 
ue was immersed in 4% paraformaldehyde for fixation, trans- 
erred to 30% sucrose for cryoprotection until it sank, and sub- 
equently embedded in Tissue-Tek O.C.T. Compound (Sakura 
inetek), preserving its anatomical position and orientation. The 
issue was sectioned at a thickness of 16 μm, and the sections 
ere mounted onto glass slides. These pr e parations ena b led the 

dentification of each ganglion after sectioning based on their 
 elati v e anatomical positions within the NPJc. 

Sections underwent incubation in 0.01 M phosphate- 
uffered saline containing 5% normal goat serum and 0.3% Tri- 
on X-100 for 30 min to minimize nonspecific binding. The sec- 
ions were then incubated with rabbit monoclonal anti-P2X3 
ntibodies (1:2000 dilution; Cat# ab300493; RRID: AB 2 941 895; 
bcam, Cambridge, UK) at room temperature, followed by incu- 
ation with a secondary antibody (Goat anti-rabbit Alexa Fluor 
94; Cat# A-11037; RRID: AB 2 534 095; Thermo Fisher Scientific). 
he sections were then coverslipped and viewed by fluores- 
ence microscopy (BZ-X700; Keyence Corp.). Immunoreactive 
ells were quantified using ImageJ software (NIH, Bethesda, MD), 
nd only cells containing nuclei were included in the analysis. 
ells wer e consider ed imm uno-positi v e if the intensity of stain-

ng exceeded 2-fold the background level of the negative control. 
ositi v e and negati v e contr ol slides ( Figur e S2 ) for P2X3 antibody
ere used as references to distinguish imm uno-positi v e fr om 

mm uno-negati v e neur ons. The sections exhibiting the highest 
umber of FG-stained cells were selected for counting. A total of 
ine sections were chosen from each rat (3 sections/ganglion). 
o pr ev ent the same neur on fr om being counted twice acr oss
ultiple sections, a minimum gap of 100 μm was maintained 

etween the selected sections. Additionally, the resear c her care- 
ully examined the selected sections to ensure that the same 
eur ons wer e not observ ed acr oss differ ent sections. On av er-
ge, 212.20 ± 45.01 (mean ± SD) FG-stained cells were counted 

er animal in the NPJc. 
Ima geJ softw ar e w as utilized to measur e the cell body area

f neurons expressing P2X3, both with and without FG stain- 
ng. A cell area > 1200 μm 

2 was classified as large, that of 600-
200 μm 

2 was classified as medium, and that of < 600 μm 

2 

as classified as small ( Table 1 ). This classification system was 
dopted from previous studies analyzing P2X3 expression in the 
uman nodose ganglia, 52 rat dorsal root ganglia, 53 and TG. 54 

lthough neuronal sizes may v ar y acr oss ganglia and species, 
he broad size ranges used for classification help mitigate the 
mpact of inter-ganglionic and interspecies differences on cat- 
gorization. The researcher measuring the area of the positive 
eur ons w as b linded to the final outcomes during measuring, 
nsuring unbiased measuring. Due to the v ar ying shapes, sizes, 
nd orientations of neurons within the ganglionic complex, it 
 as not feasib le to ensur e that all neur ons wer e sectioned pr e-

isel y thr ough their centers. Consequentl y, some measur ement 
rr ors wer e unav oida b le. Howev er, to minimize inaccuracies,
nl y neur ons containing n uclei wer e included in the anal ysis.
dditionall y, potential measur ement err ors ar e unlikel y to sig-
ificantly affect neuronal classification, as categorization was 
ased on broad size ranges (eg, 600-1200 μm 

2 for medium-sized 

eurons). 
Because P2X3 is localized in TG, 55–58 TG sections were utilized 

s a positi v e contr ol for the anti-P2X3 antibody ( Figure S2 ). As a
egati v e contr ol, the sections wer e incubated with a uni v ersal
egati v e contr ol r ea gent (Cat. # ADI-950-231-0025; Enzo Life Sci-
nces, Inc., Farmingdale, NY) instead of the primary antibody 
 Figure S2 ). 

https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
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ata and Statistical Analysis 

w allowing r eflexes trigger ed by stim ulating solutions wer e
ounted for 60 s. For statistical analysis, data underwent nor-
ality and equal variance tests to determine the appropri-

te test type, whether parametric or non-parametric. A one-
 ay r e peated measur es anal ysis of v ariance (ANOVA), followed
 y Tuke y’s test, was used to compare the number of swal-

owing r eflexes trigger ed by differ ent concentrations of ATP,
, β-methylene ATP, and the reflexes with and without prior
pplication of the P2X3 antagonist or its vehicle. A paired t-
est was employed to compare the numbers of ATP-triggered
 wallo wing reflexes with and without prior application of lido-
aine or transection of SLNs. A P -value < .05 was consid-
r ed statisticall y significant. The data ar e pr esented as the
ean ± standard deviation (SD). Statistical analyses were con-

ucted using Sigmaplot softw ar e (v ersion 14.0; Systat Softw ar e
nc., San Jose, CA). Column graphs with individual data points
er e cr eated using GraphPad Prism Softw ar e (v ersion 10.2;
an Diego, CA). 

esults 

opical Application of ATP Dose-Dependently 

acilitated Triggering of the Swallowing Reflex 

e initiated our investigation by assessing the potential of
 xo genous ATP administration in peripheral s wallo wing-related
egions to induce the s wallo wing reflex. Various concentrations
f ATP disodium salt diluted in saline wer e topicall y applied to
he SLN-innervated s wallo wing-related regions. Saline admin-
stration elicited only 1 or 2 s wallo wing reflexes per adminis-
r ation ( F igure 1 A and B). The administration of ATP resulted in
he triggering of s wallo wing reflexes in a dose-dependent man-
er. Nota b l y, the highest n umber of r eflexes w as observ ed with
 concentration of 20 m m ATP (33.00 ± 7.57) ( Figure 1 B). Increas-
ng the ATP concentration to 50 m m did not trigger more reflexes
31.86 ± 8.61). The numbers of s wallo wing reflexes triggered at
0 and 50 m m ATP concentrations were significantly higher than
hose triggered by 0.5, 1, 10 m m ATP, and saline ( Figure 1 B). Addi-
ionally, the number of s wallo wing reflexes triggered at 10 m m
 as significantl y higher than the n umber trigger ed by 0.5, 1 m m
TP, and saline ( Figure 1 B). 

n ATP Receptor, P2X3, Was Expressed on Nerves 
nnerv a ting the Peripheral Swallowing-Related Regions 

ext, we investigated the presence of an ATP r ece ptor,
2X3, within the SLN-innervated peripheral s wallo wing-related
egions. We observed P2X3 expression on nerve fibres within
hese re gions ( F igure 2 A to J). P2X3-expressed nerve fibres were
etected in both intra- and sub-e pithelial ar eas. In the intraep-

thelial areas, these fibres traversed between epithelial cells,
ften extending near to the surface of the epithelial layer. Within
he sube pithelial ar eas, P2X3 expr ession w as observ ed on both
hin and thick nerve fibres. Moreover, P2X3 expression was
oted on nerve fibres supplying taste-bud-like structures. Both

ntrag emmal and subg emmal nerv e fibr es within these struc-
ures exhibited P2X3 expression. Additionally, P2X3 expression
 as observ ed on subgemmal neurogenous plaques associated

ith taste-bud-like structures. 
2X3 Expression on SLN-afferent Neurons in the NPJc 

e also explored the localization of P2X3 in the NPJc,
here the cell bodies of SLN-affer ent neur ons ar e sit-
ated. Utilizing FG, a r etr ogr ade tr acer, w e tr aced SLN-
ffer ent neur ons in the NPJc ( Figur e 3 A-C). Our r esults
howed that P2X3 w as expr essed in appr oximatel y 50% of
G-la belled SLN-affer ent neur ons in the nodose ganglion.
n contrast, its expression was observed in about 20% of
LN-affer ent neur ons in the petr osal and jugular ganglia.
cross the entire NPJc, P2X3 expression was approximately
0% ( Figure 3 C). Additionally, P2X3 mRNA was detected
n the NPJc using r ev erse transcription pol ymer ase c hain
 eaction (RT-PCR) ( Figur e 3 D). Anal ysis of the ar eas of FG-
tained, P2X3-expr essing SLN-affer ent neur ons ( Figur e
 A-D) r ev ealed that 58.74% were medium-sized, 29.84%
ere small-sized, and 11.42% were large-sized across the

ntire NPJc ( Table 1 ). In comparison, among non-FG-stained
2X3-expr essing neur ons ( Figur e 4 A-D), 47.26% wer e medium-
ized, 45.08% were small-sized, and 7.67% were large-sized
 Ta b le 1 ). 

 P2X3 Antagonist Significantly Reduced the Number 
f ATP-induced Swallowing Reflexes 

i v en our identification of the ATP r ece ptor P2X3 in the
 wallo wing-related regions, our subsequent inquiry aimed to
scertain whether a P2X3 antagonist could mitigate the num-
er of ATP-induced s wallo wing reflexes. Various concentra-
ions of a P2X3 antagonist, Gefapixant, were administered into
he s wallo wing-related regions 15 min before ATP adminis-
ration. For this investigation, we employed ATP at a con-
entration of 20 m m , as this concentration elicited the high-
st number of triggered reflexes. Additionally, we assessed
he effect of the vehicle for Gefapixant (vehicle for the high-
st concentration of Gefapixant used in this study). The find-
ngs demonstrated that the P2X3 antagonist at concentrations
f 10, 20, and 50 m m significantly reduced the number of
 wallo wing reflexes induced by 20 m m ATP ( Figure 5 A and
). Conv ersel y, the v ehicle for Gefapixant showed no signifi-
ant effect on the number of ATP-induced s wallo wing reflexes
 Figure 5 A and B). Furthermore, the P2X3 antagonist at a con-
entration of 1 m m also exhibited no significant effect on the
umber of ATP-induced s wallo wing reflexes ( Figure 5 A and
). 

opical Application of a More Selecti v e P2X3 Agonist, 
ompared to ATP, Facilitated the Triggering of 
wallowing Reflex in a Dose-Dependent Manner 

o investigate whether activation of P2X3 is sufficient to trigger
he s wallo wing r eflex, v arious concentrations of a mor e selecti v e
2X3 agonist, α, β-methylene ATP, were topically administered
o the SLN-innervated s wallo wing-related regions. Similar to
 TP, α, β-methylene A TP induced s wallo wing reflexes in a dose-
ependent manner ( Figure 6 A and B). The highest number of
eflexes (21.60 ± 2.97) was observed at a concentration of 10 m m
, β-methylene ATP. The numbers of s wallo wing reflexes trig-
ered at α, β-methylene ATP concentrations of 5, 10, and 20 m m
er e significantl y higher than those trigger ed by 0.5, 1 m m ATP,

nd saline ( Figure 6 B). 
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Figure 1. Dose-dependent facilitation of s wallo wing reflexes upon topical application of adenosine triphosphate (ATP). (A) Swallowing reflexes depicted by electrom y o- 

gram (EMG) activities of mylohyoid muscle triggered by saline and various ATP concentrations, with black arrowheads denoting the onset of stimulating solution 
deli v er y. (B) Comparison of the number of s wallo wing reflexes triggered by saline and different ATP concentrations. Statistical analysis was conducted by one-way 
r e peated measur es ANOVA followed b y Tuke y’s test ( n = 7). The n umber of trigger ed sw allowing r eflexes w as counted for 60 s post-application of the stim ulating 

solutions. Data are represented as the mean ± SD, with individual data points depicted by circles in the column graph. S, seconds. 
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Figure 2. P2X3 expression was observed on nerve fibres within the s wallo wing-related regions. (A) A schematic illustrates the superior laryngeal nerve (SLN)-innervated 

peripheral s wallo wing-related regions. Rectangles with arrows and letters indicate the areas where the photomicrogr aphs w ere captured. Photomicrogr aphs depict 
P2X3 (red) localization in the (B) vestibular fold (Ve F), (C) epiglottis (EP), (D) laryngopharyngeal wall, (E) cervical oesophagus (ES), (F and G) epiglottic vallecula (EV), and 
(H-J) taste bud-like structures. In the images, small white arrowheads highlight examples of intraepithelial nerve fibres running between epithelial cells expressing 
P2X3, often reaching near the surface of the epithelium. Thick white arrows indicate examples of thick nerves expressing P2X3. Small yellow arrowheads denote 

examples of intragemmal nerve fibres in taste buds expressing P2X3, while curved white arrows illustrate subgemmal nerve fibres in taste buds expressing P2X3. Long 
yello w arro ws demonstrate e xamples of subgemmal neuro genous plaques in taste buds e xpressing P2X3. P2X3 e xpr ession in peripheral sw allowing-r elated r egions 
w as anal yzed in 3 rats. The photomicr ographs ar e r e pr esentati v e ima ges. Scale bars = 50 μm. LAR, lar ynx; T, tongue. 

art/zqaf010_f2.eps
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Figure 3. Localization of P2X3 on superior lar yngeal nerv e (SLN)-affer ent neur ons in the nodose–petrosal–jugular ganglionic complex (NPJc). (A) Expression of P2X3 
in the nodose ganglion (NG), petrosal ganglion (PG), and jugular ganglion (JG). White arrows indicate cells that were positive for fluorogold (FG) and P2X3. White 
arrowheads indicate cells that were positive for FG but negative for P2X3. Scale bars = 100 μm. (B) The percentage of FG-stained, P2X3-positi v e , or P2X3-ne gati v e 
cells/animal. Data are presented as mean ± SD n = 5. Sections exhibiting the highest number of FG-stained cells were selected for cell counting, with 9 sections used 

from each rat (3 sections per ganglion). Circles in the column graph r e pr esent indi vidual data points for each animal. (C) Percentage of FG-stained, P2X3-positive, or 
P2X3-negati v e cells in the NG, PG, JG, and NPJc. FG( + )/P2X3( + ), FG-stained cells imm unopositi v e for P2X3; FG( + )/P2X3( −), FG-stained cells imm unonegati v e for P2X3. (D) 
P2X3 mRNA in NPJc and trigeminal ganglion (TG). Two rats were used for reverse transcription polymerase chain reaction (RT-PCR). TG was used as a positive control. 
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Figure 4. P2X3-positi v e cell size in the nodose–petrosal–jugular ganglionic complex (NPJc). (A) Size (area) distribution of fluorogold (FG)-stained and non-FG-stained 

P2X3-positi v e cells in the nodose ganglion (NG). (B) Size (area) distribution of FG-stained and non-FG-stained P2X3-positi v e cells in the petrosal ganglion (PG). (C) 
Size (area) distribution of FG-stained and non-FG-stained P2X3-positive cells in the jugular ganglion (JG). (D) Size (area) distribution of FG-stained and non-FG-stained 
P2X3-positi v e cells in the whole NPJc. FG( + )/P2X3( + ), FG-stained cells imm unopositi v e for P2X3; FG(-)/P2X3( + ), non-FG-stained cells imm unopositi v e for P2X3; n = 5. 
Nine sections were used from each rat (3 sections/ganglion). 

art/zqaf010_f4.eps


Hossain et al. 11 

Figure 5. The impact of topical application of Gefapixant, a P2X3 antagonist, prior to adenosine triphosphate (ATP) application, on the number of ATP-triggered 
s wallo wing reflexes. (A) Swallowing reflexes triggered by ATP 20 m m after prior topical application of various concentrations of the P2X3 antagonist or vehicle for 

the antagonist, with black arrowheads indicating the onset of stimulating solution delivery. (B) Comparison of the numbers of s wallo wing reflexes triggered by ATP 
20 m m with and without prior application of various concentrations of the P2X3 antagonist or vehicle. Statistical analysis was conducted by one-way repeated measures 
ANOVA followed b y Tuke y’s test ( n = 5-7 for each gr oup). The n umber of trigger ed sw allowing r eflexes w as counted for 60 s post-application of the stimulating solutions. 

Data are depicted as the mean ± SD, with individual data points represented by circles in the column graph. S, seconds. 
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Figure 6. Topical application of α, β-methylene adenosine triphosphate (ATP) triggered s wallo wing reflexes in a dose-dependent manner. (A) Swallowing reflexes 
depicted by electrom y ogr am (EMG) activities of m ylohy oid muscle triggered by saline and various α, β-methylene ATP concentrations, with black arrowheads denoting 
the onset of stimulating solution deli v er y. (B) Comparison of the number of s wallo wing reflexes triggered by saline and different α, β-methylene ATP concentrations. 

Statistical analysis was conducted by one-way repeated measures ANOVA followed by Tukey’s test ( n = 5). The number of triggered s wallo wing reflexes was counted 
for 60 s post-application of the stimulating solutions. Data are represented as the mean ± SD, with individual data points depicted by circles in the column graph. S, 
seconds. 
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opical Administr a tion of Local Anaesthetic or Bila ter al 
LN-transection Prior to ATP Completely Abolished the 
riggering of the Swallowing Reflex 

e administered a local anaesthetic (2% lidocaine) 3 min before 
TP application in the s wallo wing-related regions to confirm 

hat ATP triggered s wallo wing reflexes by excitation of the affer- 
nt nerves of the regions. The local anaesthetic application com- 
letel y b locked the triggering of the sw allowing r eflexes by ATP 
 Figure 7 A and B). Notably, no apnoea was observed following 
TP application ( Figure S3A ). 

Additionally, we transected bilateral SLNs before admin- 
stering ATP into the s wallo wing-related regions to ascertain 

hether the s wallo wing r eflexes trigger ed b y ATP in v olv ed the
LN afferents. Following the transection of the SLNs, no swal- 

owing reflexes were triggered by ATP administration ( Figure 7 A 

nd C). Consistent with the lidocaine application, no apnoea was 
bserved following ATP application ( Figure S3B ). 

iscussion 

o the best of our knowledge, this study presents the first evi- 
ence of the ability of e xo genous ATP to facilitate the trigger- 

ng of the s wallo wing reflex. We observed a dose-dependent 
nduction of s wallo wing reflexes upon topical application of 
 xo genous ATP into the SLN-innervated peripheral s wallo wing- 
 elated r egions. To elucidate the r ece ptors underl ying ATP- 
nduced facilitation of the s wallo wing reflex, we investigated 

he expression of an ionotropic ATP receptor, P2X3, in these 
egions. While ATP can activate various purinergic receptors, our 
ocus on P2X3 stems from its reported predominant expression 

n peripheral sensory nerves. 16 , 17 , 30 , 59 , 60 Consistent with this 
ocus, our observ ations r ev ealed P2X3 expression on nerve fibres 
uppl ying the sw allowing-r elated r egions. Specificall y, P2X3 
xpr ession w as noted on nerv e fibr es innerv ating the e pithe-
ium of these regions, traversing between epithelial cells to war d 

he epithelial surface. Sub-epithelial nerve fibres and those sup- 
lying taste bud-like structures also exhibited P2X3 expression. 
hese findings align with earlier r e ports of P2X3 expression 

n the rat larynx 59 and trachea 60 where P2X3-immunoreactive 
 amified intr ae pithelial nerv e endings, as well as sube pithe- 
ial nerv es wer e identified. The ramified endings in that study 
xhibited a beaded, rounded, or flat morphology, similar to our 
ndings. Mor eov er, P2X3 imm unor eacti vity has been r e ported 

n nerve fibers within the pharyngeal mucosa of rats 61 and 

n nerve fibers supplying the laryngeal taste bud-like struc- 
ur es acr oss m ultiple species, including rats, mice, monkeys, 
nd humans. 59 , 62 Gi v en the pr edominant localization of P2X3 on 

erve fibers in regions related to the triggering of the s wallo wing 
 eflex, this r ece ptor is a plausib le and compelling candidate for 

ediating ATP-induced facilitation of this reflex. Accordingly, 
ur study specifically aimed to investigate whether P2X3 recep- 
ors contribute to ATP-induced s wallo wing reflex facilitation. 

Additionall y, we inv estigated P2X3 expr ession on SLN- 
fferents traced into the NPJc using a r etr ogr ade tr acer fluo- 
 ogold. Appr oximatel y 50% of the SLN-afferent neurons in the 
odose ganglion were found to express P2X3, compared to 
round 20% in the petrosal and jugular ganglia. These find- 
ngs suggest that P2X3-expressing SLN-afferent neurons in the 
odose ganglion may play a more significant role in ATP-induced 

 wallo wing reflexes. To further c har acterize , w e classified the 
2X3-neurons based on their sizes, as neuron size may provide 
nsights into their functional properties. Our analysis revealed 

hat P2X3 was localized to cell bodies of various sizes within 
he NPJc, with a predominant distribution in medium- to small- 
ized neurons for both FG-stained and non-FG-stained P2X3- 
xpressing populations ( Table 1 ). These findings align with pre- 
ious studies examining P2X3 expression in the nodose, jugu- 
ar, trigeminal, and dorsal root ganglia. 52–54 , 58 , 63–65 For instance, 
 study on human cadavers investigating P2X3 expression in 

he entire nodose ganglion reported that most P2X3-expressing 
eur ons wer e medium- to small-sized. 52 Similar r esults wer e 
bserved in studies focusing on rat nodose, 65 trigeminal, 54 , 58 

nd dorsal root ganglia. 53 , 64 Furthermore, a study in rat pups 
nalyzed P2X3 expression on retrogradely traced SLN-afferent 
eurons within the nodose and jugular ganglia. 63 While that 
tudy did not explicitly categorize neurons by size (eg, small, 
edium, or large), its size-distribution analysis demonstrated 

hat most P2X3-expr essing SLN-affer ent neur ons fall within 

he medium- to small-size r ange . Mor eov er, the same study
 e ported that intralar yngeal ATP application induced a period 

f apnoea, which is consistent with our findings ( Figure S1 ). 
owever, unlike our observations, the study did not record con- 
omitant s wallo wing muscle activity. In our experiments, this 
pnoea was accompanied by repeated triggering of the s wallo w- 
ng reflexes, as evidenced by high-amplitude bursts in a mus- 
le associated with s wallo wing. Furthermore, the stud y demon- 
trated that P2X3 r ece ptors mediate ATP-induced apnoea, as 
r e-tr eatment with a P2X3 antagonist significantly attenuated 

he response. 
The observation of P2X3 expression in neurons of varying 

izes suggests its presence in both m y elinated and unm y eli-
ated neurons within the NPJc that project to lar yngophar yn- 
 eal reg ions. Previous studies have shown that neurons in the 
odose 66 , 67 and jugular 67 ganglia projecting to the guinea pig 

r ac hea express markers for both m y elinated and unm y elinated
eurons. For example, retrogr ade tr acing from the guinea pig 

r ac hea r ev ealed that ov er 90% of nodose neur ons pr ojecting
o the tr ac hea are medium-sized and express neurofilament, 
 marker commonly associated with m y elinated neurons. 66 , 67 

n contrast, appr oximatel y half of the neur ons in the jugular
anglion projecting to the tr ac hea expr ess neur ofilament, while 
he other half express substance P, a marker commonly asso- 
iated with unm y elinated neurons. 67 Conduction velocity anal- 
ses r ev ealed that most nodose neur ons pr ojecting to the tra-
hea are neurons of fast-conducting A δ fibres, whereas the jugu- 
ar ganglion contains equal proportions of neurons of C fibres 
nd A δ fibres. 67 In the rat larynx 68 and tr ac hea, 60 parent axons
f intr aepithelial r amified nerv e endings r esiding in sube pithe-

ial r egions expr ess markers for m y elin sheaths (e g, m y elin basic
rotein). In contrast, intraepithelial free nerve endings in the lar- 
nx 59 and tr ac hea 60 express substance P and calcitonin gene- 
 elated pe ptide (CGRP), markers commonl y associated with 

nm y elinated nerv es. Nota b l y, P2X3-expr essing intrae pithelial
erve endings in the larynx and tr ac hea do not colocalize with
ubstance P- or CGRP-imm unor eacti v e nerv e endings, indicating 
hat they are non-peptidergic. 59 , 60 

Collecti v el y, these findings underscore the need for com- 
r ehensi v e studies to c har acterize the neuroc hemical profile of
2X3-expr essing SLN-affer ent neur ons in the NPJc, as well as 
2X3-expr essing nerv e fibr es in peripheral sw allowing-r elated 

e gions. Suc h studies should employ a variety of neurochemi- 
al markers (eg, markers for myelinated and unmyelinated neu- 
 ons, neur otransmitters, and neur ope ptides). In addition to neu- 
oc hemical c har acterization, functional studies are crucial to 
lucidate the role of P2X3-expressing neurons in s wallo wing 
 eflexes trigger ed by v arious stim uli. Pr evious r esear c h, includ-
ng our own, has demonstrated that s wallo wing reflexes can be 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf010#supplementary-data


14 Function , 2025, Vol. 6, No. 2 

Figure 7. Topical lidocaine administration or transection of bilateral superior lar yngeal nerv e (SLNs) before adenosine triphosphate (ATP) application prevented the 
triggering of s wallo wing r eflexes by ATP. (A) Sw allowing r eflexes trigger ed by ATP 20 m m with or without prior topical application of lidocaine (2%) or bilater al tr ansection 
of SLNs, with black arrowheads indicating the onset of A TP delivery . (B) Comparisons of the number of s wallo wing reflexes triggered by ATP 20 m m with and without 
prior application of lidocaine. (C) Comparisons of the number of s wallo wing reflexes triggered by ATP 20 m m with and without prior bilateral transection of SLNs. 

Statistical anal ysis w as conducted by pair ed t-test ( n = 5). The number of triggered s wallo wing reflexes was counted for 60 s post-application of the stimulating 
solutions. Data are presented as the mean ± SD, with individual data points represented by circles in the column graph. 
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nduced by both mechanical 33 , 37 , 69 and chemical 31 , 33 , 36 stimuli 
n SLN-innervated laryngopharyngeal regions. The localization 

f P2X3 in SLN-afferent neurons of varying sizes within the NPJc 
uggests their potential inv olv ement in mediating sw allowing 
eflexes induced by diverse stimuli. 

Our findings of the dose-dependent induction of the swal- 
owing reflex by exogenous ATP, along with the localization 

f P2X3 in nerve fibers within the lar yngophar ynx and SLN- 
ffer ent neur ons in the NPJc, suggest that e xo genous ATP may 
cti v ate P2X3 r ece ptors. This acti v ation excites nerv e fibr es in
eripheral s wallo wing-related regions, ultimately stimulating 
he central pattern generator for s wallo wing and facilitating the 
eflex. To further substantiate the involvement of P2X3 recep- 
ors in ATP-triggered s wallo wing reflexes, we topically applied a 
2X3 antagonist to these regions. Prior application of the antag- 
nist significantl y r educed the n umber of ATP-trigger ed sw al- 

owing reflexes, underscoring the role of P2X3 r ece ptors in this 
echanism. Additionally, we tested a more selective P2X3 ago- 

ist compared to ATP ( α, β-methylene ATP), which also dose- 
e pendentl y trigger ed the sw allowing r eflex, further support- 

ng the inv olv ement of P2X3 r ece ptors in this mechanism. How- 
ver, while pre-treatment with the P2X3 antagonist significantly 
 educed the n umber of ATP-trigger ed sw allowing r eflexes, it did 

ot completel y a bolish them, suggesting the contribution of 
ther P2 r ece ptors to ATP-trigger ed sw allowing r eflexes. Nota b l y,
, β-methylene ATP is not onl y mor e selecti v e for P2X3 r ece ptor
ut also exhibits higher selectivity for P2X1 receptor compared 

o ATP. 49–51 Ther efor e, futur e studies inv estigating the effects of 
 gonists and anta gonists of other P2 r ece ptors, as well as assess-
ng their expression in s wallo wing-related regions and associ- 
ted ganglia, will be crucial for compr ehensi v el y understanding 
heir roles in this process. 

Our previous studies have demonstrated that various TRP 
hannels are localized in SLN-afferent neurons and play a role 
n triggering s wallo wing reflexes. 6 , 31–33 For instance, the appli- 
ation of a TRPV1 agonist, capsaicin, to SLN-innervated periph- 
ral s wallo wing-related regions induced s wallo wing reflexes, 
nd TRPV1 expression was detected in retrogradely traced SLN- 
ffer ent neur ons within the NPJc. 31 It is plausib le that the appli- 
ation of TRP channel agonists in peripheral s wallo wing-related 

 egions not onl y acti v ates TRP channels but also pr omotes the
elease of ATP, which in turn may activate P2X3 receptors. Thus, 
TP and P2X3 r ece ptors might also contribute to TRP channel 
 gonist-induced sw allowing r eflexes, and P2X3 could potentiall y 
e co-localized with various TRP channels. To explore these pos- 
ibilities, future studies should investigate the co-localization 

f different TRP channels with P2X3 in the NPJc and peripheral 
 wallo wing-related regions. Additionally, functional studies are 
eeded to determine whether P2X3 antagonists can attenuate 
RP channel agonist-induced s wallo wing reflexes. 

Our findings regarding the ability of e xo genous ATP to 
nhance the triggering of the s wallo wing reflex are promis- 
ng in terms of clinical significance. The results suggest that 
 xo genous ATP or P2X3 agonists could be used to develop 

 via b le tr eatment option for mana ging or ophar yngeal dys- 
hagia, which is a significant health concern that can lead 

o sev er e complications, such as pneumonia, malnutrition, 
nd dehydration. 24 , 25 , 27 In patients with or ophar yngeal dys- 
ha gia, a bnormality in the s wallo wing process or delayed trig- 
ering of the s wallo wing reflex often leads to the aspira- 
ion of food particles or liquids into the airway, culminating 
n aspiration pneumonia. 24–29 , 70 Current clinical management 
tr ate gies for or ophar yngeal dyspha gia pr edominantl y r el y on
ompensatory tec hniques (e g, altering food bolus viscosity or 
exture) and s wallo wing exer cises/manoeuvres (e g, c hin tuc k),
hich exhibit limited efficacy. 71–75 Hence, there is an impera- 

i v e need to explor e nov el tr eatment av en ues in the realm of
 wallo wing/d ysphagia-related resear c h. 5 , 6 , 76 Recently, chemical 
eur o-stim ulation, targeting v arious chemosensor y ion chan- 
els in peripheral s wallo wing-related re gions (e g, targeting TRP 
hannels), has shown promising outcomes in both preclini- 
al and clinical settings. 5 , 6 , 77–79 Chemical neur o-stim ulation in 

hese regions has demonstrated impr ov ements in swallowing 
fficacy , safety , and physiology among patients with oropha- 
 yngeal dyspha gia. 80 , 81 , 90 , 82–89 Our findings extend this line of 
nquiry by proposing the potential use of e xo genous ATP or P2X3
gonists as chemical neuro-stimulants to augment s wallo wing 
unction. Such interventions hold promise for enhancing the 

ana gement of or ophar yngeal dyspha gia and w arrant further 
nvestigation in clinical settings. Given that e xo genous ATP has 
een used as a dietary supplement to impr ov e physical perfor- 
ance, 91 , 92 researching ATP as a chemical neur o-stim ulant to 

mpr ov e sw allowing performance may be feasible and safe in 

linical resear c h contexts. 
Our findings also provide significant insights into the phys- 

ological role of purinergic signaling in triggering the swal- 
owing reflex. ATP is well-established as a neurotransmitter 
n various physiological processes. 17–20 , 93–96 The present find- 
ngs and evidence from other recent studies indicate that ATP 

ay also act as a neurotransmitter or neur oacti v e molecule 
n triggering the s wallo wing reflex. ATP release can occur in 

esponse to various stimuli in peripheral s wallo wing-related 

egions. 5 , 6 , 22 , 23 Previous studies in mice have suggested that 
TP may be released from taste buds and neuroendocrine cells 

n the laryngeal regions upon applying water or acid. 22 , 23 The 
eleased ATP then acts on purinergic r ece ptors on nerv e fibr es
upplying these regions. Furthermore, knockout of P2X2/P2X3 
 ece ptors in a previous study resulted in attenuation of water 
nd acid-induced s wallo wing reflexes, highlighting the pi v otal 
ole of these receptors in mediating ATP-induced responses. 23 

eyond water/acid stimuli, ATP may also be released in response 
o other stimuli, such as mechanical stimuli. In accord with this 
otion, previous studies reported that ATP is released from the 
irway and nasal epithelium upon the application of mechani- 
al stimuli. 97 , 98 Futur e studies may r ev eal further insights into 
he inv olv ement of ATP in v arious stim uli-induced sw allowing
 eflexes, ther eby enhancing our understanding of its role in reg- 
lating s wallo wing physiology. 

We observed that topical application of a local anaesthetic to 
he peripheral s wallo wing-related regions completely abolished 

he s wallo wing reflex triggered by ATP. This observation high- 
ights the critical role of sensory nerves in initiating the swal- 
owing reflex in response to ATP. To precisely evaluate the con- 
ribution of SLNs, we r ecorded r eflexes with intact SLNs while 
ransecting other nerves, including bilateral IX-ph, X-ph, IX-li, 
nd RLN. Additionally, we conducted an additional experiment 
o confirm the specific role of SLNs in transmitting sensory infor- 

ation to trigger the s wallo wing reflex under our experimen- 
al conditions. In this experiment, bilateral transection of SLNs 
esulted in the complete abolition of the s wallo wing reflex trig- 
ered by ATP applied into the SLN-innerv ated r egions. This con- 
rms the essential inv olv ement of SLN-affer ents in initiating 
he s wallo wing refle x under the e xperimental conditions of our
tudy. 
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One limitation of this study is that it was conducted exclu-
i v el y with male rats. Female rats were not included to avoid the
estrous cycle. Although a meta-analysis has shown that female
ats are not more variable than male rats in neuroscience-
elated traits (including behavioral, electrophysiological, neuro- 
hemical, and histological measures), 99 there remains the possi-
ility of different outcomes had female rats been included in this
tudy . Consequently , the findings may not be dir ectl y applica-
le to females, as neurohumoral differences between the sexes
ould influence the results. 

In conclusion, the current study demonstrated that e xo ge-
ous ATP applied to the peripheral s wallo wing-related regions
nhanced the triggering of the s wallo wing r eflex. Additionall y,
e observed the expression of an ATP receptor, P2X3, on the

ffer ent nerv es innerv ating these r egions. The pr esence of P2X3
n these nerves suggests a mechanism by which ATP facili-
ates this reflex. Activation of P2X3 r ece ptors b y ATP ma y excite
hese nerv es, ther eby pr omoting the initiation of the s wallo w-
ng reflex. These findings underscore the potential of e xo ge-
ous ATP and P2X3 agonists as therapeutic agents to improve
 wallo wing function and manag e oropharyng eal dysphag ia. By
argeting the sensory nerves involved in s wallo wing initiation,
hese agents may offer a pr omising appr oach for addr essing this
ebilitating condition. 
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