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Abstract

The swallowing reflex is a critical component of the digestive process, triggered when food or liquids pass from the oral
cavity to the oesophagus. Although adenosine triphosphate (ATP) is involved in various physiological processes, its
potential to trigger the swallowing reflex has not been fully explored. This study investigated the ability of ATP to induce
the swallowing reflex and examined the involvement of the purinoreceptor P2X3 in this process. We observed that the
topical application of exogenous ATP to the superior laryngeal nerve (SLN)-innervated swallowing-related regions
dose-dependently facilitated the triggering of the swallowing 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
neurons expressed P2X3, with 59% being medium-sized, 30% small, and 11% large. Prior topical application of a P2X3
antagonist in SLN-innervated, swallowing-related regions significantly reduced the number of ATP-induced swallowing
reflexes. Furthermore, topical application of a P2X3 receptor agonist more selective than ATP facilitated reflex triggering in a
dose-dependent manner. These findings suggest that exogenous ATP facilitates the triggering of the swallowing reflex
through the activation of P2X3 receptors. This activation excites afferent neurons that supply peripheral swallowing-related
regions, stimulating the swallowing 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
involvement of purinergic signaling in triggering the swallowing reflex.
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Introduction

The swallowing reflex is crucial for transporting ingested mate-
rials like food, liquids, and saliva to the oesophagus while pre-
venting their entry into the respiratory tract.* The laryngophar-
ynx and associated laryngeal regions supplied by the superior
laryngeal nerve (SLN) (a branch of the vagus nerve) play a pivotal
role in triggering the swallowing reflex.2*® Applying mechani-
cal and chemical stimuli to the regions or direct electrical stim-
ulation to the SLN triggers the swallowing reflex, indicating
the importance of these regions.»>® These stimuli potentially
induce the release of signaling molecules that excite nerves, ini-
tiating the swallowing reflex.>®

While adenosine triphosphate (ATP) is renowned as a cel-
lular energy source, it also serves as a signaling molecule in
various physiological and pathological processes across multi-
ple systems, including cardiovascular, ° respiratory,'® immune,!
renal,’? gastrointestinal,’**> and central and peripheral ner-
vous systems.'®2! Although previous studies have indicated the
involvement of ATP in triggering the swallowing reflex,* 62223
investigations into the effects of exogenous ATP in this context
are lacking. Neurological disorders (eg, stroke) and aging often
result in abnormality in the swallowing process or delayed initi-
ation of the swallowing reflex, termed oropharyngeal dysphagia,
leading to aspiration pneumonia caused by food particles enter-
ing the airways.?*?° Understanding the ability of ATP to elicit
the swallowing reflex could aid the development of therapeutic
approaches for oropharyngeal dysphagia.

The action of ATP relies on purinergic receptor 2 (P2 recep-
tors), which can be categorized into P2X and P2Y recep-
tor classes.'®17:30 P2Y receptors, belonging to the G protein-
coupled receptor family, activate intracellular signaling path-
ways through second messengers. Conversely, P2X receptors
function as ligand-gated ion channels, rapidly responding to ATP
by facilitating cation influx (eg, Na + and Ca++), impacting cel-
lular excitability. This receptor class includes 7 subtypes (P2X1-
7), each characterized by specific distributions and functions.
Among the P2 receptors, P2X3 is predominantly expressed in
peripheral sensory neurons and plays a pivotal role in sensory
transmission.'®17:30 Hence, it is plausible that P2X3 receptors are
involved in ATP-induced swallowing reflexes.

Our previous studies have shown that activation of various
transient receptor potential (TRP) channels (eg, TRPV1, TRPV4,
TRPA1)*33 in the peripheral swallowing-related regions facil-
itated the triggering of swallowing reflexes. Although these
receptors are known for transducing various sensations (eg,
heat, pain) from the oral cavity and craniofacial regions, our
research, along with studies from other groups, has indicated
that these receptors in the pharyngeal and laryngeal regions
play a role in triggering the swallowing reflex.>¢:31%> On the
basis of these findings, we hypothesize that purinergic receptors
may also be involved in triggering the swallowing reflex, similar
to TRP channels.

The current study aimed to determine whether exogenous
ATP can trigger the swallowing reflex and investigate the poten-
tial involvement of P2X3 receptors in mediating this response.

Materials and Methods

Fifty-seven male Sprague Dawley rats, weighing approximately
300-450 g, were used in this study. The rats were used for
immunohistochemistry (n = 8), PCR (n = 2), and the assess-
ment of the swallowing reflex (n = 47). All experimental pro-
cedures were approved by the Matsumoto Dental University
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Intramural Animal Care and Veterinary Science Committee (Ref.
No. 394). Animals were housed at the Matsumoto Dental Uni-
versity animal facility under controlled conditions, maintain-
ing a temperature of 22 + 2°C, 40 + 5% relative humidity, and
a 12-h light/dark cycle. Food and water were provided ad libi-
tum. Our protocols prioritized minimizing animal suffering and
reducing the number of animals used. All experimental proce-
dures adhered to the ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines established by the National Centre
for the Replacement, Refinement, and Reduction of Animals in
Research.

Surgery

After inducing urethane anaesthesia (1.0-1.5 g/kg, administered
intraperitoneally), the rats were positioned supine, and a mid-
line incision was made on the ventral surface of the neck to
expose the trachea. To sustain respiration, a custom-made can-
nula was delicately inserted into the trachea. A small segment of
the ventral trachea was surgically removed to create a delivery
window for solutions. The bilateral SLNs were preserved, while
the pharyngeal (IX-ph) and lingual (IX-li) branches of the glos-
sopharyngeal nerve, as well as the pharyngeal (X-ph) and recur-
rent laryngeal (RLN) branches of the vagus nerve, were bilaterally
transected. This meticulous dissection was designed to focus on
the SLNs and prevent any influence of non-SLN components on
the triggering of the swallowing reflex. In a separate experiment,
the bilateral SLNs were also transected, along with the afore-
mentioned nerves, to confirm whether the SLNs are involved
in triggering the swallowing reflex in this study’s experimental
setup.

Swallowing Reflex Recording

To identify the swallowing reflex, electromyogram (EMG) activ-
ity of the mylohyoid muscle was recorded using bipolar fine
wire electrodes (stainless-steel and urethane-coated; Unique
Medical Co., Ltd., Tokyo, Japan) .31-333¢ During reflex trigger-
ing, high-amplitude EMG activity was observed in the mylohy-
oid muscle, with each high-amplitude event in the EMG sig-
nal corresponding to one instance of the swallowing reflex.
Identification of triggered swallowing reflexes involved assess-
ing the high-amplitude EMG signals of the mylohyoid muscle
and visual checking of laryngeal movements associated with
reflex initiation.3%3%:36 Examiners utilized a loudspeaker con-
nected to the EMG signal to aid in observing mylohyoid mus-
cle firing. In some rats, respiratory chest movements and the
EMG activity of the rectus abdominis muscle were also recorded
alongside the mylohyoid muscle activity. The rectus abdomi-
nis EMG activity was recorded using the same type of bipolar
fine wire electrodes. The EMG signals were filtered and ampli-
fied using a bioelectric amplifier (MEG-5200, Nihon Kohden,
Tokyo, Japan). Respiratory chest movements were measured
using a piezoelectric transducer (ADInstruments, Inc., Colorado,
USA). All signals were acquired and digitized using a Power
1401 data acquisition system (Cambridge Electronic Design Ltd.,
Cambridge, UK) and stored on a hard drive for subsequent
analysis.

Recording the activity of one or more muscles associated
with swallowing has been widely adopted as a standardized
method for identifying the swallowing reflex. Previous studies,
including those from our group, have utilized high-amplitude
electromyographic (EMG) activity in the mylohyoid muscle,
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along with visual observation of laryngeal movements, to reli-
ably identify the reflex.”-31-33.3690 To further confirm that the
high-amplitude EMG bursts observed in the mylohyoid muscle
during our experiments represented swallowing reflexes rather
than coughing or other airway defense reflexes, we recorded
respiratory chest movements and EMG activity from both the
mylohyoid and rectus abdominis muscles (the latter being asso-
ciated with the cough reflex*!) in certain rats (Figure S1A and B).
Upon ATP administration, repetitive high-amplitude EMG bursts
in the mylohyoid muscle were observed within a short time-
frame, accompanied by a period of complete cessation of res-
piration (apnoea) (Figure S1B). Importantly, no EMG activity was
detected in the rectus abdominis muscle. The absence of respira-
tory chest movements and rectus abdominis activity confirmed
that the high-amplitude EMG bursts in the mylohyoid muscle
were attributable to swallowing reflexes rather than coughing,
as the cough reflex is typically associated with chest move-
ments involving inspiration followed by forceful expiration and
activation of abdominal muscles, including the rectus abdomi-
nis.#142 As respiration gradually resumed following the trigger-
ing of these repeated reflexes, subsequent swallowing reflexes
occurred at progressively longer intervals, again without rec-
tus abdominis activity. Following saline administration, a sin-
gle swallowing reflex was induced, accompanied by a very brief
cessation of respiration (Figure S1A). These observations further
support that the high-amplitude EMG bursts in the mylohyoid
muscle following ATP application were indicative of swallowing
reflexes.

Stimulating Solutions

The stimulating solutions employed in the experiment included
saline (NaCl 0.9%, Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan)
and various concentrations of ATP disodium salt (Tocris Bio-
science, Bristol, UK; 0.5, 1, 10, 20, and 50 mmM). A 50 mwM stock solu-
tion of ATP disodium salt was prepared by dissolving it in saline.
The pH of the stock solution was adjusted to match that of saline
(approximately pH 6) by adding sodium hydroxide. Other con-
centrations of ATP were prepared by diluting the stock solu-
tion with saline. The tonicity of the solutions is unlikely to vary
greatly, as they were diluted in saline, and the osmolarity of ATP
at the aforementioned concentrations is relatively low, accord-
ing to a previous study that measured the osmolarity of vari-
ous ATP concentrations.*® A syringe equipped with a 21-gauge
needle (blunt tip) was utilized to administer the solutions to
the SLN-innervated swallowing-related regions. Each solution
was administered in a volume of 50 pL. Subsequently, reflex
responses were recorded for a duration of 1 min following each
delivery. A 2-3-min interval was observed between the adminis-
trations of different solutions. The administered solutions were
aspirated during this interval, and the regions were rinsed with
saline. All solutions were administered at room temperature (22-
24°C).

P2X3 Antagonist

This study used Gefapixant (5-[(2,4-diamino-5-pyrimidinyl)oxy]-
2-methoxy-4-(1-methylethyl)-benzenesulfonamide); Med-
ChemExpress, New Jersey, USA) as a P2X3 antagonist. The
efficacy of Gefapixant for this purpose has been previously
confirmed.*“® Gefapixant was prepared by dissolving it in 3%
dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO) and 1% Tween
80 (Sigma-Aldrich, St. Louis, MO), followed by dilution in saline.
Before administering ATP solutions, either the P2X3 antagonist

or its vehicle was instilled into the SLN-innervated swallowing-
related region for 15 min then aspirated. The vehicle for the
P2X3 antagonist consisted of a solution of dimethyl sulfoxide,
Tween 80, and saline.

P2X3 Agonist

To investigate whether activation of P2X3 receptors is suffi-
cient to trigger swallowing reflexes, o,8-methylene ATP («,B-
Methyleneadenosine 5’-triphosphate trisodium salt; Cayman
Chemical, Michigan, USA), a more selective agonist for P2X3
receptors compared to ATP, was used. Various concentrations
(0.5,1, 10, and 20 mmM) were tested. The efficacy of ,f-methylene
ATP in activating P2X3 receptors has been demonstrated in pre-
vious studies.***! A 20 mu stock solution was prepared by dis-
solving the compound in saline, and the pH was adjusted to
approximately 6 (matching that of saline) using sodium hydrox-
ide. Lower concentrations were prepared by diluting the stock
solution with saline.

Lidocaine

In an experiment, a local anaesthetic, 2% lidocaine (2-
(Diethylamino)-N-(2,6-dimethylphenyl) acetamide Xylocaine;
AstraZeneca Ltd., Osaka, Japan) was topically applied to assess
whether the sensory nerves of the SLN-innervated, swallowing-
related region are involved in triggering the ATP-induced swal-
lowing reflex in the experimental setup of this study.

Immunohistochemistry of SLN-innervated Peripheral
Swallowing-Related Regions

Deeply anaesthetized rats underwent transcardial perfu-
sion with saline followed by 4% paraformaldehyde. The
swallowing-related regions were dissected then immersed in
4% paraformaldehyde for 1 h. The specimens were subsequently
incubated in 30% sucrose until fully submerged to ensure ade-
quate cryoprotection. The samples were then embedded in
Tissue-Tek Optimal Cutting Temperature Compound (Sakura
Finetek, Tokyo, Japan) and sectioned in the sagittal plane (8 or
25 um) before being mounted on glass slides.

The sections underwent incubation with 5% normal goat
serum in 0.01 M phosphate-buffered saline containing 0.3% Tri-
ton X-100 for 1 h to minimize nonspecific binding. Subsequently,
the sections were exposed to rabbit monoclonal anti-P2X3
antibodies (1:300 dilution; Cat# ab300493; RRID: AB_2941895;
Abcam, Cambridge, UK) at 4°C overnight, followed by incuba-
tion with a fluorescent dye-conjugated secondary antibody (Goat
anti-rabbit Alexa Fluor 594; Cat# A-11037; RRID: AB_2534095;
Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at room
temperature. Sections were then treated with 4,6-diamidino-2-
phenylindole (DAPI) for 10 min to visualize cell nuclei. Finally,
coverslips were applied using a mounting medium (PermaFluor;
Thermo Fisher Scientific), and the specimens were exam-
ined utilizing fluorescence microscopy (BZ-X700; Keyence Corp.,
Osaka, Japan).

Reverse Transcription Polymerase Chain Reaction

Total ribonucleic acid (RNA) was extracted from the nodose-
petrosal-jugular ganglionic complex (NPjc) and trigeminal
ganglia (TG) using a NucleoSpin® RNA kit (Macherey-Nagel;
Takara Bio Inc., Shiga, Japan). Subsequently, cDNA was synthe-
sized using SuperScript IV (VILO Master Mix with ezDNase™,
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Table 1. Cell Size Distribution of Fluorogold-Stained and Non-Fluorogold-Stained P2X3 Immunoreactive Neurons in the NPJc.

Small (<600 um?)

Medium (600-1200 ;m?)

Large (>1200 xm?)

Non-FG- Non-FG- Non-FG-
FG-stained stained FG-stained stained FG-stained stained
NG 28.21% 36.96% 60.62% 53.73% 11.17% 9.32%
(101/358) (119/322) (217/358) (173/322) (40/358) (30/322)
PG 29.63% 46.16% 40.74% 40.74% 29.63% 7.12%
(8/27) (337/730) (11/27) (341/730) (8/27) (52/730)
JG 43.18% 50.00% 54.55% 42.70% 2.27% 7.30%
(19/44) (185/370) (24/44) (158/370) (1/44) (27/370)
NPJc 29.84% 45.08% 58.74% 47.26% 11.42% 7.67%
(128/429) (641/1422) (252/429) (672/1422) (49/429) (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; NPJjc, nodose-petrosal-jugular ganglionic complex.

Thermo Fisher Scientific). PCR was conducted with specific
primer sets employing TaKaRa Ex Taq® (Takara Bio Inc.,
Shiga, Japan). The primer sequences used were as follows:
for P2X3, forward 5'-CTGGCTACAACTTCAGGTTT-3/, reverse 5'-
TCACCTCCTCAAACTTCCTG-3' (product size 258 bp) was used;
for B-actin, forward 5-AGACTTCGAGCAAGAGATGG-3/, reverse
5'-AGGAAGGAAGGCTGGAAGAG-3' (product size 138 bp) was
used. B-actin served as the reference gene. The PCR products
were assessed by 2% agarose gel electrophoresis in 0.5% Tris-
borate-ethylenediaminetetraacetic acid buffer and visualized
post-staining with an ethidium bromide solution.

Immunohistochemistry of the NPJc

Fluorogold (FG) was employed to trace SLN-afferent neurons in
the NPJc retrogradely. The right-sided SLN was isolated and tran-
sected at its entry to the thyrohyoid membrane under pento-
barbital anaesthesia. Subsequently, the SLN was inserted into a
small tube filled with 4% FG. Then, 5 to 7 days post-FG incor-
poration, deeply anaesthetized rats underwent transcardial per-
fusion with saline followed by 4% paraformaldehyde. Each gan-
glion in the right-sided NPjc was identified based on its anatom-
ical location and relative position. The nodose ganglion was dis-
tinguished by its attachment to the main trunk of the vagus
nerve, oriented toward the thorax. The jugular ganglion was
located in the direction of the brainstem, opposite to the main
vagus nerve trunk, while the petrosal ganglion was positioned
between these 2 structures. To maintain proper anatomical ori-
entation during embedding, the NPJc was excised along with a
small segment of the main vagus nerve trunk. The excised tis-
sue was immersed in 4% paraformaldehyde for fixation, trans-
ferred to 30% sucrose for cryoprotection until it sank, and sub-
sequently embedded in Tissue-Tek O.C.T. Compound (Sakura
Finetek), preserving its anatomical position and orientation. The
tissue was sectioned at a thickness of 16 um, and the sections
were mounted onto glass slides. These preparations enabled the
identification of each ganglion after sectioning based on their
relative anatomical positions within the NPJc.

Sections underwent incubation in 0.01 M phosphate-
buffered saline containing 5% normal goat serum and 0.3% Tri-
ton X-100 for 30 min to minimize nonspecific binding. The sec-
tions were then incubated with rabbit monoclonal anti-P2X3
antibodies (1:2000 dilution; Cat# ab300493; RRID: AB_2 941 895;
Abcam, Cambridge, UK) at room temperature, followed by incu-
bation with a secondary antibody (Goat anti-rabbit Alexa Fluor
594; Cat# A-11037; RRID: AB_2 534 095; Thermo Fisher Scientific).

The sections were then coverslipped and viewed by fluores-
cence microscopy (BZ-X700; Keyence Corp.). Immunoreactive
cells were quantified using Image] software (NIH, Bethesda, MD),
and only cells containing nuclei were included in the analysis.
Cells were considered immuno-positive if the intensity of stain-
ing exceeded 2-fold the background level of the negative control.
Positive and negative control slides (Figure S2) for P2X3 antibody
were used as references to distinguish immuno-positive from
immuno-negative neurons. The sections exhibiting the highest
number of FG-stained cells were selected for counting. A total of
nine sections were chosen from each rat (3 sections/ganglion).
To prevent the same neuron from being counted twice across
multiple sections, a minimum gap of 100 um was maintained
between the selected sections. Additionally, the researcher care-
fully examined the selected sections to ensure that the same
neurons were not observed across different sections. On aver-
age, 212.20 + 45.01 (mean =+ SD) FG-stained cells were counted
per animal in the NPJc.

Image] software was utilized to measure the cell body area
of neurons expressing P2X3, both with and without FG stain-
ing. A cell area >1200 um? was classified as large, that of 600-
1200 um? was classified as medium, and that of <600 um?
was classified as small (Table 1). This classification system was
adopted from previous studies analyzing P2X3 expression in the
human nodose ganglia,®® rat dorsal root ganglia,”® and TG.>*
Although neuronal sizes may vary across ganglia and species,
the broad size ranges used for classification help mitigate the
impact of inter-ganglionic and interspecies differences on cat-
egorization. The researcher measuring the area of the positive
neurons was blinded to the final outcomes during measuring,
ensuring unbiased measuring. Due to the varying shapes, sizes,
and orientations of neurons within the ganglionic complex, it
was not feasible to ensure that all neurons were sectioned pre-
cisely through their centers. Consequently, some measurement
errors were unavoidable. However, to minimize inaccuracies,
only neurons containing nuclei were included in the analysis.
Additionally, potential measurement errors are unlikely to sig-
nificantly affect neuronal classification, as categorization was
based on broad size ranges (eg, 600-1200 xm? for medium-sized
neurons).

Because P2X3 is localized in TG,>>">8 TG sections were utilized
as a positive control for the anti-P2X3 antibody (Figure S2). As a
negative control, the sections were incubated with a universal
negative control reagent (Cat. # ADI-950-231-0025; Enzo Life Sci-
ences, Inc., Farmingdale, NY) instead of the primary antibody
(Figure S2).
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Data and Statistical Analysis

Swallowing reflexes triggered by stimulating solutions were
counted for 60 s. For statistical analysis, data underwent nor-
mality and equal variance tests to determine the appropri-
ate test type, whether parametric or non-parametric. A one-
way repeated measures analysis of variance (ANOVA), followed
by Tukey’s test, was used to compare the number of swal-
lowing reflexes triggered by different concentrations of ATP,
«,f-methylene ATP, and the reflexes with and without prior
application of the P2X3 antagonist or its vehicle. A paired t-
test was employed to compare the numbers of ATP-triggered
swallowing reflexes with and without prior application of lido-
caine or transection of SLNs. A P-value < .05 was consid-
ered statistically significant. The data are presented as the
mean =+ standard deviation (SD). Statistical analyses were con-
ducted using Sigmaplot software (version 14.0; Systat Software
Inc., San Jose, CA). Column graphs with individual data points
were created using GraphPad Prism Software (version 10.2;
San Diego, CA).

Results

Topical Application of ATP Dose-Dependently
Facilitated Triggering of the Swallowing Reflex

We initiated our investigation by assessing the potential of
exogenous ATP administration in peripheral swallowing-related
regions to induce the swallowing reflex. Various concentrations
of ATP disodium salt diluted in saline were topically applied to
the SLN-innervated swallowing-related regions. Saline admin-
istration elicited only 1 or 2 swallowing reflexes per adminis-
tration (Figure 1A and B). The administration of ATP resulted in
the triggering of swallowing reflexes in a dose-dependent man-
ner. Notably, the highest number of reflexes was observed with
a concentration of 20 mm ATP (33.00 + 7.57) (Figure 1B). Increas-
ing the ATP concentration to 50 mM did not trigger more reflexes
(31.86 + 8.61). The numbers of swallowing reflexes triggered at
20 and 50 mM ATP concentrations were significantly higher than
those triggered by 0.5, 1, 10 mM ATP, and saline (Figure 1B). Addi-
tionally, the number of swallowing reflexes triggered at 10 mm
was significantly higher than the number triggered by 0.5, 1 mm
ATP, and saline (Figure 1B).

An ATP Receptor, P2X3, Was Expressed on Nerves
Innervating the Peripheral Swallowing-Related Regions

Next, we investigated the presence of an ATP receptor,
P2X3, within the SLN-innervated peripheral swallowing-related
regions. We observed P2X3 expression on nerve fibres within
these regions (Figure 2A to J). P2X3-expressed nerve fibres were
detected in both intra- and sub-epithelial areas. In the intraep-
ithelial areas, these fibres traversed between epithelial cells,
often extending near to the surface of the epithelial layer. Within
the subepithelial areas, P2X3 expression was observed on both
thin and thick nerve fibres. Moreover, P2X3 expression was
noted on nerve fibres supplying taste-bud-like structures. Both
intragemmal and subgemmal nerve fibres within these struc-
tures exhibited P2X3 expression. Additionally, P2X3 expression
was observed on subgemmal neurogenous plaques associated
with taste-bud-like structures.

P2X3 Expression on SLN-afferent Neurons in the NPJc

We also explored the localization of P2X3 in the NPJc,
where the cell bodies of SLN-afferent neurons are sit-
uated. Utilizing FG, a retrograde tracer, we traced SLN-
afferent neurons in the NPJjc (Figure 3A-C). Our results
showed that P2X3 was expressed in approximately 50% of
FG-labelled SLN-afferent neurons in the nodose ganglion.
In contrast, its expression was observed in about 20% of
SLN-afferent neurons in the petrosal and jugular ganglia.
Across the entire NPjc, P2X3 expression was approximately
40% (Figure 3C). Additionally, P2X3 mRNA was detected
in the NPJjc using reverse transcription polymerase chain
reaction (RT-PCR) (Figure 3D). Analysis of the areas of FG-
stained, P2X3-expressing SLN-afferent neurons (Figure
4A-D) revealed that 58.74% were medium-sized, 29.84%
were small-sized, and 11.42% were large-sized across the
entire NPJc (Table 1). In comparison, among non-FG-stained
P2X3-expressing neurons (Figure 4A-D), 47.26% were medium-
sized, 45.08% were small-sized, and 7.67% were large-sized
(Table 1).

A P2X3 Antagonist Significantly Reduced the Number
of ATP-induced Swallowing Reflexes

Given our identification of the ATP receptor P2X3 in the
swallowing-related regions, our subsequent inquiry aimed to
ascertain whether a P2X3 antagonist could mitigate the num-
ber of ATP-induced swallowing reflexes. Various concentra-
tions of a P2X3 antagonist, Gefapixant, were administered into
the swallowing-related regions 15 min before ATP adminis-
tration. For this investigation, we employed ATP at a con-
centration of 20 mM, as this concentration elicited the high-
est number of triggered reflexes. Additionally, we assessed
the effect of the vehicle for Gefapixant (vehicle for the high-
est concentration of Gefapixant used in this study). The find-
ings demonstrated that the P2X3 antagonist at concentrations
of 10, 20, and 50 mM significantly reduced the number of
swallowing reflexes induced by 20 mm ATP (Figure 5A and
B). Conversely, the vehicle for Gefapixant showed no signifi-
cant effect on the number of ATP-induced swallowing reflexes
(Figure 5A and B). Furthermore, the P2X3 antagonist at a con-
centration of 1 mmM also exhibited no significant effect on the
number of ATP-induced swallowing reflexes (Figure 5A and
B).

Topical Application of a More Selective P2X3 Agonist,
Compared to ATP, Facilitated the Triggering of
Swallowing Reflex in a Dose-Dependent Manner

To investigate whether activation of P2X3 is sufficient to trigger
the swallowing reflex, various concentrations of a more selective
P2X3 agonist, «,8-methylene ATP, were topically administered
to the SLN-innervated swallowing-related regions. Similar to
ATP, o,8-methylene ATP induced swallowing reflexes in a dose-
dependent manner (Figure 6A and B). The highest number of
reflexes (21.60 + 2.97) was observed at a concentration of 10 mMm
«,f-methylene ATP. The numbers of swallowing reflexes trig-
gered at «,f-methylene ATP concentrations of 5, 10, and 20 mm
were significantly higher than those triggered by 0.5, 1 mm ATP,
and saline (Figure 6B).
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Figure 1. Dose-dependent facilitation of swallowing reflexes upon topical application of adenosine triphosphate (ATP). (A) Swallowing reflexes depicted by electromyo-
gram (EMG) activities of mylohyoid muscle triggered by saline and various ATP concentrations, with black arrowheads denoting the onset of stimulating solution
delivery. (B) Comparison of the number of swallowing reflexes triggered by saline and different ATP concentrations. Statistical analysis was conducted by one-way
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Figure 2. P2X3 expression was observed on nerve fibres within the swallowing-related regions. (A) A schematic illustrates the superior laryngeal nerve (SLN)-innervated
peripheral swallowing-related regions. Rectangles with arrows and letters indicate the areas where the photomicrographs were captured. Photomicrographs 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
yellow arrows demonstrate examples of subgemmal neurogenous plaques in taste buds expressing P2X3. P2X3 expression in peripheral swallowing-related regions
was analyzed in 3 rats. The photomicrographs are representative images. Scale bars = 50 um. LAR, larynx; T, tongue.
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P2X3 mRNA in NPJjc 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-positive cell size in the nodose-petrosal-jugular ganglionic complex (NPJjc). (A) Size (area) distribution of fluorogold (FG)-stained and non-FG-stained
P2X3-positive cells in the nodose ganglion (NG). (B) Size (area) distribution of FG-stained and non-FG-stained P2X3-positive 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-positive cells in the whole NPJc. FG(+)/P2X3(+), FG-stained cells immunopositive for P2X3; FG(-)/P2X3(+), non-FG-stained cells immunopositive for P2X3; n = 5.
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Figure 5. The impact of topical application of Gefapixant, a P2X3 antagonist, prior to adenosine triphosphate (ATP) application, on the number of ATP-triggered
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Figure 6. Topical application of «,8-methylene adenosine triphosphate (ATP) triggered swallowing reflexes in a dose-dependent manner. (A) Swallowing reflexes
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Topical Administration of Local Anaesthetic or Bilateral
SLN-transection Prior to ATP Completely Abolished the
Triggering of the Swallowing Reflex

We administered a local anaesthetic (2% lidocaine) 3 min before
ATP application in the swallowing-related regions to confirm
that ATP triggered swallowing reflexes by excitation of the affer-
ent nerves of the regions. The local anaesthetic application com-
pletely blocked the triggering of the swallowing reflexes by ATP
(Figure 7A and B). Notably, no apnoea was observed following
ATP application (Figure S3A).

Additionally, we transected bilateral SLNs before admin-
istering ATP into the swallowing-related regions to ascertain
whether the swallowing reflexes triggered by ATP involved the
SLN afferents. Following the transection of the SLNs, no swal-
lowing reflexes were triggered by ATP administration (Figure 7A
and C). Consistent with the lidocaine application, no apnoea was
observed following ATP application (Figure S3B).

Discussion

To the best of our knowledge, this study presents the first evi-
dence of the ability of exogenous ATP to facilitate the trigger-
ing of the swallowing reflex. We observed a dose-dependent
induction of swallowing reflexes upon topical application of
exogenous ATP into the SLN-innervated peripheral swallowing-
related regions. To elucidate the receptors underlying ATP-
induced facilitation of the swallowing reflex, we investigated
the expression of an ionotropic ATP receptor, P2X3, in these
regions. While ATP can activate various purinergic receptors, our
focus on P2X3 stems from its reported predominant expression
in peripheral sensory nerves.'®:17,30,59.60 Consistent with this
focus, our observations revealed P2X3 expression on nerve fibres
supplying the swallowing-related regions. Specifically, P2X3
expression was noted on nerve fibres innervating the epithe-
lium of these regions, traversing between epithelial cells toward
the epithelial surface. Sub-epithelial nerve fibres and those sup-
plying taste bud-like structures also exhibited P2X3 expression.
These findings align with earlier reports of P2X3 expression
in the rat larynx* and trachea®® where P2X3-immunoreactive
ramified intraepithelial nerve endings, as well as subepithe-
lial nerves were identified. The ramified endings in that study
exhibited a beaded, rounded, or flat morphology, similar to our
findings. Moreover, P2X3 immunoreactivity has been reported
in nerve fibers within the pharyngeal mucosa of rats®® and
in nerve fibers supplying the laryngeal taste bud-like struc-
tures across multiple species, including rats, mice, monkeys,
and humans.* %2 Given the predominant localization of P2X3 on
nerve fibers in regions related to the triggering of the swallowing
reflex, this receptor is a plausible and compelling candidate for
mediating ATP-induced facilitation of this reflex. Accordingly,
our study specifically aimed to investigate whether P2X3 recep-
tors contribute to ATP-induced swallowing reflex facilitation.
Additionally, we investigated P2X3 expression on SLN-
afferents traced into the NPjc using a retrograde tracer fluo-
rogold. Approximately 50% of the SLN-afferent neurons in the
nodose ganglion were found to express P2X3, compared to
around 20% in the petrosal and jugular ganglia. These find-
ings suggest that P2X3-expressing SLN-afferent neurons in the
nodose ganglion may play a more significant role in ATP-induced
swallowing reflexes. To further characterize, we classified the
P2X3-neurons based on their sizes, as neuron size may provide
insights into their functional properties. Our analysis revealed
that P2X3 was localized to cell bodies of various sizes within
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the NPJc, with a predominant distribution in medium- to small-
sized neurons for both FG-stained and non-FG-stained P2X3-
expressing populations (Table 1). These findings align with pre-
vious studies examining P2X3 expression in the nodose, jugu-
lar, trigeminal, and dorsal root ganglia.>>%>8.:63%5 For instance,
a study on human cadavers investigating P2X3 expression in
the entire nodose ganglion reported that most P2X3-expressing
neurons were medium- to small-sized.”? Similar results were
observed in studies focusing on rat nodose,® trigeminal,>*>®
and dorsal root ganglia.>®% Furthermore, a study in rat pups
analyzed P2X3 expression on retrogradely traced SLN-afferent
neurons within the nodose and jugular ganglia.®®> While that
study did not explicitly categorize neurons by size (eg, small,
medium, or large), its size-distribution analysis demonstrated
that most P2X3-expressing SLN-afferent neurons fall within
the medium- to small-size range. Moreover, the same study
reported that intralaryngeal ATP application induced a period
of apnoea, which is consistent with our findings (Figure S1).
However, unlike our observations, the study did not record con-
comitant swallowing muscle activity. In our experiments, this
apnoea was accompanied by repeated triggering of the swallow-
ing reflexes, as evidenced by high-amplitude bursts in a mus-
cle associated with swallowing. Furthermore, the study demon-
strated that P2X3 receptors mediate ATP-induced apnoea, as
pre-treatment with a P2X3 antagonist significantly attenuated
the response.

The observation of P2X3 expression in neurons of varying
sizes suggests its presence in both myelinated and unmyeli-
nated neurons within the NPJjc that project to laryngopharyn-
geal regions. Previous studies have shown that neurons in the
nodose®®®” and jugular®” ganglia projecting to the guinea pig
trachea express markers for both myelinated and unmyelinated
neurons. For example, retrograde tracing from the guinea pig
trachea revealed that over 90% of nodose neurons projecting
to the trachea are medium-sized and express neurofilament,
a marker commonly associated with myelinated neurons.®®’
In contrast, approximately half of the neurons in the jugular
ganglion projecting to the trachea express neurofilament, while
the other half express substance P, a marker commonly asso-
ciated with unmyelinated neurons.®”’ Conduction velocity anal-
yses revealed that most nodose neurons projecting to the tra-
chea are neurons of fast-conducting As fibres, whereas the jugu-
lar ganglion contains equal proportions of neurons of C fibres
and A fibres.®” In the rat larynx® and trachea,®® parent axons
of intraepithelial ramified nerve endings residing in subepithe-
lial regions express markers for myelin sheaths (eg, myelin basic
protein). In contrast, intraepithelial free nerve endings in the lar-
ynx>® and trachea® express substance P and calcitonin gene-
related peptide (CGRP), markers commonly associated with
unmyelinated nerves. Notably, P2X3-expressing intraepithelial
nerve endings in the larynx and trachea do not colocalize with
substance P- or CGRP-immunoreactive nerve endings, indicating
that they are non-peptidergic.>®-%°

Collectively, these findings underscore the need for com-
prehensive studies to characterize the neurochemical profile of
P2X3-expressing SLN-afferent neurons in the NPJc, as well as
P2X3-expressing nerve fibres in peripheral swallowing-related
regions. Such studies should employ a variety of neurochemi-
cal markers (eg, markers for myelinated and unmyelinated neu-
rons, neurotransmitters, and neuropeptides). In addition to neu-
rochemical characterization, functional studies are crucial to
elucidate the role of P2X3-expressing neurons in swallowing
reflexes triggered by various stimuli. Previous research, includ-
ing our own, has demonstrated that swallowing reflexes can be
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induced by both mechanical®*37:%° and chemical®!33:3¢ stimuli
in SLN-innervated laryngopharyngeal regions. The localization
of P2X3 in SLN-afferent neurons of varying sizes within the NPjc
suggests their potential involvement in mediating swallowing
reflexes induced by diverse stimuli.

Our findings of the dose-dependent induction of the swal-
lowing reflex by exogenous ATP, along with the localization
of P2X3 in nerve fibers within the laryngopharynx and SLN-
afferent neurons in the NPJc, suggest that exogenous ATP may
activate P2X3 receptors. This activation excites nerve fibres in
peripheral swallowing-related regions, ultimately stimulating
the central pattern generator for swallowing and facilitating the
reflex. To further substantiate the involvement of P2X3 recep-
tors in ATP-triggered swallowing reflexes, we topically applied a
P2X3 antagonist to these regions. Prior application of the antag-
onist significantly reduced the number of ATP-triggered swal-
lowing reflexes, underscoring the role of P2X3 receptors in this
mechanism. Additionally, we tested a more selective P2X3 ago-
nist compared to ATP («,8-methylene ATP), which also dose-
dependently triggered the swallowing reflex, further support-
ing the involvement of P2X3 receptors in this mechanism. How-
ever, while pre-treatment with the P2X3 antagonist significantly
reduced the number of ATP-triggered swallowing reflexes, it did
not completely abolish them, suggesting the contribution of
other P2 receptors to ATP-triggered swallowing reflexes. Notably,
a,p-methylene ATP is not only more selective for P2X3 receptor
but also exhibits higher selectivity for P2X1 receptor compared
to ATP.4%->! Therefore, future studies investigating the effects of
agonists and antagonists of other P2 receptors, as well as assess-
ing their expression in swallowing-related regions and associ-
ated ganglia, will be crucial for comprehensively understanding
their roles in this process.

Our previous studies have demonstrated that various TRP
channels are localized in SLN-afferent neurons and play a role
in triggering swallowing reflexes.®3-33 For instance, the appli-
cation of a TRPV1 agonist, capsaicin, to SLN-innervated periph-
eral swallowing-related regions induced swallowing reflexes,
and TRPV1 expression was detected in retrogradely traced SLN-
afferent neurons within the NPJjc.?? It is plausible that the appli-
cation of TRP channel agonists in peripheral swallowing-related
regions not only activates TRP channels but also promotes the
release of ATP, which in turn may activate P2X3 receptors. Thus,
ATP and P2X3 receptors might also contribute to TRP channel
agonist-induced swallowing reflexes, and P2X3 could potentially
be co-localized with various TRP channels. To explore these pos-
sibilities, future studies should investigate the co-localization
of different TRP channels with P2X3 in the NPJc and peripheral
swallowing-related regions. Additionally, functional studies are
needed to determine whether P2X3 antagonists can attenuate
TRP channel agonist-induced swallowing reflexes.

Our findings regarding the ability of exogenous ATP to
enhance the triggering of the swallowing reflex are promis-
ing in terms of clinical significance. The results suggest that
exogenous ATP or P2X3 agonists could be used to develop
a viable treatment option for managing oropharyngeal dys-
phagia, which is a significant health concern that can lead
to severe complications, such as pneumonia, malnutrition,
and dehydration.?*2>? In patients with oropharyngeal dys-
phagia, abnormality in the swallowing process or delayed trig-
gering of the swallowing reflex often leads to the aspira-
tion of food particles or liquids into the airway, culminating
in aspiration pneumonia.?*2%7% Current clinical management
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strategies for oropharyngeal dysphagia predominantly rely on
compensatory techniques (eg, altering food bolus viscosity or
texture) and swallowing exercises/manoeuvres (eg, chin tuck),
which exhibit limited efficacy.”*”> Hence, there is an impera-
tive need to explore novel treatment avenues in the realm of
swallowing/dysphagia-related research.>-67¢ Recently, chemical
neuro-stimulation, targeting various chemosensory ion chan-
nels in peripheral swallowing-related regions (eg, targeting TRP
channels), has shown promising outcomes in both preclini-
cal and clinical settings.>®7777° Chemical neuro-stimulation in
these regions has demonstrated improvements in swallowing
efficacy, safety, and physiology among patients with oropha-
ryngeal dysphagia.80-81,90.82-8% Our findings extend this line of
inquiry by proposing the potential use of exogenous ATP or P2X3
agonists as chemical neuro-stimulants to augment swallowing
function. Such interventions hold promise for enhancing the
management of oropharyngeal dysphagia and warrant further
investigation in clinical settings. Given that exogenous ATP has
been used as a dietary supplement to improve physical perfor-
mance,’>%? researching ATP as a chemical neuro-stimulant to
improve swallowing performance may be feasible and safe in
clinical research contexts.

Our findings also provide significant insights into the phys-
iological role of purinergic signaling in triggering the swal-
lowing reflex. ATP is well-established as a neurotransmitter
in various physiological processes.’-20:93-% The present find-
ings and evidence from other recent studies indicate that ATP
may also act as a neurotransmitter or neuroactive molecule
in triggering the swallowing reflex. ATP release can occur in
response to various stimuli in peripheral swallowing-related
regions.>®22:23 previous studies in mice have suggested that
ATP may be released from taste buds and neuroendocrine cells
in the laryngeal regions upon applying water or acid.?>?* The
released ATP then acts on purinergic receptors on nerve fibres
supplying these regions. Furthermore, knockout of P2X2/P2X3
receptors in a previous study resulted in attenuation of water
and acid-induced swallowing reflexes, highlighting the pivotal
role of these receptors in mediating ATP-induced responses.?
Beyond water/acid stimuli, ATP may also be released in response
to other stimuli, such as mechanical stimuli. In accord with this
notion, previous studies reported that ATP is released from the
airway and nasal epithelium upon the application of mechani-
cal stimuli.®”+°® Future studies may reveal further insights into
the involvement of ATP in various stimuli-induced swallowing
reflexes, thereby enhancing our understanding of its role in reg-
ulating swallowing physiology.

We observed that topical application of a local anaesthetic to
the peripheral swallowing-related regions completely abolished
the swallowing reflex triggered by ATP. This observation high-
lights the critical role of sensory nerves in initiating the swal-
lowing reflex in response to ATP. To precisely evaluate the con-
tribution of SLNs, we recorded reflexes with intact SLNs while
transecting other nerves, including bilateral IX-ph, X-ph, IX-li,
and RLN. Additionally, we conducted an additional experiment
to confirm the specific role of SLNs in transmitting sensory infor-
mation to trigger the swallowing reflex under our experimen-
tal conditions. In this experiment, bilateral transection of SLNs
resulted in the complete abolition of the swallowing reflex trig-
gered by ATP applied into the SLN-innervated regions. This con-
firms the essential involvement of SLN-afferents in initiating
the swallowing reflex under the experimental conditions of our
study.
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One limitation of this study is that it was conducted exclu-
sively with male rats. Female rats were not included to avoid the
oestrous cycle. Although a meta-analysis has shown that female
rats are not more variable than male rats in neuroscience-
related traits (including behavioral, electrophysiological, neuro-
chemical, and histological measures), there remains the possi-
bility of different outcomes had female rats been included in this
study. Consequently, the findings may not be directly applica-
ble to females, as neurohumoral differences between the sexes
could influence the results.

In conclusion, the current study demonstrated that exoge-
nous ATP applied to the peripheral swallowing-related regions
enhanced the triggering of the swallowing reflex. Additionally,
we observed the expression of an ATP receptor, P2X3, on the
afferent nerves innervating these regions. The presence of P2X3
on these nerves suggests a mechanism by which ATP facili-
tates this reflex. Activation of P2X3 receptors by ATP may excite
these nerves, thereby promoting the initiation of the swallow-
ing reflex. These findings underscore the potential of exoge-
nous ATP and P2X3 agonists as therapeutic agents to improve
swallowing function and manage oropharyngeal dysphagia. By
targeting the sensory nerves involved in swallowing initiation,
these agents may offer a promising approach for addressing this
debilitating condition.

Author Contributions

M.Z.H. and J.K.: Conceptualize and design the work. M.Z.H., H.A.,
R.R.R, and J.K.: acquisition, analysis, or interpretation of data.
M.Z.H., HA., RR.R, and JK.: Draft or revise the manuscript
critically. All authors have approved the final version of the
manuscript. All persons designated as authors qualify for
authorship.

Supplementary Material

Supplementary material is available at the APS Function online

Funding

This work was supported by the Japan Society for the Promotion
of Science (JSPS) KAKENHI, grant numbers #24K08797 to Junichi
Kitagawa, #22K05501 to Hiroshi Ando, #24K19847 to Rita Rani
Roy, and #24K12880 to Mohammad Zakir Hossain. The grant-
providing society had no role in the study design, collection,
analysis, or interpretation of data.

Conflict of Interest

The authors declare that the research was conducted without
any commercial or financial relationships that could be con-
strued as a potential conflict of interest.

Data Availability

The data underlying this article will be made available to other
researchers from the authors upon reasonable request.

References

1. Jean A. Brain stem control of swallowing: neuronal network
and cellular mechanisms. Physiol Rev 2001;81(2):929-969.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Goyal RK, Mashimo H. Physiology of oral, pharyngeal,
and esophageal motility. GI Motil (Online), 2006; 1-3.
https://doi.org10.1038/gimo1l

Dodds W]J. The physiology of swallowing. Dysphagia
1989;3(4):171-178.

Yamamura K, Kitagawa ], Kurose M, et al. Neural mecha-
nisms of swallowing and effects of taste and other stimuli
on swallow initiation. Biol Pharm Bull 2010;33(11):1786-1790.
Hossain MZ, Ando H, Unno S, Kitagawa J. Targeting
chemosensory ion channels in peripheral swallowing-
related regions for the management of oropharyngeal dys-
phagia. IntJ Mol Sci 2020;21(17):1-45.

Hossain MZ, Kitagawa J. Transient receptor potential chan-
nels as an emerging therapeutic target for oropharyngeal
dysphagia. Jpn Dent Sci Rev 2023;59:421-430.

Mostafeezur RM, Zakir HM, Takatsuji H, Yamada Y, Yama-
mura K, Kitagawa J. Cannabinoids facilitate the swallowing
reflex elicited by the superior laryngeal nerve stimulation in
rats. PLoS One 2012;7(11):e50703.

Takahashi K, Shingai T, Saito I, Yamamura K, Yamada Y,
Kitagawa J. Facilitation of the swallowing reflex with bilat-
eral afferent input from the superior laryngeal nerve. Neu-
rosci Lett 2014;562:50-53.

Zhang Y, Wernly B, Cao X, Mustafa SJ, Tang Y, Zhou Z.
Adenosine and adenosine receptor-mediated action in coro-
nary microcirculation. Basic Res Cardiol 2021;116(1):22.
Lazarowski ER, Boucher RC. Purinergic receptors in airway
hydration. Biochem Pharmacol 2021;187:114387.

Antonioli L, Pacher P, Hask6é G. Adenosine and inflamma-
tion: it’s time to (re)solve the problem. Trends Pharmacol Sci
2022;43(1):43-55.

Monaghan M-LT, Bailey MA, Unwin RJ. Purinergic signalling
in the kidney: in physiology and disease. Biochem Pharmacol
2021;187:114389.

Jain S, Jacobson KA. Purinergic signaling in diabetes and
metabolism. Biochem Pharmacol 2021;187:114393.

Jain S, Jacobson KA. Purinergic signaling in liver pathophys-
iology. Front Endocrinol 2021;12:12.

Zuccarini M, Giuliani P, Ronci M, et al. Purinergic signaling
in oral tissues. Int ] Mol Sci 2022;23(14):7790.

Huang Z, Xie N, Illes P, et al. From purines to purinergic sig-
nalling: molecular functions and human diseases. Sig Trans-
duct Target Ther 2021;6(1):162.

Burnstock G. Physiology and pathophysiology of purinergic
neurotransmission. Physiol Rev 2007;87(2):659-797.
Vultaggio-Poma V, Falzoni S, Salvi G, Giuliani AL, Di VF. Sig-
nalling by extracellular nucleotides in health and disease.
Biochim Biophys Acta Mol Cell Res 2022;1869(5):119237.
Burnstock G. Historical review: ATP as a neurotransmitter.
Trends Pharmacol Sci 2006;27(3):166-176.

Burnstock G. Introduction to purinergic signalling in the
Brain. In: Baranska ], ed. Glioma Signaling. Advances in Exper-
imental Medicine and Biology. Vol. 1202. Cham: Springer, 2020,
1-12.

Dal Ben D, Antonioli L, Lambertucci C, et al. Approaches
for designing and discovering purinergic drugs for gastroin-
testinal diseases. Expert Opin Drug Discovery 2020;15(6):687-
703.

Seeholzer LF, Julius D. Neuroendocrine cells initiate
protective upper airway reflexes. Science 2024;384(6693):
295-301.

Prescott SL, Umans BD, Williams EK, Brust RD, Liberles SD.
An airway protection program revealed by sweeping genetic
control of vagal afferents. Cell 2020;181(3):574-589.e14.


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

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Carrién S, Cabré M, Monteis R, et al. Oropharyngeal dyspha-
gia is a prevalent risk factor for malnutrition in a cohort of
older patients admitted with an acute disease to a general
hospital. Clin Nutr 2015;34(3):436-442.

Cabre M, Serra-Prat M, Palomera E, Almirall J, Pallares R,
Clavé P. Prevalence and prognostic implications of dys-
phagia in elderly patients with pneumonia. Age Ageing
2010;39(1):39-45.

Rofes L, Arreola V, Romea M, et al. Pathophysiology of
oropharyngeal dysphagia in the frail elderly. Neurogastroen-
terol Motil 2010;22(8):851-e230.

Espinosa-Val C, Martin-Martinez A, Graupera M, et al
Prevalence, risk factors, and complications of oropharyn-
geal dysphagia in older patients with dementia. Nutrients
2020;12(3):863.

Cabré M, Serra-Prat M, Force L, Almirall J, Palomera E, Clavé
P. Oropharyngeal dysphagia is a risk factor for readmis-
sion for pneumonia in the very elderly persons: obser-
vational prospective study. J Gerontol A Biol Sci Med Sci
2014;69A(3):330-337.

Ortega O, Cabre M, Clave P. Oropharyngeal dysphagia:
aetiology and effects of ageing. J Gastroenterol Hepatol Res
2014;3(5):1049-1054.

Ai Y, Wang H, Liu L, et al. Purine and purinergic
receptors in health and disease. MedComm 2023;4(5):e359.
https://doi.org/10.1002/mc02.359

Hossain MZ, Ando H, Unno S, Masuda Y, Kitagawa J. Activa-
tion of TRPV1 and TRPMS8 channels in the larynx and asso-
ciated laryngopharyngeal regions facilitates the swallowing
reflex. Int ] Mol Sci 2018;19(12):4113.

Hossain MZ, Ando H, Unno S, Roy RR, Kitagawa J. Pharma-
cological activation of transient receptor potential vanilloid
4 promotes triggering of the swallowing reflex in rats. Front
Cell Neurosci 2023;17:65.

Hossain MZ, Ando H, Unno S, Kitagawa ]J. TRPAls act as
chemosensors but not as cold sensors or mechanosensors to
trigger the swallowing reflex in rats. Sci Rep 2022;12(1):3431.
Tsujimura T, Udemgba C, Inoue M, Canning BJ. Laryngeal
and tracheal afferent nerve stimulation evokes swallowing
in anaesthetized guinea pigs. J Physiol 2013;591(18):4667-
4679.

Yoshihara M, Tsujimura T, Suzuki T, et al. Sustained
laryngeal transient receptor potential vanilloid 1 activation
inhibits mechanically induced swallowing in anesthetized
rats. Am ] Physiol Gastrointest Liver Physiol 2020;319(3):G412—
G419.

Hossain MZ, Ando H, Unno S, Nakamoto T, Kitagawa J.
Functional involvement of acid-sensing ion channel 3 in
the swallowing reflex in rats. Neurogastroenterology Motil
2020;32(1):13728.

Kitagawa JI, Shingai T, Takahashi Y, Yamada Y. Pharyngeal
branch of the glossopharyngeal nerve plays a major role in
reflex swallowing from the pharynx. AmJ Physiol-Regul ntegr
Comp Physiol 2002;282(5):R1342-R1347.

Tsuji K, Tsujimura T, Magara J, Sakai S, Nakamura Y, Inoue
M. Changes in the frequency of swallowing during electrical
stimulation of superior laryngeal nerve in rats. Brain Res Bull
2015;111:53-61.

Satoh Y, Tsuji K. Suppressive effect of the swallowing reflex
by stimulation of the pedunculopontine tegmental nucleus.
Neurosci Res 2021;169:40-47.

Yao L, Ye Q, Liu Y, et al. Electroacupuncture improves swal-
lowing function in a post-stroke dysphagia mouse model

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hossainetal. | 17

by activating the motor cortex inputs to the nucleus trac-
tus solitarii through the parabrachial nuclei. Nat Commun
2023;14(1):810.

Bolser DC, Reier PJ, Davenport PW. Responses of the antero-
lateral abdominal muscles during cough and expiratory
threshold loading in the cat. J Appl Physiol 2000;88(4):1207—
1214.

Andrani F, Aiello M, Bertorelli G, Crisafulli E, Chetta A.
Cough, a vital reflex. Mechanisms, determinants and mea-
surements. Acta Biomed 2018;89(4):477-480.

Kopell WN, Westhead EW. Osmotic pressures of solutions
of ATP and catecholamines relating to storage in chromaffin
granules. ] Biol Chem 1982;257(10):5707-5710.

Abu-Zaid A, Aljaili A, Althaqib A, et al. Safety and efficacy of
gefapixant, a novel drug for the treatment of chronic cough:
a systematic review and meta-analysis of randomized con-
trolled trials. Ann Thorac Med 2021;16(2):127-140.

McGarvey LP, Birring SS, Morice AH, et al. Efficacy and safety
of gefapixant, a P2x3 receptor antagonist, in refractory
chronic cough and unexplained chronic cough (COUGH-1
and COUGH-2): results from two double-blind, randomised,
parallel-group, placebo-controlled, phase 3 trials. The Lancet
2022;399(10328):909-923.

Martin Nguyen A, Bacci ED, Vernon M, et al. Valida-
tion of a visual analog scale for assessing cough sever-
ity in patients with chronic cough. Ther Adv Respir Dis
2021;15:175346662110497.

Ford AP, Undem BJ. The therapeutic promise of ATP antag-
onism at P2x3 receptors in respiratory and urological disor-
ders. Front Cell Neurosci 2013;7(December):267.

Ford AP. In pursuit of P2x3 antagonists: novel therapeutics
for chronic pain and afferent sensitization. Purinergic Signal
2012;8(S1):3-26.

Coddou C, Yan Z, Obsil T, Pablo Huidobro-Toro J, Stojilkovic
SS. Activation and regulation of purinergic P2X receptor
channels. Pharmacol Rev 2011;63(3):641-683.

Helms N, Kowalski M, Illes P, Riedel T. Agonist antagonist
interactions at the rapidly desensitizing P2x3 receptor . PLoS
One 2013;8(11):e79213.

Spinaci A, Buccioni M, Dal Ben D, Marucci G, Volpini
R, Lambertucci C. P2x3 receptor ligands: structural fea-
tures and potential therapeutic applications. Front Pharmacol
2021;12:653561.

Sato D, Sato T, Urata Y, et al. Distribution of TRPVs, P2x3,
and parvalbumin in the human nodose ganglion. Cell Mol
Neurobiol 2014;34(6):851-858.

Fukuoka T, Tokunaga A, Tachibana T, Dai Y, Yamanaka H,
Noguchi K. VR1, but not P2x3, increases in the spared L4
DRG in rats with L5 spinal nerve ligation. Pain 2002;99(1):111-
120.

Sato M, Sato T, Yajima T, Shimazaki K, Ichikawa H. The tran-
sient receptor potential cation channel subfamily V mem-
bers 1 and 2, P2X purinoceptor 3 and calcitonin gene-related
peptide in sensory neurons of the rat trigeminal ganglion,
innervating the periosteum, masseter muscle and facial
skin. Arch Oral Biol 2018;96:66-73.

Yun SK, Sang KP, Yi SC, et al. Expression of P2x3 receptor
in the trigeminal sensory nuclei of the rat. ] Comp Neurol
2008;506(4):627-639.

Eriksson J, Bongenhielm U, Kidd E, Matthews B, Fried
K. Distribution of P2x3 receptors in the rat trigeminal
ganglion after inferior alveolar nerve injury. Neurosci Lett
1998;254(1):37-40.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

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

Ambalavanar R, Moritani M, Dessem D. Trigeminal P2x3
receptor expression differs from dorsal root ganglion
and is modulated by deep tissue inflammation. Pain
2005;117(3):280-291.

Staikopoulos V, Sessle BJ, Furness JB, Jennings EA. Localiza-
tion of P2x2 and P2x3 receptors in rat trigeminal ganglion
neurons. Neuroscience 2007;144(1):208-216.

Takahashi N, Nakamuta N, Yamamoto Y. Morphology of
P2x3-immunoreactive nerve endings in the rat laryngeal
mucosa. Histochem Cell Biol 2016;145(2):131-146.

Yamamoto Y, Nakamuta N. Morphology of P2x3-
immunoreactive nerve endings in the rat tracheal mucosa.
J Compa Neurol 2018;526(3):550-566.

Wang ZJ, Neuhuber WL. Intraganglionic laminar endings in
the rat esophagus contain purinergic P2x2 and P2x3 recep-
tor immunoreactivity. Anat Embryol 2003;207(4-5):363-371.
High B, Jetté ME, Li M, et al. Variability in P2X receptor com-
position in human taste nerves: implications for treatment
of chronic cough. ERJ Open Res 2023;9(2):00007-02023.
Zhuang], Gao X, Wei W, Pelleg A, Xu F. Intralaryngeal appli-
cation of ATP evokes apneic response mainly via acting on
P2x3 (P2x2/3) receptors of the superior laryngeal nerve in
postnatal rats. ] Appl Physiol 2021;131(3):986-996.
Vulchanova L, Reidl MS, Shuster SJ, et al. P2x3 is expressed
by DRG neurons that terminate in inner lamina II. Eur J Neu-
rosci 1998;10(11):3470-3478.

Wang L, Feng D, Yan H, Wang Z, Pei L. Comparative analy-
sis of P2x1, P2x2, P2x3, and P2x4 receptor subunits in rat
nodose ganglion neurons . PLoS One 2014;9(5):e96699.
Mazzone SB, McGovern AE. Immunohistochemical charac-
terization of nodose cough receptor neurons projecting to
the trachea of guinea pigs. Cough 2008;4(1):9.

Riccio MM, Kummer W, Biglari B, Myers AC, Undem B]J. Inter-
ganglionic segregation of distinct vagal afferent fibre pheno-
types in guinea-pig airways. ] Physiol 1996;496(2):521-530.
Yamamoto Y, Sasaki K, Komuro M, Yokoyama T, Abdali
SS, Nakamuta N. Three-dimensional architecture of
the subepithelial corpuscular nerve ending in the rat
epiglottis reconstructed by array tomography with scan-
ning electron microscopy. J Comp Neurol 2023;531(17):
1846-1866.

Tsujimura T, Ueha R, Yoshihara M, et al. Involvement of
the epithelial sodium channel in initiation of mechan-
ically evoked swallows in anaesthetized rats. ] Physiol
2019;597(11):2949-2963.

Clavé P, Shaker R. Dysphagia: current reality and scope of
the problem. Nat Rev Gastroenterol Hepatol 2015;12(5):259-
270.

Wirth R, Dziewas R, Beck AM, et al. Oropharyngeal dys-
phagia in older persons—from pathophysiology to adequate
intervention: a review and summary of an international
expert meeting. Clin Interv Aging 2016;11:189-208.

Newman R, Vilardell N, Clavé P, Speyer R. Effect of bolus
viscosity on the safety and efficacy of swallowing and the
kinematics of the swallow response in patients with oropha-
ryngeal dysphagia: white paper by the European Society for
Swallowing Disorders (ESSD). Dysphagia 2016;31(2):232-249.
Speyer R, Baijens L, Heijnen M, ZwijnenbergI. Effects of ther-
apy in oropharyngeal dysphagia by speech and language
therapists: a systematic review. Dysphagia 2010;25(1):40-65.
Martino R, McCulloch T. Therapeutic intervention in
oropharyngeal dysphagia. Nat Rev Gastroenterol Hepatol
2016;13(11):665-679.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Langmore SE, Pisegna JM. Efficacy of exercises to rehabilitate
dysphagia: a critique of the literature. Int ] Speech Lang Pathol
2015;17(3):222-229.

Cheng I, Hamad A, Sasegbon A, Hamdy S. Advances in the
treatment of dysphagia in neurological disorders: a review of
current evidence and future considerations. Neuropsychiatr
Dis Treat 2022;18:2251-2263.

Wirth R, Dziewas R. Dysphagia and pharmacotherapy in
older adults. Curr Opin Clin Nutr Metab Care 2019;22(1):25-29.
Cheng I, Sasegbon A, Hamdy S. Effects of pharmacological
agents for neurogenic oropharyngeal dysphagia: a system-
atic review and meta-analysis. Neurogastroenterology Motil
2022;34(3):14220.

Clavé P, Ortega O, Rofes L, Alvarez-Berdugo D, Tomsen N.
Brain and pharyngeal responses associated with pharma-
cological treatments for oropharyngeal dysphagia in older
patients. Dysphagia 2023;38(6):1449-1466.

Ebihara T, Sekizawa K, Nakazawa H, Sasaki H. Capsaicin and
swallowing reflex. The Lancet 1993;341(8842):432.

Ebihara T, Ebihara S, Watando A, et al. Effects of menthol
on the triggering of the swallowing reflex in elderly patients
with dysphagia. Brit ] Clinical Pharma 2006;62(3):369-371.
Rofes L, Arreola V, Martin A, Clavé P. Natural capsaicinoids
improve swallow response in older patients with oropha-
ryngeal dysphagia. Gut 2013;62(9):1280-1287.

Rofes L, Arreola V, Martin A, Clavé P. Effect of oral piper-
ine on the swallow response of patients with oropharyngeal
dysphagia. ] Gastroenterol 2014;49(12):1517-1523.

Ortega O, Rofes L, Martin A, Arreola V, Lépez I, Clavé P.
A comparative study between two sensory stimulation
strategies after two weeks treatment on older patients
with oropharyngeal dysphagia. Dysphagia 2016;31(5):
706-716.

Shin S, Shutoh N, Tonai M, Ogata N. The effect of capsaicin-
containing food on the swallowing response. Dysphagia
2016;31(2):146-153.

Nakato R, Manabe N, Shimizu S, et al. Effects of cap-
saicin on older patients with oropharyngeal dysphagia: a
double-blind, placebo-controlled, crossover study. Digestion
2017;95(3):210-220.

Alvarez-Berdugo D, Rofes L, Arreola V, Martin A, Molina L,
Clavé P. A comparative study on the therapeutic effect of
TRPV1, TRPA1, and TRPMS agonists on swallowing dysfunc-
tion associated with aging and neurological diseases. Neu-
rogastroenterology Motil 2018;30(2):e13185.

Tomsen N, Ortega O, Rofes L, et al. Acute and subacute
effects of oropharyngeal sensory stimulation with TRPV1
agonists in older patients with oropharyngeal dysphagia:
a biomechanical and neurophysiological randomized pilot
study. Therap Adv Gastroenterol 2019;12:175628481984204.
Tomsen N, Alvarez-Berdugo D, Rofes L, et al. A randomized
clinical trial on the acute therapeutic effect of TRPA1 and
TRPMS agonists in patients with oropharyngeal dysphagia.
Neurogastroenterology Motil 2020;32(6):e13821.

Tomsen N, Ortega O, Alvarez-Berdugo D, Rofes L, Clavé
P. A comparative study on the effect of acute pharyn-
geal stimulation with TRP agonists on the biomechan-
ics and neurophysiology of swallow response in patients
with oropharyngeal dysphagia. Int J] Mol Sci 2022;23(18):
10773.

Jager R, Purpura M, Rathmacher JA, et al. Health and
ergogenic potential of oral adenosine-5'-triphosphate (ATP)
supplementation. ] Funct Foods 2021;78:104357.



92.

93.

94,

95.

Gonzalez-Marenco R, Estrada-Sanchez IA, Medina-Escobedo
M, Chim-Aké R, Lugo R. The effect of oral adenosine triphos-
phate (ATP) supplementation on anaerobic exercise in
healthy resistance-trained individuals: a systematic review
and meta-analysis. Sports 2024;12(3):82.

Jacobson KA, Giancotti LA, Lauro F, Mufti F, Salvemini D.
Treatment of chronic neuropathic pain: purine receptor
modulation. Pain 2020;161(7):1425-1441.

Burnstock G. Purinergic mechanisms and pain. Adv Pharma-
col 2016;75:91-137.

Kinnamon S, Finger T. The role of ATP and purinergic recep-
tors in taste signaling. Handb Exp Pharmacol 2022;275:91-107.

96.

97.

98.

99.

Hossainetal. | 19

Kinnamon SC, Finger TE. A taste for ATP: Neurotransmission
in taste buds. Front Cell Neurosci 2013;7(December):264.

van Heusden C, Grubb B, Button B, Lazarowski E. Air-
way epithelial nucleotide release contributes to mucociliary
clearance. Life 2021;11(5):430.

Workman AD, Carey RM, Chen B, et al. CALHM1-mediated
ATP release and ciliary beat frequency modulation in nasal
epithelial cells. Sci Rep 2017;7(1):6687.

Becker JB, Prendergast BJ, Liang JW. Female rats are not more
variable than male rats: a meta-analysis of neuroscience
studies. Biol Sex Differ 2016;7(1):34.

Submitted: 25 October 2024; Revised: 27 February 2025; Accepted: 27 February 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of American Physiological Society. This is an Open Access article distributed under the terms of the Creative Commons

Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Materials and Methods
	Results
	Discussion
	Author Contributions
	Supplementary Material
	Funding
	Conflict of Interest
	Data Availability
	References

