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Summary eBioMedicine
Background Chronic cough is a prevalent and difficult to treat condition often accompanied by cough hypersensitivity, 2024;100: 104976
characterised by cough triggered from exposure to low level sensory stimuli. The mechanisms underlying cough  PvPlished Online
hypersensitivity may involve alterations in airway sensory nerve responsivity to tussive stimuli which would be ?;Tg/ /:;;:92/;24
accompanied by alterations in stimulus-induced brainstem activation, measurable with functional magnetic 497J'6 o
resonance imaging (fMRI).

Methods We investigated brainstem responses during inhalation of capsaicin and adenosine triphosphate (ATP) in
29 participants with chronic cough and 29 age- and sex-matched controls. Psychophysical testing was performed to
evaluate individual sensitivities to inhaled stimuli and fMRI was used to compare neural activation in participants
with cough and control participants while inhaling stimulus concentrations that evoked equivalent levels of urge-to-
cough sensation.

Findings Participants with chronic cough were significantly more sensitive to inhaled capsaicin and ATP and
showed a change in relationship between urge-to-cough perception and cough induction. When urge-to-cough
levels were matched, participants with chronic cough displayed significantly less neural activation in
medullary regions known to integrate airway sensory inputs. By contrast, neural activations did not differ
significantly between the two groups in cortical brain regions known to encode cough sensations whereas
activation in a midbrain region of participants with chronic cough was significantly increased compared to
controls.

Interpretation Cough hypersensitivity in some patients may occur in brain circuits above the level of the medulla,
perhaps involving midbrain regions that amplify ascending sensory signals or change the efficacy of central inhibitory
control systems that ordinarily serve to filter sensory inputs.
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Research in context

Evidence before this study

Chronic cough in adults, regardless of the aetiology, is widely
considered to be a hypersensitivity disorder in which
coughing is triggered by relatively low levels of thermal,
mechanical or chemical stimuli. The site of this
hypersensitivity has been presumed to include the airway
vagal sensory nerve fibres, such that they become more
responsive to stimuli and therefore more readily able to evoke
coughing. Although the mechanisms leading to vagal
hypersensitivity have not been identified, inflammatory
mediators such as adenosine triphosphate (ATP) have been
implicated and this has led to major advancements of
purinergic (P2X3) receptor antagonists through clinical trials
for treating chronic refractory cough. Nevertheless, the precise
neurobiological actions of ATP in human cough
hypersensitivity are unknown but could be investigated by
assessing the patterns of brainstem neural activation using
functional brain imaging associated during ATP challenges in
patients with chronic cough compared to healthy controls.

Introduction

Chronic cough is a prevalent clinical problem, affecting
as many as 10% of the global population and commonly
associated with pulmonary, gastro-oesophageal reflux
(GERD) or nasal (e.g., rhinosinusitis) diseases."” In-
dividuals with chronic cough characteristically display
signs of cough hypersensitivity, a condition charac-
terised by a lowered threshold for cough initiation
indicative of heightened nervous system responses to
airway stimuli.»* For many people with chronic cough,
treating their associated disease restores cough sensi-
tivity and relieves coughing. However, for a significant
percentage of people chronic cough can be insensitive to
therapeutic intervention, despite effective management
of their associated conditions (termed refractory chronic
cough, RCC),>* or present without evidence of an
associative or causative condition, despite extensive
clinical investigation (termed unexplained chronic
cough, UCC).>*¢ Effective management of RCC and
UCC therefore relies on therapeutic approaches that
target the processes that mediate cough hypersensitivity
and/or induce coughing, rather than therapies that treat
diseases commonly associated with chronic cough.’
Consequently, efforts have focussed on understanding
putative mechanisms that regulate peripheral and cen-
tral processes involved in cough neural circuit activity as
targeting these will likely prove effective in the man-
agement of RCC and UCC.*”

Recent studies in animals and humans have identi-
fied adenosine triphosphate (ATP) as an important
endogenous signalling molecule involved in the devel-
opment of chronic cough, perhaps released from
injured or activated airway epithelial cells during

Added value of this study

Contrary to the prevailing hypothesis, the results observed in
patients with chronic cough in the present study are
inconsistent with substantive increased sensitivity of
peripheral cough evoking sensory fibres as a primary
mechanism contributing to cough hypersensitivity. Instead,
cough hypersensitivity may involve amplification of low levels
of vagal sensory input to the medullary brainstem through
altered higher brain processes.

Implications of all the available evidence

These findings support and extend our previous work
demonstrating that changes in how the central nervous
system processes incoming vagal sensory signals occur in
patients with chronic cough. The findings challenge our
understanding of cough hypersensitivity and therefore may
reshape future therapeutic approaches to manage this
challenging clinical condition.

inflammation or irritant exposure.”*" ATP acts on
cough-evoking sensory nerve fibres through purinergic
receptors, including both the heteromeric and homo-
meric P2X2/3 and P2X3 receptors, respectively.””® In
support of this, recent clinical trials have demonstrated
antitussive actions of several antagonists with P2X2/3
and P2X3 activity in RCC and UCC,*'*"* consistent with
a role for ATP release in the airways leading to the
subsequent activation or sensitisation of cough evoking
vagal sensory nerve fibres. However, preclinical animal
studies have shown that ATP reliably activates only one
of the two known cough evoking sensory neural path-
ways in healthy airways.”'*'® This may also be true in
humans. Thus, using functional brain imaging (fMRI)
in healthy humans' we showed that inhalation of the
cough-evoking stimulant capsaicin resulted in medul-
lary brainstem activations that encompassed both the
nucleus of the solitary tract and paratrigeminal nucleus,
regions where capsaicin-sensitive airway sensory neu-
rons arising from the nodose and jugular vagal ganglia,
respectively, are known to project.’® By contrast, when
these same participants inhaled ATP, medulla activa-
tions were largely restricted to the nucleus of the solitary
tract, suggestive that ATP preferentially activated the
nodose cough pathway.'>'®

Although ATP may specifically activate nodose sen-
sory neural pathways in healthy airways, it is conceivable
that the pattern of neural circuitry activated by ATP may
be altered in cough hypersensitivity. To investigate this,
we have again employed fMRI, this time to interrogate
the potential brainstem pathways involved in ATP-
evoked cough responses in RCC or UCC compared to
control participants without chronic cough. We set out
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to test the hypothesis that changes in the activation
patterns in the brainstem evoked by inhaled ATP in
participants with chronic cough may inform the identity
of neural circuits responsible for the hypersensitive state
under pathological conditions.

Methods

Ethics

The study and procedures were approved by the Uni-
versity of Melbourne (project number 1852642) and
Monash University (registration number 17642) Hu-
man Research Ethics Committees and conform to the
standards set by the Declaration of Helsinki (last
modified in 2013). The study was registered with
ClinicalTrials.gov (NCT03722849). All participants were
initially screened via telephone interviews for inclusion
and exclusion criteria and gave written, informed con-
sent prior to study enrolment.

Participants

The study was open to both male and female partici-
pants (sex self-reported by study participants), although
chronic cough is significantly more prevalent in fe-
males.” Chronic cough was diagnosed by a respiratory
or laryngology specialist or general practitioner and in-
clusion required cough of at least 6 months duration
with no abnormalities on chest X-ray or CT scan, and 61
potential participants with chronic cough were initially
identified (Fig. 1). Of these, n = 29 were enrolled into
the study, along with n = 29 age- and sex-matched
control participants (without chronic cough). One male
participant with chronic cough did not complete MRI
scans after initial psychophysical testing due to personal
circumstances. One female control participant withdrew

| Patients with chronic cough invited to participate (n=61) |

| Declined to participate (n=15) |<—

| Lost on follow-up (n=5) |<—

Excluded (n=8)

* Upcoming surgery (n=1)

* MRl incompatibility (n=2)

« Self-reported chilli allergy (n=1)

* Respiratory disease or poorly
controlled reflux (n=4)

Not enrolled on reaching
required sample size (n=4)

Enrolled in the study (n=29) |

Fig. 1: Summary of screening and recruitment for participants
with chronic cough.
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from the study during the MRI scanning due to claus-
trophobia. Thus, a total of 56 participants (n = 28 per
group) completed the full study and were included in
the final fMRI data analyses.

Cough challenge testing

Nebulised saline, capsaicin and ATP were used to
investigate individuals’ cough psychophysical charac-
teristics. Sterile normal saline (0.9% sodium chloride)
served as a control substance. Capsaicin (Sigma,
Australia) was prepared at a stock concentration of
125 puM and serially diluted to achieve a concentration
range of 0.12-62.5 pM as described previously.'***
ATP (Sigma, Australia) was prepared at a stock con-
centration of 465 mM and serially diluted to achieve a
concentration range of 0.45-232.5 mM as previously
described.”? All dilutions were prepared fresh on the day
of testing and participants inhaled nebulised vapour of
saline, capsaicin or ATP via a face mask which was
connected to jet nebuliser (RapidFlo; Allersearch,
Scoresby, Victoria, Australia). The nebuliser cups con-
taining each concentration of capsaicin or ATP were
connected via a tubing to the jet nebuliser which
generated vapour (~2-3 pm particle size). During the
fMRI data acquisition, compressed medical air
(5 L min™") was used to generate vapour and a series of
parallel shut-off valves directed the air to one of the
three nebulisers (containing saline, capsaicin or ATP)
during the stimulus periods, or to a vent for passive
exhaust during non-stimulus periods. Each nebuliser
was connected in parallel to the face mask via inde-
pendent tubing, preventing direct mixing of test
reagents.

Experimental design

Psychophysical assessment of sensitivity to inhaled capsaicin
and ATP

All enrolled participants completed the Leicester Cough
Questionnaire (LCQ),”" Newcastle Laryngeal Hypersen-
sitivity Questionnaire (LHQ),”> and Hull Cough Hyper-
sensitivity Questionnaire (HARQ).* The urge-to-cough
threshold (Cu), defined as the first concentration of
stimulus to evoke a perceptible level of urge-to-cough,
and the cough threshold (C2), defined as the first con-
centration of stimulus to elicit two coughs or more, were
determined by single vital capacity inhalation of
doubling concentrations of capsaicin and ATP via the
mouth as recommended” and described in our previous
studies.'»’***** The order of testing for capsaicin and
ATP was randomised among the participants. Immedi-
ately after each inhalation, participants rated their level
of urge-to-cough using a Borg scale ranging from 0 (no
urge) to 10 (most intense urge imaginable). Participants
recorded the nature and locations of evoked sensations
using body map charts. To limit exposure to test sub-
stances, each test concentration was presented only once
to participants to estimate Cu and C2. In preparation for
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fMRI scanning, the maximum suppressible stimulus
concentration (Smax), defined as the highest possible
concentration of stimulus participants could repeatedly
inhale over 24 s of tidal breathing without coughing, was
subsequently determined for both capsaicin and ATP
using a method of limits.'** Participants were chal-
lenged with progressively higher stimulus concentra-
tions over 24 s until breakthrough coughing was evoked,
after which the final Smax concentration was refined by
retesting participants using stimulus concentrations
above and below that initially identified.

fMRI scanning parameters

Functional brain imaging was performed at Monash
Biomedical Imaging, Clayton, Australia using a
Siemens Skyra 3T scanner (Siemens Healthineers,
Erlangen, Germany) and a 32-channel head coil. All but
3 participants underwent fMRI scanning on the same
day as cough challenge testing. The maximum duration
between cough challenge testing and scanning was 7
days. Immediately prior to scanning, confirmation of
the chosen Smax stimulus concentration was performed
for all participants, regardless of when their original
cough challenge testing was performed, and minor ad-
justments were made to the delivered stimulus if
necessary to limit coughing (defined as fMRI stimulus
concentration). In the scanner, participants wore ear-
plugs for ear protection from the MRI scanner noise and
lay on the patient table of the MRI scanner with their
heads stabilised with foam padding and their arms
supported by sandbags. A nebuliser mask connected to
three nebulisers was placed and secured over the par-
ticipants’ nose and mouth for delivery of saline, capsa-
icin or ATP.

High resolution T1-weighted anatomical images
were acquired at the resolution of 1 x 1 x 1 mm? with
MPRAGE sequence with the following parameters:
repetition time (TR) = 1900 ms, echo time
(TE) = 2.07 ms, inversion time = 900 ms, flip angle = 9°,
matrix = 256 x 256. Four fMRI scans with a view
localised to the brainstem (Fig. 2) were performed with
an echo planar imaging (EPI) sequence with the
following parameters: TR = 1930 ms, TE = 31 ms, flip
angle = 90°, total number of volumes = 186, slice
thickness = 2.6 mm, total number of slices = 21. The
slices had 1.8 x 1.8 mm? in-plane resolution and a
matrix of 106 x 106 that constituted a field of view (FOV)
of sufficient size to incorporate a portion of the brain
hemispheres rostral to the brainstem (Fig. 2).

An additional image with the same slice orientation
as in brainstem fMRI images with 70 slices that covered
the whole brain was also acquired for registration pur-
poses with similar parameters (TR = 6370 ms,
TE = 31 ms, matrix = 106 x 192). Fieldmap images were
acquired for correction of distortion with the following
parameters: TR = 744 ms; TE = 4.92 ms; slice
thickness = 3.3 mm; total number of slices = 70.

fMRI scanning with inhalation of tussive agents
Participants received visual instructions through a
mirror attached to the head coil that allowed them to
view a screen outside the scanner. Visual cues were
presented by a Windows computer running Presenta-
tion software (Neurobehavioural Systems) and included
the following: “prepare to inhale” 3 s prior to the onset
of each inhalation period; “go” to align the first inspi-
ratory phase to the onset of stimulus delivery, “prepare
to rate” after the conclusion of the inhalation period and
“rate your urge-to-cough” during which participants
indicated their urge-to-cough ratings via a trackball
combination mouse (Fig. 2). A visual fixation cross was
displayed during the rest period (35 s) as well as during
the inhalation challenges (24 s). Most participants
completed 4 fMRI scans. The exceptions were one
control participant who completed only 3 fMRI scans
due to urgent bathroom needs, one participant with
chronic cough who completed only 3 fMRI scans due to
coughing bouts during the scans and one participant
with chronic cough who completed only 2 fMRI scans
due to issues with viewing of the visual instructions.
Each fMRI scan included 6 blocks of nebulised stimuli
(2 each for saline, capsaicin and ATP delivered in a
pseudorandom order, Fig. 2). Any behavioural changes
during the fMRI scans, such as total number of coughs,
with the inhalation challenges were also noted down.

Analysis of the fMRI data was performed in FSL
(FMRIB’s software library; https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/) that included the FSL Expert Analysis Tool
(FEAT, version 6.0.3). Non-brain voxels were stripped
from the anatomical and functional MRI images using
the brain extraction tool,” motion-correction was pet-
formed using the MCFLIRT tool,* spatial distortion was
corrected using fieldmaps and FMRIB’s Utility for
Geometrically Unwarping EPIs (FUGUE)” and spatial
smoothing was performed with a Gaussian kernel of
3.0 mm full width at half maximum, and the data high
pass filtered with a cut-off of 0.01 Hz.

Registration of the functional MRI data to the stan-
dard Montreal Neurological Institutes (MNI) template
was performed in three steps using FLIRT (FMRIB’s
Linear Image Registration Tool). First, linear registra-
tion of motion-corrected and unwarped functional
brainstem EPI data to the unwarped whole brain mean
EPI was performed. Next, the unwarped whole brain
mean EPI image was linearly registered to the high-
resolution structural T1-weighted image, and the latter
image to the standard MNI152 template brain (1-mm
resolution). Multiplication of the three matrices was
used to transform statistical parametric maps from the
native to the standard space for analysis of group effects.

BOLD data series were analysed with a general linear
model with prewhitening for local autocorrelation.?
Regressors representing the timing for inhalation of
saline, capsaicin and ATP were included as explanatory
variables (EVs) in the general linear model. The timings
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Fig. 2: Overview of fMRI experimental design. (a) Control participants and participants with chronic cough underwent inhaled cough
challenge testing during brainstem optimised functional imaging (restricted field of view highlighted by yellow shaping). (b) ATP and capsaicin
challenge concentrations were individually tailored to produce behaviourally equivalent levels of urge-to-cough in all participants. Stimuli were
delivered across four brain imaging runs, comprising two 24 s blocks each of saline, capsaicin, and ATP inhalation (6 blocks/run in total).

for presentation of other visual cues and rating tasks
were also included as EVs. To account for physiological
noise, confound regressors were also included in the
general linear model. Having been described in previ-
ous studies by our group,'>* these confound regressors
have been adopted according to the outcomes of
empirical studies that assessed the influence of respi-
ration on BOLD signal variance, and how this variance
can be modelled when the events of interest are likely to
correlate with respiration,”! as is the case in this study.
Notably, the manifestation of respiratory-related vari-
ance in BOLD signal is not reliably predicted from
concurrent recordings of the respiratory cycle, being
more accurately represented in recordings of the BOLD
time series from carefully selected regions. These re-
gions, including the white matter and ventricles, are
likely to show respiratory and other physiological-related
noise while being less likely to incorporate variance
associated with neural events. Additionally, a confound
regressor was included that was identified after creating
a standard deviation image from each of the BOLD time
series acquired from patients and control participants.
This noisy cofound regressor corresponded to the time
series of the voxel with the highest standard deviation in
the image and was typically located near the midline at
the superior margin of the brain in a region likely to

www.thelancet.com Vol 100 February, 2024

include the sagittal sinus. Six motion parameters (three
translations, three rotations) were also included as
confound regressors. Participants with chronic cough
had an increased tendency to cough upon inhalation of
tussive agents during fMRI scans compared to healthy
controls (for capsaicin: 5.21 + 6.05 vs. 0.928 + 2.12
coughs, P = 0.0054; for ATP: 2.57 + 3.55 vs. 0.57 + 1.91
coughs, P = 0.0072; for saline: 0.14 + 0.59 vs. 0 + 0,
P = 0.4919). These breakthrough coughing events were
not always temporally aligned with the 24 s stimulus
blocks. Thus, for participants with cough vs. control
participants, cough during stimulus blocks for capsaicin
and ATP equalled 3.67 + 5.16 vs. 0.89 + 0.21 (P = 0.0868)
and 1.32 + 2.74 vs. 0.50 = 1.67 (P = 0.3954), respectively.
To identify and account for the occasional signal dis-
tortions that accompanied breakthrough coughing
events, an automated algorithm for detecting cough-
related distortions in the BOLD signal was developed
in-house in Python (version 3.9) (unpublished) and de-
tections were used as additional EVs in the general
linear model as previously reported.’”*

An additional confound variable that represented
widely distributed signal changes across the acquired
partial brain volume was generated. Preliminary activa-
tion maps of the main effects of interest (ATP,
ATP > Saline, Capsaicin, Capsaicin > Saline) were
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created. All voxels showing activation for any main effect
in either group were excluded from the partial brain
volume, and mean signals across the remaining voxels
were used to create the large volume confound regres-
sor. This approach was used to further characterise
changes in BOLD signal due to respiratory-related
noise,'»'*?**? as advocated to model global effects while
excluding the contribution of activation to this vari-
ance.” An assessment of the level of BOLD signal
variance and any associations between signals measured
from confound regressors and effects of interest is
provided in Supplementary Information.

Contrasts of parameter estimates (COPEs) were
calculated for each EV (saline, capsaicin, ATP, rating,
etc.) and for differences among the three inhalation
stimuli (Capsaicin > Saline, ATP > Saline) or between
cohorts (Control Participant > Cough Participant and
vice versa). Higher level analyses were performed after
transforming these statistical parametric maps repre-
senting COPEs to the standard MNI space. At the sec-
ond level analyses, a fixed effects model was used to
calculate average effects out of the four different runs
for each participant. At the group level analyses, the
outputs of the second level analyses were used as inputs
and a mixed effects model was used. Demeaned urge-to-
cough ratings for capsaicin were used as an additional
regressor in the group level analyses to examine the
relationship between the behaviour and the level of ac-
tivations. In line with our previous brainstem fMRI
study,” the outcomes of the group level analyses were
thresholded to include only the voxels with Z values >2.3
and cluster probability level of P < 0.05 corrected for
multiple comparisons based on Gaussian random field
theory.*

Regions of interest (ROIs), identified using whole
group (n = 56) activation maps, neuroanatomical maps*
and our prior studies,'”* were defined by manually
creating masks over voxels in activated clusters from the
Capsaicin > Saline and ATP > Saline contrasts. These
masks included voxels likely corresponding to ROIs in
the left and right nucleus of the solitary tract, left and
right paratrigeminal nucleus, left midbrain, right ante-
rior cingulate cortex and left primary somatosensory
cortex, regions comprising core elements of the urge-to-
cough network." Percentage signal changes from each
of the ROIs were extracted using FEATQUERY tool
from the FSL package.

Statistics

Sample size estimates were made using BOLD signal
changes extracted from regions of interest reported in
our previous study'” and analysed with fMRIpower.*
Inclusion of 25 participants per group afforded at least
80% power to detect a between-group difference of
0.48-0.72 standard deviation units in the regions of
interest. Participants were included if their chronic
cough exhibited features of RCC or UCC, including a

history of unsuccessful therapy interventions or an
absence of identified comorbid conditions that can
cause chronic cough. Exclusion criteria included con-
ditions that could potentially affect cough sensitivity
such as chronic respiratory disease, neurological disease
or recent acute respiratory infection, a history of
smoking during the previous 5 years, conditions that
could influence MRI safety such as recent surgery and
MR-unsafe implants, use of medications that were likely
to influence cough sensitivity, brain activity and blood
oxygen level dependent (BOLD) responses of functional
magnetic resonance imaging (fMRI). The study was
single blinded as participants (but not investigators)
were blinded to the identity of the challenge stimulus
order used in the fMRI scanning.

All statistical analyses of demographic and behav-
ioural data were performed in GraphPad Prism (version
9). Data sets were first tested for normality using the
D’Agostino-Pearson test to determine appropriate
parametric or non-parametric groupwise tests. Data are
presented as mean = standard deviation (SD) and sta-
tistical significance was defined as P < 0.05. See also
statistical summary table (Supplementary Material
Table S1).

Differences in group demographics were assessed
using unpaired t-tests (age) or Mann—Whitney U tests
(cough duration) reflecting the normality of the data.
Mean (overall) and subdomain response scores to
questionnaires were investigated using multiple Mann-—
Whitney U tests with correction for multiple compari-
sons with Holm-Siddk’s method, as data were not nor-
mally distributed.

The stimulus response data were log-transformed”
to restore data to linearity and calculate Cu, C2, Smax
and fMRI values for capsaicin and ATP. Between group
differences in stimulus response measures were ana-
lysed with two-way ANOVA followed by post-hoc Sidak’s
multiple comparisons testing, as the transformed data
were normally distributed, and independence existed
among testing statistics of interest. Difference scores
between urge-to-cough ratings at Cu and C2 stimulus
concentrations were calculated by subtracting the urge-
to-cough ratings at C2 from those at Cu (defined as
C2-Cu UTC difference) and tested for significant dif-
ferences between group effects using unpaired t-tests, as
data were normally distributed. Sensory experiences and
body maps were recorded as the proportion of re-
spondents for each response option and differences
between cohorts analysed using Fisher’s exact test. The
sum of terms used to describe participant experiences
during capsaicin and ATP inhalation was calculated and
compared between groups using unpaired t-tests. Mean
urge-to-cough ratings induced by inhalation of saline,
capsaicin and ATP across four fMRI runs were calcu-
lated and compared between groups using two-way
ANOVA followed by Sidik’s multiple comparisons
testing, as data were normally distributed, and
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independence existed among testing variables of inter-
est. Total numbers of coughs during the fMRI scans
were compared with multiple Mann-Whitney U tests
with correction for multiple comparisons with Holm-
Sidak’s method given their non-normal distribution.

For fMRI data, the mean percentage BOLD signal
changes for each ROI across four runs were calculated
for each participant and differences between ROIs, as
planned a priori, were compared between the control
and the chronic cough groups using non-parametric
Mann-Whitney U tests as data were not normally
distributed.

Role of funders

This study was supported in part by a research grant
from Investigator-Initiated Studies Program of Merck
Sharp & Dohme (Australia) Pty Ltd. The funders
reviewed and approved the final study design but played
no role in data collection, data analyses, interpretation,
or writing of report. The opinions expressed in this
paper are those of the authors and do not necessarily
represent those of Merck Sharp & Dohme (Australia)
Pty Ltd.

Results

Participant demographics

Control participants and participants with chronic
cough displayed no significant group differences be-
tween sex and age demographics. Consistent with the
known demographics of chronic cough,” 65.5% of
participants were female with an overall average age of
60.1 + 12.0 years (Table 1). The mean duration of self-
reported chronic cough by participants was 14.3 + 14.6
years, with more than half of the participants having
chronic cough for over 10 years and 4 participants
reporting ongoing troublesome cough persisting for 3-5
decades of their life. None of the enrolled participants
with chronic cough had any comorbid lung disease and
based on their clinical histories assessed by respiratory
or laryngology specialists or general practitioners, all
were suspected to have refractory or unexplained
chronic cough. Scores across the HARQ, Newcastle
LHQ and LCQ, and their subdomains, for participants
with chronic cough were highly significantly different (P
values ranged from P = 0.0022 to P < 0.0001; Multiple
Mann-Whitney U tests with correction for multiple
comparison), to control participants, indicative of the
burden of their chronic cough (Table 1).

Behavioural responses to inhalation of capsaicin
and ATP

Psychophysical responses to inhalation of nebulised
capsaicin and ATP showed differences between partici-
pants with chronic cough and the healthy participant
cohort (Fig. 3). Saline inhalation produced no urge-to-
cough sensation in any control participants (group
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Control Cough Statistics
Number of participants 29 29 -
Sex
Male 10 (34.5%) 10 (34.5%) P <0.999
Female 19 (655%) 19 (655%) P < 0.999
Age (years) 59.7 +120 606 +122 P =0.771
Male 622 +12.1 60.2 + 12.6 P =0.722
Range 41-77 40-79 -
Female 583 +12.1 60.8 +12.3 P = 0.536
Range 36-78 41-78 -
Cough duration (years)
Mean 0x0 14.3 + 14.6 P < 0.0001
Range - 0.5-50 -
HARQ
Mean score 23£28 331 +131 P < 0.0001
Newcastle LHQ
Mean score 201 + 1.1 14.8 + 3.0 P < 0.0001
Obstruction domain 6.7 £ 0.4 48 +11 P < 0.0001
Irritation domain 6.5+ 0.6 38+14 P < 0.0001
Pain/thermal domain 6.9 +03 6211 P < 0.0001
LCQ
Mean score 20.8 + 0.3 13.9 £ 3.6 P < 0.0001
Physical domain 6.8 +0.2 5.2 + 1.0 P < 0.0001
Psychological domain 7.0 + 0.2 45+ 14 P < 0.0001
Social domain 7.0 + 0.0 4216 P < 0.0001
Table 1: Participant characteristics.

rating = 0.0 = 0.0) and a small urge-to-cough in 6 par-
ticipants with chronic cough (group rating = 0.5 + 1.2).
A significant difference in response sensitivity between
control participants and participants with chronic cough
was observed for capsaicin and ATP (F(2,165) = 25.4,
P < 0.0001, F(2,165) = 27.3, P < 0.0001; two-way
ANOVA, respectively). Post-hoc multiple comparison
testing showed that participants with chronic cough had
significantly lower capsaicin thresholds to evoke two or
more coughs (C2, P = 0.0018) and a lower maximum
concentration that could be inhaled for 24 s without
coughing (Smax, P = 0.0031). Similarly for ATP inha-
lation, participants with chronic cough displayed
significantly lower C2 (P < 0.0001) and Smax
(P < 0.0001) thresholds. Notably, even though both
capsaicin and ATP urge-to-cough thresholds were lower
in participants with chronic cough compared to con-
trols, this did not reach statistical significance (Cu
capsaicin, P = 0.081; Cu ATP, P = 0.282). Urge-to-cough
ratings were related to stimulus concentration in the
psychophysical testing session, and consequently the
urge-to-cough levels reported at Cu and C2 challenge
concentrations were significantly different for both
capsaicin and ATP (F(3,110) = 37.8, P < 0.0001,
F(3,110) = 29.8, P < 0.0001, respectively; one-way
ANOVA) in heathy and cough cohorts (Fig. 3). Howev-
er, participants with chronic cough consistently reached
their C2 cough threshold at lower urge-to-cough ratings.
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Fig. 3: Comparison of capsaicin and ATP psychophysical cough indices in control participants and participants with chronic cough. Upper
panels show (a) Capsaicin and (b) ATP behavioural thresholds. Lower panels show urge-to-cough ratings provided by control participants and
participants with chronic cough while inhaling Cu and C2 concentrations of (c, d) capsaicin and (e, f) ATP. C2-Cu urge-to-cough rating difference
scores were calculated for both capsaicin (d) and ATP (f). Cu, Urge-to-cough threshold; C2, stimulus concentration producing two spontaneous
coughs; Smax, maximum stimulus concentration tolerated without coughing during 24 s of repeated inhalation. Data points represent in-
dividual participants (horizontal line denotes mean and error bars are standard deviation) of n = 29 per group. P values calculated using two-
way ANOVA with Sidak’s multiple comparison tests (a, b) and unpaired t-tests (c-f).

Thus, the difference between urge-to-cough ratings at
Cu and C2 stimulus concentrations was significantly
smaller in participants with chronic cough for both
capsaicin (t(56) = 4.2, P < 0.0001; unpaired t-test) and
ATP (t(56) = 3.3, P = 0.002; unpaired t-test). Compared
to control participants, participants with chronic cough
had significantly higher number of coughs to both
capsaicin and ATP (4.64 = 2.47 vs. 2.59 = 1.12 coughs;
P =0.0003, and 4.71 + 2.58 vs. 2.14 + 1.22, P = 0.0001,
multiple Mann—Whitney U tests with correction for
multiple comparisons) at C2 concentrations.

During fMRI scanning, stimulus type (saline,
capsaicin, ATP) was a significant factor in variance of
urge-to-cough ratings (F(2,156) = 57.01, P < 0.0001; two-
way ANOVA). Group (control, chronic cough) was not a
significant factor (F(1,156) = 1.17, P = 0.280), but there
was an interaction between group and stimulus type
(F(2,156) = 3.46, P = 0.041). Subsequent post hoc testing
showed that whilst urge-to-cough ratings during saline
challenges were significantly lower than urge-to-cough
ratings during challenges with fMRI concentrations of
capsaicin and ATP (P < 0.0001), there were no group

differences between the levels of urge-to-cough evoked
by capsaicin (P = 0.997) and ATP (P = 0.285). However
to achieve this matched behavioural experience, signif-
icant differences in the concentration of inhaled capsa-
icin and ATP were required for control participants and
participants with chronic cough (t(54) = 2.0, P = 0.046,
t(54) = 3.4, P = 0.002; unpaired t-test; Fig. 4). Tests for
sex-related differences were not significant for any of the
comparisons above (P values ranged from P = 0.1006 to
P > 0.9999). As we previously reported,”” stimulus order
was not a factor affecting urge-to-cough ratings during
scanning (Supplementary Table S2) consistent with no
known interactions between capsaicin and ATP. Urge-
to-cough ratings across individual scanning runs for
both cohorts did not differ for either capsaicin or ATP
(Supplementary Table S3), suggesting an absence of
response tachyphylaxis over the course of the scanning
session, again consistent with our previous study.'
Participants also reported a range of sensations asso-
ciated with inhalation of capsaicin and ATP (Table 2).
Most participants, regardless of cough status, reported
inhalation of capsaicin and ATP inhalation as irritating
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Fig. 4: Capsaicin and ATP inhalation during fMRI scanning. (a) Capsaicin and (a) ATP stimulus concentrations used for control participants
and participants with chronic cough during fMRI scanning to achieve (c) equivalent urge-to-cough experiences for control and chronic cough
groups for each test stimulus. Data points represent individual participants (horizontal line denotes mean and error bars are standard deviation)
of n = 28 per group. P values calculated using unpaired t-tests (a, b) and two-way ANOVA with Sidak’s multiple comparison tests. Images show
cluster-corrected Blood Oxygen Level Dependent (BOLD) signal responses in the cerebral hemispheres and brainstem reflecting the
Capsaicin > Saline (red) and ATP > Saline (blue) activation patterns common for all participants in the study (n = 56). Slices and region co-
ordinates displayed were chosen based on the outcomes of our prior fMRI studies.'”?>**3* Atlas drawings show the expected location of
brainstem regions of interest (modified from®*). ACC, anterior cingulate cortex; nTS, nucleus of the solitary tract; Pa5, paratrigeminal nucleus;
Sp5, spinal trigeminal nucleus; sp5, spinal trigeminal tract; S1, primary somatosensory cortex; ts, solitary tract.

and associated with a tickle, while a minority experienced
itchy, burning, hot, stinging, and breathless sensations
during inhalation challenges. Almost all participants
recorded the body map localisation of sensations over the
throat area, with a minority also noting sensations in the
chest, mouth, and nose. Notably, there were no signifi-
cant differences between control participants and partic-
ipants with chronic cough with respect to the relative
frequency of each sensory experience or its location
values ranged from (P = 0.18 to P = 0.78; Fisher’s exact
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test). However, participants with chronic cough tended to
choose significantly more terms in total to describe their
experience during capsaicin inhalation (t(56) 2.3,
P = 0.024; unpaired t-test), although this was not the case
for ATP challenges (t(56) = 0.8, P = 0.429; unpaired t-test).

Regional BOLD signal changes associated with
capsaicin and ATP inhalation

Combined analysis of fMRI data from all participants
(n = 56) revealed the locations of activations in common
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Capsaicin ATP
Control Cough Statistics Control Cough Statistics
Sensations reported (% participants)
Irritating 55.2% 72.4% P =0.274 66.5% 72.4% P =0777
Tickle 55.2% 69.0% P = 0.417 69.0% 55.2% P = 0.417
Itchy 17.2% 27.6% P = 0.530 10.3% 27.6% P =0.179
Burning 17.2% 17.2% P > 0.999 3.5% 17.2% P = 0.194
Hot 6.9% 3.5% P > 0.999 0% 0% =
Breathless 6.9% 27.6% P = 0.079 20.7% 13.8% P =0.730
Stinging 0% 10.3% P =0.237 0% 0% =
Pleasant 0% 3.5% P > 0.999 0% 0% -
Pressure 0% 0% = 0% 10.3% P =0.237
Cold 0% 0% = 0% 0% =
Stabbing 0% 0% - 0% 0% -
Throbbing 0% 0% - 0% 0% -
Total sensations® 21+ 0.94 279 + 1.26 P = 0.023 2.14 + 0.79 232 + 094 P = 0.436
Sensation location (% participants)
Throat 96.6% 93.1% P > 0.999 96.6% 93.1% P > 0.999
Chest 10.3% 10.3% P > 0.999 10.3% 13.8% P > 0.999
Tongue 6.9% 0% P =0.491 0% 0% -
Nose 13.8% 6.9% P = 0.670 0% 3.5% P > 0.999
Mouth 0% 3.5% P > 0.999 0% 0% -
Head 0% 6.9% P =0.491 3.5% 10.3% P =0.612
Eyes 0% 0% - 10.3% 0% P =0237
“Total sensations, the numerical sum of total words selected by participants to describe their sensory experience, expressed as mean + SD, n = 29 per group.
Table 2: Summary of sensory experiences and sensation location associated with capsaicin and ATP inhalation.

for control participants and participants with chronic
cough (Fig. 4; Table 3). In the cerebral hemispheres,
noting the restricted imaging field of view available,
Capsaicin > Saline and ATP > Saline activations were

Region Peak coordinates
X Y z Max Z score
Capsaicin > Saline (n = 56)
Precentral gyrus -45  -15 40 621
46 -11 41 630
Paracingulate gyrus -3 15 46 4.98
Cingulate gyrus 0o -18 32 454
Superior frontal gyrus -13 12 66 4.43
Putamen -26 -1 -1 392
Medulla -2 -43 -53 533
ATP > Saline (n = 56)
Precentral gyrus -36  -16 39 657
Supplementary motor cortex 7 4 49 579
Insular cortex 35 8 10 533
Middle temporal gyrus -55 -36 -10 4.56
Cerebellum 35 -51 -50 430
Medulla -1 -43  -55 499
Table 3: Regions in brain showing activation during inhalation of
tussive substances for all participants.

distributed across overlapping territories in the so-
matosensory and midcingulate cortices, consistent
with previous studies.’”>*** In the brainstem,
Capsaicin > Saline and ATP > Saline activations
encompassed regions of the dorsomedial and dorsolat-
eral medulla, extending for several millimetres above
and below the level of the Obex, as previously reported.'?
The Capsaicin > Saline cluster was more prominent and
included medullary territories that likely contained vagal
sensory processing sites in the dorsomedial brainstem
(at z = -55), including the nucleus of the solitary tract,
and the dorsolateral brainstem (at z = -58), including
the spinal trigeminal nucleus and paratrigeminal nu-
cleus. The ATP > Saline activation cluster in the caudal
medulla (z = -55) displayed a prominent dorsomedial
location, in the region of the caudal nucleus of the sol-
itary tract, but additionally extended laterally (at z = —58)
into areas that likely encompassed parts of the spinal
trigeminal nucleus.

Control participants (n = 28) displayed comparable
Capsaicin > Saline and ATP > Saline BOLD activation
profiles in the brainstem and cortex as those observed
for the whole group (n = 56), with BOLD signal mag-
nitudes (Fig. 5) comparable to our prior studies (e.g.,'**")
and other published studies of noxious stimulus evoked
BOLD responses.** Surprisingly, however, participants
with chronic cough failed to yield any medullary
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Fig. 5: Medullary and cortical BOLD signal changes during
inhalation of tussive substances in control participants and
participants with chronic cough. Percentage Blood Oxygen Level
Dependent (BOLD) signal changes for Capsaicin > Saline (left col-
umn graphs, a, ¢, e, g) and ATP > Saline (right column graphs, b, d,
f, h) extracted from regions of interest in the brainstem and cortex
of control participants and participants with chronic cough. (a, b)
Nucleus of the solitary tract; (c, d) Paratrigeminal nucleus; (e, f)
Anterior cingulate cortex; (g, h) Primary sensory cortex. Data
points represent individual participants (horizontal line denotes
mean and error bars are standard deviation) of n = 28 per group. P
values calculated using Mann-Whitney U tests. Abbreviations: ATP,
adenosine triphosphate; CAP, capsaicin; SAL, saline.
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brainstem activations at a cluster corrected level for
either Capsaicin > Saline or ATP > Saline contrasts,
despite the cough and control cohorts demonstrating
comparable cluster-corrected BOLD signal responses to
both agents in cortical ROIs. Consequently, none of the
medullary or cortical ROIs demonstrated Cough
participant > Control participant responses for either
capsaicin or ATP. The percentage BOLD signal change
(Fig. 5a and b) measured from the nucleus of the soli-
tary tract was significantly lower in participants with
chronic cough compared to controls for both
Capsaicin > Saline (U(54) = 212, P = 0.003) and
ATP > Saline (U(54) = 229, P = 0.007; Mann—Whitney U
test). Similarly, percentage BOLD signal change
measured from the paratrigeminal nucleus (Fig. 5¢ and
d) was also significantly lower in participants with
chronic cough compared to controls for both
Capsaicin > Saline (U(54) = 250, P = 0.001) and
ATP > Saline (U(54) = 210, P = 0.003; Mann—Whitney U
test). By contrast, percentage signal changes measured
from both the anterior cingulate cortex and primary
sensory cortex (Fig. 5e-h) were comparable for the two
stimuli in both participant groups (P values ranged from
P = 0.324 to P = 0.839; Mann—Whitney U test). In the
midbrain, a region previously shown to demonstrate
increased BOLD signal changes during capsaicin inha-
lation in participants with chronic cough compared to
controls,” Cough participant > Control participant con-
trasts revealed a cluster of activated voxels for
Capsaicin > Saline in and adjacent to the periaqueductal
grey (Fig. 6a). Percentage BOLD signal changes (Fig. 6b
and c) extracted from this ROI were significantly higher
in participants with chronic cough compared to controls
for both Capsaicin > Saline (U(54) = 195, P = 0.001) and
ATP > Saline (U(54) = 262, P = 0.033; Mann—Whitney U
test).

Discussion

Participants with chronic cough in the present study
displayed hypersensitivity to inhaled cough challenge
stimuli. Thus, lower stimulus levels were needed to
evoke equivalent cough behaviours in participants with
chronic cough compared to control participants. How-
ever, this hypersensitivity was not represented at the
level of the medullary brainstem in regions that receive
incoming primary sensory inputs from the airways.
Instead, BOLD signal responses in the nucleus of the
solitary tract and paratrigeminal nucleus were signifi-
cantly lower in participants with chronic cough
compared to controls, commensurate with the lower
level tussive stimuli needed to evoke equivalent behav-
ioural responses. By contrast, despite the lower activa-
tion levels in the medulla, BOLD signal responses in
higher brain cortical regions that have been shown to
encode urge-to-cough sensations'”** were not different
between chronic cough and control participants, while a
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Abbreviations: ATP, adenosine triphosphate; CAP, capsaicin; SAL, saline.

region in the midbrain displayed significantly greater
activation in the participants with chronic cough
compared to controls. These data are therefore at odds
with the prevailing hypothesis of heightened respon-
sivity of peripheral sensory neural pathways as a
mechanism underlying cough hypersensitivity. Rather,
hypersensitivity in cough neural pathways may involve
processes that amplify incoming cough signals at more
rostral levels in the central nervous system.
Cough-evoking vagal sensory neurons arise from
both the nodose and jugular ganglia®® and, via their
medullary termination sites, provide input to cough
reflex circuits in the brainstem and urge-to-cough
sensation circuits in the higher brain.'*'* Some cough-
evoking sensory nerve fibres are sensitive to chemical
stimuli, including a range of noxious compounds
entering the respiratory passages via inspired air or
aspiration and/or produced during airway inflamma-
tion.? Preclinical studies in animals, have shown that
capsaicin-sensitive airway sensory neurons exist in both
the nodose and jugular vagal ganglia, the former ter-
minating in the nucleus of the solitary tract and the
latter in the paratrigeminal nucleus.'*'**~* With respect
to ATP, complexity exists in the likely mechanism of
action due to differential expression of purinergic re-
ceptor subtypes on subsets of sensory nerve fibres
regulating cough. For example, in animal studies most
nodose neurons respond robustly to ATP due to the
large ionic currents carried by heteromeric P2X2/3
channels, whereas jugular neuron responses to ATP are
modest as they lack P2X2/3, expressing only homo-
meric P2X3 channels which carry small desensitising
currents when exposed to ATP.”"° Consistent with this,

ATP evoked cough in healthy animals is preserved when
jugular ganglia pathways are disrupted through selective
lesions of their recipient neurons in the brainstem.'®

Clinical trial data supports an important role for ATP
in chronic cough,>* although the nature of this role
remains unclear. The preclinical data above would
suggest that purinergic receptor antagonists reduce
cough by targeting an action of ATP on nodose cough-
evoking sensory neurons as jugular neurons are not
readily activated by ATP. In this regard, ATP may
sensitise or activate nodose neurons, leading to cough
hypersensitivity and excessive coughing.*"' However,
these preclinical studies have been conducted in the
absence of any pathology associated with chronic cough
and it is conceivable that plasticity in purinergic receptor
expression or function may alter the pattern of neural
responsiveness to ATP in the disease settings.' Indeed,
individuals with chronic cough typically present with
cough hypersensitivity, a syndrome characterised by
excessive cough triggered by low levels of mechanical,
chemical or thermal stimuli and consistent with plas-
ticity in sensory neural function.”* However, we failed to
see evidence for a change in medullary brainstem acti-
vation patterns that would be suggestive of a shift in the
profile of sensory neuron responsivity to ATP in par-
ticipants with chronic cough.

Despite the attractiveness of ATP as a key mediator
causing cough hypersensitivity, the available evidence is
inconsistent with this notion. For example, although the
purinergic receptor antagonist Gefapixant inhibits ATP-
evoked cough in individuals with RCC and UCC, it has
no effect on heightened cough responses evoked by
inhalation of either capsaicin or citric acid in these same
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people,' arguing that ATP is not subserving the role of a
generic sensitiser of cough sensory nerve fibres. This is
consistent with the clinical trial data showing that P2X2/
3 and P2X3 antagonists are not universally effective at
reducing cough.” Furthermore, the present data raises
important questions about the role of peripheral nerve
sensitisation in cough hypersensitivity and chronic
cough. Our participants with chronic cough showed
cough behavioural hypersensitivity to inhaled challenges
for both capsaicin and ATP, resulting in significantly
lower concentrations of stimuli needed to achieve
comparable urge-to-cough ratings during fMRI scan-
ning. However, BOLD signal responses in the medulla
were also significantly lower in participants with chronic
cough, seemingly representative of the lower stimulus
concentration delivered and not the equivalent behav-
ioural response experienced. One interpretation is that
airway sensory nerve fibres activated by capsaicin and
ATP are not hypersensitive to stimuli in the participants
with chronic cough involved in our study, and instead
stimuli like ATP may simply serve as activators of sen-
sory neurons in some individuals. Heightened sensi-
tivity or responsivity to these chemical stimuli may in
fact manifest through processes elsewhere in the ner-
vous system, such that even low levels of peripheral
sensory inputs can be amplified or used more effectively
to evoke coughing. This is consistent with existing data
showing that individuals with chronic cough have a
heightened Arnold nerve cough reflex, evoked by me-
chanical stimulation of the external auditory meatus, a
site where putative airway-derived mediators of periph-
eral hypersensitivity are unlikely to reach and central
amplification mechanisms seem more plausible.**** The
findings are also consistent with clinical intervention
studies demonstrating efficacy of cough behavioural
therapy for treating RCC and UCC.*°

The magnitude of BOLD signal responses in the
primary sensory and cingulate cortical locations
identified in the present study have previously been
shown to correlate closely with urge-to-cough ratings
during capsaicin inhalation,'*** suggesting that they
comprise part of a cortical network for encoding urge-
to-cough intensity. As such, the comparable levels of
neural activation in these regions of interest between
control participants and participants with chronic
cough, during comparable stimulus-evoked urge-to-
cough experiences, are consistent with signal ampli-
fication occurring in the neural pathways at a level
between the primary medullary brainstem integration
sites and the higher brain. We have previously shown
that regions of the midbrain encompassing the PAG
and cuneiform nucleus show heightened responses in
participants with chronic cough,” and others have
identified these midbrain regions as a putative site for
pain sensitisation.” In the present study we again
noted that significantly more stimulus-evoked activa-
tion in the midbrain of participants with chronic
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cough compared to controls, in a region comparable to
that in our previous study, perhaps providing further
support for the midbrain acting as the cough sensory
input amplifier.

Several considerations for the interpretation of our
findings need to be explored. The neural processes
involved in central amplification of sensory inputs in
chronic cough are not known and we cannot rule out
alternative processes including alterations in the
sensitivity or activity of cough motor pathways or mo-
tor control systems. In this regard, a diminution of
cough suppressive neural circuit activation in chronic
cough has been reported.”***° In the present study we
noted that participants with chronic cough and controls
displayed different relationships between their level of
urge-to-cough experienced at their thresholds for elic-
iting cough responses. Thus, cough thresholds were
reached in participants with chronic cough at signifi-
cantly lower urge-to-cough ratings, indicative of a
change in the efficacy of sensory-motor coupling in
chronic cough. It is difficult to attribute this result
solely to central amplification of incoming sensory
signals, as one would expect both urge-to-cough and
cough to shift in parallel with increasing sensitivity.
Instead, a loss of central inhibition may reduce the
sensory input needed to trigger coughing. It is also
possible that complex changes occur in how in-
dividuals with chronic cough appraise their airway
irritation. Although, it is interesting that we did not
observe any significant differences in the qualitative
description or location of the perceptible sensations
associated with inhalation of capsaicin or ATP in con-
trol participants and participants with chronic cough,
arguing that sensitisation in chronic cough is not
accompanied by overt changes in these aspects of
stimulus perception. Interrogation of the individual
participant BOLD signal responses suggests a level of
heterogeneity in regional responsivity, the cause of
which is difficult to ascertain. One possibility is that
anatomical organisation of functional responses in
these small brainstem structures are not uniform be-
tween participants. Alternatively, different mecha-
nisms (endotypes) leading to cough sensitisation may
exist.>”! Indeed, our findings may have been different if
we investigated patients with cough and an existing
lung disease (e.g., asthma) where pulmonary inflam-
mation, and hence peripheral sensitisation, is ex-
pected. Lastly, it is important to recognise that
brainstem BOLD signals may be adversely impacted by
alternative sources of physiological noise which could
be differentially expressed by control participants and
participants with chronic cough. One of our incorpo-
rated measured estimates of baseline noise in the fMRI
data was higher in cough participants, but importantly
there was no systematic differential expression of
increased noise associated with tussive stimulus blocks
between the two groups (see Supplementary Material),
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suggesting that this is not a major confound in the
BOLD activations reported.

In summary, the pattern of sensory neuron sensi-
tivity to inhaled ATP does not appear to be a defining
mechanism of cough hypersensitivity, at least in our
participants with suspected RCC and UCC. Further-
more, our data challenges the notion that airway sensory
neurons are hypersensitive in chronic cough. Instead,
possible central amplifier mechanisms and losses in
endogenous suppressive control systems may render
the cough neural induction system in the brain more
responsive to low levels of peripheral airway sensory
neuron input. This finding adds to a growing body of
evidence of both structural and functional plasticity in
central neural networks as mechanisms underpinning
cough hypersensitivity.”**** Nevertheless, we cannot
fully rule out the possibility that the chemically sensitive
cough pathways activated by inhaled capsaicin and ATP
in the present study are not the sensory pathways
involved in chronic cough, even though capsaicin and
ATP evoked cough and associated behaviours were hy-
persensitive. Furthermore, it is important to recognise
that the data do not discount the therapeutic benefit of
targeting peripheral sensory neuron activity in chronic
cough,” including the use of P2X3 receptor antagonists
for individuals in which ATP plays a role in sensory
neuron activation. However, the data do highlight the
potential value of also considering centrally targeted
approaches aimed at restoring normal cough circuit
responsivity.
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