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Prostaglandin  E2 sensitizes the cough reflex 
centrally via EP3 receptor‑dependent activation 
of NaV 1.8 channels
Al‑Shaimaa A. Al‑Kandery1, Muddanna S. Rao2 and Ahmed Z. El‑Hashim1*  

Abstract 

Background: Cough hypersensitivity is a major characteristic feature associated with several types of cough, includ‑
ing chronic cough, but its underlying mechanisms remain to be fully understood. Inflammatory mediators, such as 
prostaglandin  E2  (PGE2), have been implicated in both peripheral induction and sensitization of the cough reflex. In 
this study, using a conscious guinea pig model of cough, we investigated whether  PGE2 can sensitize the cough reflex 
via central actions and, if so, via which mechanisms.

Methods: All drugs were administered by intracerebroventricular (i.c.v.) route and whole‑body plethysmograph set‑
up was used for both induction, using aerosolized citric acid (0.2 M), and recording of cough. Immunohistochemistry 
was performed to confirm the expression of NaV 1.8 channels in the nucleus tractus solitarius (nTS).

Results: We show that both  PGE2 and the non‑selective EP1/EP3 agonist, sulprostone, dose‑dependently enhanced 
the citric acid‑induced cough (P ≤ 0.001, P ≤ 0.01, respectively). Pretreatment with the EP1 antagonist, ONO‑8130, did 
not affect the sulprostone‑induced cough sensitization, whilst the EP3 antagonist, L‑798,106, dose‑dependently inhib‑
ited this effect (P ≤ 0.05). Furthermore, treatment with either the EP2 agonist, butaprost or the EP4 agonist, L‑902,688, 
had no effect on cough sensitization. Additionally, pretreatment with either the TRPV1 antagonist, JNJ‑17203212 
or the TRPA1 antagonist, HC‑030031, alone or in combination, nor with the NaV 1.1, 1.2, 1.3, 1.4, 1.6 and 1.7 channel 
blocker, tetrodotoxin, had any effect on the cough. In contrast, pretreatment with the NaV 1.8 antagonist, A‑803467, 
dose‑dependently inhibited this effect (P ≤ 0.05). Furthermore, NaV 1.8 channels were shown to be expressed in the 
nTS.

Conclusion: Collectively, our findings show that  PGE2 sensitizes the cough reflex centrally via EP3 receptor‑depend‑
ent activation of NaV 1.8 but independently of TRPV1, TRPA1 and TTX‑sensitive sodium channel activation. These 
results indicate that  PGE2 plays an important role in central sensitization of the cough reflex and suggest that central 
EP3 receptors and/or NaV 1.8 channels may represent novel antitussive molecular targets.
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channels

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  ahmed.elhashim@ku.edu.kw
1 Department of Pharmacology & Therapeutics, Faculty of Pharmacy, 
Kuwait University, Kuwait City, Kuwait
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-3888-8039
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12931-021-01889-4&domain=pdf


Page 2 of 17Al‑Kandery et al. Respiratory Research          (2021) 22:296 

Background
Cough, particularly that of a chronic nature, continues 
to be a challenging clinical condition with a high global 
prevalence leading to a significant economic expendi-
ture and utilization of health care resources [1, 2]. 
Cough Hypersensitivity Syndrome (CHS) is a  recently 
coined term  to describe a chronic   exaggerated cough 
response,  to numerous stimuli, which  may exist as a 
distinct clinical entity [3]. The lack of effective cough 
therapy in the market, to date, reflects our incomplete 
understanding of cough mechanisms and related path-
ways that underlie CHS.

The role of the brainstem and higher brain regions in 
cough is particularly poorly understood, compared to 
that of the airways, possibly due to difficulty of access, 
complexity of the neuroanatomy and lack of appropri-
ate animal models [4–9]. Notwithstanding, progress 
has been made recently in identifying some of the 
neuromediators, pathways and neuroplastic changes 
involved in cough, at both peripheral and central levels 
[10, 11].

There is a growing body of evidence suggesting 
that airway and central neuroplastic changes, driven 
by inflammation, are important drivers of cough. 

Interestingly, many of the inflammatory mediators 
involved in hyperalgesia, such as substance P (SP), 
nerve growth factor (NGF) and bradykinin (BK) also 
induce and/or sensitize the cough reflex [12–17] partly 
via activation and/or upregulation of ion channels. In 
particular, transient resistant potential (TRP) channels 
such as TRPV1 and TRPA1 have been reported to play 
key roles in sensitizing the cough reflex both peripher-
ally and centrally [12, 13, 18, 19]. More recently, volt-
age-gated sodium channels (NaVs), mainly NaV 1.7, 1.8 
and 1.9, which are expressed in airway sensory neu-
rons, have been reported to be involved in the regula-
tion of peripheral cough [20–22].

Prostaglandin  E2  (PGE2), a major mediator of pain, has 
been demonstrated, paradoxically, to have both proin-
flammatory and protective bronchodilator effects in the 
respiratory system [23], particularly when given by inha-
lation [24, 25]. Moreover, several preclinical and clinical 
studies have shown that aerosolization of  PGE2 can both 
induce and sensitize the cough reflex to citric acid and/
or capsaicin [24, 26, 27]. Indeed, treatment with NSAIDs 
can reduce virally-induced cough and cough associated 
with angiotensin converting enzyme (ACE) inhibitors 
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suggesting an important role for  PGE2 in cough induced 
via these modalities [28, 29].

The actions of  PGE2 are mediated predominantly 
through E-prostanoid (EP) receptors, which are classified 
into four distinct subtypes: EP1, EP2, EP3 and EP4 [30, 
31]. EP receptors are 7-transmembrane G-protein cou-
pled receptors (GPCR) that differ in their G-protein cou-
pling and signaling cascade. The EP3 receptors exist in 
multiple splice variants produced by alternative splicing 
of the C-terminal tail. Whilst all the EP receptors have 
been reported to have airway effects, good evidence sug-
gests that the EP3 receptor is the main receptor involved 
in  PGE2-sensitization and induction of cough at the air-
way level [24]. However, whether  PGE2 can sensitize the 
cough reflex via a central action has not been previously 
addressed.

Based on our previous findings with inflammatory 
mediators and the evidence supporting the role of  PGE2 
in peripheral induction and sensitization of the cough 
reflex, we proposed that  PGE2 also sensitizes the cough 
reflex centrally. In this study, and using a conscious 
guinea pig model of cough, we investigated [1] whether 
 PGE2 administered centrally can sensitize the cough 
reflex and if so, [2] what are the downstream signaling 
mechanisms involved.

Materials and methods
Ethical considerations
All the experimental protocols were approved by the 
Animal Ethics Committee in the Health Sciences Center 
at Kuwait University. In addition, all the experiments 
were conducted in accordance with international and 
Kuwait University guidelines and complied with the 
EU Directive 2010/63/EU for animal experiments and 
the National Institutes of Health Guide for the care and 
use of laboratory animals (NIH Publications No. 8023, 
revised 1978).

Animals
Conscious, unrestrained adult Dunkin-Hartley guinea 
pigs, both males and females, weighing 400–600 g were 
used for all the experiments in this study. The in- house 
bred animals were generously supplied by the Animal 
Resources Center of Faculty of Medicine at Kuwait Uni-
versity and were housed in a fully controlled room in the 
animal facility maintained at 21–25  °C, relative humid-
ity of 50% and 12-h light/dark cycle. Following cannulae 
implantation, all animals were placed individually in plas-
tic cages on sawdust bedding to avoid removal or damage 
to the implanted cannula. The animals had unrestricted 
access to standard diet and tap water supplemented with 
multivitamins.

Surgical implantation of chronic intracerebroventricular 
cannula
The surgical implantation procedures were performed 
as previously described [14]. Guinea pigs were first 
anesthetized with ketamine hydrochloride 80  mg/kg 
(Laboratories Sterop, Brussels, Belgium) and xylazine 
hydrochloride 6  mg/kg (Sigma-Aldrich, St Louis, MO, 
USA) administered intramuscularly (i.m.). Fifteen min-
utes thereafter, each animal was injected with the antibi-
otic enrofloxacin 0.25 mg/kg subcutaneously (s.c.) (Bayer 
AG, Berlin, Germany) and the pain control medication, 
tramadol hydrochloride 1  mg/kg (i.m.) (Sigma-Aldrich, 
St Louis, MO, USA). The fur over the guinea pig head 
was shaved off and the animal was then placed in a stere-
otaxic apparatus (David Kopf Instruments, Tujunga, 
CA, USA). The head was cleaned with betadine, a mid-
line incision in the skin above the skull (2 cm) was made 
with a sharp surgical blade No. 20 (Feather Safety Razor, 
Osaka, Japan), and the skull was cleaned with 3% hydro-
gen peroxide (Sigma-Aldrich, St Louis, MO, USA) to 
ensure that all connective tissues were removed from the 
surface of the skull. A 20-gauge stainless steel guide can-
nula and its dummy cannula, HTX-20  T and HTX-25R 
(Plastic one, Roanoke, VA, USA) were placed in the low-
ering arm of the stereotaxic apparatus. The cannula was 
moved in the following three dimensions relative to the 
bregma and corresponded to the left lateral ventricle: 
2.0 mm anteroposterior (AP), 1.8 mm mediolateral (ML) 
and 4.8  mm dorsoventral (DV), which is based on pre-
viously published reports [14, 32, 33]. A small hole was 
then drilled in the skull, based on the determined coor-
dinates. Two additional holes were drilled for two anchor 
screws (Stoelting, IL, USA). Dental cement (Stoelting, IL, 
USA) was used to fix the cannula in the predetermined 
coordinates. The animals were also treated with intra-
muscular tramadol hydrochloride (1 mg/kg) and subcuta-
neous enrofloxacin (0.25 mg/kg) for two consecutive days 
to relieve pain and prevent post-operative infections.

Preparation of drugs and buffers
PGE2 (Cayman Chemical Company) was initially pre-
pared by dissolving the drug in absolute ethanol and dilu-
tions were made in artificial cerebrospinal fluid (ACSF) 
to yield the desired final concentrations. Sulprostone, 
butaprost, L-902,688, ONO-8130, L-798,106, A-803467 
(Cayman Chemical Company), JNJ-17203212 (Tocris 
Bioscience) and HC-030031 (Sigma Aldrich) were ini-
tially dissolved in dimethyl sulfoxide (DMSO) and subse-
quent dilutions were made in ACSF to yield the desired 
final concentrations as shown in Table  1. The solubility 
of these different drugs in DMSO were different and this 
resulted in different percentage concentration of DMSO 
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being used. However, it is important to note that, in each 
set of experiments, appropriate controls containing the 
right concentration of DMSO were used to allow proper 
scientific assessment of drug effects. Tetrodotoxin (Toc-
ris Bioscience) was initially dissolved in ACSF to make 
1  mM solution and subsequent dilutions were made in 
ACSF to yield the desired final concentration. Citric acid 
(Sigma Aldrich) was dissolved in phosphate buffer saline 
(PBS, Sigma Aldrich) to make 0.2 M solution. All drugs 
were freshly prepared for each experiment.

Intracerebroventricular drug administration
The drugs were administered to conscious and unre-
strained guinea pigs on day 8 after cannula implanta-
tion as previously described [14, 32, 33]. Briefly, prior 
to each cough assessment experiment, the dummy can-
nula was removed from the guide cannula. The infusion 
cannula was then connected to the guide cannula and 
a vehicle/drug filled syringe fixed to a Harvard 33 Twin 
Syringe Pump (Harvard Apparatus, USA) via a polyethyl-
ene tubing (PE-60) (Small parts, INC, USA). Drugs were 
infused at a rate of 30 μl/h, with a maximum volume of 

Table 1 Summary of the different experiments done in this study including the objectives of the experiments, treatments (with 
concentrations) and controls (with vehicles used to dissolve the agonists and antagonists) and the number of animals used in each 
group

Treatment/ 
Pretreatment

Objective Control Treatment Groups

Vehicle Concentration 1 Concentration 2 Concentration 3

PGE2 To study the effect of 
treatment on citric acid‑
induced cough

10% ethanol in ACSF
(n = 12)

0.3 mg/ml
(n = 8)

0.6 mg/ml
(n = 12)

1 mg/ml
(n = 13)

Sulprostone
Non‑selective EP1/EP3 
agonist

To study the effect of 
treatment on citric acid‑
induced cough

10% DMSO in ACSF
(n = 9)

0.1 mg/ml
(n = 8)

0.3 mg/ml
(n = 7)

1 mg/ml
(n = 9)

ONO‑8130
EP1 receptor antagonist

To study the effect 
of pretreatment on 
sulprostone‑enhanced 
citric acid‑induced cough

70% DMSO in ACSF
 + sulprostone
(1 mg/ml)
(n = 10)

1 mg/mL
 + sulprostone
(1 mg/ml)
(n = 7)

5 mg/mL
 + sulprostone
(1 mg/ml)
(n = 6)

–

L‑798,106
EP3 receptor antagonist

To study the effect 
of pretreatment on 
sulprostone‑enhanced 
citric acid‑induced cough

70% DMSO in ACSF + sul‑
prostone
(1 mg/ml)
(n = 10)

2.5 mg/mL
 + sulprostone
(1 mg/ml)
(n = 7)

5 mg/mL
 + sulprostone
(1 mg/ml)
(n = 10)

–

Butaprost
EP2 receptor agonist

To study the effect of 
treatment on citric acid‑
induced cough

10% DMSO in ACSF
(n = 11)

0.3 mg/ml
(n = 8)

1 mg/ml
(n = 10)

–

L‑902,688
EP4 receptor agonist

To study the effect of 
treatment on citric acid‑
induced cough

10% DMSO in ACSF
(n = 7)

0.3 mg/ml
(n = 9)

1 mg/ml
(n = 8)

–

JNJ‑17203212
TRPV1 channel antagonist

To study the effect 
of pretreatment on 
 PGE2‑enhanced citric 
acid‑induced cough

70% DMSO in ACSF + 
PGE2 (1 mg/ml)
(n = 10)

0.4 mg/mL
 +  PGE2 (1 mg/ml)
(n = 10)

1.3 mg/mL
 +  PGE2 (1 mg/ml)
(n = 9)

–

HC‑030031
TRPA1 channel antagonist

To study the effect 
of pretreatment on 
 PGE2‑enhanced citric 
acid‑induced cough

5% DMSO in ACSF + 
PGE2 (1 mg/ml)
(n = 8)

0.02 mg/mL + 
PGE2 (1 mg/ml)
(n = 7)

0.05 mg/ml + 
PGE2 (1 mg/ml)
(n = 6)

–

Combination
JNJ‑
17203212 + HC‑030031

To study the effect 
of pretreatment on 
 PGE2‑enhanced citric 
acid‑induced cough

70% DMSO in ACSF + 
PGE2 (1 mg/ml)
(n = 7)

0.4 + 0.02 mg/mL +  PGE2 
(1 mg/ml)
(n = 5)

1.3 + 0.05 mg/
mL +  PGE2 (1 mg/
ml)
(n = 6)

–

Tetrodotoxin (TTX)
Tetrodotoxin‑sensitive 
sodium channel antago‑
nist

To study the effect 
of pretreatment on 
 PGE2‑enhanced citric 
acid‑induced cough

99% ACSF +  PGE2  (1 mg/
ml)   (n = 7)

0.015 µg/mL +  PGE2 
(1 mg/ml)
(n = 7)

0.1 µg/mL + 
PGE2 (1 mg/ml)
(n = 5)

–

A‑803467
NaV 1.8 channel antago‑
nist

To study the effect 
of pretreatment on 
 PGE2‑enhanced citric 
acid‑induced cough

70% DMSO in ACSF + 
PGE2 (1 mg/ml)
(n = 6)

5 mg/mL + 
PGE2 (1 mg/ml)
(n = 5)

10 mg/mL + 
PGE2 (1 mg/ml)
(n = 5)

–
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15 μl administered over a period of 30 min followed by 
a 15-min absorption period to prevent the backflow of 
the drug and allow the drug to equilibrate. In the experi-
ments involving agonists and antagonists treatments, the 
agonist drug was administered 45 min after the antago-
nist pretreatment (30-min antagonist infusion followed 
by 15-min absorption phase). The accuracy of the can-
nula implantation was checked via the infusion of meth-
ylene blue at the end of some of the experiments and an 
80% accurate implantation was noted.

Citric acid challenge and measurement of cough
The citric acid challenge and the assessment of cough 
were conducted using the Buxco whole body plethys-
mography (WBP) system (Buxco, Troy, NY, USA) as pre-
viously described [14, 34]. Fifteen minutes following the 
infusion of the drug, conscious and unrestrained guinea 
pigs were placed individually in the transparent plethys-
mography chambers. The animals were then exposed to 
an aerosolized 0.2 M aqueous citric acid (Sigma-Aldrich, 
St Louis, MO, USA), which is generated by the aerogen 
nebulizer. The bias flow generator, which is connected to 
the plethysmography chamber, was set to supply air at 
a rate of 3 L/min and withdraw air at a rate of 4 L/min. 
The number of coughs were recorded over a 20-min 
period, which was divided into 10-min of citric acid 

challenge followed by 10-min post-nebulization record-
ing period, using the Buxco cough analyzer. The Buxco 
cough analyzer differentiates coughs from sneezes and 
has been reported to demonstrate > 99% correlation with 
manual cough counting [34]. The criteria and number of 
coughs were also confirmed by observing the character-
istic opening of the mouth, forward movement coupled 
to the high sound produced by the guinea pigs as well as 
a defined pattern in the sound signal. The overall time-
line of the experimental protocols used to investigate 
 PGE2-induced sensitization of the cough reflex is shown 
in Fig. 1.

Animal perfusion and qualitative immunohistochemistry 
(IHC) study for the expression of NaV 1.8 channels 
in the brainstem nucleus, nTS
Due to the scarcity of data for central expression of 
NaV 1.8 channels, a qualitative IHC studies were con-
ducted to detect the expression of NaV 1.8 channels in 
the brainstem nucleus, nTS, in  a few guinea pigs. The 
guinea pigs were anesthetized with ketamine hydro-
chloride 80  mg/kg (Laboratories Sterop, Brussels, 
Belgium) and xylazine hydrochloride 6  mg/kg (Sigma-
Aldrich, St Louis, MO, USA) administered intramus-
cularly (i.m.) and perfused transcardially with freshly 
prepared 4% paraformaldehyde. Briefly, the heart was 

Day

1 2 3 4 5 6 8

Tramadol hydrochloride (i.m.)
and

enrofloxacin (s.c.)

Drug administration by
i.c.v. route for 30 minutes,
followed by 15 minutes
absorption phase

Citric acid challenge and
measurement of cough

7

Implantation of i.c.v
cannula

Fig. 1 A schematic diagram for the overall timeline for the experimental protocol used to investigate  PGE2‑induced sensitization of the cough 
reflex. Intracerebroventricular (i.c.v.) cannulae were implanted and guinea pigs were then injected with tramadol (i.m.) and enrofloxacin (s.c.) 
for three consecutive days. After a one‑week recovery period, drugs were infused through i.c.v. route for 30 minutes followed by a 15‑minute 
absorption phase. In case of two drug treatments, the antagonist was infused first for 30 minutes followed by a 15‑minute absorption phase, 
then the agonist was infused for 30 minutes followed by a 15 minute absorption phase. Animals were then challenged with 0.2 M citric acid for 
10 minutes followed by a 10‑minute post‑nebulization recording period. Cough number was assessed over the entire 20‑minute nebulization/
recording period
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exposed and perfused with 150 mL of heparinized saline 
followed by 800 mL of 4% paraformaldehyde (in 0.1 M 
Phosphate buffer, pH 7.4). The brain was dissected out 
and post fixed for 48  h in the same fixative. Five mm 
length of medulla oblongata tissue starting from obex 
towards the spinal cord was processed for paraffin sec-
tion cutting. Five-micron thick serial sections were 
cut and mounted on Poly-L-lysine coated glass slides. 
Serial brain sections were stained for cresyl violet 
staining and double immunofluorescence staining for 
NaV 1.8 and NeuN (marker for Neuron). Selected sec-
tions were incubated in a cocktail of polyclonal rabbit 
anti-NaV 1.8 (1:250, NBP2-75,584, Novus Biologicals) 
and monoclonal mouse anti-NeuN-1 (1:500, ab104224, 
Abcam) antibodies overnight. The sections were then 
washed in PBS and treated with a cocktail of goat anti-
rabbit DyLight-594 and horse anti-mouse DyLight 488 
secondary antibodies (1:200, DI-2488–1.5, Vector Lab-
oratories). Sections were washed and mounded with 
vectashield mounting media. Sections were observed 
and photographed in the confocal microscope.

Animal euthanization
At the end of each experiment, animals were sacri-
ficed by carbon dioxide  (CO2) inhalation. The  CO2 gas 
was delivered using a compressed gas cylinder, pres-
sure regulator and flowmeter. The flow rate of  CO2 was 
adjusted to 5 L/min and maintained until breathing, all 
muscle activity and signs of life are completely absent. 
This was followed by cervical dislocation to ensure 
death.

Experimental protocols
The present study consisted of several experiments sum-
marized in Table  1. In all experiments, animals were 
arbitrarily divided into control group and two or three 
treatment groups. Control groups were treated with 15 μl 
of different vehicles that were used to dissolve the ago-
nists or antagonists. Animals in the treatment groups 
were treated with 15  μl of different concentrations of 
agonists and/or antagonists. It is noteworthy to point out 
that cough numbers are not affected, in either the agonist 
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Fig. 2 Effect of treatment with  PGE2 on citric acid‑induced 
cough. Treatment of guinea pigs with 15 μl of  PGE2 (0.3 mg/ml; 
n = 8, 0.6 mg/ml; n = 12 and 1 mg/ml; n = 13, i.c.v.) resulted in a 
dose‑dependent increase in citric acid‑induced cough response 
compared to vehicle (n = 12). Data are plotted as a scatter graph A 
and a bar chart B, showing mean cough ± SEM. * and *** represent 
a statistically significant difference at P ≤ 0.05 and P ≤ 0.001, 
respectively, when compared to vehicle treated animals
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Fig. 3 Effect of treatment with the non‑selective EP1/EP3 agonist, 
sulprostone, on citric acid‑induced cough. Treatment of guinea pigs 
with 15 μl of sulprostone (0.1 mg/ml; n = 8, 0.3 mg/ml; n = 7 and 1 
mg/ml; n = 9, i.c.v.) resulted in a dose‑dependent increase in citric 
acid‑induced cough response compared to vehicle (n = 9). Data 
are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM. ** represents a statistically significant difference at 
P ≤ 0.01 when compared to vehicle treated animals
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or antagonist experiments, by the different concentra-
tions of the vehicle (DMSO; 5–70%).

Statistical analysis
Statistical evaluation analysis was carried out with Micro-
soft Excel for Mac (Microsoft Software V 15.31, USA) 
and GraphPad Prism (GraphPad Software, San Diego, 
CA). The data were analyzed blindly and expressed as 
mean cough ± standard error of the mean (SEM) and rep-
resent the number of coughs during the 20-min period 
of assessment. All treatment groups were initially tested 
for normality using Shapiro–Wilk test of normality. Nor-
mally distributed data were analyzed by parametric one-
way analysis of variance (ANOVA), followed by Dunnett’s 
multiple comparisons test. Nonparametric data were 
analyzed using nonparametric Kruskal–Wallis ANOVA 
followed by Dunn’s multiple comparison. At P ≤ 0.05, dif-
ferences were considered statistically significant. All the 
groups in each experiment were time-matched to ensure 

all treatment groups were exposed to the same experi-
mental conditions.

Results
Effect of treatment with  PGE2 on citric acid‑induced cough
Treatment of guinea pigs with  PGE2; i.c.v. (0.3  mg/ml; 
n = 8, 0.6  mg/ml; n = 12 and 1  mg/ml; n = 13) resulted 
in a dose-dependent increase in citric acid-induced 
cough response compared to vehicle treated guinea 
pigs (n = 12). The mean cough ± SEM were the follow-
ing: 5.25 ± 1.53 (0.3  mg/ml  PGE2), 7.58 ± 1.28 (0.6  mg/
ml  PGE2), 16.31 ± 3.16 (1  mg/ml  PGE2) and 2.75 ± 0.94 
(vehicle). Both 0.6 mg/ml and 1 mg/ml resulted in a sig-
nificant increase in citric acid-induced cough (> 175%, 
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Fig. 4 Effect of pretreatment with the EP1 antagonist, ONO‑8130, 
on sulprostone‑enhanced citric acid‑induced cough. Pretreatment 
of guinea pigs with 15 μl of ONO‑8130 (1 mg/ml; n = 7 and 5 mg/
ml; n = 6, i.c.v.) did not affect the sulprostone‑enhanced citric 
acid‑induced cough response compared to vehicle (n = 10). Data 
are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM
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Fig. 5 Effect of pretreatment with the EP3 antagonist, L‑798,106, 
on sulprostone‑enhanced citric acid‑induced cough. Pretreatment 
of guinea pigs with 15 μl of L‑798,106 (2.5 mg/ml; n = 7 and 5 mg/
ml; n = 10, i.c.v.) resulted in a dose‑dependent inhibition of the 
sulprostone‑enhanced citric acid‑induced cough response compared 
to vehicle (n = 10). Data are plotted as a scatter graph A and a bar 
chart B showing mean cough ± SEM. * represent a statistically 
significant difference at P ≤ 0.05 when compared to vehicle 
pretreated animals
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P = 0.035; > 490%, P = 0.0001, respectively). The data are 
presented in Fig.  2A, B. Since  PGE2 at concentration of 
1 mg/ml resulted in the highest enhancement of the citric 
acid-induced cough without any overt unwanted effects, 
this dose was used in the subsequent experiments in this 
study involving the use of  PGE2.

Effect of treatment with the non‑selective EP1/EP3 agonist, 
sulprostone, on citric acid‑induced cough
Treatment of guinea pigs with the non-selective EP1/
EP3 agonist, sulprostone; i.c.v. (0.1  mg/ml; n = 8, 
0.3  mg/ml; n = 7 and 1  mg/ml; n = 9) resulted in a 
dose-dependent increase in citric acid-induced cough 
response compared to vehicle treated guinea pigs 
(n = 9). The mean cough ± SEM were the follow-
ing: 6.00 ± 2.20 (0.1  mg/ml sulprostone), 8.29 ± 1.90 
(0.3 mg/ml sulprostone), 10.33 ± 1.33 (1 mg/ml sulpros-
tone) and 3.44 ± 1.30 (vehicle). Sulprostone at 1  mg/
ml caused a significant increase in citric acid-induced 

cough (> 200%, P = 0.007). The data are presented in 
Fig. 3A, B. Since sulprostone at concentration of 1 mg/
ml resulted in significant enhancement of the citric 
acid-induced cough, this dose was used in the subse-
quent experiments involving the use of sulprostone.

Effect of pretreatment with the EP1 receptor antagonist, 
ONO‑8130, on sulprostone‑enhanced citric acid‑induced 
cough
Pretreatment of guinea pigs with the EP1 antagonist, 
ONO-8130; i.c.v. (1  mg/ml; n = 7 and 5  mg/ml; n = 6) 
did not affect the sulprostone-enhancement of citric 
acid-induced cough response compared to vehicle pre-
treated guinea pigs (n = 10). The mean cough ± SEM 
were the following: 15.71 ± 2.92 (1 mg/ml ONO-8130), 
16.83 ± 4.45 (5  mg/ml ONO-8130) and 15.80 ± 5.67 
(vehicle). The data are presented in Fig. 4A, B.
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Fig. 6 Effect of treatment with the EP2 agonist, butaprost, on citric 
acid‑induced cough. Treatment of guinea pigs with 15 μl of butaprost 
(0.3 mg/ml; n = 8 and 1 mg/ml; n = 10, i.c.v.) did not affect the citric 
acid‑induced cough response compared to vehicle (n = 11). Data 
are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM
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Fig. 7 Effect of treatment with the EP4 agonist, L‑902,688, on citric 
acid‑induced cough. Treatment of guinea pigs with 15 μl of L‑902,688 
(0.3 mg/ml; n = 9 and 1 mg/ml; n = 8, i.c.v.) did not affect the citric 
acid‑induced cough response compared to vehicle (n = 7). Data 
are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM
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Effect of pretreatment with the EP3 receptor antagonist, 
L‑798,106, on sulprostone‑enhanced citric acid‑induced 
cough
Pretreatment of guinea pigs with the EP3 antagonist, 
L-798,106; i.c.v. (2.5  mg/ml; n = 7, 5  mg/ml; n = 10) 
resulted in a dose-dependent inhibition of the sulpros-
tone-enhancement of citric acid-induced cough response 
compared to vehicle pretreated guinea pigs (n = 10). 
The mean cough ± SEM were the following: 8.29 ± 1.69 
(2.5  mg/ml L-798,106), 6.20 ± 1.88 (5  mg/ml L-798,106) 
and 16.30 ± 3.49 (vehicle). L-798,106 at 5  mg/ml but 
not 2.5  mg/ml significantly reduced the sulprostone-
enhancement of citric acid-induced cough response by 
62% (P = 0.022). The data are presented in Fig. 5A, B.

Effect of treatment with the EP2 agonist, butaprost, 
on citric acid‑induced cough
Treatment of guinea pigs with the selective EP2 agonist, 
butaprost; i.c.v. (0.3  mg/ml; n = 8 and 1  mg/ml; n = 10) 

did not affect the citric acid-induced cough response 
compared to vehicle treated guinea pigs (n = 11). The 
mean cough ± SEM were the following: 2.50 ± 1.56 
(0.3  mg/ml butaprost), 2.60 ± 1.10 (1  mg/ml butaprost) 
and 2.27 ± 0.93 (vehicle). The data are presented in 
Fig. 6A, B.

Effect of treatment with the EP4 agonist, L‑902,688, 
on citric acid‑induced cough
Treatment of guinea pigs with the selective EP4 agonist, 
L-902,688; i.c.v. (0.3 mg/ml; n = 9 and 1 mg/ml; n = 8) did 
not affect the citric acid-induced cough response com-
pared to vehicle treated guinea pigs (n = 7). The mean 
cough ± SEM were the following: 2.33 ± 1.29 (0.3  mg/
ml L-902,688), 2.38 ± 0.92 (1  mg/ml L-902,688) and 
2.29 ± 1.25 (vehicle). The data are presented in Fig. 7A, B.

Veh JNJ (0.4 mg/ml) JNJ (1.3 mg/ml)
0

20

40

60

PGE2  ( 1 mg/ml)

Veh JNJ (0.4 mg/ml) JNJ (1.3 mg/ml)
0

5

10

15

20

PGE2 ( 1 mg/ml)

(A)

(B)

C
ou

gh
 N

um
be

r
C

ou
gh

 N
um

be
r

Fig. 8 Effect of pretreatment with the TRPV1 antagonist, 
JNJ‑17203212, on  PGE2‑enhanced citric acid‑induced cough. 
Pretreatment of guinea pigs with 15 μl of JNJ‑17203212 (0.4 mg/ml; 
n = 10 and 1.3 mg/ml; n = 9, i.c.v.) did not affect the  PGE2‑enhanced 
citric acid‑induced cough response compared to vehicle (n = 10). 
Data are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM
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Fig. 9 Effect of pretreatment with the TRPA1 antagonist, HC‑030031, 
on  PGE2‑enhanced citric acid‑induced cough. Pretreatment of guinea 
pigs with 15 μl of TRPA1 antagonist, HC‑030031 (0.02 mg/ml; n = 7 
and 0.05 mg/ml; n = 6, i.c.v.) did not affect the  PGE2‑enhanced citric 
acid‑induced cough response compared to vehicle (n = 8). Data 
are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM
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Effect of pretreatment with the TRPV1 antagonist, 
JNJ‑17203212, on  PGE2‑enhanced citric acid‑induced 
cough
Pretreatment of guinea pigs with the TRPV1 chan-
nel antagonist, JNJ-17203212; i.c.v. (0.4  mg/ml; n = 10, 
1.3  mg/ml; n = 9) did not affect the  PGE2-enhancement 
of citric acid-induced cough response compared to 
vehicle pretreated guinea pigs (n = 10). The mean 
cough ± SEM were the following: 11.00 ± 4.55 (0.4 mg/ml 
JNJ-17203212), 10.67 ± 2.62 (1.3  mg/ml JNJ-17203212) 
and 12.10 ± 1.92 (vehicle). The data are presented in 
Fig. 8A, B.

Effect of pretreatment with the TRPA1 antagonist, 
HC‑030031, on  PGE2‑enhanced citric acid‑induced cough
Pretreatment of guinea pigs with the TRPA1 
channel antagonist, HC-030031; i.c.v. (0.02  mg/
ml; n = 7, 0.05  mg/ml; n = 6) did not affect the 
 PGE2-enhancement of citric acid-induced cough 
response compared to vehicle pretreated guinea pigs 
(n = 8). The mean cough ± SEM were the following: 
11.57 ± 3.60 (0.02  mg/ml HC-030031), 13.00 ± 3.48 
(0.05  mg/ml HC-030031) and 14.25 ± 2.29 (vehicle). 
The data are presented in Fig. 9A, B.

Effect of pretreatment with combined doses 
of JNJ‑17203212 and HC‑030031 on  PGE2‑enhanced citric 
acid‑induced cough
Pretreatment of guinea pigs with combined doses 
of JNJ-17203212 and HC-030031, i.c.v., at either 
low (0.4  mg/ml and 0.02  mg/ml; n = 5) or high 
doses (1.3 and 0.05  mg/ml; n = 6) did not affect the 
 PGE2-enhancement of citric acid-induced cough 
response compared to vehicle pretreated guinea pigs 
(n = 7). The mean cough ± SEM were the following: 
11.40 ± 2.50 (low-dose combination), 10.17 ± 2.66 
(high-dose combination) and 10.71 ± 1.95 (vehicle). The 
data are presented in Fig. 10A, B.

Effect of pretreatment 
with the tetrodotoxin (TTX)‑sensitive channel blocker, TTX, 
on  PGE2‑enhanced citric acid‑induced cough
Pretreatment of guinea pigs with the tetrodotoxin, TTX; 
i.c.v. (0.015 µg/ml; n = 7, 0.1 µg/ml; n = 5) did not affect 
the  PGE2-enhancement of citric acid-induced cough 
response compared to vehicle pretreated guinea pigs 
(n = 7). The mean cough ± SEM were the following: 
15.29 ± 4.98 (0.015  µg/ml TTX), 16.60 ± 3.61 (0.1  µg/ml 
TTX) and 18.14 ± 4.75 (vehicle). The data are presented 
in Fig. 11A, B.

Effect of pretreatment with the NaV 1.8 antagonist, 
A‑803467, on  PGE2‑enhanced citric acid‑induced cough
Pretreatment of guinea pigs with the NaV 1.8 channel 
antagonist, A-803467; i.c.v. (5  mg/ml; n = 5, 10  mg/
ml; n = 5) resulted in a dose-dependent inhibition of 
the  PGE2-enhancement of citric acid-induced cough 
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Fig. 10 Effect of pretreatment with a combination of JNJ‑17203212 
and HC‑030031 on  PGE2‑enhanced citric acid‑induced cough. 
Pretreatment of guinea pigs with a 15 μl of combination of TRPV1 
antagonist JNJ‑17203212 and TRPA1 antagonist, HC‑030031 (Comb‑L: 
0.4 mg/ml and 0.02 mg/ml; n = 5 and Comb‑H: 1.3 mg/ml and 
0.05 mg/ml; n = 6, i.c.v.) did not affect the  PGE2‑enhanced citric 
acid‑induced cough response compared to vehicle (n = 7). Data 
are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM
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response compared to vehicle pretreated guinea pigs 
(n = 6). The mean cough ± SEM were the following: 
8.80 ± 1.79 (5  mg/ml A-803467), 4.40 ± 1.97 (10  mg/
ml A-803467) and 19.33 ± 5.00 (vehicle). A-803467 at 
10 mg/ml significantly reduced the  PGE2-enhancement 
of citric acid-induced cough response by 77% 
(P = 0.018). The data are presented in Fig. 12A, B).

The expression of NaV 1.8 channels on the brainstem 
nucleus, nTS of guinea pigs
Immunohistochemistry using a polyclonal NaV 1.8 
antibody confirmed the expression of NaV 1.8 channels 

in the nTS. NaV 1.8 channels were clearly expressed 
within all the neurons of the brainstem nucleus, nTS, of 
guinea pigs. The data are presented in Fig. 13. The nTS 
was identified with reference to the stereotaxic atlas of 
the guinea pig brainstem.

Discussion
In this study we show, using a conscious guinea pig 
model of cough, that acute exposure to  PGE2, via the 
central route, results in sensitization of the cough reflex 
which is mediated via EP3 receptor-dependent activation 
of NaV 1.8 channels but independently of TRPV1, TRPA1 
or TTX-sensitive channel activation.
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Fig. 11 Effect of pretreatment with the tetrodotoxin (TTX)‑sensitive 
channel blocker, TTX, on  PGE2‑enhanced citric acid‑induced cough. 
Pretreatment of guinea pigs with 15 μl of TTX (0.015 µg/ml; n = 7 
and 0.1 µg/ml; n = 5, i.c.v.) did not affect the  PGE2‑enhanced citric 
acid‑induced cough response compared to vehicle (n = 7). Data 
are plotted as a scatter graph A and a bar chart B showing mean 
cough ± SEM
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Fig. 12 Effect of pretreatment with the NaV 1.8 antagonist, 
A‑803467, on  PGE2‑enhanced citric acid‑induced cough. 
Pretreatment of guinea pigs with 15 μl of A‑803467 (5 mg/ml; n = 5 
and 10 mg/ml; n = 5, i.c.v.) resulted in a dose‑dependent inhibition of 
the  PGE2‑enhanced citric acid‑induced cough response compared to 
vehicle (n = 6). Data are plotted as a scatter graph A and a bar chart 
B showing mean cough ± SEM. * represent a statistically significant 
difference at P ≤ 0.05 when compared to vehicle pretreated animals
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Inflammatory mediators have been reported to play 
a role in the sensitization of cough, at both peripheral 
and central levels. Elucidating the mechanism by which 
this is achieved will not only result in better under-
standing of the cough mechanisms but will also result 
in identification of novel targets for cough therapy.

Our data show that acute exposure to  PGE2, via the 
i.c.v route, resulted in a dose-dependent enhancement of 
the citric acid-induced cough. The enhancement effect of 
 PGE2 was observed shortly after its administration and 
occurs over the same time frame seen with other inflam-
matory mediators such as NGF and BK [12, 14]. These 
findings show that  PGE2 plays a role in the central sensiti-
zation of the cough reflex, in agreement with both clinical 
and preclinical studies which show that  PGE2 (periph-
eral)  can sensitize the cough reflex/airway vagal nerves 
[26, 27, 35, 36]. Our findings are also in line with studies 
in the pain field where  PGE2 is reported to be involved in 
the central mechanisms that underlie the sensitization of 
pain pathways leading to hyperalgesia. For example, both 
intrathecal (i.t.) and i.c.v. administration of  PGE2 result in 

a dose-dependent enhancement of the sensitivity to pain 
in mice and rats [37–40].

The specific site in the brainstem where  PGE2 acts to 
enhance the cough reflex has not been determined in this 
study. However, several studies have previously identi-
fied the nucleus tractus solitarius (nTS) as a likely site. 
For example, the enhanced release of several excitatory 
mediators of the synaptic transmission in the nTS such as 
glutamate and SP is proposed to result in synaptic plas-
ticity and central sensitization of the cough reflex [14, 
41–44]. Conversely, the injection of neurokinin1 (NK1) 
or glutamate receptor antagonists, AP-5 and CNQX, into 
this brain region has been reported to inhibit cough [45, 
46]. Nuclei such as paratrigeminal nucleus (Pa5) may 
also be involved, not only as a relay point for the airway 
nerves, but also as a site for sensitization of the airway 
input signal.

All four EP receptors are reportedly expressed in the 
brainstem/nTS and have a high affinity for  PGE2 [47–
49] and could all potentially be involved in mediating 
the central tussive actions of  PGE2. A pharmacological 

Fig. 13 The expression of NaV 1.8 channels on the brainstem nuclei, nTS of guinea pigs. A photomicrograph of cross section of the medulla 
oblongata through the nucleus tractus solitarius, nTS (blue dotted line circle). A higher magnification view of the nTS is shown in the lower panel. 
Note all neurons of the nTS are positive for NaV 1.8. CC‑Central canal. Scale bar = 15 µm in the upper panel and 30 µm in the lower panel. Blue 
dotted line indicates the midline
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approach using selective agonists and also  antagonists, 
when the selectivity of an agonist to a specific sub-type 
was not high, were used to rule in or out the involvement 
of a particular EP receptor sub-type [50].

Sulprostone, a non-selective agent with high affin-
ity for both EP1 and EP3 receptors, was used to explore 
whether EP1 and/or EP3 receptors mediate the central 
 PGE2 enhancement of the cough response to citric acid 
[47, 51]. Our data show that treatment with sulprostone, 
via the i.c.v. route, enhanced cough in a dose-dependent 
manner. Furthermore, the sulprostone enhanced cough 
response showed an efficacy and a time course of sensi-
tization similar to that induced by  PGE2, over the same 
dose  range, suggesting that the sensitizing effects of  PGE2 
and sulprostone on cough were likely to be mediated via 
the same receptor subtype/s, namely EP1/EP3. These 
data are in line with that showing that both sulprostone 
and  PGE2 induce depolarizations in the isolated guinea-
pig vagus nerves, indicating that the activation of sensory 
nerves was also dependent on EP1/EP3 receptor subtype 
activation [24]. Furthermore, a role for EP1/EP3 in cen-
tral sensitization is also supported by in  vivo findings 
showing that i.t. administration of sulprostone induced 
hyperalgesia and allodynia, in mice and rats, with similar 
time course to that induced by  PGE2 [38, 52, 53]. Alto-
gether, these findings would suggest that  PGE2/sulpros-
tone mediate the enhanced citric acid-induced cough 
centrally via activation of EP1 and/or EP3 receptors.

To identify which one of the two receptors, or if indeed 
both, are involved in the sulprostone- enhanced cough, 
we used selective antagonists for EP1 and EP3 recep-
tors.  Our data show that pretreatment with the highly 
selective EP1 antagonist, ONO-8130, did not inhibit the 
sulprostone-enhanced citric acid-induced cough indicat-
ing that EP1 receptors were not involved in the central 
sensitization of the cough reflex. Higher doses of ONO-
8130 could not be tested because of solubility limita-
tions. In contrast, our data show that pretreatment with 
the highly selective EP3 antagonist, L-798,106 dose-
dependently decreased the sulprostone-enhanced citric 
acid-induced cough. These findings clearly show that the 
effect of  PGE2 in central sensitization of the cough reflex 
is mediated, at least in part, via activation of EP3 recep-
tors. This observation is in agreement with findings from 
a recent study, using both in vitro and in vivo approaches, 
that identified EP3 as the key receptor in mediating 
 PGE2-induced sensory nerve activation as well as cough 
induction, when administered peripherally [24]. Our 
results are also in line with data from pain studies which 
report that EP3 receptors mediate the  PGE2-induced cen-
tral sensitization of pain. For example, activation of spi-
nal, or supra-spinal EP3 receptors had been reported to 
play an important role in the development of hyperalgesia 

and allodynia in mice and rats [38, 40, 52–54]. However, 
some studies have not demonstrated a role for EP3 recep-
tors in  PGE2- induced central sensitization of pain [55]. 
These differences in findings may be due to the fact that 
unlike other EP receptors, EP3 receptors exist in multi-
ple splice variants isoforms [30, 56] and although these 
isoforms show similar ligand binding affinities, they dif-
fer in their expression between species, G-protein cou-
pling, signal transduction properties, expression pattern 
and density in various tissues both in normal and disease 
conditions [57–59].

The highly selective EP2 agonist, butaprost (free acid, 
FA) and EP4 agonist, L-902,688 were used to explore 
whether EP2 receptors and EP4 receptors, respectively, 
mediate the  PGE2 enhancement of cough response to 
citric acid centrally. Our data show that acute exposure 
to either butaprost (FA) or L-902,688, via the i.c.v route, 
did not affect the cough response suggesting that neither 
EP2 receptors nor EP4 receptors have contributed to the 
 PGE2-enhanced cough centrally. These findings are in line 
with the results of an in vitro study which reported that 
neither EP2 receptors nor EP4 receptors were involved in 
the  PGE2-induced depolarization of vagal sensory nerves 
isolated from guinea pigs and mice [24]. Our results are 
also in agreement with findings from several pain studies 
which have reported that central EP2 and EP4 receptors 
were not involved in central sensitization of pain. Of par-
ticular interest, are the findings of a study showing that 
the i.c.v administration of butaprost in rats had no effect 
on the nociceptive processing following mechanical and 
thermal stimulation [40]. Moreover, it has been shown 
that the spinal application of an EP4 agonist did not 
alter the responses of dorsal horn neurons to mechanical 
stimulation of the inflamed knee [59]. Some studies have 
nonetheless provided evidence for a role for EP2 and EP4 
receptors in central sensitization of pain pathways [53, 
59, 60].

We also investigated whether TRP channels, specifi-
cally TRPV1 and TRPA1, are the downstream effectors 
of EP3 receptor activation and central sensitization of 
the cough reflex. These channels have been reported to 
be involved in cough induced/enhanced by other inflam-
matory mediators as well as in EP3 receptor- mediated 
sensory nerve activation and peripheral cough [12, 61, 
62]. Our data show that pretreatment with neither the 
selective and potent TRPV1 antagonist, JNJ-17203212, 
nor the TRPA1 antagonist, HC-030031, at doses previ-
ously shown to have significant effects [12], inhibited 
the  PGE2-enhanced citric acid-induced cough. These 
data indicate that these channels are not involved in 
 PGE2-induced central sensitization of the cough reflex. 
However, based on the small reduction that was noted 
with the individual drugs, as well as good evidence of 
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positive interaction between TRPV1 and TRPA1 chan-
nels, we postulated that perhaps both channels may need 
to be blocked in order to see any significant degree of 
inhibition. Our data show that pretreatment with com-
bined doses of JNJ-17203212 and HC-030031 (low and 
high doses) did not affect the  PGE2-enhancement of cit-
ric acid-induced cough response thus confirming that 
neither TRPV1 nor TRPA1 channels are involved in 
 PGE2- induced central sensitization of the cough reflex.

Given that many studies have reported a critical role 
for TRP channels in cough, both at peripheral and cen-
tral level, this was a surprising finding [63–65]. A pos-
sible explanation is that because EP3 receptors exist in 
multiple isoforms coupled to different G proteins [30, 56] 
and have different expression patterns between periph-
eral and central levels in guinea pigs [66], EP3 receptors 
may utilize different signaling mechanisms, centrally, that 
do not involve activation of TRP channels. Furthermore, 
recent findings from clinical studies have shown that the 
use of different TRPV1 antagonists failed to improve 
cough in patients with chronic refractory cough [12, 13, 
65–67], further questioning the role of TRPV1 in cough.

Finally we investigated whether voltage gated sodium 
channels, tetrodotoxin (TTX)-sensitive (NaV  1.1, 1.2, 
1.3, 1.4, 1.6 and 1.7) and the TTX-resistant channel, 
specifically NaV 1.8, are coupled to EP3 receptor activa-
tion and are  involved in the central sensitization of the 
cough reflex. The link between  PGE2 and NaVs has been 
investigated because  PGE2 was shown to potentiate both 
TTX-sensitive and TTX-resistant currents in different 
neuronal cells [67–70]. In addition, these channels, par-
ticularly NaV 1.7, 1.8 and 1.9, have been recently reported 
to be expressed in sensory neurons and involved in the 
regulation of peripheral cough [20, 22, 71, 72]. Further-
more, a large body of evidence has shown that these 
channels are upregulated in inflammatory conditions and 
in response to specific inflammatory mediators including 
 PGE2 [73–77].

Our data show that pretreatment with the potent 
neurotoxin, TTX, via the i.c.v. route, failed to inhibit 
the  PGE2-enhanced citric acid-induced cough suggest-
ing that TTX-sensitive channels are not involved in 
 PGE2-induced central sensitization of the cough reflex. 
This lack of effect was not dose related as TTX was 
shown to have clear pharmacological effects with com-
parable doses used in previous studies [78, 79]. Moreo-
ver, higher doses of TTX (above 0.1  µg/ml) couldn’t be 
tested due to observed vasomotor and respiratory side 
effects. In contrast to our data, peripheral cough studies 
have shown that pretreatment of mice with TTX signifi-
cantly reduced the cough response to 0.25 M citric acid 
which would imply that these channels are more impor-
tant peripherally [80]. Some, but not all, preclinical pain 

studies also support the involvement of TTX-sensitive 
channels in models of hyperalgesia [79]. Therefore, the 
precise role for TTX-sensitive channels in pain remains 
unclear.

A-803467 is a potent and highly selective NaV 1.8 
antagonist which has been widely used to investi-
gate the role of these channels in pain and cough stud-
ies. Our data show that pretreatment with A-803467, 
via the i.c.v. route, dose-dependently decreased the 
 PGE2-enhanced citric acid-induced cough. This suggests 
that NaV 1.8 channels, (TTX-resistant sodium chan-
nels), are coupled to EP3 receptor activation and medi-
ate the  PGE2-induced central sensitization of the cough 
reflex. Our results are in agreement with a recent study 
reporting that both local and systemic administration of 
A-803467 reduced the number of coughs induced by cap-
saicin challenge suggesting a role of NaV 1.8 channels in 
peripheral cough [81]. Furthermore, findings from sev-
eral in vitro and in vivo pain studies have demonstrated 
a critical role for NaV 1.8 channels in blocking the excit-
ability of sensory neurons and hyperalgesia [82–84]. 
Interestingly, our results are also consistent with find-
ings from pain studies suggesting a central role for NaV 
1.8 channels in the sensitization of pain pathways. For 
example, the i.t. administration of A-803467 produced 
a significant effect on diabetes and cancer-induced pain 
in mice and rats, respectively [85, 86]. There are limited 
data on the expression of  NaV 1.8 channels in the CNS 
and specifically in the brainstem. However, our immuno-
histochemistry data clearly show that NaV 1.8 channels 
are expressed in the brainstem, specifically in the nTS, 
and thus this  lends further support to our pharmaco-
logical data. The expression of the  NaV 1.8 channels in 
the nTS makes them a potential molecular target for the 
treatment of CHS  warranting further investigation. The 
exact nature of the interaction and coupling between 
EP3 receptors and NaV 1.8 remains to be characterized. 
Of interest however, Kwong et al. have shown that  PGE2 
potentiates TTX-R channel function, most likely NaV 1.8 
channels, in capsaicin-sensitive vagal pulmonary neurons 
by increasing the TTX-R conductance and increasing the 
voltage sensitivity; an effect that could be dependent on 
EP3 receptors [67, 87]. However, more work is needed to 
establish the nature of the interaction between EP3 and 
NaV 1.8 channels.

Conclusion
In summary, our data show that  PGE2, centrally, enhances 
citric acid-induced cough via EP3 receptor-dependent 
activation of NaV 1.8 channels but independently of 
TRPV1, TRPA1 and TTX-sensitive channels activa-
tion. Altogether, our findings support an important role 
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of inflammatory mediators, specifically  PGE2, in driving 
cough hypersensitivity and identify central EP3 receptors 
and NaV 1.8 channels as part of an important signaling 
pathway in enhanced cough. Therefore, targeting central 
EP3 receptors and/or NaV 1.8 channels may represent a 
novel approach for the treatment of cough hypersensitiv-
ity syndrome.
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