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Abstract

Rationale:Most airway diseases, including chronic obstructive
pulmonary disease (COPD), are associated with excessive coughing.
The extent towhich thismay be a consequence of increased activation
of vagal afferents by pathology in the airways (e.g., inflammatory
mediators, excessive mucus) or an altered neuronal phenotype is
unknown.Understandingwhether respiratory diseases are associated
with dysfunction of airway sensory nerves has the potential to
identify novel therapeutic targets.

Objectives: To assess the changes in cough responses to a range of
inhaled irritants in COPD and model these in animals to investigate
the underlying mechanisms.

Methods: Cough responses to inhaled stimuli in patients with
COPD, healthy smokers, refractory chronic cough, asthma, and
healthy volunteers were assessed and compared with vagus/airway
nerve and cough responses in a cigarette smoke (CS) exposure guinea
pig model.

Measurements and Main Results: Patients with COPD had
heightened cough responses to capsaicin but reduced responses to
prostaglandin E2 compared with healthy volunteers. Furthermore,
the different patient groups all exhibited different patterns of
modulation of cough responses. Consistent with these findings,
capsaicin caused a greater number of coughs in CS-exposed guinea
pigs than in control animals; similar increased responses were
observed in ex vivo vagus nerve and neuron cell bodies in the vagal
ganglia. However, responses to prostaglandin E2 were decreased by
CS exposure.

Conclusions: CS exposure is capable of inducing responses
consistent with phenotypic switching in airway sensory nerves
comparable with the cough responses observed in patients with
COPD. Moreover, the differing profiles of cough responses support
the concept of disease-specific neurophenotypes in airway disease.

Clinical trial registered with www.clinicaltrials.gov (NCT 01297790).
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Chronic coughing is reported by about
12% of the adult population (1), and is
a common feature of many pulmonary
diseases. Cigarette smoke (CS) exposure
is an important risk factor associated with
cough in epidemiologic studies (2) and
objective measurement of coughing
has demonstrated that healthy smokers
and patients with chronic obstructive
pulmonary disease (COPD), whether
current or ex-smokers, cough more
frequently than healthy control subjects (3).
Up to 40% of the variation in cough
frequency in COPD can be explained by
factors capable of activating the airway
sensory nerves responsible for evoking
cough, including smoking habits, airway
inflammation, and the need to expectorate
sputum. It is less clear, however, because
of a paucity of studies, whether alterations
in the function of airway nerves play a role
in driving cough and other symptoms.

Cough responses are thought to be
primarily mediated by two categories of
vagal sensory afferent neurones whose
cell bodies reside in the jugular and
nodose ganglia; in the guinea pig the jugular
ganglion projects capsaicin-sensitive
(TRPV1-expressing) C-fibers to the airway,
which typically respond to chemical stimuli
(4–6). Cough-evoking nodose neurons
are of the Ad phenotype that typically
respond to mechanical stimuli, changes
in osmolality, and low pH (7).

Cough challenges using inhaled irritant
agents have been used for decades in

preclinical experiments and clinical studies
to investigate the neuronal pathways
controlling cough and how these may be
modulated by disease states and therapeutic
interventions. Capsaicin is the most widely
used challenge agent in clinical studies
evoking cough via TRPV1 activation.
Citric acid is also an effective tussive
agent most probably via activation of
TRPV1, TRPA1, and perhaps also
via acid-sensing ion channels (8–10).
When inhaled, prostaglandin E2 (PGE2)
characteristically causes bronchodilation, but
sensations of airway irritation and transient
coughing have also been reported (11).
However, clinical studies have generally
assessed the cough reflex using only a single
challenge agent, which limits the conclusions
that can be drawn about the mechanisms that
may underlie any observations made.

The use of a range of challenge
agents in the same individuals may provide
better insights into how neuronal function
may be altered by respiratory disease and
whether patterns of neuronal dysfunction
are specific to different conditions. Because
the precise mechanisms that underlie
airway neuronal dysfunction are extremely
challenging/impossible to elucidate in
clinical studies, careful translation between
human disease and animal disease models
is essential if effective therapeutic agents
targeting airway nerves are to be developed.
Therefore, we have studied evoked coughing
to a range of irritant agents in patients
with COPD compared with healthy control
subjects. To understand the specificity
of any changes in cough response we
included groups of healthy smokers
(without COPD), patients with asthma,
and patients with refractory chronic cough.
We then hypothesized that the changes
in cough responses in COPD could be
modeled in animals using CS exposure.
Some of these results have previously been
reported in abstract form (12, 13).

Methods

Detailed methods are provided in the online
supplement.

Clinical Study

Subjects. A total of 102 patients were
recruited; 21 were healthy volunteers,
20 were healthy smokers, 18 had COPD
(ex-smokers), 22 had asthma, and 21 had

refractory chronic cough. The study was
approved by the Research Ethics Committee
(08/H1003/48) and all patients gave written
informed consent.

Study design. Cough responses to
inhaled capsaicin, citric acid, PGE2, and
bradykinin were assessed in random
order, at intervals of approximately 7 days
(see Figure E1 in the online supplement).
Both the subjects and the investigator
were blinded to the challenge agents.
Cough-specific quality of life and 24-hour
ambulatory cough recordings were
collected 1 week after the last challenge.

Procedures. Single breaths of doubling
concentrations of each tussive agent were
inhaled at 1-minute intervals from a
nebulizer pot (De Vilbiss Health Care Inc.,
Somerset, PA) with a built-in flow regulator
valve and fixed baffle assembly, controlled
by a dosimeter (Koko dosimeter; De
Vilbiss Health Care Inc.). The number
of coughs in the 15 seconds following
each inhalation was counted and the
concentrations of challenge agent
evoking at least five coughs (C5)
recorded; C2 and C1 were also captured.
The challenge agents used were capsaicin
(0.97–1,000 mM), citric acid (0.03–4.0 M)
(both Stockport Pharmaceuticals Ltd,
Stockport, UK), PGE2 (1.22–2,500 mg/ml;
Pharmacia Ltd, Kent, UK), and
bradykinin (0.024–25 mg/ml; Cinalfa Basic;
Bachem, Bubendorf, Switzerland).

Ambulatory cough monitoring.
Twenty-four hour acoustic recordings were
made using the VitaloJAK cough monitor
(Vitalograph Ltd, Buckinghamshire, UK)
and the number of cough sounds per hour
quantified by a semiautomated method
using validated custom-written software (14).

Preclinical Studies

Animals. Male guinea pigs (Dunkin-
Hartley, Harlan, UK) weighing 350–400 g
were housed in temperature-controlled
(218C) facilities for at least 1 week before
any procedures. Experiments were
performed in accordance with the UK
Home Office guidelines for animal welfare
based on the Animals (Scientific Procedures)
Act of 1986 and the ARRIVE guidelines (15).

Human tissue. Whole lungs, unsuitable
for transplantation, were acquired and
consent for use obtained by the International
Institute for the Advancement of Medicine.
Approvals for use in scientific research and
ethics were obtained from the Royal

At a Glance Commentary

Scientific Knowledge on the
Subject: Excessive cough is a major
symptom of most respiratory diseases,
but the mechanisms responsible are
not known.

What This Study Adds to the
Field: Translational animal models and
a human vagus nerve assay provide
mechanistic information and predict
changes in the nature of the tussive
responses observed in patients with
chronic obstructive pulmonary disease
compared with healthy volunteers. The
divergent profile of tussive responses
among patients with different respiratory
conditions supports the hypothesis of
distinct disease-specific neurophenotypes.
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Brompton and Harefield Trust (Ref:
09/H0708/72).

Staining and identification of airway
sensory neurons in guinea pigs. The neuronal
tracer dye DiICl18 (3) (DiI; 1,19-dioctacetyl-
3,3,39,39-tetramethyl-indocarbocyanine
perchlorate; Invitrogen, Thermo Fischer
Scientific, Waltham, MA) was administered
intranasally 12–14 days before collection of
vagal ganglia, to identify those neuron cell
bodies with airway termini (16).

CS exposures in guinea pigs. Guinea
pigs were exposed to CS from research
cigarettes (3R4F, with filters removed;
University of Kentucky, Lexington, KY)
for 1 hour, twice daily for 8 days, with
4 hours between each exposure period,
as previously described (17). Air-exposed
comparator animals were treated identically,
except the cigarette was not lit.

Cough counting in guinea pigs. In
all experiments the operator was blinded to
the treatment groups. Twenty-four hours after
the last CS-exposure, conscious, unrestrained
guinea pigs were individually placed into
transparent whole-body plethysmography
chambers, and cough evoked on exposure to
either capsaicin or PGE2 was counted as
previously described (18).

Collection of isolated vagus nerve and
vagal jugular and nodose ganglia from
guinea pigs. Twenty-four hours after the last
CS exposure, guinea pigs were killed by
overdose of pentobarbitone (200 mg/kg
intraperitoneally); vagus nerve trunks
and ganglia were dissected as described
previously (4, 19). Human vagus nerve
trunks were placed into Krebs-Heinseleit
solution, which was gassed with 95% O2/5%
CO2 at room temperature until use.

Recording of isolated vagus nerve
depolarization. Segments (z15 mm) of
guinea pig or human vagus nerve were
mounted in a “grease-gap” recording
system (18–20). The nerve segments were
perfused constantly with Krebs-Heinseleit
solution (at 378C bubbled with 95%
O2/5% CO2) and following each 2-minute
challenge stimulus (capsaicin, 1 mM;
or PGE2, 10 mM), depolarization was
recorded on a Lectromed 2 (Digitimer)
chart recorder with DAM50 differential
amplifier (WPI Instruments, Hitchin, UK).

Imaging of calcium movement in
isolated airway vagal ganglia neurons from
guinea pigs. Enzymatic isolation, culture,
and imaging of cytosolic calcium level
changes in jugular and nodose neurons were

recorded as detailed previously (4, 19). In
all experiments, an initial response to a
15-second application of 50 mM potassium
solution was obtained. Following a wash
to return calcium levels to baseline, a
subsequent response to a 30-second
application of a single concentration of a
single challenge stimulus (capsaicin, 1 mM;
or PGE2, 10 mM) was performed.

Data Analyses

Clinical study. All data were assessed for
normality before analysis. C5, C2, C1, and
cough frequency were all log transformed
(to normalize the distributions) before
analysis. If all concentrations were inhaled
without reaching C5, it was assumed for
the purpose of analysis that the C5 was
double the highest concentration inhaled.
With 20 subjects per group, the study had
90% power to detect differences of 61
doubling concentration for C5 (0.3 for
logC5) among study groups, assuming a
between-subject standard deviation
of 0.3 for logC5 and the standard level of
significance (P = 0.05). One-way analysis of
variance (SPSS version 16; IBM, Armonk,
NY) was used to compare logC5 values

Table 1. Characteristics of Participants

Healthy Control
Subjects Healthy Smokers COPD Asthma Chronic Cough P Value

Number (M:F) 21 (10:11) 20 (12:8) 18 (9:9) 22 (11:11) 21 (9:12) 0.865*
Age, yr 53 (45.0–64.5) 56 (42.0–61.0) 64.5† (60.8–71.0) 54 (45.0–61.3) 63† (58–67.5) <0.001‡
FEV1 % predicted 102.8 (96.4–108.1) 98.7 (92.7–118.8) 73.5† (49.6–95.9) 96.3 (79.1–106.8) 104.4 (94.0–115.2) 0.001‡

FVC % predicted 108.0 (101.0–114.3) 107.7 (96.3–121.2) 102.8 (89.2–126.0) 110.4 (91.3–120.5) 113.0 (104.8–123.0) 0.803‡

FEV1/FVC ratio 0.80 (0.76–0.82) 0.77 (0.73–0.82) 0.57† (0.43–0.68) 0.70 (0.65–0.77) 0.74 (0.70–0.80) <0.001‡
Smoking history,
pack-years

0.0 (0.0–0.0) 18.5† (12.9–32.3) 37.5† (30.0–50.0) 0.0 (0.0–0.0) 0.0 (0.0–6.0) <0.001‡

24-h cough frequency,
GM (95% CI),
coughs/h

0.99 (0.53–1.83) 2.72† (1.85–4.02) 4.02† (3.04–5.33) 1.84 (0.97–3.47) 13.76† (9.16–20.68) <0.001x

Day cough frequency,
GM (95% CI),
coughs/h

1.12 (0.57–2.21) 3.46† (2.30–5.20) 5.62† (4.19–7.52) 2.78† (1.46–5.31) 18.71† (12.18–28.74) <0.001x

Night cough
frequency, coughs/h

0.00 (0.00–1.63) 0.62 (0.14–.65) 1.13 (0.15–2.51) 0.40 (0.00–0.71) 3.96† (0.53–9.17) 0.001‡

Day cough severity
VAS, mm

2 (1–8) 17† (5–33) 22† (3–31) 10† (4–24) 39† (20–52) <0.001‡

Night cough severity
VAS, mm

1 (0–5) 6† (2–24) 6 (0–28) 3 (0–20) 12† (10–15) 0.014‡

LCQ 21.0 (20.9–21.0) 19.4† (18.5–20.7) 20.1† (15.8–20.7) 19.3† (17.5–20.5) 11.9† (10.1–14.9) <0.001‡

Definition of abbreviations: CI = confidence interval; COPD = chronic obstructive pulmonary disease; GM = geometric mean; LCQ = Leicester Cough
Questionnaire; VAS = Visual Analog Scale.
Data are medians (interquartile ranges) unless otherwise stated. P values ,0.05 are shown in bold.
*Groups are compared using the chi-square test.
†P, 0.05 compared with healthy control subjects.
‡Groups are compared using the Kruskal-Wallis test.
xGroups are compared using one-way analysis of variance.
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from healthy control subjects with patient
groups for each agent; the same analysis
was applied to logC1/C2. Multinomial
logistic regression analysis was used to
assess the ability of the combined challenge
responses to predict the diagnostic groups.

Preclinical studies. Data were
summarized as mean and standard errors of
the mean, and comparisons among groups
made using the Mann-Whitney U test.

Results

Clinical Study

Subjects. Study participant groups were
generally of a similar age, although patients
with COPD and refractory cough were
approximately 10 years older than other
groups; there was no significant difference in
the sex distribution among the groups
(Table 1). Patients with COPD exhibited
typical airflow obstruction on spirometry
and significant smoking histories, double
that of the healthy smokers (Table 1).
Twelve patients with COPD were taking an
inhaled corticosteroid, 13 inhaled long-
acting bronchodilators, and 11 inhaled
anticholinergics. Patients with asthma had
evidence of milder airflow obstruction with
a median FEV1 within normal limits but
FEV1/FVC ratio just within the abnormal
range. Two patients were taking inhaled
short-acting b-agonist only, 20 were taking
inhaled corticosteroids, and 10 also took an
inhaled long-acting bronchodilator.

Clinical measures of cough. Cough
frequency in patients with COPD was
significantly higher than control subjects
and healthy smokers, and comparable
with that seen in our previous studies
(see Figure E2) (3, 21, 22). Patients with
asthma exhibited wide variation in cough
frequency and only day cough frequency
was greater than healthy control subjects.
Again rates were similar to those previously
reported in a previous larger study (23).
Only patients with refractory chronic cough
had higher cough rates than subjects with
COPD. Across subject groups reported
cough severity Visual Analog Scale displayed
very similar patterns to cough frequency,
whereas cough quality of life scores were
similar in healthy smokers, patients with
COPD, and patients with asthma despite the
differences in cough frequency. Patients with
chronic cough reported the greatest impacts
on quality of life.

Responses to tussive agents. The mean
cough responses to increasing doses of
inhaled tussive agents are shown in
Figure E3 and the concentrations evoking
at least C5 in Figure 1. Bradykinin was a

very poor tussive agent at the available
concentrations; only two patients with
chronic cough and one patient with asthma
achieved a C5, therefore further patient
groups were not challenged and these data
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Figure 1. (A–C) Cough reflex sensitivity to tussive agents in airway diseases compared with
healthy control subjects. Concentrations of tussive agents causing at least five coughs for all patient
groups (C5). The lower the C5, the greater the sensitivity of the cough reflex. Note the logarithmic
scale on the y-axes. Horizontal lines and error bars represent mean values and 95% confidence
intervals. Asterisks denote significant differences compared with healthy control group (P, 0.05,
analysis of variance). COPD= chronic obstructive pulmonary disease; PGE2 = prostaglandin E2.
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not formally reported or analyzed. For all
tussive agents the influence of sex on
differences in cough responses between
disease groups was assessed, but none were
found to be significant.

Cough responses to capsaicin.
Capsaicin logC5 was significantly lower in
subjects with COPD (P = 0.035) and those
with refractory chronic cough (P, 0.001)
when compared with healthy volunteers
(Figure 1A, Table 2), but not in healthy
smokers (P = 0.514). In patients with asthma
logC5 tended to be lower than healthy
control subjects but the difference did not
reach significance (P = 0.10). LogC2 and
logC1 responses to capsaicin exhibited
similar patterns of response, but the
differences between groups only achieved
statistical significance for logC1 (Table 2).

Cough responses to citric acid. Citric
acid logC5 in patients with COPDwas lower
than healthy control subjects but the
difference was not quite significant (P =
0.064). Citric acid logC5 was significantly
lower in subjects with asthma (P = 0.035)
and refractory chronic cough (P, 0.001)
than in healthy volunteers (Figure 1B).
LogC2 and logC1 responses to citric acid
exhibited similar patterns of response, but
the differences between groups and the
healthy control subjects only achieved
statistical significance in patients with
chronic cough.

Cough responses to PGE2. PGE2 was
not as potent a tussive agent as either
capsaicin or citric acid, evoking fewer
coughs in all patient groups (see Figures
E3A–E3C). PGE2 logC5 was significantly

increased in patients with COPD
(P = 0.003) and healthy smokers (P = 0.030)
compared with healthy control subjects
(Figure 1C). Interestingly, many subjects
failed to reach C5 at any concentration,
giving the data a bimodal distribution.
LogC1 and logC2 responses to PGE2
exhibited similar patterns of response,
with the largest differences between healthy
control subjects and both patients with
COPD (log C2, P = 0.066; logC1, P = 0.014)
and healthy smokers (log C2, P = 0.017;
logC1, P = 0.016).

Relationships between cough responses
to different challenge agents. Combining
data from all diagnostic groups, there was

a positive correlation between capsaicin
and citric acid logC5 (r = 0.643; P, 0.001).
Given the bimodal nature of the PGE2
logC5, subjects were categorized for the
purposes of analysis into those with PGE2
logC5 above or below the geometric
mean of 111 mg/ml. Subjects with a high
PGE2 logC5 had a significantly higher
capsaicin logC5 (P, 0.001) and citric
acid logC5 (P, 0.001) compared with
low PGE2 logC5.

Despite the relationships between
cough responses to different challenge
agents, in the multinomial regression
analysis the logC5 responses to
capsaicin, citric acid, and PGE2 all

Table 2. Cough Responses to Tussive Agents in Airway Diseases Compared with Healthy Control Subjects

Healthy Control Subjects Healthy Smokers COPD Asthma Chronic Cough P Value

Capsaicin, mM
logC5 3.75 (62.06) 3.37 (61.24) 2.52 (61.54)* 2.82 (61.99) 1.63 (60.81)* 0.001
logC2 2.12 (61.59) 2.02 (61.11) 1.48 (61.07) 1.57 (61.06) 1.22 (60.92) 0.091
logC1 2.01 (61.38) 1.81 (61.31) 1.25 (60.90)* 1.36 (60.78)* 1.11 (60.90)* 0.035

Citric acid, M
logC5 0.37 (61.40) 20.54 (61.16) 21.01 (61.99) 21.33 (61.77)* 21.98 (61.30)* 0.002
logC2 21.98 (60.98) 22.14 (61.35) 21.79 (61.49) 22.35 (61.13) 23.09 (60.50)* 0.014
logC1 2.13 (61.01) 22.45 (61.28) 21.84 (61.53) 22.45 (61.11) 23.09 (60.50)* 0.028

PGE2, mg/ml
logC5 3.83 (63.81) 6.23 (63.21)* 7.50 (62.04)* 3.88 (63.50) 2.67 (62.61) <0.001
logC2 1.82 (62.23) 3.87 (63.20)* 3.49 (63.46) 2.62 (62.89) 1.44 (61.55) 0.027
logC1 1.42 (61.85) 3.25 (62.90)* 3.40 (63.34)* 1.76 (62.07) 1.34 (61.59) 0.013

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; PGE2 = prostaglandin E2.
Concentrations of tussive agents causing at least five coughs (C5), at least two coughs (C2), and at least one cough (C1). The lower the C5, C2, or C1, the
greater the sensitivity of the cough reflex. Data are mean6 SD. P values ,0.05 are shown in bold.
*Significant differences compared with healthy control group (P, 0.05) based on analysis of variance.
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independently predicted the diagnostic
group (P = 0.015, P = 0.018, and P, 0.001,
respectively).

Preclinical Studies

Effects of CS exposure on guinea pig cough
responses to capsaicin and PGE2. Consistent
with the clinical data, the number of
coughs evoked by capsaicin (30 mM) was
increased in CS-exposed guinea pigs (mean,
12.06 1.9), compared with air-exposed
control animals (5.46 1.6) (Figure 2A).
By contrast, the number of coughs evoked
by PGE2 (100 mg/ml1) was reduced with
1.76 1.7 coughs in CS-exposed guinea
pigs, compared with 21.16 4.7 coughs in
air-exposed comparators (Figure 2B). Of
note, the number of coughs evoked by
this concentration of PGE2 exhibited a

bimodal distribution in air-exposed
animals, with a subgroup of animals
lacking any cough response.

Effect of CS exposure on guinea pig
isolated vagus nerve and isolated airway
vagal neuron responses to capsaicin and
PGE2. Isolated vagus nerves, which convey
sensory nerves to the lungs but also
other organs, from CS-exposed guinea
pigs were depolarized by capsaicin (1 mM)
to a greater extent than vagus nerve from
air-exposed comparators (0.296 0.03
compared with 0.196 0.02 mV)
(Figure 3A). By contrast, PGE2 (10 mM)
caused greatly reduced depolarization of
vagus nerves from CS-exposed guinea pigs
compared with air-exposed comparators
(0.026 0.01 compared with 0.106 0.02 mV)
(Figure 3B). In isolated jugular and nodose
ganglion neurons that had projected

termini to the airways, a similar profile
was observed. Capsaicin (1 mM) induced
much greater increases in intracellular
calcium in jugular ganglion neurons from
CS-exposed guinea pigs (1492.06 512.3)
than air-exposed guinea pigs (191.56 66.9)
(Figure 4A), whereas the increase in
intracellular calcium on exposure to PGE2
(10 mM) in air-exposed guinea pigs
(8.606 4.16) was lost in neurons from
CS-exposed guinea pigs (0.256 2.00)
(Figure 4B). Nodose ganglion neurons
also exhibited an increase in capsaicin-
induced intracellular calcium (347.26
139.9 vs. 12.66 4.4) in response to CS
exposure (Figure 4C) and loss of response
to PGE2 (20.056 3.3 vs. 31.766 6.6)
(Figure 4D).

Responses of human vagus nerve from
smokers and nonsmokers to capsaicin and
PGE2. Capsaicin responses were enhanced
(from 0.136 0.01 to 0.196 0.01 mV)
and PGE2 responses were diminished
(from 0.16 0.02 to 0.026 0.01 mV) in
human vagus obtained from smoking
donors compared with nonsmoking
donors (Figures 3C and 3D). For
characteristics of donors, see Table E1.

Discussion

In recent years the role of airway
innervation and how this may be altered
in clinical disease has received very little
attention. This study demonstrates for
the first time that patients with COPD
exhibit specific patterns of cough responses
to inhaled irritants that are not only
significantly different from healthy control
subjects, but also distinct from those seen
in healthy smokers, patients with asthma,
and patients with refractory chronic cough,
providing evidence for disease-specific
changes in airway nerve function and
the existence of neurophenotypes in
respiratory patients that have previously
gone unrecognized. Moreover, this pattern
of neuronal dysfunction, characterized
by enhanced responses to capsaicin and
diminished responses to PGE2, can be
observed in human vagal tissue and
modeled in animals using subchronic
CS exposure. Both in vitro and in vivo
experiments show responses consistent
with those seen in patients with COPD
and provide evidence that CS is capable
of inducing phenotypic switches in airway
nerve function.
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Figure 3. Depolarization of guinea pig and human vagus nerve. (A and B) Depolarization induced
by capsaicin (n = 9) (A) or prostaglandin E2 (PGE2; n = 4) (B) of isolated vagus nerve taken from
guinea pigs exposed to either air (open triangles) or cigarette smoke (CS; solid triangles) for 8 days.
(C and D) Depolarization induced by capsaicin (n = 7 nonsmoker, 13 smoker) (C) or PGE2
(open squares, nonsmoker, n = 9; solid squares, smoker, n = 10) (D) of isolated vagus nerve taken
from human smokers and nonsmokers (with no other respiratory disease). Data are presented as
mean6 SE. *P, 0.05 as determined by Mann-Whitney U test.
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In agreement with other studies
we demonstrated enhanced cough to
capsaicin challenge following CS exposure
(17, 24–28). Our data also suggest that
CS exposure produces qualitative and
quantitative changes in the responses of
airway afferent nerves. For example, there
were profound increases in the amplitude
of the capsaicin responses particularly
in jugular neurons. Interestingly, nodose
ganglion neuron cell bodies from air-
exposed animals were relatively less
responsive to capsaicin; however, CS
exposure was associated with a significant

increase in the proportion of neurons
capable of responding (112.5% increase in
responding neurons in nodose compared
with 42.8% in the jugular), consistent with a
phenotypic switch, most likely caused by an
increased expression or functionality of
TRPV1 channels. The polymodal nature of
the TRPV1 channel suggests that this will
be accompanied by a substantial expansion
in the range of stimuli to which nodose
afferent fibers will respond, and thus a
significant shift in the properties of these
nerves. Although determination of the
precise molecular mechanisms underlying

these considerable alterations in nerve
function was beyond the scope of
these experiments, changes in levels of
channel expression, membrane insertion,
phosphorylation, and glycosylation
could all explain the alterations in
responses observed. However, many of
the techniques used to assess these potential
mechanisms require the availability of
appropriate tools (e.g., selective antibodies)
to study the TRPV1 protein that are
currently unavailable, especially for use
in guinea pigs.

In marked contrast to capsaicin, the
responses to PGE2 were lost with CS
exposure, suggesting that although PGE2
evokes cough through PGE2 receptor
3 (EP3) activation and the subsequent
engagement of TRP channels, such as
TRPV1 (4), regulation of neuronal TRPV1
and EP3 receptors is independent. It is
interesting to note that increased levels of
endogenously produced PGE2 have been
reported in the exhaled breath of ex-
smokers with COPD compared with
healthy ex-smokers (29) and in the sputum
of current smokers both with and without
COPD compared with healthy control
subjects (30). PGE2 levels may also increase
with increasing COPD stage (31). Thus
reduced neuronal responses to PGE2 may
result from down-regulation of EP3
receptors as a consequence of chronic
exposure in the airways of smokers and
patients with COPD.

Evidence of similar phenotypic
switching of airway nerve function has
previously been reported in guinea pigs
sensitized and exposed to ovalbumin,
finding increased gene expression of
TRPV1 channels on single-cell polymerase
chain reaction of airway nodose neurons
innervating the trachea (32, 33). Although
cough responses were not explored in that
particular study, other investigators have
reported heightened cough to inhaled
capsaicin in guinea pigs exposed to allergen
(34), but whether these findings translate
to responses in humans remains unclear.
The only human study assessing these
mechanisms failed to demonstrate any
change in capsaicin cough responses
following house dust mite extract exposure
in patients with asthma allergic to house
dust mite (35). Importantly, in this study,
we have demonstrated that functional
changes in the cough reflex accompany
CS-induced modifications of neuronal
phenotype, and these translate to
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Figure 4. [Ca21]i flux in guinea pig airway-terminating vagal ganglia neurons. Intracellular calcium
increases induced by (A and C) capsaicin or (B and D) prostaglandin E2 (PGE2) in isolated airway-
terminating (A and B) jugular or (C and D) nodose ganglia neurons taken from guinea pigs exposed to
either air (open symbols) or cigarette smoke (CS; solid symbols) for 8 days. The percentage displayed
denotes the proportion of neurons recorded from where the responses of the D[Ca21]i was at least 10%
of the internal control response. Data are presented as the mean6 SE; note different y-axis scales for
[Ca21]i flux with capsaicin application (A and C). *P, 0.05 as determined by Mann-Whitney U test.
Representative traces (F340/F380 ratio, y-axis scale) of the data in each panel are shown in the
respective inset graphs. These representative traces show [Ca21]i recorded with Fura2 for airway
neurons from air- (black line) or CS-exposed (red line) guinea pigs, where application of either capsaicin
(1 mM) or PGE2 (10 mM) is indicated by the black bar. AUC= area under the curve.
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comparable changes in human nerve tissue
and cough responses in patients with
COPD.

This study is consistent with previous
studies that have identified an increase
in cough reflex sensitivity to capsaicin
in patients with COPD (36, 37).
However, this study has demonstrated
for the first time that different airway
diseases exhibit different patterns of
sensitization/desensitization to a range
of irritant stimuli, representing distinct
neurophenotypes both between and
within diagnostic groupings. This is
of potential importance when testing
novel interventions targeting neuronal
sensitization aimed at improving symptoms
including cough. If peripherally acting
drugs are to be effective, these need to take
account of these different neurophenotypes
to identify subject groups in whom
neuronal dysfunction might be the most
relevant drivers of their symptoms.

This study has some limitations. We
used the established C5 endpoint to assess

cough in our clinical study; however, for
capsaicin we have recently shown that
continuing cough challenges beyond the
C5 may provide better information for
discriminating health from disease (38), and
may also provide endpoints more readily
compared with those used in animal
studies. This study suggests there is value in
exploring similar extended challenge
protocols with other irritants beyond the
standard endpoint. Additionally, our
clinical study was only powered to detect
differences of at least one doubling dose
between groups and therefore cannot detect
more subtle changes in cough responses.
Healthy smokers and patients with asthma
tended to have lower average capsaicin C5
values, whereas patients with COPD tended
toward lower citric acid C5, but a larger
sample size would have been needed for
these differences to reach statistical
significance. Of note, guinea pigs exposed
to CS have been shown to exhibit enhanced
cough responses to citric acid in previous
studies (24). Finally, we were unable to

include bradykinin in our panel of
challenge agents. Although previous studies
had demonstrated that inhaled bradykinin
evoked coughing (39, 40), we were unable
to obtain sufficiently high concentrations
manufactured to good manufacturing
practices standards.

To conclude, cigarette smoking is
responsible formost cases of COPD.We have
provided insights into the mechanisms by
which CS induces neuronal dysfunction in an
animal model and demonstrated how these
translate to observations in subjects with
established COPD. Additionally, our data
support the concept of disease-specific
neurophenotypes in airway diseases. n
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